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Abstract

The current industrial application of carbon capture utilization and storage (CCUS) is limited due to
technological drawbacks such as high energy demand and environmental pollution. lonic liquids (ILs)
and deep eutectic solvents (DESs) are considered promising alternative solvents for the capture of
carbon dioxide (CO,). DESs are often characterized by high viscosities, which hinders industrial ap-
plication. This problem might be solved by mixing the DES with an organic solvent. This study aims
to assess the DESs choline chloride-ethylene glycol (ethaline) and choline chloride-urea (reline) mixed
with methanol and propylene carbonate (PC) for their suitability as a medium for the combined capture
and electrochemical conversion of CO,. Molecular dynamics (MD) simulations are performed to obtain
the densities, the viscosities, the self-diffusivities, the ionic conductivities and insight into the molecu-
lar interactions of these mixtures. Independent MD simulations are performed of these mixtures with
low concentrations of the solutes CO,, oxalic acid and formic acid. Complementary studies within the
Bio-cel project are conducted to characterize the solubility and electrochemical reaction of CO, and
the techno-economics.

The viscosities of the mixtures monotonically decrease for an increase of mole fraction of organic
solvent, which is benign for the application of CCUS. The self-diffusivities of all constituents increase
monotonically for an increase of mole fraction of organic solvent. The ionic conductivity is calculated
based on the ion self-diffusivities. lonic conductivity optima are found at a mole fraction of DES of
approximately 0.6 for ethaline-PC and approximately 0.2 for ethaline-methanol and reline-methanol.
For higher mole fractions of organic solvent, the ionic conductivity decreases due to a depletion of
ions. Radial distribution functions (RDFs) are used to analyze the intermolecular interactions. RDF
peaks between chloride-choline and chloride-ethylene glycol show an increase for an increasing mole
fraction of organic solvent, which was unexpected. The numbers of hydrogen bonds decrease for
addition of methanol to pure deep eutectic solvent. For addition of propylene carbonate, this decrease
is less pronounced. The depletion of hydrogen bonds at low mole fractions of deep eutectic solvent is
in correspondence with the decrease in viscosity and increase in self-diffusivities. The results indicate
that, for the studied properties, deep eutectic solvents mixed with organic solvents are more favourable
than pure deep eutectic solvents for the absorption and electrochemical conversion of CO,.
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Introduction

Despite all the efforts to increase the share of renewable energy, the yearly global CO, emissions are
still rising. Over the past 800,000 years, the atmospheric CO, concentration has not exceeded 300ppm,
until the start of the industrial revolution [1]. Currently, the atmospheric CO, concentration has reached
415 ppm [2]. Due to the pace at which the earth is subsequently warming, many species will not be
able to adapt and will become extinct. Other examples of potential resulting problems are sea level
rise, local droughts, increased occurrence of hurricanes and ocean acidification. In 2015, the Paris
Climate Agreement was signed by 186 countries responsible for over 90% of CO, emissions. In this
agreement, all countries promised to take the necessary action to limit global warming to a maximum of
2 °C compared to pre-industrial levels. Subsequently, many agreements have followed, which translate
the goals into targets and deadlines. The European Green Deal, proposed in 2020, raises the target
to reduce greenhouse gas emissions by 55% compared to 1990. Moreover, the European Union aims
to be climate-neutral by 2050 [3].

Carbon capture utilisation and storage (CCUS) is expected to play an important role to reach these
targets. Even if all required energy for heating and electricity is renewable, there will be a need for
CCUS. The International Energy Agency (IEA) [4] states that CCUS can tackle emissions in sectors
where other technology options are limited, such as in the production of cement, iron and steel or
chemicals, and to produce synthetic fuels for long-distance transport. Furthermore, CCUS can remove
CO, from the atmosphere by combining it with bio energy or direct air capture to balance emissions that
are unavoidable or technically difficult to abate [4]. Nevertheless, the industrial application of CCUS is
still limited. Today, there are 21 CCUS plants deployed to capture a total of 41 Mt CO, each year [4].
According to the IEA Sustainable Development Scenario, net global CO, emissions from the energy
sector must fall to zero by 2070. The |IEA states that 10.4 Gt of CO, should be captured from the energy
sector by then. To reach this 250 fold increment of CCUS, the cost to capture CO, has to decrease.
Therefore, technological advancement should facilitate lower operational and capital costs [4].

CO, can be used directly, or converted into higher value products. Oxalic acid (OA) has an excep-
tional market value. In 2019, OA had a market price of approximately 500 $/tonne [5], and a global
market value of 715 M$ [6]. In industry, approximately equal quantities of oxalic acid are used for metal
treatment, in the chemical industry [7], and for textile treatment, as a bleaching agent. Moreover, ox-
alic acid could be used to form ethylene glycol [8], which has a yearly production of 34.8 M tonne at a
price of roughly 1500 $/tonne [9], mainly for the plastics industry. Formic acid (FA) is mainly used in
industry as a food preservative for livestock feed and for the production of leather. Its market price is
approximately 400 $/tonne.

In order to extract CO, from a gas stream, absorption and adsorption can be used. The industrial
state-of-the-art is based on chemical absorption using amines as solvents [4]. There are several dis-
advantages to this method such as a high energy demand and the release of toxic gasses. Previous
studies have shown promising potential for the use of ionic liquids (ILs) and deep eutectic solvents
(DESSs) as sorbents, due to their high solubility of CO,, low solubility of other common gasses and low
vapour pressure [10]. Furthermore, they are praised for their high tunability. Their properties could be
tuned by selection of its constituents, mixing with other components, or changing the process condi-
tions. The solubility of some DESs are highly sensitive to changes in pressure, which can be exploited
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2 1. Introduction

in a cyclic process to desorp the CO, [11-13]. Most conducted studies are focused on assessing
solvents solely for the absorption-desorption process. A hurdle for application in industry, is the high
viscosity that characterises most DESs.

The goal of this research is to find an answer to the question: are DESs, mixed with organic solvents,
suitable as a medium for absorption and electrochemical reduction of CO,? In order to asses the DESs-
organic solvent mixtures for this application, this study aims to find its viscosity, self-diffusivity, ionic
conductivity and structural behaviour as a function of the DES concentration. If these DESs will one
day be applied in industry, for CCUS or other purposes, one has to know these properties to design and
control the required equipment. This study will focus on DESs, since previous research shows several
advantages compared to ILs, such as low toxicity, good biodegradability, and economical production
[14]. As DESs have only been discovered recently, they have been studied less intensively than ILs.
For more information about ILs in general, the reader is referred to several review studies [15-17].

Since the family of DESs comprises 10° - 108 possible binary combinations, and (computational)
time is limited, only a small selection can be studied in this research. A selection was made to match
complementary studies, which investigate the solubility of CO,, OA and formic acid (FA, also known
as methanoic acid), and the performance of the electrochemical conversion. In this study, two choline-
chloride (Ch*Cl~) based DESs are investigated: Ch*Cl~-urea and Ch*Cl~-ethylene glycol (EG), known
as reline and ethaline, respectively. These DESs have been studied before, however, a gap in re-
search can be identified for transport properties of the mixtures reline-methanol, ethaline-methanol
and ethaline-propylene carbonate (PC). These mixtures will be investigated, as well as the interaction
of these mixtures with CO,, OA and FA. OA is of interest for economic reasons, while FA is often found
to be produced in experiments of complementary studies.

To be able to assess the mixtures for their suitability as CO, absorbent and conversion medium, the
ideal solvent is characterized. For the absorption step, a high solubility of CO,, low vapour pressure,
high thermal stability, and high selectivity to CO, are desired. Furthermore, it should be nonreactive
with CO,, and remain liquid over a wide range of temperatures and pressures. DESs are often viscous,
limiting mass transfer and increasing pumping costs. Therefore, its viscosity should be minimized. For
the reaction step, a catalytic behaviour for conversion to oxalic acid is desired. For the final separation,
a low solubility of oxalic acid would be beneficial, allowing for crystallization and precipitation of oxalic
acid. A complementary study at our research group conducted by Dr. Dawass aims to find solubility
properties of CO,, FA and OA in the same mixtures, using Monte Carlo simulations. A complementary
study by Dr. Gallez and her students, conducted at TNO, aims to characterize the electrochemical
reaction of CO, facilitated in the same mixtures. The techno-economics of a hypothetical production
plant are studied by Dr. Ramdin together with students from Delft University of Technology and by
students linked to the company DMT. At the time of writing, these complementary studies have not
been published yet.

Traditionally, transport properties are obtained via experiments. However, such measurements are
often costly and difficult or dangerous to perform [18]. Molecular dynamics simulation is a powerful
alternative for obtaining transport coefficients and gaining a better understanding of the underlying
physicochemical mechanisms [19].

Following this introduction, in Chapter 2, the available literature on DESs, CO, capture and electro-
chemical conversion of CO, to oxalic acid are discussed. In Chapter 3, the methods of using Molecular
Dynamics to calculate the density, viscosity, self-diffusivity, radial distribution function and number of
hydrogen bonds are specified. Next, the obtained results are presented and discussed in Chapter 4.
the main conclusions are shared in Chapter 5. Lastly, recommendations for further research are given
in Chapter 6.



Literature Review

This section will provide a literature review on DESs and their relevant properties for CO, absorption
and conversion. An overview of methods for carbon capture is given. Studies conducted on the elec-
trochemical conversion of CO, to oxalic acid will be discussed. The main findings are higlighted in
Section 2.6.

2.1. Types of Deep Eutectic Solvents

DESs are systems formed from a eutectic mixture of Lewis or Brgnsted acids and bases which can
contain a variety of anionic and/or cationic species [10]. DESs were first discovered by Abbot et al. [20]
in 2003, when they noted an exceptionally deep melting point depression at the eutectic composition
of certain hydrogen bond donors (HBDs) and acceptors (HBAs).

Since they share many physical characteristics with ILs, DESs are acknowledged as a relatively
new class of ILs. Although these terms have been used interchangeably in the literature, these are
actually two different types of solvents. Both ILs and DESs are generally characterized by high thermal
stabilities, low volatilities, low vapour pressures and tunable polarities. DESs distinct themselves from
ILs by their low toxicities and biodegradabilities and are considered preferable since DESs are usually
easier and less expensive to prepare [14].

All DESs discovered thus far can be divided into five types. Type | combines a quaternary ammo-
nium salt with a metal chloride. Type Il consists of a quaternary ammonium salt and a metal chloride
hydrate. Type /Il is made up of a quaternary ammonium salt and an HBD. Type IV consists of a metal
chloride hydrate and an HBD. The relatively new type V is composed of only nonionic, molecular HBAs
and HBDs [21, 22]. Thus far, the majority of research focuses on type I/l DESs [14]. This study exam-
ines the DESs reline and ethaline, which are both type /Il DESs.

2.2. Tunability of Deep Eutectic Solvents

DESs are praised for their tunability, meaning their properties can be adjusted by changing the compo-
sition and conditions. Hansen et al. [14] list the most common HBDs (18) and HBAs (26). This list only
contains type lll DESs and is far from comprehensive, nevertheless, it consists of 468 potential DES
combinations. Considering all HBAs and HBDs, an estimated total of 108 - 108 possible binary com-
binations can be made [14]. Studies have been conducted on ternary DESs, allowing for even more
potential combinations. The transport properties of DESs have proven to be sensitive to mixing with
water, especially to decrease the viscosity [19]. Furthermore, their behaviour is highly dependent on the
mixing ratio HBD:HBA. Thus far, most research focused on DESs at their eutectic ratio. Investigating
DESs at other ratios is considered one of the key steps towards industrial application [14]. Lastly, the
process conditions can be altered. The CO, solubility, amongst others, is dependent on temperature
and pressure, at different sensitivities per DES. Considering the great number of combinations of HBASs,
HBDs, ternary mixture components and process conditions, optimizing for a given application would
require experiments or simulations through millions of configurations. As stated by Hansen et al. [14]:
‘tunability cannot be considered to be a practical feature of DESs if creating solutions with particular
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4 2. Literature Review

properties is all guesswork.” Therefore, DESs research aims to develop a fundamental understanding
to build models to 'tune’ for specific applications.

2.3. Properties of Deep Eutectic Solvents

This section provides a brief overview of information in literature about the viscosity, ionic conductivity
and CO, solubility of DESs.

2.3.1. Viscosity

DESs tend to have high viscosities, with values reported ranging from 10" to 10* mPa - s at ambient
conditions [14]. The two most commonly applied models to describe the viscosity of DESs are the
Arrhenius and Vogel-Fulcher-Tammann (VFT) models. The Arrhenius model is stated as:

NArrhenius = AeE/RT (2.1)

where 7, E, A and R denote the viscosity, the activation energy for viscous flow, a pre-factor, and the
molar gas constant, respectively. This equation is valid only for liquids at high temperatures or for
viscosities measured over a small temperature range. The VFT model is often used for wide ranges of
temperatures [23]. The VFT equation is stated as:

nyrr = A'eP/T7To) (2.2)

where A’ denotes the pre-exponential factor, the theoretical viscosity at infinite temperature, B denotes
the fitting parameter that accounts for the activation energy of viscous flow, and T, the ideal glass
transition temperature. Some natural DESs have been reported to behave non-Newtonian and thereby
require more complex models than Arrhenius or VFT [24]. An example of a VFT fit is provided in Figure
2.1 [25].

.

0.0028 0.0030 0.0032 0.0034
1T (K™

Figure 2.1: In(n) as a function of 1/T, as an example of the Vogel-Fulcher-Tamman (VFT) model applied to mixtures of reline-
water at different mole fractions, from a study by Yadav and Pandey [25]. The mole fraction of reline decreases from 1 (grey
upward triangle) to 0 (black circle). The VFT fit is represented by the lines.

2.3.2. lonic Conductivity

DESs exhibit lower ionic conductivity than high-temperature molten salts. Abbot et al. [26] state this
difference can be explained by Hole theory, which relates the ionic conductivity to the size of ions and
viscosity. Hole theory explains that during melting, ILs or DESs form empty spaces caused by thermally
generated fluctuations in local density. The radius of the average-sized void () is related to the surface

tension of the liquid y by:
3.5kgT

14
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where kg is the Boltzmann constant and T the absolute temperature. When the ions are small compared
to the holes, they can move easily. Subsequently, the viscosity is low and ionic conductivity high.
A widely used relation between the self-diffusivity of the ions and the ionic conductivity, the Nernst-
Einstein equation, is discussed in Section 3.3.4.

2.3.3. CO, Solubility

Most DESs studied thus far exhibit lower CO, solubility compared to conventional ILs. However, re-
cently the solubility was measured for hydrophobic DESs for the first time, showing values comparable
with conventional ILs [27]. In another study, measured solubility is compared with predicted values
using a PC-SAFT based model, showing reasonable correlation [28].

2.4. Capture of CO,

There are various separation technologies available for CO, capture. A selection of these technolo-
gies can be applied as post-combustion capture: adsorption, physical absorption, chemical absorption,
cryogenics separation and membranes [29]. The only technology used in the industry thus far is chem-
ical absorption using amines, for example, monoethanolamine (MEA) [30]. Figure 2.2 shows a flow
diagram of the process [31]. Flue gas is cooled before it is sweetened. It is brought into contact with
lean MEA, yielding a rich solvent loaded with approximately 0.4 molCO,/mol MEA [29]. The gas is
washed with water and released into the atmosphere. By absorbing CO,, the solution heats up, to 313
- 323 K. The solution is heated in a heat exchanger before it enters the stripper. It is heated to 373
- 393 K, at pressures around 1.5 to 2 atm [31]. The resulting costs and energy requirements of this
heating is the major barrier to commercializing this technology on a larger scale [29, 30]. If an existing
power plant would be equipped with this technology, the energy output would be lowered by 25-40%
[32].

Other drawbacks of chemical absorption using MEA include the corrosiveness, degradation of the
solvent by oxygen and the volatility of MEA, which causes environmental pollution [33]. To avoid this
energy penalty for CO, capture, physical absorption is proposed [33]. By using solvents that are chem-
ically stable and exhibit low vapour pressures, the aforementioned drawbacks can be minimized. Ulti-
mately, the desorption step of CO, might be avoided completely, by combining the capture and con-
version steps.
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Figure 2.2: Process flow diagram for CO, capture from flue gas by chemical absorption. From IPCC [31].
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2.5. Electrochemical Reduction of CO,

The electrochemical reduction reaction of CO, (CO,RR) has several advantages compared to bio-
logical, thermochemical and photochemical conversion: fine control of reaction rates and selectivities
through the applied voltage, wide scalability due to modular electrolyzer designs and excellent coupling
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to intermittent renewable energy sources due to the fast response time of electrochemical systems [34].
OA and FA are just two out of various possible products, depending on the process conditions, solvent,
catalyst and electrode material. Studies have been conducted for decades on electrochemical reduc-
tion of CO,. However, few studies have focused on ILs and DESs with conversion to FA and/or OA.
The application of CO, electrolyzers in the industry remains largely unaddressed so that fossil carbon
sources are used instead [35].

An electrolysis cell always has at least three components: two electrodes in contact with an elec-
trolyte. The electrolyte is either a liquid or a solid material that can conduct ions but is impermeable
to electrons. The ionic conductivity of the electrolyte depends strongly on temperature. Typical reac-
tion products are carbon monoxide (CO), FA (CH,0,), methanol (CH3;0OH), methane (CH,), ethylene
(CoHy), ethanol (CoH50H), n-propanol (C3HgO) and OA (C,H,04). Electrode materials can have a
significant effect on the products formed. Most studies compare a selection of copper, gold, silver,
platinum, lead, indium, mercury, tin, thallium, zinc and glassy carbon electrodes [36, 37]. A distinc-
tion is made between aqueous and non-aqueous solutions. An electrolyte that contains water favours
alternative CO,RR pathways over the formation of oxalic acid. This dependency on water content is
demonstrated in a study by Tomita et al. [36], varying water concentration in a CO,RR, using a Pt
electrode in an electrolyte of aqueous tetraethylammonium perchlorate/AN with a current density of
5mA/cm? (Figure 2.3). Moreover, it is explained by Eneau-Innocent et al. [38] that an electrolyte that
contains active protons, results in the reaction between a radical anion intermediate CO,"~ and a pro-
ton to form FA. Therefore, a non-aqueous aprotic electrolyte is required to produce OA. Both DESs
that are discussed in this study contain choline, which is protic. Table 2.1 2.1 provides an overview of
the dominant reaction products resulting from different cathode materials in aqueous and non-aqueous
electrolytes [37].
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Figure 2.3: Faradaic efficiency of electrochemical reduction of CO, towards oxalic acid ((COOH),), formic acid (HCOOH), carbon
monoxide (CO) and dihydrogen (H,) with varying H,O content with an aqueous tetraethylammonium perchlorate/acetonitrile
electrolyte and platinum electrode. From a study by Tomita et al. [36].

Table 2.1: The dominant products that result from different reaction pathways as described by lkeda et al. [37]. The column
headers refer to the cathode material, the row headers refer to the electrolyte.

Ag Au Hg In Pb Sn Ti Zn
Aqueous Carbon monoxide Carbon monoxide Formic acid Formic acid Formic acid - - Carbon monoxide
Non-aqueous - Carbon monoxide  Oxalic acid - Oxalic acid  Carbon monoxide Oxalic acid Carbon monoxide

In the next subsection, the CO,RR towards oxalic acid using different solvents is highlighted, for
comparison. Next, studies conducted thus far using DESs as reaction medium will be discussed, and
the under-explored research topics are identified. It should be noted that this study will not asses DESs
for their selectivity and yield of oxalic acid, since the method of MD simulations is not suited. To assess
the DES-organic solvent mixtures for their selectivity and yield facilitating CO,RR towards OA and FA,
complementary experimental studies are performed.
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2.5.1. Alternative Solvents for Electrochemical Reduction of CO, to Oxalic Acid
Ikeda et al. [37] reported selective (>75mol%) production of oxalic acid in a non-aqueous electrolyte of
tetraethylammonium perchlorate and PC, using cathodes of lead, thallium and mercury, with faradaic
efficiencies between 60% and 78%. Kumar et al. [39] report the formation of OA with a selectivity of
90% and faradaic efficiency of 51% using a copper-based metal-organic framework. Recently, a master
thesis conducted by Boor [40] reports a large trade-off between current density and faradaic efficiency
for CO,RR towards OA. The best results were obtained with lead as the cathode in a catholyte of PC
+ tetraethylammonium chloride, saturated with CO, and platinum as the anode, in an anolyte of 0.5M
H,SO,, separated by a Nafion 117 cation-exchange membrane. Optimizing for current density in a
batch-wise process resulted in a current density of —17 mA/cm? and a faradaic efficiency of 45%.

ILs have attained increased attention for their catalytic behaviour as electrolytes for the CO,RRs.
The addition of ILs to electrolytes significantly decreases the onset potential for the CO,RR and helps
to suppress the undesired hydrogen evolution reaction [41]. However, most studies address aqueous
solutions, which are outside the scope of this study since it hinders the formation of OA. The interested
reader is referred to review studies by Lim et al. [42], and Chen et al. [43]. One study conducted by
Yang et al. [44] shows a major dependency on the electrolyte for the products formed, experimenting
with different ILs in an acetonitrile solution. The best results for production of OA was achieved using
an aprotic aromatic ester-functionalized IL, 4-(methoxycarbonyl) phenol tetraethylammonium ([TEA][4-
MF-PhO]). A current density of 9.03 mA/cm? with a faradaic efficiency of 86% at -2.6 V (vs. Ag/Ag+)
were measured, and the OA formation rate was as high as 168.4 ymol/cm?h, which is the highest
reported value found to date. However, for industrial applications, the ILs are often too expensive, and
higher current densities are desired. DESs are often less expensive [45].

2.5.2. Electrochemical Reduction of CO, Using Deep Eutectic Solvents

Like ILs, DESs are characterized by a low onset potential for the CO,RR [41]. The majority of studies
investigating DESs used for CO,RRs focus on aqueous solutions. Vasilyev et al. claim to be the first
to explore non-aqueous DESs as a medium for the CO,RRs, in a paper published in 2019 [45]. They
studied the performance using a silver cathode and a reline electrolyte, both neat and as an additive
in solvents. For the neat system, the faradaic efficiency (FE) towards CO and the current density were
found to be 15.8% and below 0.1 mA/cm?, respectively. Hydrogen was formed as a by-product at a
FE of 17.0%. These (poor) results were attributed to the high viscosity, which hinders mass transfer
causing depletion of CO, at the electrode surface. To reduce the viscosity, water was added (15 vol%),
yielding a current density of 0.6 mA/cm? and FEs of 59% and 26%, for CO and H,, respectively. These
results indicate that viscosity is the main hurdle for using neat reline for the CO,RR. Neat ethaline was
investigated, which reached a current density of 0.4 mA/cm? and FEs of 78% and 9.9% for CO and H,,
respectively. The better performance correlates to the lower viscosity of ethaline, which is 37 mPa x s
for ethaline and 750 mPa = s for reline at 298 K and 1 atm. Vasilyev et al. found the best results with an
electrolyte of 1 M Ch* CI=+2M EG in PC, providing a current density of 8 mA/cm? and FEs of 101.8%
(CO) and 1.6% (H>).

2.6. Synopsis

The goal of this literature study was to find the relevant current knowledge about DESs and electro-
chemical conversion of CO,. The five types of DESs as described by Hansen et al. [14] were identified.
The models that are used in literature to calculate properties of DESs have been discussed, coming
to the overall conclusion that due to the complex particle interactions, it is difficult to predict DES prop-
erties. The conventional amine based method of CO, capture was discussed. For electrochemical
conversion of CO,, the impact of both the electrolyte and the electrodes have been discussed. From
non-DES-specific studies [36, 37], it was found that the formation of OA is only preferred over other
reaction products for specific cathode materials and aprotic electrolytes. Other information from liter-
ature, concerning studies that model the relevant solvents and solutes of this study using Molecular
Dynamics are reviewed in Chapter 3. The little available literature data on transport properties of the
relevant mixtures are discussed in Chapter 4, to compare to values found in this study.






Methods

In this study, Molecular Dynamics (MD) simulations will be used to compute the equilibrium and trans-
port properties of several DESs. MD simulations are similar to real, physical, experiments, in the sense
that we prepare a sample of a material, we couple the sample to measurement instruments and we
monitor the sample for a certain duration. To account for noise, average values over time are calculated
[46].

The principle of MD simulations relies on numerically integrating Newton’s equations of motion for
all interacting particles in a system. The forces between particles are calculated using inter-atomic
potentials. The implementation and parameterization of these potentials are not trivial, especially for
complex liquids such as DESs. The method is discussed in Section 3.1. For each time step, the
new particle velocities and positions are calculated. By doing so, a well-configured system will reach
equilibrium. Proceeding, the system will evolve for more time steps, during which data is sampled. The
configurations of the simulations are described in Section 3.2. Lastly, the calculations which use the
sampled data to determine transport properties are discussed in Section 3.3.

3.1. Force Fields

To calculate the interatomic interactions, many different force fields (FFs) have been developed. A
trade-off between accuracy and computation time is made, depending on the modelled system. Two
commonly used families of FFs are Assisted Model Building with Energy Refinement (AMBER) [47] and
optimized potentials for liquid simulations (OPLS) [48]. AMBER was originally designed for biomolecules
and later extended for other molecules by Wang et al. [49] to the General Amber Force Field (GAFF).
OPLS was developed with liquids in mind, with an important distinction between united atom models
(OPLS-UA), where hydrogen atoms next to carbon atoms are grouped with the carbon atom, and all-
atom models (OPLS-AA), where all hydrogen atoms are modelled explicitly. Both models are based
on the general form of the summation of the potential energy of equation 3.1:

Upotential = Ubona stretching + Upond bending + Upond torsion T Unon—bonded (31)

where the major differences between the two FFs are found in the non-bonded contribution and the
parameterization of all interactions. Both AMBER and OPLS represent the potential energy contribu-
tions by bond stretching and angles using Hooke’s Law. Three potentials for the dihedrals are used
in this study, identified in the software as charmm, opls and multi’/harmonic. For the equations of
the potentials, the reader is referred to appendix B and the documentation of LAMMPS (Large-scale
Atomic/Molecular Massively Parallel Simulator) [50]. The used parameters can be found in Appendix
B.

The non-bonded interactions are described as the sum of the Lennard-Jones (LJ) potential and the
electrostatic potential, as in equation 3.2:

Unon-bonded = ULg + Ucoulomb (3.2)
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where

o 12 o 6
UL, = 4e <;> - <;) r<r, (3.3)
and
qiq;
Ucoulomb = Ariegr <71 (34)

in which U,y denotes the Lennard-Jones potential, Ucquiomb denotes the electrostatic potential, € is
the dispersion energy, o is the zero-crossing distance, r is the distance between the two atoms, ;. is
the cutoff distance, q; and g; are the charges of the atoms, ¢, is the permittivity of free space [46, 47,
51]. The LJ potential is made up out of the attractive London dispersion forces and the Pauli repulsion
forces. Figure 3.1 shows a schematic representation of the interatomic interactions described above.
In the following subsections, the FFs of choice are discussed.
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Figure 3.1: Schematic representation of the interatomic interactions, as modelled using equation 3.1. The represented molecules
are formic acid (left) and urea (right).

3.1.1. Deep Eutectic Solvents

GAFF was used to model ethaline and reline. Several studies using GAFF to model DESs have been
conducted [11, 19, 52, 53]. Perkins et al. [53] and Celebi et al. [19] demonstrated reasonable results
using GAFF to model these DESs to determine their transport properties, both pure and in aqueous
solutions. The parameters used in this study are equal to those of the studies of Celebi et al. [19] and
Perkins et al. [53], who determined the electrostatic potential using the HF/6.31G* level of theory. All
the FF parameters used in this study are tabulated in appendix B.

Reduced charges are used, to account for charge transfer and polarization effects. IL studies
showed that down-scaling of ion charges is essential in order to make reliable predictions on the dy-
namics. The reason is that reduction of electrostatic interactions allowed for faster ion dynamics with
better correspondence to experimental data [54]. Borodin [55] identified that many-body polarisable
FFs are needed to allow for the charge fluctuation in ions, in order to achieve reliable MD simulations.
In polarizable FFs, the charges fluctuate depending on their position to relative to their neighbours.
However, this results in computationally costly simulations and requires the development of new po-
larisable FFs for each newly studied IL. Therefore, in this study the effects of polarisation and charge
transfer are not taken into account explicitly but only implicitly through ion charge scaling. Perkins et
al. found best agreement with experimental density and transport data using scaled ion charges of +
0.9 e and + 0.8 e for ethaline and reline, respectively [53]. Therefore, these are the values used in this
study.

3.1.2. Organic Solvents and Solutes

Carbon dioxide is modelled using the transferable potentials for phase equilibria-flex (TraPPE-flex) FF.
The parameters are taken from a study by Aimoli et al. [56]. Methanol is modelled using TraPPE-UA, in
which the carbon atom and its bonded hydrogen atoms are modelled as one united atom, as proposed
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by Chen et al. [57]. OA is modelled using the OPLS FF, with parameters taken as proposed in the study
by Doherty et al. [58]. FA is modelled as proposed by Salas et al. [59], who determined the values to
reproduce the dielectric constant, surface tension and density of pure PC at different temperatures. It
was slightly modified by our group, by setting finite ¢ and ¢ value to the hydrogen atom H_F2. PC is
modelled using GAFF, with the help of antechamber python parser interface (ACPYPE) [60], a python
wrap of antechamber [61]. Charges are used as determined at the 6.31G* level of theory by Silva
et al. [62]. PC exists as 2 enantiomers. Simulations have been performed to compare the viscosity,
self-diffusivity and the density of racemic and enantiopure PC. The comparison is shown in Appendix
F. The differences are considered negligible. For all reported results related to PC, simulations were
performed with enantiopure (S)-PC.

3.2. Molecular Dynamics Simulations

MD simulations of the DESs ethaline and reline, mixed with the organic solvents methanol and PC, were
performed over the entire range of mole fractions, at 298.15 K and atmospheric pressure. Reline - PC
mixtures were excluded, as these do not mix well. Furthermore, distinct simulations were performed of
the aforementioned mixtures including 5 additional molecules of carbon dioxide, formic acid or oxalic
acid, at the same thermodynamic conditions. For clarity, the reported mole fractions neglect the fraction
of solutes. This is considered legitimate, as the concentrations of these solutes are low. By cross-
checking simulations with and without solutes, no correlation between the addition of the solutes and
the values of the transport properties was found. Thereby, this assumption is valid. The number of
molecules of each simulation can be found in table 3.1, including the size of the initial cubic simulation
box. The box lengths before calibration were set based on estimations using the expected density
(interpolated) from literature, added by 3 or 4 A to avoid atom-overlap. Initial configurations were made
using the software tool packmol [63].

In this study, one mole of DES is defined as the sum of the constituents divided by the number of
constituents. Ch* and CI~ are considered distinct molecules in this definition. Since both reline and
ethaline are modelled at their eutectic ratio of HBA:HBD = 1:2, this results in the used definition of molar
mass of DES Mpgg:

1 1 1
Mpgs = 7Mcn+ + 7 Mor- + 5 Mugp (3.5)
where Mcy,+ is the molar mass of choline, M¢;- is the molar mass of chloride, and Mygp is the molar
mass of the hydrogen bond donor. Please note that different definitions are used in literature, therefore
conversion calculations were made for the comparison with literature data. Since Mcp+ = 104.170
g/mol, M- = 35.453 g/mol, M., = 60.055 g/mol and Mgg = 62.070 g/mol, the molar masses of the
DESs are Mgejine = 64.933 g/mol and Mg aiine = 65.941 g/mol.

LAMMPS (version December 2018) [50] was used for the MD simulations. Periodic boundary con-
ditions were employed in all directions. To calculate the long-range electrostatic potentials, the particle-
particle particle-mesh (PPPM) method, with a relative error of 107¢, was used. Cut off radii were set
to 12 A for Lennard-Jones and short-range electrostatic interactions. The Lorentz-Berthelot mixing
rules were employed for interactions between different atom types. The Verlet algorithm was used to
integrate Newton’s equations of motion, with a time step of 1 fs.

The required data sampling was done in the canonical (NVT) ensemble. However, to get there, a
series of steps were performed. First, the energy of the system is minimized by the conjugate-gradient
method, to a tolerance of 10~* in a maximum of 1000 steps. Next, the system evolves for 5 to 17 ns
(depending on the modelled composition), in the isothermal-isobaric (NPT) ensemble. A Nosé-Hoover
thermostat and barostat are employed. The volume over the last 100 ps is averaged, and set as the
box size for the successive simulation steps. The calculated density is a direct result of this volume.
Following, the system is equilibrated in the canonical (NVT) ensemble for 1 to 2 ns (again depending
on the modelled composition). A Nosé-Hoover thermostat is employed. At this point, five equivalent
simulations with different random seed numbers are made. The energy is minimized, by gradually
increasing the time step from 0.0001 to 1 fs, in 13 increments, each for 10,000 time steps, followed by
500 to 2000 ps. Lastly, the required data for the transport property calculations are gathered during a
production run in the canonical ensemble during 10 ns for mixtures and pure solvents, and 100 ns for
pure DESs. The transport properties and RDFs were computed with the help of the OCTP (on-the-fly
computation of transport properties) plugin for LAMMPS [18]. This plugin makes use of the Einstein
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relations, together with the order-n algorithm [46], as modified by Dubbeldam [64]. By cross-checking
the results of simulations with and without solutes, for non-solute related transport properties and RDFs,
it was found that all values are reasonably close, and no notable discrepancies were found. Therefore,
reported values of non-solute related properties were based on averages of all of these simulations.
Uncertainties for all calculated transport properties were calculated as the standard deviation of the
aforementioned equivalent simulations.

Table 3.1: The number of molecules of each simulation setup and the initial cubic simulation box length, before calibration. PC
and DES are abbreviations for propylene carbonate and deep eutectic solvent, respectively. 4 molecules of DES are equal to 1
molecule of choline, 1 molecule of chloride and 2 molecules of the hydrogen bond donor. Simulations including carbon dioxide,
formic acid or oxalic acid are equal to those listed, except for an addition of 5 carbon dioxide, formic acid or oxalic acid molecules,
respectively.

Number of Molecules
XDES DES Solvent Reline Ethaline Methanol PC Initial box length [A]

1 Ethaline - 800 47

1 Reline - 800 46

0 - Methanol 800 41

0 - PC 400 42
0.1 Ethaline Methanol 400 3600 69
0.2 Ethaline Methanol 400 1600 57
0.4 Ethaline Methanol 400 600 49
0.6 Ethaline Methanol 500 333 49
0.8 Ethaline Methanol 600 150 49
0.1 Ethaline PC 100 900 55
0.2 Ethaline PC 200 800 54
0.4 Ethaline PC 300 450 50
0.6 Ethaline PC 500 333 50
0.8 Ethaline PC 600 150 47
0.1 Reline  Methanol 400 3600 68
0.2 Reline  Methanol 400 1600 55
0.4 Reline  Methanol 400 600 46
0.6 Reline  Methanol 500 333 45
0.8 Reline  Methanol 600 150 44

3.3. Computation of Transport Properties

To calculate transport properties from the motion of molecules over time, the Einstein method is used
in an equilibrium molecular dynamics (EMD) simulation environment. Alternatively, non-equilibrium
molecular dynamics simulations (NEMD) could be used. Hereby, the system is subjected to external
flows or driving forces, after which the transport properties are determined by investigating the sys-
tem’s response. NEMD simulations generally require fewer simulation steps to acquire statistically
sufficiently good transport properties, due to a much larger signal to noise ratio [65]. However, in EMD,
multiple transport properties can be calculated simultaneously. Furthermore, the resulting properties
from NEMD highly depend on the applied driving force [65]. Therefore, EMD is the method of choice
in this study.
The Einstein method is described as:

RAGCEVION
y= 2t

where y is the desired transport coefficient, A is its corresponding dynamic variable, t is time, and the
angle brackets () denote the ensemble average [46]. At large t, the relation between t and the mean-
squared displacement (MSD) of 4, ((A(t) — A(0))?, is linear. This slope provides the desired transport
coefficient [18]. To judge the linearity condition, the MSD is plotted as a function of t on a log-log scale,
where the linearity condition is satisfied for a slope of 1. In this study, a slope was considered valid
between 0.9 and 1.1. The slope-1 criterion also allows the user to determine if the simulation has

(3.6)
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evolved over sufficient time. An example of a log-log plot of an MSD for diffusivity of the CI~ anion in a
20 mol% mixture of reline with methanol is provided in Figure 3.2. To be robust for small discontinuities
of the MSD at increasing sampling order, the average value of the slope at three consecutive data points
is used to calculate the slope instead of linear regression. In preliminary calculations, the difference
for these two methods in the calculated slope in continuous regions was considered negligible. In the
following subsection, a efficient way of sampling is introduced. Next, the computation of the transport
properties viscosity, self-diffusivity and ionic conductivity are specified.

108 T T T
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Linear fit of slope-1 regime 4
three consecutive points with slope-1 3

100k 3
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10*f e 3
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Figure 3.2: The mean-squared-displacement (MSD) related to the self-diffusivity of chloride in ethaline-methanol with xpgg =
0.2. The three consecutive data points with a slope closest to unity were found to be at most 0.027 off unity. The self-diffusivity
was calculated to be 6.97 x 107" m?/s, at 298 K and 1 atm.

3.3.1. Order-n algorithm

Conventionally, the ensemble averages of equation 3.6 are sampled at a fixed frequency [46]. Many
systems incorporate a broad range of dynamic timescales. To sample at a high frequency is inefficient
in terms of computational resources and data storage. The order-n algorithm has been introduced
to sample at decreasing frequencies, thereby capturing fast and slow dynamics, with a decrease of
required computational resources. Please refer to section 4.4.2 of the book 'Understanding Molecular
Simulation’ by Frenkel and Smith [46] for more information about the order-n algorithm. In this study,
the OCTP plugin for LAMMPS is used to calculate the MSDs [18], which uses the order-n algorithm
as modified by Dubbeldam et al. [64]. The plugin is capable of computing the self- and the Maxwell-
Stefan-diffusivity, the shear and bulk viscosity, and the thermal conductivity. Furthermore, it can provide
radial distribution functions (RDFs). It was found by Celebi et al. [66] that for aqueous mixtures of
reline and ethaline, the thermal conductivity computed through EMD, was almost an order of magnitude
lower compared to more accurate values found by NEMD. In this study, the scope is limited to density,
viscosity, self-diffusivity and RDF.

3.3.2. Viscosity

The dynamic viscosity, or shear viscosity (r), can intuitively be seen as a measure of resistance of
a fluid to flow. In EMD, it can be computed from the integral over the autocorrelation function of the
off-diagonal pressure tensor components [51, 65]:

2

=1i L ftP (tHdt 3.7
Nap _tl_gcl) 2t kgT o ap ( : )

where V is the volume of the system, and a and B both denote x, y and z direction, in which a # .
For isotropic systems, by definition the off-diagonal terms of the pressure tensor, and subsequently the
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viscosity, are equal for all dimensions (P,g = Py, = P, = B, and ngp = 7y = Nx; = 1y,). 10 make
use of this property and maximize the statistical quality for a given simulation, equation 3.7 is averaged

over all dimensions [65]:
V t
— 11 oS ! !
1= 1 5T 2, ; <f Fap (£ at > 5:8)
a

with PO?;; denoting the traceless, symmetric elements of the pressure tensor, given by:

P+ P 1
Pop = LB (5 Z P (3.9)
k

where §,;4 is the Kronecker delta, and P, the diagonal elements of the pressure tensor. Thereby, the

term 6,5 (% I Pkk) is simply the instantaneous kinetic pressure of the system. It should be noted that
the MSD is a function of the properties of the system as a whole, whereas the MSD for the diffusion
coefficient is based on the properties of each molecule. To determine the fluid’s diffusion coefficient,
the average value over all molecules in the system can be calculated. As a consequence, D is
statistically more precise than n. For viscosity, the average value over only the three different shear
directions can be used [51].

3.3.3. Self-Diffusivity
The self-diffusion coefficient (Dg.ir) Of @ certain molecule of type i, in an isotropic system is defined as
[51]:

Ny

.11 2

Diser = Jim 35 75 Zl(rj.i(w—rj,im)) (3.10)
]:

where N; is the total number of molecules of i in the system, and r;; is the 3 dimensional position of
the jt* molecule of type i. The right-hand side of the equation is divided by a factor of 3, to average
over the 3 dimensions [46].

In a study by Yeh and Hummer in 2004 [67], it was found that, for systems with periodic boundary
conditions, the self-diffusion coefficient calculated through EMD is strongly dependent on the system
size. They proposed a correction, later referred to as the Yeh-Hummer correction:

(3.11)

where Dj, ¢ is the corrected self-diffusion coefficient, Dy is the size-dependent self-diffusion coefficient,
kg is the Boltzmann constant, L is the length of the cubic simulation box, T is the temperature, 7 is the
shear viscosity and ¢ = 2.837298 is a dimensionless constant. In this study, the viscosity calculated in
MD was used.

As described in equation 3.10, the OCTP plugin calculates the MSD based on the position of the
molecules. For each molecule, an atom is preassigned which represents the molecule position. The
selected atoms are Cl for CI=, N for Ch*, CEG for EG, C_U for urea, O_M for methanol, CP2 for PC,
C_C for CO,, C_F1 for FA and C_O1 for OA (atom labels can be found in appendix 6.3.

3.3.4. lonic Conductivity
Using the obtained self-diffusion coefficients, the ionic conductivity (x) can be calculated, according to

the Nernst-Einstein relation:

eZ

kgTV

K =

> Mgty (3.12)
i

where i are the molecule types, e is the elementary charge, kg is the Boltzmann constant, T is the
temperature, V is the volume of the system, N; is the total number of molecules of type i in the system,
q; is the charge of a molecule of type i and D; is the self-diffusion coefficient of type i.
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For non-ionic molecules, the charge is zero, thereby they do not contribute to the ionic conductivity.
Integer charges were used for the ions. One might argue this is inconsistent with the scaled charges
used in the force field for Coulombic interactions.

The lonic conductivity could also be derived using the Green—Kubo or Einstein relations, which take
into account the cross correlation of charge fluxes/displacements [68]. For this method, atomic trajec-
tories would be required at a sufficient sampling frequency, and extensive subsequent post-processing
must be performed. Therefore, for simplicity, the Nernst-Einstein relation was used in this work.

The Nernst-Einstein equation overpredicts the ionic conductivity by nature [69]. Several studies
ascribe this difference to ion association [69, 70]. The ion association (§;,,), or more directly the ion
dissociation (1-¢;,,), is quantified by comparing the molar conductivity acquired by electrochemical
impedance spectroscopy (EIS) with the molar conductivity calculated from ion diffusivities, measured
by pulse field gradient nuclear magnetic resonance spectroscopy (PFG-NMR). The former measures
the movement of the dissociated ions, while the latter measures the movement of all ions. This ion
dissociation term is added as a factor to the right-hand side of equation 3.12. To the best of my knowl-
edge, no method has been reported in the literature to calculate the ion dissociation using MD. A study
by Celebi et al. used the scaled ion charges discussed in Section 3.1 in the Nernst-Einstein equation,
resulting in a reduced calculated ionic conductivity [19]. Even though this might result in computed
ionic conductivities closer to experimental data, it is not certain whether the assumption that charge
transfer is the cause for reduced ionic conductivity is valid. Philippi et al. discussed this approach in
two papers [71, 72]. Charge scaling is done independent of the DES concentration, whereas an ion
dissociation factor would be dependent on DES concentration. This might lead to different trends of
the ionic conductivity as a function of the mole fraction of DES for the two methods. The study by
Nordness et al. [69] shows that the sensitivity of ion dissociation to mole concentration of ILs in organic
solvents is dependent on the IL. In this study, the Nernst-Einstein equation is used without scaling,
complemented with the side note that the scientific debate has not yet settled and different methods
are applied in literature.

3.4. Radial Distribution Functions

Another useful property that can be obtained through MD is the radial distribution function (RDF) g(r).
It can be used to match MD simulations with experiments, since neutron, X-ray and light scattering
experiments can yield information about g(r). Besides, the measured values of the radial distribution
function can be compared with theoretical predictions for pure liquids and mixtures, allowing to test a
particular theory [46]. The RDF describes how the number density changes as a function of distance
from a certain centre reference particle. It is calculated as the ratio between the number density p(r)
at a distance r from the reference particle and the number density at a distance r from a particle in an
ideal gas at the same overall number density. From p,,. = N/V and g(r) = p(r)/pave, €quation 3.13
is derived:

Ny 3.13
g(T) - ,Dave41'l7”2d7” ( . )
where N is the total number of particles in volume V and N, is the number of particles in a spherical
shell of thickness dr at distance r. The OCTP plugin allows for the calculation of the RDF beyond the
cutoff radius, which is not possible in the standard edition of LAMMPS. Furthermore, the plugin corrects
for system-size effects, based on the work by Van der Vegt and co-workers [73-75]. The OCTP plugin
calculates the distance r between atoms that are assigned by the user. The selected atoms are ClI for
CI~, N for Ch*, CEG for EG, C_U for urea, O_M for methanol, CP2 for PC, C_C for CO,, C_F1 for FA
and C_O1 for OA (atom labels can be found in Appendix 6.3). The selection was made to the atoms
closest to the centre of mass. For OA and EG, the same atom labels are used for both central carbon
atoms. As aresult, the RDF for both atoms is calculated. An RDF peak between the two bonded atoms
is generated during the simulation and removed afterwards.

In this study, the RDFs are sampled every 1000 time steps in the NVT-ensemble. Next, the average
value over all equivalent runs is calculated. Since most mixtures are simulated with 5 equivalent sim-
ulations of 10 ns, a total of 50,000 samples are used. Many samples over time are required because
the number of solutes is limited.
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3.5. Hydrogen Bonds

The number of hydrogen bonds (HBs) between the DES constituents are calculated for varying mole
fractions of DES. As criteria, a cut-off distance of 3.5 A and angle of a cut-off distance of 3.5 A between
the donor-acceptor atoms and an angle of 30° between the donor-hydrogen—acceptor are used. Visual
Molecular Dynamics (VMD) [76] and its HBonds plugin version 1.2 are used to count the number of HBs.
Samples of equivalent simulations plus simulations containing solutes are combined to calculate the
average number of HBs. To account for varying numbers of DES molecules, the values are normalized

according to:
100

N HBD molecules

where Nyg, is the corrected number of HBS, Nygp molecules 1S the number of HBD molecules in the
system and Nygs counted 1S the average number of counted HBs before normalization. The number
of HBs presented correspond to systems of 50 ClI~ anions, 50 Ch* cations, 100 HBD molecules and
a number of organic solvent molecules dependent on the mole fraction of DES. Table 3.1 shows the
number of DES and organic solvent molecules used in each simulation.

Nyps = NyBs counted (3.14)



Results and Discussion

This chapter comprises all results, obtained as described in the previous chapter. First, the density
of the mixtures is discussed in Section 4.1. Next, the viscosities are discussed in Section 4.2. The
self-diffusivities of the mixtures and the solutes are discussed in Section 4.3. Based on these self-
diffusivities, the ionic conductivities are calculated and presented in Section 4.4. A structural analysis,
using radial distribution functions and a hydrogen bond analysis are performed in Sections 4.5 and 4.6,
respectively. Lastly, several limitations of the applied methods are mentioned in Section 6.1.

4.1. Density

Figure 4.1 shows the computed densities of the mixtures ethaline-methanol, ethaline-PC and reline-
methanol, as a function of mole fraction of DES. The data is in good agreement with the available exper-
imental data by Wang et al. [77], Zafarani-Moattar et al. [78] and Haghbakhsh et al. [79]. The maximum
absolute deviations are 1.2, 1.1, and 1.0% for reline-methanol, ethaline-methanol, and ethaline-PC, re-
spectively. Interestingly, the over predictions are smaller for more equal DES-organic solvent ratio’s,
for all three types of mixtures. All density values can be found in appendix C. The accuracy was found
to be too low to provide reliable excess molar volumes. However, from preliminary calculations, a sim-
ilar trend for the relation of excess molar volume and mole fraction of DES was observed as acquired
experimentally [80] for ethaline-methanol. Haghbakhsh [80] suggests the negative excess molar vol-
ume is due to the filling of free volumes with small methanol molecules and/or stronger hydrogen bonds
between ethaline-methanol than between ethaline-ethaline and methanol-methanol.

4.2. Viscosity

In figure 4.2 the computed viscosities of reline-methanol, ethaline-methanol, and ethaline-PC mixtures
as a function of mole fraction of DES are shown. The average viscosity values, standard deviations
and number of converged simulations are presented in Appendix C. The obtained results for ethaline-
methanol are compared with experimental results by Wang et al. [77] over the entire range of mole
fractions. To the best of my knowledge, no literature viscosity data of reline-methanol is available at
298 K, therefore only experimental viscosity of pure reline is plotted [81]. In the case of ethaline-PC,
literature data was only available in the range from xpgg = 0 to 0.21 [77]. All computed viscosities are
listed in Appendix C. The maximum deviations between experimental viscosity and the values found
in this study are for pure DESs. For pure ethaline and reline, these deviation are significant, at 31
and 39%. As shown in figure 4.2, the viscosities of all types of mixtures increase monotonically with
increasing DES content. Reline is more viscous than ethaline, and propylene carbonate is more viscous
than methanol. Especially for reline, the viscosity is drastically reduced by the addition of a mole fraction
of 0.2 of methanol: from 455 to 72 MPa - s, whereas ethaline is reduced from 62 to 21 MPa - s for the
same addition of methanol. By addition of a mole fraction of 0.2 of PC to pure ethaline, the viscosity
is only reduced to 33MPa -s. This difference in sensitivity might be explained by the difference in
molecule size. Molecular size-asymmetry is know to cause complex viscosity behaviour [82]. Celebi
et al. reported similar decreases in viscosity by small additions of water for reline and ethaline [19]. By

17



18 4. Results and Discussion

1250 ' ' ' '
12000 T it
1150
1100 !
1050 |

p/lkg/m’]

[[1 Ethaline-propylene carbonate, sim.

900 Ethaline-propylene carbonate, exp.! | 4
[0 Ethaline-methanol, sim.
850 Ethaline-methanol, exp.? 7
00 [0 Reline-methanol, sim.
i Reline-methanol, exp.? i
750 L L L L
0 0.2 0.4 0.6 0.8 1

IDES

Figure 4.1: Densities of the mixtures ethaline-propylene carbonate, ethaline-methanol and reline-methanol, as a function of
mole fraction of Deep Eutectic Solvent, at 298 K and 1 atm. 'Experiments by Zafarani-Moattar et al. [78]. 2Experiments by
Wang et al. [77]. 3Experiments by Haghbakhsh et al. [79].

addition of 5% mass fraction of water, the viscosities reduced approximately 83 and 30% for reline and
ethaline at 303.15 K, respectively.

4.3. Self-Diffusivity

A comparison is made between the obtained results and experimental and computational literature data
for the limit cases of pure DESs and pure organic solvents in Figures 4.3 and 4.3, respectively. Devi-
ations to the experimental data [81] are similar to the simulation data for ethaline [53]. The maximum
deviations, calculated over all reported constituents and all available experimental data, are 38, 14, 32
and 58% for PC, methanol, reline and ethaline, respectively. The self-diffusivities are considered in
poor agreement with experimental data but fine agreement with other simulation studies. To the best
of my knowledge, no experimental or simulation data is available of the self-diffusivities of the relevant
mixtures, and no simulation data is available of the self-diffusivities of neat reline at 298 K. There is
a paper by Kumar et al. [88] reporting the self-diffusivity of methanol in methanol-ethaline mixtures at
different concentrations at 303 K, however, it has not been peer-reviewed and does not apply system-
size corrections. Nevertheless, qualitatively, the trend of the self-diffusivity of methanol as a function
of mole fraction of DES does look similar to this study.

Self-diffusivities are reported for the constituents of the DES-organic solvent mixtures over the entire
concentration range in Figure 4.5. The self-diffusivities of all constituents decrease monotonically for
increasing DES concentration. The self-diffusivities of the organic solvents are higher than the self-
diffusivities of the HBDs and ions, except for ethaline-PC at a mole fraction of ethaline of 0.8 and
higher. Ch* is the least mobile constituent. The fact that HBDs are more mobile than Ch* over the
entire concentration range, can be related to their difference in size and mass (62.07 g/mol for EG,
60.066 g/mol for urea and 104.17 g/mol for Ch*). The self-diffusivity of EG is higher than that of ClI~,
even though it is heavier. Perkins et al. [53] suggest that this is due to strong hydrogen bonds between
EG-EG and EG-anion. Interestingly, in reline-methanol, the self-diffusivity of urea is only higher than
CI~ up to a mole fraction of methanol of 0.2. Celebi et al. found similar behaviour for reline-water
mixtures, up to 20% mass fraction of water, and attribute this to the depletion of hydrogen bonds in
diluted DES.

By the addition of a mole fraction of methanol of 0.9 to reline, the self-diffusivities increase by a
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Figure 4.2: Viscosities of the mixtures ethaline-propylene carbonate, ethaline-methanol and reline-methanol, as a function of
mole fraction of Deep Eutectic Solvent, at 298 K and 1 atm. *Experiments by Zafarani-Moattar et al.[78]. 2Experiments by Wang
et al. [77]. 3Experiments by D’Agostino et al. [81]. Error bars are excluded for clarity. Standard deviations are presented in
appendix C.
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Figure 4.3: Self-diffusivities of the pure DES constituents ethylene glycol (EG), chloride (CI~), choline (Ch*) and urea in ethaline
(a) and reline (b), at 298 K and 1 atm. Open squares denote simulation data from this study, solid circles denote experimental
data [81] and downward triangles denote simulation data [53]. Colours are constituent-specific, as labelled on the horizontal
axis.

factor of 206 for urea, 305 for CI~ and 346 for Ch*. Likewise, by diluting ethaline with a mole fraction
of methanol of 0.9, the self-diffusivities increase by a factor of 39 for EG, 39 for CI~ and 52 for Cht.
Finally, by adding a mole fraction of PC of 0.9 to pure ethaline, the self-diffusivities increase by a factor
of 9 for EG, 9 for CI~ and 11 for Ch*. Celebi et al. reported similar factors for reline and ethaline
mixed with water [19]. For an increase of mass fraction of water of 0 to 80% in a reline-water mixture
at 303.15 K, the self-diffusivities increased 439, 319 and 243 times for CI~, Ch* and urea, respectively.
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Figure 4.4: Self-diffusivities of the pure organic solvents propylene carbonate (PC) and methanol, at 298 K and 1 atm. Open
squares denote simulation data from this study, solid and open pentagrams denote experimental and simulation data, respectively
[83], solid upwards triangle denotes experimental data [84], the cross denotes experimental data [85], solid and open diamonds
denote experimental and simulation data, respectively [86] and asterisk denotes simulation data [87]. Colours are constituent-
specific, as labelled on the horizontal axis.

For the same addition of water to ethaline, the self-diffusivity of Cl~ increased 43 times. These large
reductions, especially for reline-water, are attributed to the disappearance of hydrogen bonds.

Figure 4.6 shows the self-diffusivities of the solutes OA, FA and CO, in the DES-organic solvent
mixtures over the entire concentration range. All self-diffusivities decrease monotonically for increasing
mole fraction of DES. For all mixtures and concentrations, self-diffusivities follow. Note that, as dis-
cussed in Section 3.2, the mole fractions are defined as the fraction of DES in the mixture of DES and
organic solvent without the solutes, since the solute fraction is considered negligible. Subsequently,
self-diffusivities of solutes can be reported for xprs = 0, 1. To the best of my knowledge, no experi-
mental data is available for self-diffusivities of these components in methanol, PC, reline and ethaline
at atmospheric conditions.

Addition of a mole fraction of reline of 0.8 to methanol, yields a decrease of self-diffusivities of 52,
48 and 111 times for CO,, FA and OA, respectively. By the addition of a mole fraction of ethaline of
0.8 to methanol, a decrease of self-diffusivities of 29, 23 and 24 times for CO,, FA and OA, are found
respectively. Lastly, the self-diffusivities of PC decrease a factor of 6, 9 and 10 after addition of a mole
fraction of ethaline of 0.8 for CO,, FA and OA, respectively. Interestingly, the self-diffusivity of OA
relative to the other constituents behaves differently for the three DES-organic solvent combinations.
First in ethaline-PC mixtures, for ethaline mole fractions greater than 0.6, the self-diffusivity of OA is
lower than that of EG. For pure ethaline, the self-diffusivity of OA is even lower than the self-diffusivity of
CI~. Self-diffusivities of EG are within the standard deviation of self-diffusivities of OA for ethaline mole
fractions below 0.6. This is remarkable, considering the difference in mass (62 g/mol for EG vs 90 g/mol
for OA). At higher ethaline concentrations, the hydrogen bonds play a more significant role, slowing
down oxalic acid more severely than EG and CI~. Second, in ethaline-methanol mixtures, for mole
fractions of DES of 0.8 and lower, the self-diffusivity of OA is much higher than the self-diffusivities of
the DES constituents, exhibiting similar mobility to methanol. At high ethaline concentrations, hydrogen
bonds seem to decrease the self-diffusivity of oxalic acid more strongly than the other constituents.
Lastly, in reline-methanol mixtures, OA self-diffusivity is similar to those of urea and CI~. At high reline
concentrations, it seems that OA self-diffusivity is even lower than that of all other constituents, although
it should be noted that standard deviations are large for these simulations, due to the sparse dynamics.
FA is more mobile than OA in the same mixtures, however, at low concentrations of DES this difference
is small (within standard deviations).



4.4. lonic Conductivity 21

108 . . . T
O EG
o cl
Choline
PC
= 1077
=) I
Sy ]
3 5 O
_ - M|
10710 =] =)
= 8
=
L L L L o
1078 1 ] 1 ] b L] L]
0 EG
O cl
i Choline
— ol B 3 00 Methanol
~ - A
C\IS = O
3 -
= 10710 ¢ H E
L L L L o
].0_8 1 ] 1 ] C L] L]
[] O Urea
s o a
109 L g O Choline | |
- = B [0 Methanol
B E = O
v = o
~ 10710} B 3
| =
10-H E L
L L L L =
0 0.2 0.4 0.6 0.8 1
TDES

Figure 4.5: Self-diffusivities of the constituents of the mixtures ethaline-propylene carbonate (a), ethaline-methanol (b) and
reline-methanol (c) as a function of mole fraction of deep eutectic solvent (DES), at 298 K and 1 atm. Error bars are excluded
for clarity. Standard deviations are presented in appendix C.

4.4. lonic Conductivity

As discussed in Section 3.3, ionic conductivities are calculated based on the Nernst-Einstein equation.
To the best of my knowledge, there is no experimental or simulation data available of ionic conduc-
tivities of these mixtures. As the Nernst-Einstein equation is known to generally over-predict the ionic
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Figure 4.6: Self-diffusivities of solutes carbon dioxide, oxalic acid and formic acid in the mixtures ethaline-propylene carbonate
(a), ethaline-methanol (b) and reline-methanol (c) as a function of the mole fraction of deep eutectic solvent (DES), at 298 K and
1 atm. Error bars are excluded for clarity. Standard deviations are presented in appendix C.

conductivity [69], and the self-diffusivities used in the calculation have shown to deviate up to 58% for
known cases (Section 4.3, the results should be interpreted mostly qualitatively. lonic conductivity of
pure reline has been measured experimentally at 303 K to be 0.23 S/m [89], whereas in this study a
value of 0.11 S/m at a temperature of 298 K has been obtained. Simulation data is available at 303 K for
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pure reline, at 0.09 S/m. The simulation setups are similar, however, it should be noted that their calcu-
lations were based on the Nernst-Einstein equation using scaled charges, instead of integer charges,
responsible for a 0.64 times smaller calculated ionic conductivity (please refer to Section 3.3.4 for de-
tails). For ethaline, ionic conductivity data was reported to be 0.763 S/m at 298 K, whereas the value
calculated in this study is 0.63 S/m. Figure 4.7 shows the calculated ionic conductivities of the mixtures
reline-methanol, ethaline-methanol and ethaline-PC. As defined by the Nernst-Einstein equation, the
ionic conductivity is 0 in absence of ions, which is valid for xpgs = 0 (the markers overlap in the figure).
For all mixtures, the ionic conductivity as a function of mole fraction is non-monotonic. For increasing
Xpgs, the ionic conductivity initially increases, peaks at a mole fraction dependent on the mixture, and
decreases. Mixtures containing methanol exhibit higher ionic conductivity than the mixture with PC.
Considering the Nernst-Einstein equation, all input parameters are equal for ethaline-methanol and
ethaline-PC, except for the self-diffusivities and the number densities of the ions. At the mole fraction
corresponding with the peak of ionic conductivity of ethaline-methanol, xpgg = 0.2, the number density
difference is responsible for a factor of 1.8. The differences in self-diffusivities of the ions are a factor
of 1.9 and 2.2 for the anion and cation, respectively. The ionic conductivity behaves non-monotonically
because there are two competing attributions; For increasing xpgs, the self-diffusivity decreases, while
the concentration of ions decreases. Since the increase in mobility by diluting ethaline with an organic
solvent is smaller for PC than for methanol, the peak of ionic conductivity of ethaline-PC is shifted
towards higher xprg compared to ethaline-methanol.

Remarkably, the ionic conductivity of both methanol mixtures peak at approximately xprg = 0.2, yet
the most conductive solution is different at both sides of the peak. Reline-methanol is more conductive
at a low mole fraction of DES, while ethaline-methanol is more conductive for higher mole fractions of
DES. The sum of the diffusivities of the ions is higher for ethaline, while the density is slightly lower. It
should be noted that when scaled charges are used in the Nernst-Einstein equation, as discussed in
Section 3.3.4, the ion conductivity of reline is scaled by a factor of 0.64, while ethaline is scaled by a
factor of 0.81.
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Figure 4.7: lonic conductivity of reline-methanol, ethaline-methanol and ethaline-propylene carbonate (PC) mixtures as a func-
tion of mole fraction of deep eutectic solvent (DES), at 298 K and 1 atm. For all mixtures at xpgs = 0, k = 0 due to absence of
ions (not visible since the markers overlap). Error bars are excluded for clarity. Standard deviations are presented in appendix
C.

4.5. Radial Distribution Functions

For each of the mixtures reline-methanol, ethaline-methanol and ethaline-PC, 22 RDFs can be plotted,
at varying concentrations. A selection is made to be discussed in this chapter. Section 4.5.1 com-
pares the cation-anion and anion-HBD interaction in the three mixtures and the mixtures with water
earlier reported by our group because a different effect of addition of organic solvent is observed. The
interaction of CO, with the solvent components are considered of most interest for the capture and
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conversion of CO,. RDFs of CO, with solvent components are discussed in Section 4.5.2. The RDFs
of the solutes FA and OA in ethaline-PC mixtures are discussed in Section 4.5.3 because they show
remarkable behaviour. The RDFs of the remaining constituent combinations are included in Appendix
D.

4.5.1. Anion-Cation and Anion-Hydrogen Bond Donor
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Figure 4.8: Radial distribution functions between choline-chloride (left) and the hydrogen bond donors (urea and ethylene glycol)-
chloride (right) in the mixtures reline-methanol (top), ethaline-methanol (middle) and ethaline-propylene carbonate (bottom) at
different mole fractions of deep eutectic solvent (DES), at 298 K and 1 atm. Line colours are consistent for all subfigures, both
DESs use the same colours.

The RDFs between Ch*-Cl~ and CI~-HBD in the mixtures reline-methanol, ethaline-methanol and
ethaline-PC are shown in Figure 4.8. Remarkably, the RDF peak intensity of CI”-HBD barely changes
as a function of the mole fraction of methanol (Figures 4.8b,d). In contrast, the corresponding peak
intensity in ethaline-PC (Figure 4.8f) increases significantly for the addition of PC. The RDF peak in-
tensities of Ch*-Cl~ increases for the addition of organic solvent in all three mixtures (Figure 4.8a,c,e),
indicating increased intermolecular interactions. For ethaline-PC, the change is the most significant. A
second peak is present in all three mixtures and is also most pronounced in the mixture ethaline-PC
for high concentrations of PC.

In an earlier study by our group [19], the RDFs of reline-water and ethaline-water are investigated.
Remarkable differences comparing the addition of water to methanol and PC, are found in the RDFs
between Ch*-ClI~ and CI~-HBD, for both reline and methanol. With the addition of water, the RDF
peak intensities between Ch*-Cl~ and CI~-HBD decrease, quite significantly in the case of CI~-HBD,
indicating weaker intermolecular interactions for increasing water concentrations. For electrochemical
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applications, anion-cation interaction might indicate ion association. As discussed in Section 3.3.4, ion
association has a negative effect on conductivity. Experimental studies measuring the ionic conductivity
of the mixtures could be conducted to test this effect.

The first and second RDF peaks between Ch*-Cl~ are located at a distance of 4.5 and 6.2 A for
reline-methanol, 4.5 and 6.1 A for ethaline-methanol and 4.4 and 6.2 A for ethaline-PC, respectively.
The first RDF peaks between CI~-EG are located at a distance of 4.1 A for reline-methanol, 4.0 A for
ethaline-methanol and 3.9 A for ethaline-PC. The second RDF peaks of ethaline-methanol and ethaline-
PC are both located at a distance of 5.3 A. No peak shift is observed for varying mole fractions.
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Figure 4.9: Radial distribution functions of (a) carbon dioxide-methanol, (b) carbon dioxide-urea, (c) carbon dioxide-choline, (d)
carbon dioxide-chloride in reline-methanol mixtures at different mole fractions of reline, at 298 K and 1 atm. Line colours are
consistent for all subfigures.

Figure 4.9 shows the RDFs of CO, with the solvent components methanol (a), urea (b), Ch* (c)
and CI~ (d). For all RDFs, the intensity of the first peak decreases with the addition of methanol. This
is an indication that the interactions between these molecules become weaker as the mole fraction of
reline decreases. The RDF of CO,-Methanol (Figure 4.9a) shows a maximum at its second peak. Both
the first and second peak intensity decreases by the addition of methanol, while the first peak almost
vanishes for pure methanol. It should be noted that the RDF peaks of CO,-Ch* and CO,-Cl~ are the
highest for high concentrations of ethaline and are therefore the most effective on the characteristics
of CO, dissolved in reline. However, by diluting with methanol, those peaks show the greatest decline
and become less effective. The RDF between CO,-EG is mildly affected by the addition of methanol.
It is characterized by a sharp peak, which continues as a bulge that is less pronounced and almost
vanishes for increasing methanol mole fraction. The first peaks of RDFs between CO,-urea, CO,-Ch*
and CO,-CI~ are placed at approximately 3.6, 4.9 and 3.5 A, respectively. The first two RDF peaks of
CO,-methanol are located at a distance of 3.1 and 4.6 A. No peak shift for the addition of methanol is
found.

Figure 4.10 shows the RDFs of CO, with the solvent constituents of ethaline-methanol. The intensity
of the first RDF peaks between CO,-EG, CO,-Ch* and CO,-Cl~ decrease with the addition of methanol,
as shown in Figures 4.10b,c,d. This indicates that the interactions between these molecules become
weaker as the mole fraction of ethaline decreases. The RDF of CO,-Methanol (Figure 4.10a) shows
a maximum at its second peak, similar to reline-methanol. The peaks of CO, with the ions are the
highest for high mole fractions of ethaline. The addition of methanol has a strong effect on those
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Figure 4.10: Radial distribution functions of (a) carbon dioxide-methanol, (b) carbon dioxide-ethylene glycol, (c) carbon dioxide-
choline, (d) carbon dioxide-chloride in ethaline-methanol mixtures at different mole fractions of ethaline, at 298 K and 1 atm. Line
colours are consistent for all subfigures.

peaks. The reported bulge in the RDF of CO,-urea is not found in the RDF of (CO2)-EG. The positions
of all aforementioned peaks do not change significantly with the addition of methanol. The first peaks
of RDFs between CO,-EG, CO,-Ch* and CO,-Cl~ are placed at approximately 4.2, 5.0 and 3.6 A,
respectively. The first two RDF peaks of CO,-methanol are located at a distance of 3.1 and 4.6 A.

Figure 4.10 shows the RDFs of CO, with the solvent constituents of ethaline-PC. the first peaks
of the RDFs of CO,-PC, CO,-Ch* and CO,-Cl~ become weaker for the addition of PC. The peak
intensity of the RDF between CO,-EG decreases by the addition of PC, reaches a minimum around
a mole fraction of ethaline of 0.4, and increases for further addition of PC. It should be noted that the
precision of the RDFs including solutes are relatively low due to the limited number of solute molecules.
The peaks of the RDFs of CO, with the ions are the highest for high mole fractions of ethaline. The
addition of PC has a strong effect on those peaks, similar to the other mixtures. The positions of all
aforementioned peaks do not change significantly with the addition of methanol. The first peaks of RDFs
between CO,-EG, CO,-Ch* and CO,-CI~ are placed at approximately 4.2, 5.0 and 3.6 A, respectively,
which are the same distances as for ethaline-methanol. The first peak of the RDF between CO,-PC
is found at 4.8 A. The convergence towards 1 is found to be at large r for the RDFs of the ions. After
evaluating plots of the 5 equivalent simulations separately, it was concluded to be an effect of the
aforementioned low precision (plots not reported).

4.5.3. Formic Acid and Oxalic Acid in Ethaline-Propylene Carbonate

The RDFs related to formic acid in the mixture ethaline-PC are shown in Figure 4.12. The intensities
of the RDF peaks between FA-EG, FA-Ch* and FA-CI~ increase for an increase of PC mole fraction,
indicating that the intermolecular interactions become stronger for the addition of PC. The RDF between
FA-PC shows a decrease of intensity for the addition of PC, reaching a minimum around xpc = 0.8, to
rise again for further addition of PC. The first peak is blunt, most probably due to a combination of two
peaks that overlap. A second, weak peak is formed for pure PC, which is not observed at xpc = 0.9 or
lower. Most probably, this interaction is too weak to survive in an environment with highly electrostatic
DESs. The RDF between FA-EG shows a distinctive relation between the PC content and intensity for
ethaline mole fractions in the range of 1 to 0.4. By further decreasing the ethaline concentration, the
RDF peak intensity strongly increases. A second peak forms. A similar increase in sensitivity for mole
fraction is observed in the RDFs between FA-Ch* and FA-CI~. These RDFs peak intensities increase
slightly for ethaline mole fractions in the range of 1 to 0.4. For a mole fraction of xprs = 0.1, the peak
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Figure 4.11: Radial distribution functions of (a) carbon dioxide-propylene carbonate, (b) carbon dioxide-ethylene glycol, (c) car-
bon dioxide-choline, (d) carbon dioxide-chloride in ethaline-propylene carbonate mixtures at different mole fractions of ethaline,
at 298 K and 1 atm. Line colours are consistent for all subfigures.

height rises to approximately 60 for FA-CI~. A high, sharp peak is formed for FA-CI~ as the FA and
CI~ are relatively small molecules. This indicates a strong attraction between FA and CI~. A sign of a
second peak is formed for FA-Ch™* at low mole fractions of ethaline. The secondary RDF peaks that form
at low ethaline mole fractions between FA-Ch* and FA-EG indicate that CI~ anions permeate between
these molecules. The blunt RDF peak between FA-PC consists of two overlapping peaks located at
a distance of approximately 4.3 and 4.9 A. The first two RDF peaks between FA-EG are located at a
distance of approximately 4.2 and 7.3 A. The first distance slightly increases for an increase of the mole
fraction of PC. The first two peaks between FA-Ch* are located at a distance of approximately 4.7 and
8.0 A. The sharp RDF peak between FA-CI™ is located at a distance of approximately 3.7 A. All peaks
remain at a constant distance for varying mole fractions, except for FA-EG.

The RDFs related to oxalic acid in the mixture ethaline-PC are shown in Figure 4.13. The intensities
of the RDF peaks between OA-EG, OA-Ch* and OA-CI~ increase for an increase of PC mole fraction,
indicating that the intermolecular interactions become stronger for the addition of PC. The RDF between
OA-PC shows a decrease of intensity for the addition of PC over the entire range of mole fractions,
which is in contrast with the RDF between FA-PC. The first peak is blunt due to a combination of two
peaks that overlap. Most probably, there are two stable orientations in which the molecules co-exist.
The RDF between OA-EG is characterized by 3 peaks. For pure ethaline, the second peak is weak.
By the addition of PC, the intensity of the first peak initially decreases, while the second peak intensity
increases. The first peak intensity stays approximately constant for mole fractions of ethaline of 0.8
to 0.4. By further addition of PC, the intensity of the first and second peaks strongly increases. This
indicates that the intermolecular interaction of OA-EG is promoted by a large PC concentration. For
a mole fraction of ethaline of 0.1, the RDF is also higher for distances r beyond the first two peaks
compared to the other mole fractions. The increase in peak intensity of the RDF between OA-Ch*
mainly occurs for low ethaline concentrations.

The RDF between OA-CI~ is characterized by two sharp, distinct peaks at a short distance r. Again,
the increase in peak intensity mainly occurs for low mole fractions of ethaline. A small third peak forms
for mole fractions of ethaline of 0.1 to 0.2. Most probably, the second RDF peak is an artefact of the
off-centre RDF measurement of OA. As described in Section 3.4, the distance is measured between
selected atoms of the molecules. Since OA consists of two equal, but mirrored acid groups, in which a
carbon atom is used to compute the RDF. The secondary peak could be formed due to ClI~ interacting
with the acid group furthest of the relevant carbon atom. Note that the second and third peaks are not
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Figure 4.12: Radial distribution functions of (a) formic acid-propylene carbonate, (b) formic acid-ethylene glycol, (c) formic acid-
choline, (d) formic acid-chloride in ethaline-propylene carbonate mixtures at different mole fractions of ethaline, at 298 K and 1
atm. Line colours are consistent for all subfigures.

found for FA-CI~, as there is only one oxalic group. The same phenomenon might explain the second
peak the secondary peak in the RDF between OA-EG. A discrepancy for this theory is the lack of a
second RDF peak between OA-EG for pure ethaline. Simulations using the centre of mass of OA would
be required to verify this assumption. The blunt RDF peak between OA-PC consists of two overlapping
peaks located at a distance of approximately 4.6 and 5.1 A. The first three RDF peaks between OA-EG
are located at a distance of approximately 4.3, 5.5 and 9.0 A. The first two peaks between OA-Ch* are
located at a distance of approximately 5.0 and 9.7 A, except for pure ethaline, for which the second
peak lies at approximately 9.2 A. The sharp RDF peaks between OA-CI~ are located at a distance of
approximately 4.1 and 5.5 A. All peaks remain at a constant distance for varying mole fractions, except
for OA-EG, and OA-Ch™ in pure ethaline.

4.6. Hydrogen Bonds

Figure 4.14 shows the number of HBs as a function of the mole fraction of DES for the mixtures reline-
methanol (a), ethaline-methanol (b) and ethaline-PC (c). The numbers shown have been corrected
for varying numbers of HBD molecules per mole fraction, as in equation 3.14. The numbers of HBs
between all DES constituents increase monotonically for ethaline-methanol and reline-methanol mix-
tures. Note that a study by Celebi et al. [19] reported non-monotonic behaviour for the number of HBs
of ethaline and reline mixed with water as a function of the mass fraction of water at mass fractions of
water below 0.1. Simulations at low concentrations of DES would be required to check whether this
behaviour is seen in mixtures with methanol as well. For reline-methanol, the number of HBs between
the constituents follows CI™-EG > EG-EG > Ch*-Cl~ > Ch*-EG™ for all mole fractions. For ethaline-
methanol, the number of HBs between the constituents follows urea-urea > Cl~-urea > Ch*-urea >
Ch*-CI~ for all mole fractions. In reline, choline slightly prefers to form HBs with the HBD, while in
ethaline, Cht prefers to form HBs with Cl~. The abbreviation HBD refers to urea and EG in this en-
tire document, regardless of its role in the formation of HBs. Please note the ratio of the number of
molecules in the systems of CI~:HBD = 1:2, indicating that Ch* would prefer to form hydrogen bonds
with CI~ in an equiproportional CI~:HBD system. Ethylene glycol prefers to form HBs with chloride,
while urea prefers to form HBs with other urea molecules. This difference was also reported by Celebi
et al. [19] for aqueous mixtures.

For pure reline and ethaline, the aforementioned study shows the same HB formation preferences
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Figure 4.13: Radial distribution functions of (a) oxalic acid-propylene carbonate, (b) oxalic acid-ethylene glycol, (c) oxalic acid-
choline, (d) oxalic acid-chloride in ethaline-propylene carbonate mixtures at different mole fractions of ethaline, at 298 K and 1
atm. Line colours are consistent for all subfigures.

as found in this study. The numbers of HBs found in this study are at least slightly higher for all reported
molecule combinations. No deviations and sample sizes are reported. The difference might (partly) be
explained by the difference in temperature of 5 K. This explanation is weakened by the relation between
the number of HBs and temperature, reported by Celebi et al. [19]. A small effect of the temperature is
reported for ethaline and reline mixed with a mass fraction of water of 0.4. The number of HBs between
EG-EG reported by Celebi et al. is approximately a factor 2 lower than those reported in this study. No
solid explanation is found for this difference. A study by Cea-Klapp et al. [90] reports the number of
hydrogen bonds for mixtures of ethaline-methanol as a function of mole fraction of ethaline, at 308.15
K. The values found are in good agreement with those obtained in this study, except for the number of
HBs between CI~-EG. Cea-Klapp et al. reported approximately 1.5 times as many HBs between Cl~-
EG. A fully quantitative comparison is not made, as the simulated temperatures differ. An explanation
for this difference was not found. Note that Cea-Klapp et al. used an OPLS-AA FF, with ion-charge
scaling by a factor of 0.8, while in our study the charges of ethaline ions were scaled by a factor of 0.9.
The numbers of HBs used in above comparison were not reported in the paper of Cea-Klapp et al. but
received on request.

For ethaline-PC, the effect of mixing with organic solvent on the number of HBs is less pronounced
than for the previously discussed mixtures. the number of HBs between Ch*-EG and EG-EG seem to
increase monotonically for increasing mole fraction of ethaline, however statistically insignificant. The
numbers of HBs between CI~-EG and Ch*-Cl~ do not show a distinctive effect of the mole fraction of
DES. As a result, at low mole fractions of DES, there are significantly more HBs in ethaline-PC than
in ethaline-methanol. At a mole fraction of DES of 0.1, this results in factors of approximately 6.0 for
Ch*-EG, 2.5 for Ch*-Cl~, 2.4 for EG-EG and 2.5 for Ch*-EG. These observations are in agreement
with the high RDF peaks for ethaline-PC between CH*-CI~ and, in particular CI~-EG. The numbers
of hydrogen bonds between organic solvent molecules and DES molecules are reported in Figure E.1
and Tables E.5, E.4 and E.6.
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Conclusions

This research aimed to acquire the densities, transport properties and structural insight in deep eutec-
tic solvents mixed with organic solvents, ultimately for the application of CO, capture and conversion.
Molecular dynamics simulations were performed for reline and ethaline mixed with methanol and propy-
lene carbonate. Other than the viscosity of ethaline-methanol, no transport properties of these mixtures
have been reported before in literature. Furthermore, the self-diffusivities and RDFs of the solutes CO,,
oxalic acid and formic acid in all three mixtures were obtained, for the majority of mole fractions.

The results indicate that the viscosities of DESs can be reduced significantly by the addition of
organic solvents. In industrial applications, this would reduce the energy required for pumping and
allow for the use of standardized equipment. Furthermore, the self-diffusivities of the ions and solutes
are enhanced by the addition of organic solvents. For a higher self-diffusivity of CO,, the absorption
requires less time, which is beneficial during the capture step. Due to the increased self-diffusivities
of the ions, the calculated ionic conductivity is increased almost an order of magnitude at its optimal
methanol concentration, which is beneficial for the electrochemical conversion of CO,. However, ex-
perimental verification is required as the calculation based on the self-diffusivities of the ions is known
to overpredict the ionic conductivity.

The structure was studied through radial distribution functions and a hydrogen bond analysis. The
RDF between CI~-EG, shows a sharp, high peak, for all three mixtures. For both methanol mixtures,
this peak stays approximately constant for varying mole concentrations. For the mixture ethaline-PC,
the peak intensity increases strongly by addition of PC. Interestingly, the peak intensities between CI~-
EG and between Ch*-CI~ decreases by the addition of water, as reported earlier by our group. By
addition of methanol or PC, these peak intensities increase, or stay constant. The hydrogen bond
analysis shows that the number of hydrogen bonds between DES constituents decreases strongly by
the addition of methanol, whereas the addition of PC has a small effect. Most hydrogen bonds are
formed by the hydrogen bond donors urea and ethylene glycol. The depletion of hydrogen bonds at
low mole fractions of deep eutectic solvent is in correspondence with the decrease in viscosity and
increase in self-diffusivities.

No studies reporting the viscosity of reline-methanol mixtures or ethaline-propylene carbonate mix-
tures for mole fractions of ethaline higher than 0.2 have been published before. The self-diffusivities of
all the reported mixtures, plus the constituents CO,, oxalic acid and formic acid in these mixtures, are
novel. Radial distribution functions of ethaline-methanol have been reported at a different temperature,
for a single mole fraction. Radial distribution functions of ethaline-propylene carbonate, reline-methanol
and the constituents CO,, formic acid and oxalic acid in these mixtures have not been reported before.
The numbers of hydrogen bonds are also unique in literature for the mixtures ethaline-propylene car-
bonate and reline-methanol.

In conclusion, the results indicate that, for the studied properties, deep eutectic solvents mixed with
organic solvents are more favourable than pure deep eutectic solvents for the absorption and electro-
chemical conversion of CO,. Other important properties, like the solubility of CO, and the faradaic ef-
ficiency of the conversion reaction, are investigated in complementary studies. Furthermore, a techno-
economical assessment will be performed in a complementary study, which is required to compare the
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combined capture and conversion to alternative processes. These studies are joined in the Bio-cel
project. At the time of writing, these studies have not been published yet.



Limitations and Recommendations

First, limitations of the applied methods are listed. Several recommendations for further research are
proposed. These are subdivided into recommendations for improving the accuracy of the mixtures
studied, in Section 6.2, and recommendations for extending the available data in Section 6.3.

6.1. Limitations

There are factors that impact the accuracy of the acquired results. The most important ones are dis-
cussed in this section. The limitations of the Nernst-Einstein equation have been discussed in Section
3.3.4.

6.1.1. Force Fields

DES dynamics are dominated by electrostatic interactions. In this study, non-polarizable FFs were
used, with scaled ion charges. The scaling of the charges, independent of the position of the molecule
relative to its neighbours, is a simplification. This might lead to an error in the level of movement of the
molecules and/or an error in the affinity of molecules to the different types of molecules in the mixture.
Potential methods to reduce this error are discussed in Section 6.2.

FA was modelled using parameters obtained by Salas et al. [59]. It should be noted that, in pure
PC simulations, the dihedral angle distribution, representing the ratio of trans/cis conformers, does not
match that of Salas et al. Salas et al. report an distribution of similar proportions of cis and trans
conformers, whereas the fraction of trans is low in the simulations of this study. Further investigation is
required to determine whether this yields deviations.

As mentioned in Section 3.1, propylene carbonate was modelled by the (S)-enantiomer only. Sim-
ulations to compare enantiopure to racemic PC showed negligible differences in density and transport
properties. A study by Jankowski et al. reports a difference of ionic conductivity between enantiop-
ure and racemic propylene carbonate mixed with lithium trifluorometha-nesulfonate up to 15% mass
fraction at low temperatures (<233 K). It is stressed that the differences are at the level of the measure-
ment error. Although aforementioned simulations indicate no correlation between enantiomer fractions
and transport properties, studying the transport properties of both enantiopure and racemic ethaline-
propylene carbonate mixtures could be performed to increase the certainty of the indication.

6.1.2. Negative pressures

In the transition of the NPT-ensemble to the NVT-ensemble, the sampled volume is fixed. During the
NVT-simulation, the average pressure is calculated, which is approximately between -200 and +92
atm. Checks for a correlation between the pressure and the transport properties were performed in
preliminary simulations. No strong indication of a correlation was found. In tests with manual simulation
box scaling, the average pressure was found to be sensitive to the box volume. It is expected that a
small deviation of the calculated average volume during the simulation in the NPT-ensemble causes a
deviation in pressure. Even though no correlation between the pressure deviations and the transport
properties was found, it might cause inaccuracies.
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6.1.3. Sample Size

The solutes CO,, oxalic acid and formic acid comprised of 5 molecules in the respective simulated
systems. The precision of the self-diffusivities and radial distribution functions related to these solutes
could improve by increasing the sample size. As the goal is to model an infinitely dilute solution, the
entire system would have to be scaled up. Alternatively, to improve the precision of the self-diffusivities,
more and longer simulations could be performed. To improve the precision of the RDFs related to the
solutes, more samples over time could be obtained.

Due to the slow dynamics of the mixtures with high concentrations of deep eutectic solvent, some
simulations yielded unconverged mean-squared-displacements. The statistics of the resulting transport
properties could be improved by running longer simulations of these mixtures. In this study, a maximum
wall time of 5 days was the limiting factor in the calculation of transport properties of mixtures with high
deep eutectic solvent concentrations.

6.2. Improving the Accuracy

The force fields that are used to model the interactions have a significantimpact on the molecular move-
ment and structure of the modelled mixtures. The force fields used to model the deep eutectic solvents
use scaled ion charges to achieve better agreement to pure deep eutectic solvents experimental data.
The scaled charges account for charge transfer and/or polarization. These phenomena could change
for varying mole fractions. One could model the deep eutectic solvents at other mole fractions using
different values for the ion charges to match with experimentally acquired transport properties.

Alternatively, one could apply polarizable force fields. A study on ionic liquids shows promising
results for acquiring transport properties using polarized force fields [55]. One step further is the use
of ab initio molecular dynamics simulations. However, this comes at a great computational cost, and is
therefore limited to small systems. Since large systems and time scales are required for the modelled
mixtures to deal with low concentrations of solutes and clustering effects, this is not considered possible
in the near future. In an optimistic further future, quantum computers provide the computational power
to deal with the quantum-mechanical calculations involved in ab initio molecular dynamics simulations.

To model the solvents methanol and PC and the solutes CO,, formic acid and oxalic acid in mixtures
with deep eutectic solvents, different force fields could be applied and compared. To model CO,, Aimoli
et al. [56] recommend using the Zhang force field. Zhong et al. [91] found the best agreement with
experimental transport properties using EPM2-flex for temperatures above 273 K. These studies com-
pare force fields for pure CO,. In a study by Moultos et al. [92], the best agreement with experimental
diffusivity of CO, dissolved in water was found using EPM2 for temperatures below 323 K.

As discussed in Section 4.5.3, there are two sharp peaks in the radial distribution functions between
oxalic acid-ethylene glycol and oxalic acid-chloride, which might result from off-centred distance cal-
culations. It is recommended to test this artefact with simulations that sample the radial distribution
functions calculated from the centre of mass of oxalic acid.

In general, it is recommended to validate all acquired transport properties and structural properties
through experiments. Gaining knowledge about the disagreement with experimental data can be useful
for future studies that aim to extend the knowledge on deep eutectic solvent-organic solvent mixtures
too.

6.3. Extending the Knowledge

For the application of carbon capture utilization and storage, elevated temperatures and pressures are
used. It is recommended to simulate the systems at these conditions, especially since the transport
properties have been shown to be sensitive to temperature [19]. When the combined process of capture
and conversion is applied, the concentrations of CO,, oxalic acid and formic acid might vary through
the reactor. It is recommended to simulate at higher mole fractions of these solutes, to identify the
effect on the transport properties and structures of the mixtures.

The family of deep eutectic solvents consists of 10° - 108 members, of which two were investigated
in this study. To find the deep eutectic solvent with the best properties for capture and conversion, more
deep eutectic solvents could be screened using molecular dynamics simulations. During this master
thesis, the available time limited the number of systems that could be simulated. In the course of this
study, manual steps for the pre and post-processing of simulations were automated, providing the basis
for systematic screening of more mixtures and/or thermodynamic conditions. Note that the automation
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mentioned is not novel, however manual execution was needed to gain experience. Next, a database,
similar to ILThermo [93] can be made to facilitate systematic analysis of the data.

In Section 3.3.4, the effect of ion association on the calculated ionic conductivity is discussed. This
property can be quantified using the difference in ionic conductivity acquired via two experimental meth-
ods. Using molecular dynamics simulations, the relative positions of the ions are estimated. It is rec-
ommended to develop a method to calculate the ion association factor based on the radial density
function or directly from the coordinates of the ions. If successful, the accuracy of the ionic conductivity
calculated using the Nernst-Einstein equation could be improved and insight into the ionic conductivity
of deep eutectic solvents and ionic liquids could be extended.

As discussed in Section 2.5, an electrolyte with protic components favours other reaction pathways
over the formation of oxalic acid. A combination of an aprotic deep eutectic solvent with an aprotic
organic solvent should be chosen to facilitate the production of oxalic acid. One example of such a
deep eutectic solvent is 1-butyl-3-methylimidazolium chloroaluminate (BmimCI/AICI3), which was in-
vestigated by Zheng et al. [94]. At a mole fraction of xc;, = 0.6667, and temperature T = 293.15
K, a viscosity and conductivity of n = 22.54mPa-s and k = 9.12mS - cm~', were measured, respec-
tively. A DES comprised of the same HBA, 1-butyl-3-methylimidazolium chloride monoethanolamine
(BmimCI/MEA) was tested to absorb up to 21.7% mass fraction of CO, at the eutectic ratio of 1:4 in
a study by Cao et al. [95]. MEA is protic, therefore it is unlikely to facilitate the production of oxalic
acid, as described in Section 2.5. Deep eutectic solvents based on Bmim could be explored in future
research in combination with different hydrogen bond acceptors and organic solvents, to determine
which combination yields the most desirable properties.
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Appendices



Molecular Structures and Nomenclature

(a) Choline chloride.

(b) Urea. (c) Ethylene glycol.

Figure A.1: Molecular structures and atom labels of the deep eutectic solvent constituents choline chloride, urea and ethylene
glycol.
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44 A. Molecular Structures and Nomenclature

(a) Propylene carbonate. (b) Methanol.

Figure A.2: Molecular structures and atom labels of the organic solvents propylene carbonate and methanol.

(a) Oxalic acid.

(b) Formic acid. (c) Carbon dioxide.

Figure A.3: Molecular structures and atom labels of the solutes oxalic acid, formic acid (methanoic acid) and carbon dioxide.



Force Field Parameters

g o
Us + = 4e[(=)12 — (=)6 B.1
L = 4el(2)12 = (5)°) (B.1)
qiq;
Ucoulomb = 41_;;7, (B.2)
Ubond stretching = K (r— TO)Z (B.3)
Uangle bending = Ko (6 — 90)2 (B.4)
Udihedral torsion, charmm = K[l + cos(nqb - d)] (BS)
4
Udihedral torsion, multi/harmonic = Z KnCOSn_l(d)) (86)
n=1
1 1 1
Udihedral torsion, opls = EKl[l + COS(¢)] + EKZ[1 + COS(Zd))] + §K3 [1 + COS(3¢)] (B-7)
UImproper torsion = K[1 + dcos(n¢)] (B.8)
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46 B. Force Field Parameters

Table B.1: Partial charges and Lennard-Jones parameters for all modelled atom types. See appendix 6.3 for the atom labels.
See equations B.1 and B.2 for the corresponding calculations. Charges of choline and chloride are shown scaled down by factors
of 0.9 and 0.8 for ethaline and reline, respectively. Abbreviations: Ch* is choline, CI~ is chloride, EG is ethylene glycol, FA is
formic acid, OA is oxalic acid, and PC is propylene carbonate.

Molecule  Atom € o q Force field
[kcal/mol] [A] [e]
C 0.1094  3.3996 -0.12078/-0.10736 GAFF
C1 0.1094  3.3996 0.13509/0.12008 GAFF
Cc2 0.1094  3.3996 -0.02898/-0.02576 GAFF
H 0.0157 1.9599 0.10737/0.09544 GAFF
Cht H2 0.0157  2.4713 0.0459 / 0.0408 GAFF
H3 0.001 0.1 0.40905 / 0.3636 GAFF
H4 0.0157 1.9599 0.10044 / 0.08928 GAFF
N 0.17 3.2499 0.04518/0.04016 GAFF
O 0.2104  3.0664 -0.55701/-0.49512 GAFF
ClI- Cl 0.1 4.401 -0.9/-0.8 GAFF
co, Cc_C 0.05365 2.8 0.7 TraPPE-flex
ocC 0.15698  3.028 -0.35 TraPPE-flex
CEG 0.1094  3.3996 0.1615 GAFF
HEG 0.0157  2.4713 0.0328 GAFF
EG HOEG 0.001 0.1 0.4069 GAFF
O1EG 0.2104  3.0664 -0.634 GAFF
O2EG 0.2104  3.0664 -0.634 GAFF
C_F1 0.0987 3.67 0.52 by Salas et al. [59]
H_F1 0.0141 2.37 0 by Salas et al. [59]
FA H F2 0.002 1 0.45 by Salas et al. [59]
O_F1 0.1599 2.94 -0.53 by Salas et al. [59]
O _F2 0.1974 29 -0.44 by Salas et al. [59]
C M 0.19475 3.75 0.265 TraPPE
Methanol H_M 0 0 0.435 TraPPE
oM 0.18481 3.02 -0.7 TraPPE
C_O1 0.1575 3.75 0.416 OPLS
OA H_O1 0.001 0.1 0.33 OPLS
O_0O1 0.315 2.96 -0.352 OPLS
0_02 0.255 2.92 -0.394 OPLS
CP1 0.066 3.5 -0.365 GAFF
CP2 0.066 3.5 0.349 GAFF
CP3 0.066 3.5 0.194 GAFF
CP4 0.105 3.75 0.878 GAFF
PC HP1 0.015 2.42 0.113 GAFF
HP2 0.015 2.42 0.032 GAFF
HP3 0.015 2.42 0.008 GAFF
OP1 0.17 3 -0.46 GAFF
OP2 0.17 3 -0.507 GAFF
OP3 0.21 2.96 -0.476 GAFF
c_u 0.086 3.3996 1.0401 GAFF
Urea H U 0.0157 1.069 0.4167 GAFF
N_U 0.17 3.25 -1.0246 GAFF
o u 0.21 2.96 -0.6577 GAFF
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Table B.2: Bond stretching parameters. See appendix 6.3 for the atom labels. See equation B.3 for the corresponding calcula-
tions. Abreviations: Ch* is choline, EG is ethylene glycol, FA is formic acid, OA is oxalic acid, and PC is propylene carbonate.

molecule Bond K, o Force field
[kcal/(mol*A%)]  [A]
C-H 338.7 1.091 GAFF
C-N 293.6 1.499 GAFF
C1-C2 303.1 1.535 GAFF
Choline C1-H2 335.9 1.093 GAFF
C1-0 314.1 1.426 GAFF
C2-H4 338.7 1.091 GAFF
C2-N 293.6 1.499 GAFF
H3-0 369.6 0.974 GAFF
CO2 C_C-0_C 2058 1.16  TraPPE-flex

CEG-CEG 303.1 1.535 GAFF
CEG-HEG 335.9 1.093 GAFF
EG CEG-O1EG 314.1 1.426 GAFF
CEG-O2EG 314.1 1.426 GAFF
HOEG-O1EG 369.6 0.974 GAFF
HOEG-02EG 369.6 0.974 GAFF
C_F1-H_F1 361.8 1.105 GAFF
FA C_F1-O_F1 383.1 1.351 GAFF
C_F1-O_F2 652.6 1.218 GAFF
H_F2-O_F1 563.5 0.973 GAFF

Methanol C_M-O_M 1000 1.43 TraPPE

H M-O_M 1000 0.945 TraPPE
C_01-C_0O1 350 1.51 OPLS
OA C_01-0_01 570 1.229 OPLS
C_01-0_02 450 1.364 OPLS
H_01-0_02 553 0.945 OPLS
CP1-CP2 2325 1.538 GAFF
CP1-HP1 375.9 1.097 GAFF
CP2-CP3 232.5 1.538 GAFF
CP2-HP2 375.9 1.097 GAFF
PC CP2-OP2 284.8 1.432 GAFF
CP3-HP3 375.9 1.097 GAFF
CP3-OP1 284.8 1.432 GAFF
CP4-OP1 372.9 1.358 GAFF
CP4-0P2 372.9 1.358 GAFF
CP4-OP3 652.6 1.218 GAFF
C_U-N_U 478.2 1.35 GAFF
Urea C_uU-o.u 648 1.21 GAFF

H_U-N_U 410.2 1.01 GAFF
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B. Force Field Parameters

Table B.3: Angle parameters. See appendix 6.3 for the atom labels. See equation B.4 for the corresponding calculations.
Abbreviations: Ch* is choline, EG is ethylene glycol, FA is formic acid, OA is oxalic acid, and PC is propylene carbonate.

Molecule Angle kg 6o Force field
[kcal/(mol*rad?)] [°1

C-N-C 62.8 110.64 GAFF
C-N-C2 62.8 110.64 GAFF
C1-C2-H4 46 111.74 GAFF
C1-C2-N 66 108.93 GAFF
C1-O-H3 471 108.16 GAFF
C2-C1-H2 46.4 110.07 GAFF
Choline C2-C1-0 67.7 109.43 GAFF
H-C-H 39 110.74 GAFF
H-C-N 49 107.91 GAFF
H2-C1-H2 39.2 109.55 GAFF
H2-C1-0 51 109.88 GAFF
H4-C2-H4 39 110.74 GAFF
H4-C2-N 49 107.91 GAFF

CO2 O0_C-C_Cc-0._C 112 180 TraPPE-flex
CEG-CEG-HEG 46.4 110.07 GAFF
CEG-CEG-O1EG 67.7 109.43 GAFF
CEG-CEG-0O2EG 67.7 109.43 GAFF
EG CEG-O1EG-HOEG 471 108.16 GAFF
CEG-O2EG-HOEG 471 108.16 GAFF
HEG-CEG-HEG 39.2 109.55 GAFF
HEG-CEG-O1EG 51 109.88 GAFF
HEG-CEG-O2EG 51 109.88 GAFF
C_F1-O_F1-H_F2 51.6 106.55 GAFF
EA H_F1-C_F1-O_F1 65.3 109.49 GAFF
H_F1-C_F1-O_F2 65.9 123.65 GAFF
O_F1-C_F1-O_F2 115.7 1221 GAFF
Methanol C_M-O_M-H_M 55 108.5 TraPPE
C_01-C_01-0_0t1 80 121.4 OPLS
OA C_01-C_01-0_02 70.96 118.03 OPLS
C_01-0_02-H_0O1 35 113 OPLS
0_01-C_01-0_02 80 121 OPLS
CP1-CP2-CP3 64.9 111.51 GAFF
CP1-CP2-HP2 46.8 109.8 GAFF
CP1-CP2-0OP2 85.3 107.97 GAFF
CP2-CP1-HP1 46.8 109.8 GAFF
CP2-CP3-HP3 46.8 109.8 GAFF
CP2-CP3-OP1 85.3 107.97 GAFF
CP2-OP2-CP4 66.9 115.98 GAFF
CP3-CP2-HP2 46.8 109.8 GAFF
PC CP3-CP2-0OP2 85.3 107.97 GAFF
CP3-OP1-CP4 66.9 115.98 GAFF
HP1-CP1-HP1 39 107.58 GAFF
HP2-CP2-OP2 62.7 108.7 GAFF
HP3-CP3-HP3 39 107.58 GAFF
HP3-CP3-OP1 62.7 108.7 GAFF
OP1-CP4-0OP2 115.3 111.29 GAFF
OP1-CP4-OP3 114.8 123.25 GAFF
OP2-CP4-OP3 114.8 123.25 GAFF
C_U-N_U-H_U 49.21 118.5 GAFF
Urea H_U-N_U-H_U 39.73 117.9 GAFF
N_U-C_U-N_U 74.8 113.4 GAFF
N_U-C_U-O_U 75.83 122 GAFF
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Table B.4: Dihedral torsion parameters. See appendix 6.3 for the atom labels. See equations B.5, B.6 and B.7 for the corre-
sponding calculations. Abbreviations: Ch* is choline, CI~ is chloride, EG is ethylene glycol, FA is formic acid, OA is oxalic acid,
and PC is propylene carbonate.

Molecule Dihedral K n Style Force field
[kcal/mol] [°]
C1-C2-N-C 0.156 3 0 Charmm GAFF
H-C-N-C 0.156 3 0 Charmm GAFF
H-C-N-C2 0.156 3 0 Charmm GAFF
H2-C1-C2-H4 0.156 3 0 Charmm GAFF
Choline H2-C1-C2-N 0.156 3 0 Charmm GAFF
H2-C1-O-H3 0.167 3 0 Charmm GAFF
H4-C2-N-C 0.156 3 0 Charmm GAFF
0O-C1-C2-H4 0.156 3 0 Charmm GAFF
0O-C1-C2-N 0.156 3 0 Charmm GAFF
HEG-CEG-CEG-HEG 0.156 3 0 Charmm GAFF
HEG-CEG-CEG-O1EG 0.25 1 0 Charmm GAFF
EG HEG-CEG-CEG-O2EG 0.25 1 0 Charmm GAFF
HEG-CEG-O1EG-HOEG 0.167 3 0 Charmm GAFF
HEG-CEG-O2EG-HOEG 0.167 3 0 Charmm GAFF
CP1-CP2-CP3-HP3 0.16 3 0 Charmm GAFF
CP1-CP2-CP3-0OP1 0.156 3 0 Charmm GAFF
CP1-CP2-OP2-CP4 0.383 3 0 Charmm GAFF
CP2-CP3-OP1-CP4 0.383 3 0 Charmm GAFF
CP3-CP2-OP2-CP4 0.383 3 0 Charmm GAFF
HP1-CP1-CP2-CP3 0.16 3 0 Charmm GAFF
HP1-CP1-CP2-HP2 0.156 3 0 Charmm GAFF
HP1-CP1-CP2-OP2 0 3 0 Charmm GAFF
PC HP2-CP2-CP3-HP3 0.156 3 0 Charmm GAFF
HP2-CP2-CP3-OP1 0 3 0 Charmm GAFF
HP2-CP2-OP2-CP4 0.383 3 0 Charmm GAFF
HP3-CP3-OP1-CP4 0.383 3 0 Charmm GAFF
OP1-CP4-OP2-CP2 2.7 2 180 Charmm GAFF
OP2-CP2-CP3-HP3 0 3 0 Charmm GAFF
OP2-CP2-CP3-OP1 0.144 3 0 Charmm GAFF
OP2-CP4-OP1-CP3 27 2 180 Charmm GAFF
OP3-CP4-OP1-CP3 2.7 2 180 Charmm GAFF
OP3-CP4-OP2-CP2 27 2 180 Charmm GAFF
Urea N_U-C_U-N_U-H_U 25 2 180 Charmm GAFF
Molecule Dihedral Ky K, K3 K, Style Force field
[kcal/mol] [kcal/mol] [kcal/mol] [kcal/mol]
EG O1EG-CEG-CEG-0O2EG 0.144 -0.432 2.35 0.576 multi’/harmonic  GAFF
EA H F1-C_F1-O_F1-H_F2 5.1864 -0.62141 -4.565 0 multi’/harmonic by Salas et al. [59]
O_F2-C_F1-O_F1-H_F2 4.565 0 -4.565 0 multi’lharmonic by Salas et al. [59]
Molecule Dihedral Ky K, K3 Style Force field
[kcal/mol] [kcal/mol] [kcal/mol]
Choline C2-C1-0O-H3 0.5 0 0.32 OPLS OPLS
EG CEG-CEG-O1EG-HOEG 0.5 0 0.32 OPLS OPLS
CEG-CEG-0O2EG-HOEG 0.5 0 0.32 OPLS OPLS
C_01-C_01-0_02-H_01 3 5.5 0 OPLS OPLS
0_01-C_01-C_01-0_01 1.6 3.2 0 OPLS OPLS
OA 0_01-C_01-C_01-0_02 1.6 3.2 0 OPLS OPLS
0_01-C_01-0_02-H_0O1 0 5.5 0 OPLS OPLS
0_02-C_01-C_01-0_02 1.6 3.2 0 OPLS OPLS
Urea O_U-C_U-N_U-H_U 4 5 0 OPLS OPLS
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B. Force Field Parameters

Table B.5: Improper torsion parameters. See appendix 6.3 for atom labels. See equation B.8 for the corresponding calculations.

Abbreviations: FA is formic acid, OA is oxalic acid, and PC is propylene carbonate.

Molecule Improper K d n Style Force field
[kcal/mol]
FA H_F1-O_F1-C_F1-O_F2 1.1 -1 2 cvif by Salasetal. [59]
OA C_01-0_01-C_01-0_02 1.1 -1 2 ovff OPLS
PC OP1-OP2-CP4-OP3 1.1 -1 2 cvff GAFF
Urea C_U-H_U-N_U-H_U 1.1 -1 2 ovff GAFF
N_U-N_U-C_U-O_U 10.5 -1 2 cvff GAFF




Density & Transport Properties

C.1. Density

Table C.1: Densities of mixtures of reline-methanol, ethaline-methanol and ethaline-PC as a function of the mole fraction of deep
eutectic solvent (DES).

Densities/[g/cm3]
xpgs Reline-methanol Ethaline-methanol Ethaline-PC

0 0.778 0.778 1.2
0.1 0.85 0.839 1.19
0.2 0.916 0.886 1.19
0.4 1.02 0.971 1.17
0.6 1.1 1.03 1.16
0.8 - 1.08 1.14

1 - 1.12 1.12
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52 C. Density & Transport Properties

C.2. Viscosity

Table C.2: Viscosities (upper values), standard deviations (middle values) and numbers of samples (lower values) of mixtures
of reline-methanol, ethaline-methanol and ethaline-PC as a function of the mole fraction of deep eutectic solvent (DES).

Viscosities/[mPa-s]
xprs Reline-methanol Ethaline-methanol Ethaline-PC

0.5 0.5 3.01
0 0.067 0.067 0.31
17 17 16
0.984 0.869 4.04
0.1 0.12 0.063 0.46
18 12 22
1.75 1.49 5.29
0.2 0.19 0.16 0.75
20 14 19
4.71 3.47 8.44
0.4 0.47 0.37 1.4
19 14 15
13.6 9.08 16.4
0.6 1.4 1 3.9
12 11 10
72.4 21.2 33.2
0.8 13 27 5.2
10 8 12
455 61.9 61.9
1 91 14 14

6 15 15
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C.3. Self-Diffusivity

Table C.3: Finite-size corrected self-diffusion coefficients (upper values), standard deviations (middle values) and numbers of
samples (lower values) of choline (Ch*), chloride (CI~), urea, methanol, CO,, oxalic acid and formic acid in mixtures of reline-
methanol as a function of the mole fraction of reline.

Size-corrected self-diffusion coefficients/[10711 m? s™1]
Xpes Ch* Cl*-  Urea Methanol CO, OA FA
- - - 277 697 245 294

0 - - - 20 11 22 24
- - - 20 5 4 5
93.6 107 103 175 425 101 160
0.1 3.1 3.2 1.8 29 13 6.8 5.5
20 20 20 20 5 5 5
58 70.3 63.5 121 282 65.6 104
0.2 1.6 1.2 1.7 2 14 3.7 6.2
20 20 20 20 5 5 5
233 289 26 56.6 108 272 469
04 0.86 1.2 0.64 1.2 11 2.1 3.4
20 20 20 20 5 5 4
756 9.79 9.38 22.8 42.1 8.46 17.6
0.6 053 0.51 0.5 1.3 4.2 0.84 1.8
18 19 20 20 5 3 4
1.88 238 2.71 6.93 13.3 2.2 6.09
0.8 0.16 0.19 0.2 0.52 23 0.23 1.3
26 25 30 28 3 3 3
0.27 0.351 0.501 - 2.03 0.439 0.847
1 0.033 0.023 0.054 - 0.098 0.09 0M

24 31 46 - 4 4 5
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Table C.4: Finite-size corrected self-diffusion coefficients (upper values), standard deviations (middle values) and numbers
of samples (lower values) of choline (Ch*), chloride (CI~), ethylene glycol (EG), methanol, CO,, oxalic acid (OA) and formic
acid(FA) in mixtures of ethaline-methanol as a function of the mole fraction of ethaline.

Size-corrected self-diffusion coefficients/[10~11 m? s71]
Xpgs Ch* CI*'- EG Methanol CO, OA FA
- - - 277 697 245 294

0 - - - 20 11 22 24
- - - 20 5 4 5

86.3 90 127 172 399 146 142

0.1 3.3 46 9.8 6.3 17 35 9.9
15 15 15 15 5 10 4

5903 651 87.2 126 208 105 103

0.2 23 27 57 5.3 13 30 6.5
15 15 15 15 5 9 5

273 323 416 65 131 504 48.6

04 094 16 32 29 29 17 1.5
15 15 15 15 5 10 4

1.7 149 194 32.4 60.6 25 236

06 045 0.61 1 1.3 34 95 14
15 15 15 15 5 8 4

481 6.47 8.58 15 23.7 10.7 124
0.8 032 052 0.36 0.78 1.9 41 1.5

15 15 15 15 4 9 5

1656 229 3.23 - 922 258 432
1 0.096 0.12 0.15 - 1.4 045 046

31 33 36 - 6 5 5

Table C.5: Finite-size corrected self-diffusion coefficients (upper values), standard deviations (middle values) and numbers of
samples (lower values) of choline (Ch*), chloride (CI~), EG, propylene carbonate (PC), CO,, oxalic acid (OA) and formic acid
(FA) in mixtures of ethaline-propylene carbonate.

Size-corrected self-diffusion coefficients/[10711 m? s™1]
XDES Ch+ C|+- EG PC C02 OA FA

- - - 414 114 38,5 60.7

0 - - - 1.6 9.2 2.2 4.5
- - - 20 5 5 5

18.4 20 278 343 924 273 307

0.1 1.7 2 1.9 0.98 12 092 16
23 19 22 30 4 4 3

145 151 218 281 794 21 24.7

0.2 1.1 099 11 062 6.8 14 2.4
18 16 21 25 5 3 4

8.8 964 143 187 594 139 175

0.4 0.74 0.72 096 085 6.7 1.3 0.91
22 27 32 35 5 10 3

531 623 948 112 365 8.65 133

0.6 0.27 036 039 074 22 1.2 1.7
27 26 33 34 5 6 4

287 369 559 517 201 4 6.82

0.8 0.14 022 027 035 33 026 0.57
33 38 48 35 4 4 5

165 229 3.23 - 922 258 432

1 0.096 0.12 0.15 - 14 045 046
31 33 36 - 6 5 5
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C.4. lonic Conductivity

Table C.6: lonic Conductivities (upper values), standard deviations (middle values) and numbers of samples (lower values)
of mixtures of reline-methanol, ethaline-methanol and ethaline-propylene carbonate as a function of the mole fraction of deep
eutectic solvent (DES).

lonic conductivies/[S/m]
xprs Reline-methanol Ethaline-methanol Ethaline-PC

4.53 3.92 0.441

0.1 0.12 0.13 0.035
20 15 17

5.69 5.35 0.693

0.2 0.091 0.18 0.035
20 15 11

4.4 4.76 0.939

0.4 0.13 0.17 0.06
20 15 19

2.06 2.95 0.936

0.6 0.11 0.1 0.036
17 15 20

0.633 1.54 0.77

0.8 0.047 0.11 0.037
24 15 28

0.11 0.628 0.628

1 0.0083 0.03 0.03

15 26 26







Radial Distribution Functions

D.1. Solvents
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Figure D.1: Radial distribution functions of the deep eutectic solvent constituents in reline-methanol at different mole fractions
of deep eutectic solvent, at 298 K and 1 atm. Line colours are consistent for all subfigures.
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Figure D.2: Radial distribution functions between the organic solvent and the deep eutectic solvent constituents in reline-
methanol at different mole fractions of deep eutectic solvent, at 298 K and 1 atm. Line colours are consistent for all subfigures.
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D.1.2. Ethaline-Methanol
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Figure D.3: Radial distribution functions of the deep eutectic solvent constituents in ethaline-methanol at different mole fractions
of deep eutectic solvent, at 298 K and 1 atm. Line colours are consistent for all subfigures.
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Figure D.4: Radial distribution functions between the organic solvent and the deep eutectic solvent constituents in ethaline-
methanol at different mole fractions of deep eutectic solvent, at 298 K and 1 atm. Line colours are consistent for all subfigures.
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D.1.3. Ethaline-Propylene Carbonate

a b
N Ch* - EG | . ' L -EG
—apgs = 0.1 —zprs = 0.6
E 2 20¢ toms — 02 — opes = 08|
= 10 — xpgs = 0.4 — Ethaline
0 . 0 -
d

Cl- - Ch*

e f
3F : - 1
EG - EG

21
=
S q

0 . . . . . .

0 5 10 15 20 0 5 10 15 20

7/[10710 m] r/[10710 m]

Figure D.5: Radial distribution functions of the deep eutectic solvent constituents in ethaline-propylene carbonate at different
mole fractions of deep eutectic solvent, at 298 K and 1 atm. Line colours are consistent for all subfigures.
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Figure D.6: Radial distribution functions between the organic solvent and the deep eutectic solvent constituents in ethaline-PC
at different mole fractions of deep eutectic solvent, at 298 K and 1 atm. Line colours are consistent for all subfigures.
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Figure D.7: Radial distribution functions between FA and solvent constituents in reline-methanol at different mole fractions of
deep eutectic solvent, at 298 K and 1 atm. Line colours are consistent for all subfigures.
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Figure D.8: Radial distribution functions between OA and solvent constituents in reline-methanol at different mole fractions of
deep eutectic solvent, at 298 K and 1 atm. Line colours are consistent for all subfigures.
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Figure D.9: Radial distribution functions between FA and solvent constituents in ethaline-methanol at different mole fractions of
deep eutectic solvent, at 298 K and 1 atm. Line colours are consistent for all subfigures.
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Figure D.10: Radial distribution functions between OA and solvent constituents in ethaline-methanol at different mole fractions
of deep eutectic solvent, at 298 K and 1 atm. Line colours are consistent for all subfigures.



Hydrogen bonds

The numbers of hydrogen bonds are presented, together with the mean absolute deviation (MAD),
calculated as equation E.1

n
1
MAD = 7_1 z |NHB,i — Ny, averagel (E.1)
i=1

where n is the total number of samples, Nyg ; is the number of hydrogen bonds of sample i and
NyB, average 1S the average number of hydrogen bonds.

E.1. Deep Eutectic Solvent - Deep Eutectic Solvent

Table E.1: The numbers of hydrogen bonds (upper values), mean absolute deviations (middle values) and numbers of samples
(lower values) between all pairs of chloride (CI~), choline (Ch*), urea in mixtures of reline-methanol as a function of the mole
fraction of reline. The measured number of hydrogen bonds is divided by the number of hydrogen bond donor (HBD) molecules
and multiplied by 100 to represent a system of 50 CI~, 50 Ch*, 100 urea molecules and a number of organic solvent molecules
dependent on the mole fraction of reline.

Number of hydrogen bonds per 200 molecules of reline
xpes Cl™-Cht Cl -urea Ch*-Ch* Ch*-urea urea-urea

3.22 9.05 0.0519 4.4 249

0.1 1.2 24 0.22 1.4 54
520 520 520 520 520

5.09 16.4 0.106 7.28 41.2

0.2 1.5 29 0.32 1.7 6.3
520 520 520 520 520

8.05 29 0.183 1.4 61.5

0.4 1.7 3.6 0.43 2.1 7.4
520 520 520 520 520

10.7 39 0.245 14.7 77.8

0.6 1.8 3.6 0.44 2.2 7.2
520 520 520 520 520

12.8 49 0.325 17.8 90.2

0.8 1.7 3.6 0.47 2.2 7.3
632 632 632 632 632

15.1 58.8 0.375 20.3 101

1 1.6 3.2 0.42 1.9 6.1
1307 1307 1307 1307 1307
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Table E.2: The numbers of hydrogen bonds (upper values), mean absolute deviations (middle values) and numbers of samples
(lower values) between all pairs of chloride (CI~), choline (Ch*), ethylene glycol (EG) in mixtures of ethaline-methanol as a
function of the mole fraction of ethaline. The measured number of hydrogen bonds is divided by the number of hydrogen bond
donor (HBD) molecules and multiplied by 100 to represent a system of 50 CI~, 50 Ch*, 100 EG molecules and a number of
organic solvent molecules dependent on the mole fraction of ethaline.

Number of hydrogen bonds per 200 molecules of ethaline
xpes Cl~-Cht CI"-EG Ch*-Ch* Ch*-EG EG-EG

5.45 14.1 0.0536 2.68 9.5

0.1 1.5 29 0.23 1.2 3
504 504 504 504 504
8.6 25 0.107 4.69 16.1

0.2 2 3.4 0.33 1.6 4
521 521 521 521 521
13.6 43.5 0.139 7.63 259

0.4 25 5.6 0.39 2 5.2
498 498 498 498 498
18.4 59.9 0.212 9.73 33.1

0.6 2.7 6.6 0.41 2 5.5
498 498 498 498 498
225 74.3 0.237 11.2 37.9

0.8 2.8 7.8 0.4 21 5.8
478 478 478 478 478
26.5 86.2 0.268 12.9 41.9

1 1.7 3 0.35 1.5 3.9
650 650 650 650 650

Table E.3: The numbers of hydrogen bonds (upper values), mean absolute deviations (middle values) and numbers of samples
(lower values) between the relevant pairs of chloride (CI~), choline (Ch™), ethylene glycol (EG) in mixtures of ethaline-PC as a
function of the mole fraction of ethaline. The measured number of hydrogen bonds is divided by the number of hydrogen bond
donor (HBD) molecules and multiplied by 100 to represent a system of 50 CI~, 50 Ch*, 100 EG molecules and a number of
organic solvent molecules dependent on the mole fraction of ethaline.

Number of hydrogen bonds per 200 molecules of ethaline
xpes ClI~-Cht CI"-EG Ch*-Ch* Ch*-EG EG-EG
23.9 84.6 0.115 6.58 13.3

0.1 4.9 11 0.67 3.5 7.5
627 627 627 627 627
257 88.3 0.177 8.44 18.7
0.2 3.5 6.7 0.57 26 5.7
520 520 520 520 520
26.6 88.1 0.181 10 26.5
0.4 2.8 54 0.5 2.2 6.2
780 780 780 780 780
26.8 87.3 0.241 1.1 32
0.6 2.1 4.2 0.44 1.8 4.7
780 780 780 780 780
26.8 86.8 0.244 12.1 36.8
0.8 1.9 3.6 0.41 1.7 4.7

1040 1040 1040 1040 1040

26.5 86.2 0.268 12.9 41.9
1 1.7 3 0.35 1.5 3.9

650 650 650 650 650
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Figure E.1: The number of hydrogen bonds between the organic solvents methanol and propylene carbonate (PC) and the
deep eutectic solvent (DES) constituents as a function of the mole fraction of DES for the mixtures reline-methanol (a), ethaline-
methanol (b) and ethaline-PC (c), at 298 K and 1 atm. The measured number of hydrogen bonds is divided by the number
of organic solvent molecules and multiplied by 100 to represent a system of 100 organic solvent molecules and a number of
DES molecules dependent on the mole fraction of DES. Equation 3.14 and table 3.1 denote the applied calculation and number
of molecules per simulation, respectively. Error bars are excluded for clarity. Mean average deviations and sample sizes are
tabulated in this appendix.

E.2. Organic Solvent - Deep Eutectic Solvent

Table E.4: The numbers of hydrogen bonds (upper values), mean absolute deviations (middle values) and numbers of samples
(lower values) between methanol and chloride (CI~), choline (Ch*), and urea in mixtures of reline-methanol as a function of the
mole fraction of reline. The measured number of hydrogen bonds is divided by the number of methanol molecules and multiplied
by 100 to represent a system of 100 methanol molecules and a number of reline molecules dependent on the mole fraction of
reline.

Number of hydrogen bonds per 100 molecules of methanol
xpes Meth-CI=  Meth-Ch* Meth-Urea  Meth-Meth

- - - 76.2

0.1 - - - 3.6
- - - 130
5.36 1.77 14.6 68.7

0.2 0.26 0.14 0.55 1.5
130 130 130 130

9.98 3.33 26.5 57

0.4 0.58 0.31 1.1 2.1
130 130 130 130
17.9 5.85 46.2 38.4

0.6 1.4 0.75 2.8 3.4
130 130 130 130
25 8.12 63.2 234

0.8 23 1.3 4 3.5
130 130 130 130
30.5 10.4 78.1 10.6

1 3.5 2.3 6.2 3.8

66 66 66 66
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Table E.5: The numbers of hydrogen bonds (upper values), mean absolute deviations (middle values) and numbers of samples
(lower values) between methanol and chloride (CI™), choline (Ch*), and ethylene glycol (EG) in mixtures of ethaline-methanol
as a function of the mole fraction of ethaline. The measured number of hydrogen bonds is divided by the number of methanol
molecules and multiplied by 100 to represent a system of 100 methanol molecules and a number of ethaline molecules dependent
on the mole fraction of ethaline.

Number of hydrogen bonds per 100 molecules of methanol
xpes Meth-CI=  Meth-Ch* Meth-EG Meth-Meth

- - - 76.2

0.1 - - - 3.6
- - - 130

7.23 2.03 11 67.1

0.2 0.32 0.13 0.4 1.8
114 114 114 114

13.6 3.73 19.6 54.4

0.4 1.4 0.49 1.9 5.3
131 131 131 131

242 6.29 31.9 33.3

0.6 5 1.5 6.6 7.2
108 108 108 108

33.4 8.52 41.7 19.5

0.8 6.9 22 8.7 4.9
108 108 108 108

41 9.83 49.5 8.45

1 9.7 3.1 12 3.6
88 88 88 88

Table E.6: The numbers of hydrogen bonds (upper values), mean absolute deviations (middle values) and numbers of samples
(lower values) between propylene carbonate (PC) and chloride (CI~), choline (Ch*) and ethylene glycol (EG) in mixtures of
ethaline-PC as a function of the mole fraction of ethaline. The measured number of hydrogen bonds is divided by the number of
PC molecules and multiplied by 100 to represent a system of 100 PC molecules and a number of ethaline molecules dependent
on the mole fraction of ethaline.

Number of hydrogen bonds per 100 molecules of PC

XDES PC-Ch+ PC-EG

6.58 22.2
0.1 3.3 6.4
627 627
3.91 15.4

0.2 1.9 4
520 520
1.84 9.75
0.4 1.1 26
780 780
0.94 6.26
0.6 0.58 1.5
780 780
0.413 3.25

0.8 0.36 1

1040 1040




Enantiomers of Propylene Carbonate

Table F.1: Comparison of the viscosity, self-diffusivity and density of enantiopure and racemic propylene carbonate.

Viscosity/[mPa-s] Self-diffusivity/[1071* m? s71] Density/[g/cm?]
Racemic Enantiopure Racemic Enantiopure Racemic Enantiopure
Average 3.07 3.01 41.4E-10 41.4E-10 1.20 1.20
Standard deviation 0.33 0.31 0.79E-11 1.60E-11 - -
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