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1.2 Popular Science Summary 
 

In order to produce everyday items from shoes to phones to toothpaste, many 
chemical processes are involved to make its ingredients, plastics and other 
components. Many of these processes take place in “solvents”, liquids that facilitate 
the formation of these components in the right type and form to be useful. There are 
many of these solvents in use and they have a variety of properties in order to be 
able to produce the plethora of materials required in modern items. 

But many of these solvents can be harmful for humans and the environment, 
evaporate easily or are flammable, posing risks that need to be carefully managed 
when using them. They are also commonly sourced from fossil fuels and can 
contribute negatively to climate change. It is one goal in science to find better and 
less harmful ways to produce things, and over the years some of the most harmful 
solvents have been retired and substituted. 

In this thesis we investigate a group of new modern solvents, called “Deep 
eutectic solvents” (from here DES). They can be made by simply mixing two or 
more common ingredients at room temperature or under moderate heating. One of 
their strong points is that these ingredients can be things like sugars and other 
materials already produced on a large scale for from bio-sources, making them 
potentially more sustainable and less environmentally harmful. Another pro is that 
due to the many components available, and the change in solvent properties with 
components, component ratios and additives, they have a good potential as 
“designer solvents” with tailorable properties due for specific applications. There 
have been a range of applications found for them, but as they still have limits in 
predictable interactions and relatively high viscosity, research in this field is very 
active. 

One of the main concepts behind DES is the eutectic – a property describing the 
phenomenon of a reduced melting point when mixing two components, relative to 
the melting points of each component. A famous example of this in DES is the 
mixture of urea and choline chloride, both molecules that can be found in the body, 
which in their pure form are solids, looking similar to sugar, but turn into a liquid 
upon mixing at a specific ratio even without heating. These liquids can then be used 
as solvents at room temperatures. 

These DES have been found to have many unique properties, which help them be 
able to dissolve, assemble or react materials in them in interesting ways. Here we 
looked at the structure and interactions of some of these DES systems. Knowing 
how the molecules and even their atoms interact in these liquids can help understand 
how these DES form and interact with other molecules. This can help both the basic 
understanding, and hopefully future predictions, as well as laying the foundation for 
further application tests.  
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1.6 Abbreviations 
 
 
 
 
C12EO6 – Dodecyl hexaoxyethylene glycol monoether 
C12TAB – Dodecyltrimethylammonium bromide 
C16TAB – Cetyltrimethylammonium bromide 
CA – Citric acid 
CeNO – Cerium nitrate hexahydrate 
ChCl – Choline chloride 
CMC – Critical micelle concentration 
DES – Deep eutectic solvent 
DSC – Differential scanning calorimetry 
EAN – Ethylammonium nitrate 
EG – Ethylene glycol 
EPSR – Empirical potential structure refinement 
FeNO – Iron nitrate nonahydrate 
Gly – Glycerol 
MA – Malic acid 
Mal – Malonic acid 
HBA – Hydrogen bond acceptor 
HBD – Hydrogen bond donor 
IL – Ionic liquid 
SAS – Small angle scattering 
SDS – Sodium dodecyl sulfate 
SLD – Scattering length density 
TA – Tartaric acid 
U – Urea 
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2 Fundamentals 

In this section the main concepts and motivations behind the use of the emerging 
solvent class of Deep Eutectic Solvents, as well as amphiphile self-assembly will be 
explained.  

2.1 Deep Eutectic Solvents  
Deep eutectic systems (DES) are an emerging class of modern solvents with unique 
properties, that are highly regarded for their potential as "green" solvents. They are 
low transition temperature mixtures [4], formed by mixing two or more components, 
in order to form a liquid around room temperature. These systems can be formed by 
mixing a variety of organic or inorganic molecules, such as sugars, metal salts, 
carboxylic acids, amino acids and alcohols [5-10]. Hydrophobic DES based on e.g. 
phenol or menthol have also found various uses [11, 12], but this thesis work is only 
focused on hydrophilic DES.  

In these mixtures the components can act as hydrogen bond donor (HBD), e.g. 
urea (U), with a hydrogen bond acceptor (HBA), e.g. choline chloride (ChCl), which 
then form a hydrogen bonded liquid. These mixtures often form a liquid over a range 
of molar ratios. They are eutectics, where the melting temperature of the mixture is 
below that of the individual components. Often the eutectic ratio, the composition 
where the melting point of the mixture is at a minimum, is used since the liquid state 
is most favored at this point (Figure 1) [13-15]. 

Due to many DES being formed from "green" precursors like urea, they are of 
particular interest in research for green solvent alternatives. For DES made from 
naturally occurring materials the term Natural Deep Eutectic Solvents (NADES) 
[16], has been coined. The wide range of possible constituents leads to solvents with 
tuneable properties, where factors such as component choice, molar ratio, additives 
and even temperature can lead to significant changes in properties like 
hydrophobicity [17, 18], conductivity [19-21], biocompatibility  [22-24] and their 
ability so solubilize other components [25-27]. This also makes it possible to focus 
on safer and “greener” solvent combinations and use conditions, producing solvents 
that are low in toxicity, flammability and volatility, as well as exhibit good 
biodegradability and can be sourced sustainably [28-32]. It has been found that their 
use can also allow for the use of less harsh chemicals, milder temperature or pressure 
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requirements, or more straightforward synthesis and extraction routes, leading to 
applications in fields like organic and materials synthesis [33-37], extraction [38-
40], electrochemistry [41, 42] and pharmaceutical applications [43, 44], among 
many others. Especially their ability to dissolve a wide range of metal components
[27, 45-48] and surfactants, as well as allowing for surfactant self-assembly [49-52],
and how they can be manipulated through parameters such as component choice, 
molar ratio, water content and salt addition, will be explored and discussed in this 
thesis.
DES were first reported in their modern understanding by Abbott et al. in 2001, with 
their work on DES formed by ZnCl2 and choline chloride at a 2:1 molar ratio [6]. 
The term DES was then coined by the same group in 2003 in their seminal work 

Figure 1: Schematic phase diagram of a DES for mole fraction of component B in 
A and temperature (top). The bottom graph shows experimental liquidus 
temperatures over mole fraction of urea for 1:2 ChCl:U from microscopic (blue 
dots) and DSC (red dots) measurements. Data replotted from reference [2].
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 studying the mixtures of a range of quaternary ammonium salts with urea [53]. 
Among them was ChCl:U at a 1:2 molar ratio, which is now one of the most widely 
studied DES. The eutectic ratio was found by mixing the two components at 
different molar ratios and measuring the melting point. Abbott et al. reported a 
melting point of 12 °C for the eutectic, forming a stable liquid at room temperature, 
while pure choline chloride has a melting point of 302 °C and urea of 133 °C. This 
melting temperature for the eutectic mixture was later found to be influenced by 
water absorbed into the highly hygroscopic liquid, with the melting point of the dry 
mixture being closer to 25 °C [2]. In their current understanding DES usually refer 
to eutectic mixtures with a eutectic melting temperature Teu below the expected ideal  
melting temperature Teu;ideal as can be seen in Figure 1 [56]. Since their initial  
discovery interest and research into DES have increased significantly and steadily. 

DES are typically created by mixing the precursors at ambient or moderately 
elevated temperatures, until a clear liquid is formed. In rarer cases the precursors 
are dissolved in a solvent such as water, mixed, and the water is subsequently 
removed [57]. Typical molar ratios for DES formation are 1:1, 1:2 and 1:3, but also 

Table 1:  Composition and transition temperature at the eutectic point of some 
common DES. 
DES Components Transition 

temperature 
1:2  
Choline chloride :  
Urea 
(ChCl:U) 

 

25°C [2] 

1:2  
Choline chloride :  
Glycerol 
(ChCl:Gly)  

-40°C [54] 

1:2  
Choline chloride :  
Ethylene glycol 
(ChCl:EG) 

 

-66°C [55] 

1:1  
Choline chloride : 
Malonic acid 
(ChCl:Mal) 

 

10°C [5] 

1:3.5  
Cerium nitrate hexahydrate 
: Urea 
(CeNO:U) 

 

-60°C  [8] 
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1:2.5 and wider ratios like 1:10. The components and transition temperatures at the 
eutectic point composition of some common DES can be seen in Table.1. 

DES have sometimes been categorized as a subgroup of ionic liquids (IL), but 
have been shown to exhibit a range of differing properties and behaviors from these, 
and are now mostly regarded separately. Ionic liquids are generally described as a 
group of salts with low melting points close to room temperature, with one type of 
discrete anion and cation, such as ethylammonium nitrate (EAN) [58]. DES are of 
interest as they show distinct solubilization and reaction behaviors in comparison to 
traditional organic solvents, ILs or water. They can also be easier to procure and 
form, cheaper, more environmentally benign, easier to sustainably source and 
biodegrade than most ILs. Similar to ionic liquids, properties such as a wide liquid 
window, low volatility and the sheer range of possible DES mixtures make them 
attractive as "designer" solvents, where the solvent properties can be modified to 
the specific needs of the application. As they are a relatively new class of solvents, 
the potential of DES is still far from reached, and in this thesis, we hope to help 
shine a light into some of the yet unexplored corners of this field. 

2.1.1 DES structure 
As mentioned in the section above, the solvent-solvent interactions in DES are 
dominated by hydrogen bonding between the components. The liquid structure of 
some of DES has been reported, investigated through both simulation [59-62] and 
experimental means [8, 63, 64], revealing a range of complex hydrogen bonding 
networks within these solvents. Studies of the common DES 1:2 ChCl:U for 
example show strong interactions between chloride and both the hydroxyl hydrogen 
of the choline ion and the hydrogen atoms on the urea [59, 63]. But between 
different DES the structure and prominent interactions can vary significantly. This 
can lead to more or less structured hydrogen bond networks, depending on factors 
such as size, shape and polarity of the components, as well as rigidity and number 
of hydrogen bonding groups per molecule [59, 61, 62, 65, 66]. The influence of 
specific components on the DES structure, and through this the solvent properties, 
is still an active field of research, and will be delved into further in this thesis. 

It is well established that the properties of some DES can be modified through 
the addition of water, leading e.g. to a significant decrease in viscosity even for 
small added amounts [67, 68]. The effect of water on the solvent structure has been 
studied through methods such as modeling [62, 69], 1H NMR [65, 67, 70] and 
neutron scattering [64, 71, 72]. These investigations show that the DES structure is 
relatively stable for additions of up to 50 wt% water in these DES. At very low 
concentrations, water can even contribute to the hydrogen bonding network and 
strengthen HBD-HBA interactions [67], with the water molecules increasingly 
separating the DES domains at higher concentrations. At high enough 
concentrations, the DES structure starts to break down, forming an aqueous 
solution. The exact point at which these changes occur is dependent on the 



23 

interactions between the DES components [71]. Besides water, additives such as 
small organic molecules or salts also influence the solvent structure and overall DES 
behavior [73-76]. Understanding the underlying interactions taking place in a 
solvent can then be used to explain and predict processes like solubilization or 
aggregation. 

2.1.2 DES Types 
For general understanding, DES are often categorized into five types based on their 
components [14, 15, 77], as shown in Table 1. 

While the introduction of water going from Type I to Type II might not always 
be desirable, the use of metal salt hydrates opens up a wider variety of metal 
precursors, as well as decreasing the water sensitivity of the DES. As it has been 
found that the addition of small amounts of water also lowers the melting point of 
many DES [2], this can also aid liquid formation at ambient temperatures. Type III 
DES include many of the most common DES, such as 1:2 ChCl:U and 1:2 ChCl:Gly, 
as they are composed of relatively cheap, non-toxic components that are already 
produced on an industrial scale, and exhibit many useful properties such as the 
ability to promote formation of surfactant aggregates or solubilize metal salts, as 
mentioned in the previous sections. 
 
 
 
 

 
Table 1: DES types and their components. 

Type of 
DES 

Components 

Type I Quaternary ammonium salts + metal salts, e.g. ChCl + ZnCl2  [78] 
Type II Quaternary ammonium salts + metal salt hydrates, e.g. ChCl + 

CrCl3 · 6 H2O [79] 
Type III Quaternary ammonium salts + HBD, including many small, 

organic molecules like carboxylic acids and alcohols, e.g. ChCl + 
U [53], ChCl + EG [80] and ChCl + carboxylic acids [57]  

Type  IV Metal salt + HBD, e.g. ZnCL2 + U [81] and Ce(NO3)3 · 6 H2O + U 
[8]    

Type V Non-ionic HBA + non-ionic HBD, e.g. thymol + menthol [77] 
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2.1.3 DES Properties 
As mentioned in the first section, DES can have a wide range of properties, with the 
possibility of tuneability, and can be cheap, safe and formed from sustainable 
materials. But they can be limited in other regards. Many of the components, such 
as sugars, are not very thermally stable, and reactivity between DES components 
also must be kept in mind when the use requires elevated temperatures, e.g. 
esterification reactions are common between choline chloride and carboxylic acids 
[57, 82]. This influences factors such as the reusability of the solvent, or can be 
desirable when the DES components are also used to facilitate a synthesis, such as 
the breakdown of urea to produce metal oxide nanomaterials [33, 34]. Monitoring 
degradation through e.g. the use of 1H-NMR should therefore be a standard 
procedure. DES also tend to have significantly lower vapor pressures than water and 
many organic solvents, but they often have higher and more variable vapor pressures 
than ILs [83]. 

Although most DES are liquid at and around room temperature, one of the most 
common practical limitations is their high viscosity. Viscosity and other DES 
properties can be modified through simple means like adding small amounts of 
small molecules such as methanol [84] or water [67], without greatly changing the 
underlying DES structure and properties. Dai et al. [67, 85] e.g. found that for a 
variety of NADES a significant decrease in viscosity can be achieved, e.g. from 397 
to 7.2mm2s-1, for 2:5 glucose : ChCl at 25% water added (v/v). The conductivity 
was also increased, density decreased, water activity increased, and the polarity 
modified in the direction of water polarity levels. This could be achieved while still 
maintaining the characteristic strong hydrogen bonding within the DES, as 
measured by FT-IR and 1H-NMR. This change in properties has to be kept in mind 
when handling the highly hygroscopic DES especially, as exposure to the moisture 
in the air can significantly influence behavior. Measuring the water content through 
e.g. Karl Fischer titration should therefore be a standard procedure. 

The molar ratio between the components of a DES can also be changed within a 
certain liquid forming window, which thereby alters their properties. Rodriguez et 
al. e.g. found that DES formed by p-toluenesulfonic acid and ChCl at molar ratios 
of 2:1, 1:1 and 1:2 differ significantly in their ability to solubilize various transition 
metal oxides [27]. Atri at al. also found that the self-assembly behavior of 
surfactants could be significantly modified through a change in molar ratio of 
components within a ternary DES comprised of ChCl:Gly:U [49]. 

2.1.4 Melting Points, Eutectic Points and Glass Transitions 
To describe and compare materials, numerous parameters or definitions could be 
used. For DES especially the phase behaviour is of general interest. For a material 
the melting point (Tm) can be defined as the temperature at which liquid and solid 
phases coexist at an equilibrium. It marks the phase transition between the solid and 
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the liquid state, which is governed by temperature, and weakly by pressure.
Considered as fundamental phases are gas, liquid and solid, with some materials 
also forming more unusual phases or not forming certain phases at some 
temperatures or pressures. Besides transitions between these phases, it is also 
possible for some materials to have transitions within one of these fundamental 
phases. A typical simple phase diagram can be seen in Figure 2. [86]

One type of these unusual phases are the supercooled liquids, which many DES 
are capable of forming. These form when cooling a material below their melting 
point, but no crystallization into the solid phase occurs. One example of this is
typical window glass, which forms an amorphous, solid-like phase upon cooling 
down. This formation and the structure of the formed material can strongly depend 
on the thermal history and cooling rate. Formation of this phase is often done by 
cooling a material faster than what is needed for crystal formation, effectively 
"freezing" the molecules into place in their liquid position. To describe a glass, the 
glass transition temperature (Tg) can be used. While the properties of a material can 
vastly differ above and below this temperature, it is not considered a phase transition 
in the terms of e.g. Tm, as it represents a non-equilibrium state. Furthermore, Tg

depends on the measurement method and conditions, resulting in there being no 
exact value for it between samples of similar materials, and reports of Tg are 
governed by convention. Differential thermal analysis and differential scanning 
calorimetry (DSC) are among the commonly used methods of finding Tm and Tg, 
and DSC will be used in this thesis. [87-89]

Mixing multiple components can change phase behavior of a material, due to a 
change in molecular interactions. An interesting example of this can be seen in 
eutectic mixtures, for which the melting or glass transition temperatures decrease 
drastically in comparison to the components, and, as mentioned in the in previous 
sections, a hydrogen bond network forms between its components. Here, the 
eutectic point corresponds to the molar ratio at which the liquid phase can coexist 
with solid phases of A and B, with the corresponding eutectic temperature TE

(Figure 1). Over time the term "Deep Eutectic" has found different uses, one being 

Figure 2: General pressure-temperature phase diagram of a one-component system.
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that it is simply an eutectic mixture with a significant eutectic depression and a 
liquid operating window (molar ratios x1 to x2 at the operating temperature Toperating) 
around room temperature [15]. Others have used the term to describe mixtures 
which exhibit a behavior that derivates strongly from the eutectic depression that 
could be described by ideal mixture models [56]. The first definition is more widely 
used, where the eutectic depression is described as the temperature difference T1 
between the linear combination of the melting points of the pure components and 
TE, while T2 from the second definition would describe the difference between 
eutectic temperature TE,ideal and TE. While the second, more theoretically based 
definition is gaining popularity especially for theoretical discussions, in this thesis 
the more general definition of a deep eutectic without its relation to an ideal mixture 
will be used, especially since a change of molar ratio regardless of the exact eutectic 
composition is a useful tool for modifying solvent properties. 
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2.2 Amphiphile Self-Assembly

2.2.1 Surfactants
Surfactants, or surface active agents, are a group of amphiphilic molecules that 
consist of one or multiple distinctly hydrophilic and hydrophobic parts. They are of 
great commercial interest as e.g. detergents, emulsifiers and foaming agents in 
everyday and industrial settings. They can also be used more specific applications 
such as in biotechnology for unfolding proteins or lysing cells or other in fields to 
e.g. template nanomaterials [90-93].

In a typical surfactant the hydrophilic part is often referred to as the "head" group,
and contains heteroatoms such as oxygen, sulphur or nitrogen within a functional 
group such as an alcohol, sulphate or amide. The hydrophobic "tail" group usually 
consists of one or more long hydrocarbon chains. The surfactants will have a 
tendency to accumulate at boundaries, e.g. at air-water or water-oil interfaces, and 
lower the interfacial or "surface" tension. Depending on their composition and 
dissociation behaviour in a solvent, they can be separated into non-ionic and ionic 
surfactants, where ionic surfactants are further separated into anionic, cationic and 
zwitterionic surfactants (Figure 3). [94, 95]

One of the most common surfactants that can be found in many shampoos and 
detergents is the anionic sodium dodecyl sulfate (SDS, Figure 3). It has a 
hydrophilic sulfate headgroup, a hydrophobic hydrocarbon tail with a 12 carbons 

Figure 3: Schematic representation of different surfactant types (left). Examples of 
different types of surfactants are shown on the left, going top to bottom: Sodium 
dodecyl sulfate (SDS), hexadecyltrimethylammonium bromide (C16TAB), dioctyl
sulfosuccinate sodium salt, L-α-Phosphatidylcholine, Triton

omide 
on X-100.
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containing backbone, as well as a positively charged sodium counter ion. Other 
simple anionic surfactants with differing properties can be produced by exchanging 
the sulfate headgroup for other headgroups such as carboxylates or phosphates, 
varying the length of the tailgroup and changing the counter ion. [94, 95] 

Cationic surfactants have a similar structure, but with a cationic headgroup such 
as a quaternary ammonium group, and an anionic counter ion, often a halide ion. A 
common example of this is cetyltrimethylammonium bromide (C16TAB, Figure 3), 
used widely in antiseptics, hair conditioners and in nanoparticle synthesis among 
other things.  [94, 95] 

Zwitterionic surfactants are less commonly used in comparison to cationic or 
anionic ones. They contain positive and negative charges in their headgroup, a 
commercial representative being myristamine oxide, used as a mild surfactant in 
e.g. children’s shampoos. The charge of zwitterionic surfactants can be dependent 
on the pH of the surrounding medium. They exhibit both positively and negatively 
charged groups at a certain pH, acquiring a predominantly positive charge in more 
acidic pH and a more negative charge in alkaline solutions. [94, 95] 

In non-ionic surfactants the head group is hydrophilic, but does not dissociate into 
ions. The most common types are based on ethylene oxide, such as dodecyl 
hexaoxyethylene glycol monoether (C12EO6) with six repetitions of the hydrophilic 
ethylene oxide group (EO) in a chain and hydrophobic 12 carbon containing tail. 
[94, 96] 

In Figure 3 schematic representations of the different surfactant types are shown 
alongside examples. As can be seen, it is also possible for surfactants to be more 
complex, branching and containing other structures like aromatic units. [94] 

2.2.2 Surfactant self-assembly 
At low concentrations surfactants can be found free in solution or at interfaces. 
Aggregates called micelles start forming past a specific concentration, called the 
Critical Micelle Concentration (CMC). Depending on solvent polarity, either the 
hydrophilic or hydrophobic part of the surfactant will be in contact with the solvent, 
while the other parts stay in contact with each other, thereby minimizing 
unfavourable interactions. These micelles can vary in shape depending on surfactant 
and solvent properties, with examples being spherical, rod-like or lamellar as shown 
in Figure 4, or can be more complex for example in the case of bilayer vesicles. 
[94, 96, 97] 
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As the physico-chemical behaviour of surfactant systems above and below the 
CMC differ greatly, it is an important parameter for surfactant characterization and 
application. Due to a range of property changes taking place at the CMC, it can be 
measured using different methods. These include surface tensiometry, light 
scattering techniques, fluorescence, calorimetry and more. The CMC mainly 
depends on the surfactant and the solvent properties, as well as additives, e.g. polar 
additives such as alcohols or urea can decrease or increase the CMC. For ionic 
surfactants the addition of salt can strongly affect the CMC as well. [94, 98-100]

The influence of pressure and temperature on the other hand are comparatively 
weak. Rather than influence the CMC directly, the temperature can play a bigger 
role in regard to surfactant solubility (Figure 5). Ionic surfactants show a strong 
increase in solubility above a specific temperature, the so-called "Krafft 

Figure 5: The influence of temperature on ionic surfactant solubility, CMC and 
Kraft temperature.

Figure 4: Schematic representation of examples of surfactant self assembly: rod-
like micelle (left), spherical micelle (right, top), lamellar phase (right, bottom). To 
illustrate both headgroup and tail group behavious, these represent the cross section 
of the three dimensional structures.
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temperature". Here the solubility is equal to the CMC, leading to a steep increase in 
solubility due to the formation of highly soluble micelles. Non-ionic surfactants do 
not exhibit a Krafft point, and e.g. ethylene oxide based non-ionics decrease in 
solubility with increasing temperature. In water, their CMC tends to be around two 
orders of magnitude below that of ionic surfactants as well. At increasing 
temperature, above the so called "cloud point", they tend to separate into a surfactant 
rich phase and a surfactant poor phase. [94, 95] 

2.2.3 Surfactant self-assembly in DES 
Surfactants can form self-assembled structures in a range of solvents such as water, 
various oils and ILs. As mentioned above, the type of surfactant that is soluble and 
how they self-assemble depends on the systems. DES have also been found to 
support the formation of a range of structures [101, 102]. It is an active field of 
research and applications such as templating nanomaterials [103, 104], in 
electrodeposition [105, 106] and for medical applications have been investigated 
[101, 107, 108]. 

Self-assembly of anionic [49, 109-111], cationic [49, 52, 112-114], zwitterionic 
[50, 115, 116] and non-ionic [110] surfactants has been reported. In many DES 
surfactant solubility and aggregation behaviour has a strong dependence on the 
components, with only either cationic or anionic surfactants being soluble in many 
DES, while non-ionic surfactants like hexaethylene glycol mono-n-dodecyl ether 
are not soluble in most of the common choline chloride+HBD or betaine+HBD 
based DES. Atri et al. have shown that what types of surfactants can be dissolved 
and how they aggregate can be modulated through a change in molar ratio of the H-
bond donors in a ternary DES based on ChCl:Gly:U [49], and Hammond et al. 
showed differences in aggregation behaviour in different ChCh:Diol based DES 
[117]. Differences in counter ions have also shown to have a slight effect in some 
DES [110, 118, 119], as well as the presence of additives such as salts [120]. 
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3 Methods 

In this section the basics behind the methods used in the thesis will be explained. 

3.1 Scattering 
Trying to understand structures, interactions and processes of things on the scales 
from single atoms to macroscopic particles and beyond has long been an essential 
part of chemistry. To achieve this a variety of methods have been developed over 
the years. These include X-ray and neutron diffraction, which will be an essential 
part of this thesis, but also various microscopic and spectroscopic methods among 
others, that can be used to probe different properties of a material to elucidate the 
structure. Combining these with modern computer modeling techniques enables the 
reconstruction of the sizes and shapes of particles and molecules, and also individual 
bonds and atomic interactions. The general background of the employed methods 
will be presented below. 

3.1.1 X-ray Scattering 
X-rays are electro-magnetic waves with a wavelength (λ) in the Ångstrom range. 
They were first described by Wilhelm Röntgen in 1895. In 1912 Max von Laue 
showed that when passing X-ray radiation through a crystal, a characteristic 
diffraction pattern will be created, which can be used to gain information about the 
crystal structure and material. Since then, many methods have been developed based 
on the interactions between X-rays and matter. Classical light microscopy is often 
restricted by a limited wavelength range, making it not straight forward to use it to 
investigate smaller, molecular and atomic dimensions. With X-rays on the other 
hand, it is easy to generate waves with a wavelength around the scale of typical 
inter-atomic distances. This makes X-rays an useful tool for material 
characterization and imaging, alongside element sensitivity and the possibility of 
non-destructive measurements. [121, 122] 

When X-rays interact with a material, they cause the electrons in atoms to start 
oscillating. Depending on the conditions, this can be either through elastic or 
inelastic, coherent or incoherent processes. In elastic processes the energy carried 
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by the X-ray is conserved after the interaction, and only the propagation direction 
might change. Inelastic scattering involves the loss of energy, e.g. through transfer 
of parts of it to the electron, as is the case with Compton scattering. Compton 
scattering is also an incoherent process, where, unlike with coherent scattering, a 
phase shift occurs, and the scattered waves cannot interfere constructively. For use 
of X-rays generally elastic, coherent scattering is preferred, as this carries the most 
information, and inelastic, incoherent signals are minimized in an experiment, or 
their influence later removed from the data when possible. Besides electrons, X-rays 
can also interact with the atom nucleus. But due to its much higher mass the resulting 
oscillation is weaker, and the interaction can generally be neglected. [121, 122]

In a basic approach for describing diffraction, electrons can be seen as point 
scatterers for X-rays. The incident wave can be described using the wave vector k, 
defined as k = 2π/λi, and the scattered wave k’, which in the case of elastic scattering 
has the same wavelength as the incident wave. They can be connected using the 
scattering vector, also called wavevector transfer, Q given in Å−1 (Figure 6). It is 
defined as [121]

(1)

One way to describe the scattering behaviour in an experiment is by using the 
fundamental quality of the differential scattering cross section (dσ/dΩ), defined as
[121]

(2)

Here Isc is the number of photons recorded per second on a detector, Φ0 is the flux
of the incident beam describing the number of photons passing through unit area per
second and ΔΩ is the solid angle that the detector spans when at a distance R from
the scattering object. The differential scattering cross section describes the photons 
scattered in a certain direction Q onto a detector area and is proportional to the 
square of the amplitude of the scattered waves. [123]

For a real material it has to be considered that the electrons are not completely 
free as assumed above, but can be described as an electron density distribution ρ(r) 
over a volume. The amplitude of the scattered wave is then given by the Fourier 
transform of the electron density, the so called atomic form factor f [121]

Figure 6: Schematic representation of the wavevector transfer Q.
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(3)

This form factor is characteristic for every atom type and increases with the number
of electrons, while at the same time decreasing with increasing Q. To get the Q-
dependent scattering amplitude for a material and not only individual atoms, the 
sum over all atomic form factors can be taken according to [121]

(4)

with the Q dependent atomic form factor f(Q)v of each atom v and it’s position rv.
In an experiment only the intensity Ψ(Q)2, but not the amplitude of a wave can be 
measured. In principle, if (Ψ(Q))2, the scattering intensity, can be determined 
through experiments for a sufficient number of Q values, then the location rv of the 
atom in the material can be determined. In practice the signal of e.g. one molecule 
is not strong enough to be measurable and therefore a sample of higher mass is 
needed. For this purpose, crystalline materials are especially suitable, as they can be 
described by a unit cell consisting of a small amount of atoms in comparison to the 
overall number of atoms, and exhibit translational symmetry elements. Some 
crystals can be even further simplified, and represented by an even smaller number 
of atoms in the asymmetric unit along with crystallographic symmetry elements. For 
these crystals scattering can also be described by Bragg’s law [121]

(5)

A schematic figure of a common scattering experiment setup, such as would be used 
in powder diffraction or small angle scattering is shown in Figure 7.

Figure 7: Schematic representation of a common scattering experiment setup.
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3.1.2 Neutron Scattering 
The principles of neutron scattering are like to those for X-ray scattering, and similar 
calculations can be used. Both share similar common experimental setups, with the 
use of neutrons or X-rays having different strengths and weaknesses. Unlike X-rays, 
neutrons are subatomic particles with a mass equivalent to 1839 electrons, 
1.674928·10−27 kg, and a spin of 1/2 [124]. They do not have a charge, and in a 
scattering experiment their main interaction with a sample is with the atomic nuclei 
via nuclear forces. Neutrons also have a magnetic moment and can interact with 
unpaired electrons in magnetic materials, but for the materials and methods used in 
this thesis, primarily the nuclear interactions are relevant and will be discussed here. 
[125] 

As described by quantum mechanics neutrons are particles which can exhibit a 
wave character, and the wavelength of a neutron is inversely proportional to its 
speed. In scattering experiments wavelengths between 0.1 and 1 nm are most 
commonly used. [126] 

Analogous to X-rays with electrons, the basis of interactions between neutrons 
and nuclei can be described as the scattering of a neutron beam with the atomic 
nuclei, represented by the wave function [125] 

 
  (6) 

 
with the distance z between neutron and nucleus, and the wave number k. The 
individual interactions are very short range, with the interaction potential V(r) 
falling to zero within 10−15m [124]. This leads to a significantly lower probability 
of interaction in comparison to X-rays with the more diffuse electron distribution, 
allowing for thicker samples and containers to be used for measuring. In the case of 
elastic scattering from a single nucleus the scattered wave is isotropic and can be 
described as[125] 

 
 

 
(7) 

 
were b is the scattering length, the neutron scattering equivalent of the atomic form 
factor f for X-rays. Unlike the atomic form factor, the scattering length can vary 
strongly from one element to the next in the periodic table, as well as between 
isotopes of the same element as can be seen in Figure 8. For most materials besides 
strong neutron absorbers such as Cd, Gd and B, b can be treated as a constant. This 
makes neutrons especially suitable for studying light materials that do not scatter X-
rays strongly. It also opens the door to isotopic-substitution experiments, where 
specific parts of the sample can be substituted with a different isotope of the same 
element. For example, hydrogen and deuterium are widely used, as their coherent b 
differ significantly with 1H at -3.74·10−5Å and 2H at 6.67·10−5Å [116]. Analogous 
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to X-rays a scattering cross section can be defined to relate the scattering to the 
signal measured on the detectors. [124-126]

3.1.3 X-ray sources
Since the first discovery of X-rays from a Geisler discharge tube by W. Röntgen, 
different methods of generating X-rays have been developed. Nowadays the most 
common methods used to generate them is by either using in-house X-ray tubes or 
through synchrotron facilities. [121]

On in-house sources, X-rays can be generated by accelerating electrons onto a 
metal target. The accelerated electrons interact with electrons in the electron shells 
of the atoms of the target material and can remove them. This in turn causes
electrons from an energetically higher shell to fall into the more energetically 
favorable vacancy. Each of these transitions has a fixed energy, specific for each 
material, and the generated radiation is named depending on which shell the electron 
comes from and falls into. In for example K radiation, a 1s-electron, an electron 
from the innermost shell, is removed and a 2p-electron falls into its position. This 
process releases energy in the form of X-ray radiation (Figure 9). As this energy is 
specific to the target material, it creates a characteristic X-ray spectrum. A non-
characteristic continuous X-ray spectrum, the so-called Bremsstrahlung, is 

Figure 8: Neutron scattering lengths (red dots) and X-ray scattering lengths/atomic 
form factors (blue and green triangles) for some elements from Ren and Zuo 2018, 
CC-BY [3].
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generated as well. These X-rays are created through the deceleration of the initial
electrons in the beam as they hit the target material. The energies for this depend on 
how individual electrons are decelerated. [121]

For most in-house measurements the X-ray beam should be monochromatic, 
which means that the beam consists of ideally one, or practically a narrow 
distribution of X-ray wavelengths. Monochromaticity can be achieved by directing 
the beam through a filter or monochromator. In order to get a parallel beam with a 
small spot size, the beam can be collimated. Common target materials used for X-
ray generation are e.g. copper (Kα 1.54 Å) and silver (Kα 0.56 Å). [121]

Another, more powerful tool for generating X-rays is by using synchrotron 
sources such as at Diamond in Didcot, UK, or MAX IV in Lund, Sweden. In these 
dedicated facilities, X-rays are generated through bending the path of extremely fast 
electron circulating inside a storage ring, due to quantum mechanical processes. 
They can provide extremely high fluxes and a range of wavelength among other 
properties conducive for X-ray experiments. [121]

3.1.4 Neutron sources
The use of neutrons for scientific studies goes back to the early 1940s, not too long 
after their first discovery by James Chadwick in 1932. While it is common to have 
X-ray scattering equipment in-house at research institutes, this is not the case with 
neutron scatting instruments. Safely generating neutron radiation with sufficient 
flux for scattering experiments can be a lot more challenging, and experiments are 
primarily conducted at dedicated facilities. [127]

Modern neutron facilities can be divided into two categories based on their 
neutron source. The first type are fission reactor based sources. These were the first 
neutron reactors, with the first being built in 1942. This reactor type continuously 
generates neutrons with a wide range of wavelengths through a process called 
fission. To achieve this, nuclear fuels are used, such as enriched uranium with a high 
content of 235U. This fuel becomes unstable upon the absorption of a neutron and 

Figure 9: Schematic representation of Kα X-ray generation from a copper source, 
representing the electron transition between the shells, where a 2p-electron falls into
the vacancy left by an 1s-electron.
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breaks into lighter nuclei, generating more neutrons and other subatomic particles 
in the process. Neutron sources based on this type of source include the Institut 
Laue-Langevin in Grenoble, France, and the High Flux Isotope Reactor in 
Tennessee, USA. [123, 125, 127] 

The other type are non-continuous, accelerator driven spallation sources. In these, 
protons are accelerated to high energies around 1 GeV in a particle accelerator and 
made to hit a heavy metal target like tungsten, mercury or uranium. Then, through 
a process called spallation, fast neutrons with energies up to several MeV are 
generated from the nucleus. The resulting neutron signal can be pulsed at several 
pulses per second, as it is possible to control the timing of the protons hitting the 
target. Each pulse contains a distribution of neutrons with different energies. 
Examples of this type of neutron sources include ISIS Pulsed Neutron and Muon 
Facility in Didcot, UK, and the European Spallation Source in Lund, Sweden. There 
can be advantages in a non-continuous neutron stream, and a mechanical chopper 
can also be used at a reactor source. [123, 125] 

To be of use for most experiments, the high energy neutrons generated by fission 
or spallation sources need to be slowed down. This can be done with the help of 
"moderators", usually hydrogenated materials. Through inelastic collisions, they 
slow these neutrons down to thermal energies, or wavelengths of around 1 Å. These 
slower neutrons are also called "thermal neutrons". This wavelength and energy 
range generally corresponds to the scale of interatomic spacings and to molecular, 
magnetic and crystal vibrations, and can therefore be used to probe them. Depending 
on the application it is also possible to generate neutrons with higher or lower 
energies through a change in moderation. The generated neutrons can escape out of 
the moderator towards the scattering instruments through holes in its reflective 
casing. [123, 125] 

Because the neutrons are generated isotropically, multiple instruments can be 
attached to one reactor or target station. Measurements can be run simultaneously, 
but only a fraction of the neutrons released can be harnessed for individual 
experiments. This remains a limiting factor, as low neutron flux can lead to long 
counting times in order to get good statistics for experiments. The instruments can 
be situated either directly at the source, or neutrons can be directed to the instrument 
by use of gently curved neutron guides, which reflect neutrons within a certain 
incident angle through total reflection. [123, 125] 

After collimation of the beam, the neutron spectrum is controlled through 
monochromation at continuous sources, losing up to 99% of them in the process. At 
spallation sources, and sometimes at reactor sources as well, the so called "Time of 
flight" (TOF) method is used, where neutrons with a range of wavelengths are 
utilized by measuring the time it takes for each neutron to travel from the moderator, 
through the sample and to the detector. Knowing the distance from the source to the 
detector makes it possible to determine their velocity and thereby energy. [123, 128] 
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3.1.5 Small angle scattering
Both X-rays and neutrons can be used for Small Angle Scattering (SAXS and 
SANS, or SAS in general). SAS makes use of the signals measured in scattering 
experiments in a similar fashion to other common methods like powder diffraction, 
but utilizes measurements in the low Q range, at small scattering angles. Practically, 
this is often achieved by moving the detector further away, with the sample to 
detector distance determining the Q range that can be adjusted to the expected length 
scales within the sample (Figure 7). Depending on the sample, the scattered 
intensity at small angles can be very low in comparison to the incident intensity, 
requiring either long measurement times or high flux available at e.g. synchrotron 
sources. [121, 128]

Due to the broad range of samples that can be measured, including crystalline and
non-crystalline, as well as liquid or solid samples, simple sample preparation, 
relatively fast measurements, SAS is an important and widely used method. While 
the access to SANS instruments is mostly limited to dedicated neutron facilities, 
commercial SAXS instruments are available for in-house use. Using SAS, structures 
in the 1 to 100s or more nm length scale, such as biomolecules, crystalline domains, 
nanoparticles and surfactant micelles, can be investigated (Figure 10), and 
information on properties like size, shape and interactions can be gained. SANS in 
particular offers the unique ability to highlight specific domains of the structures of 
interest through the use of isotropic substitution, especially using 1H hydrogen and 
2H deuterium. [121, 128]

For a SAS measurement to be sensible, the sample must exhibit structural 
inhomogeneities, meaning differences in scattering properties, on the right length 
scale, such as between nanoparticles and a solvent. Here the particles and solvent 
can be described by each having a scattering length density (SLDP and SLDN) [123]:

(8)

Figure 10: Schematic scattering curve as intensity over Q, with the relation to 
the corresponding distances in the sample.



39

for neutron scattering, with the bound coherent scattering length bci of the i-th of n
atoms in a molecule and the molecular volume Vm, and analog [123]

(9)

for X-ray scattering, with Z as the atomic number of the i-th atom in the molecular 
volume Vm and the classical electron radius re. The overall scattering intensity is 
then given by [121]

(10)

with the number Np and volume Vp of particles, the form factor P(q) and the structure 
factor S(q). The form factor contains a term with the distance between points in the 
particle itself, and thus gives information about the particle shape and size. The 
structure factor contains a term with the distances between the particles, the inter-
particle correlation, and thus gives information about the average distance between 
particles in the sample, which is especially important at non-dilute concentrations.
[121]

Strong, locally very specific contrast can be achieved in SANS through the use 
of isotope substitution as mentioned before. It allows for the highlighting of various 
substructures, by measuring different "contrasts". This can be seen in Figure 11, 
where the domains with different contrast are represented by different colours. 
Matching various parts of the structure with the SLD of the solvent can make them 
"appear" or "disappear" in the measurement, and detailed structural models can be 
built from measuring different contrast variations. [121, 128]

Different methods for analyzing SAS data have been developed, a common one 
is the Guinier Approximation. It describes the asymptotic behavior in the small Q 
region, approximating the form factor at small angles and providing the radius of 
gyration, a reasonably accurate particle size. This approximation can be used for 

Figure 11: The effect of contrast variation on distinguishable structures in a 
neutron scattering experiment.
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dilute systems, where any structure factor can be neglected, when good data can be 
measured at sufficiently small angles. In this case the measured intensity is [121]

(11)

with the radius of gyration Rg, where the intensity is proportional to the exponential 
of (-(Q2Rg

2)/3). Plotting log ISAXS(Q) as a function of Q2 should therefore produce a 
line with slope -Rg

2/3, from which the radius of gyration can be calculated. The 
radius of gyration Rg of a particle is defined as the root-mean-squared distance from 
the particle’s centre of gravity. [121, 128]

This approximation can be applied to any dilute systems that contain particles of 
arbitrary shapes. In the case of spherical particles, the radius Rg can be directly 
correlated to R through Rg

2=(3/5)R2. In case of non-spherical particles, factors like 
length or cross section need to be known to be able to calculate more dimensions 
from Rg. [121, 128]

Using this approximation, the scattering intensity at small angles can be used to 
gain information about the shape of particles with well-defined shapes, e.g. spheres, 
cylinders and disks (Figure 12). For this range they can be described using different 
descriptions for the intensity behaviour, e.g. a sphere can be describe by [128]:

(12)

Using the slope and oscillating features a characteristic shape can thereby be 
determined. Another way to roughly classify is by calculating the power law of the 
form factor at intermediate angles. Using a log-log plot, e.g. a smooth spherical 
particle has a slope around -4, a cylindrical particle has a slope around -1 and a disk-

Figure 12: Schematic scattering curves of samples with differently shaped 
particles on a typical log-log scale: Sphere (purple), cylinder (orange) and lamella 
(green).
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like one around -2. Slopes between -3 and -4 indicate fractal aggregates, dissolved 
polymers or particles with rough interfaces. [121, 128] 

To further gain information from data obtained through SAS measurements, 
various mathematical models and software packages have been developed. In this 
thesis the models contained in the software SASview were used [129]. The choice 
of model is important, and often multiple models can be fit to a system similarly 
well. For fitting, it is important to keep in mind prior knowledge of the system. In 
the systems presented here, e.g. size and volume of the surfactant head and tail 
groups, requirements to form a physical micelle, such as minimal aggregation 
numbers, and expected behavior upon a change in concentration, inform the model 
choice, alongside comparisons to published, similar systems. Additionally, 
minimizing the number of fitted parameters by choosing a model that is as simple 
as is sensible, while using multiple data sets from e.g. different neutron contrasts 
measurements, can provide more confidence in the results. [130-132] 

3.2 Disordered Materials 
In comparison to just single atoms or molecules, bulk materials show an additional 
range of observable properties. Forces between molecules, together with 
temperature and pressure which relate to the kinetic energy in the system, translate 
into bulk phases like liquids and solids, as mentioned in a previous section. The 
arrangements of these atoms or molecules can be described by the structure of this 
bulk phase. In turn, knowing the structure of a material can yield information about 
prominent interactions and their conditions, which can be used to further 
fundamental understanding, and to plan and improve future processes and 
predictions. [133] 

Molecules in a gas can be described as having high kinetic energy and weak 
intermolecular forces, where individual molecules are far apart and randomly 
arranged. A solid on the other hand has low kinetic energy and stronger 
intermolecular forces, with atoms or molecules rigidly packed together. In 
crystalline solids these molecules are arranged in regular patterns, that represent an 
energetically favorable coordination. Molecules in the liquid state exhibit both 
considerable kinetic energy and intermolecular forces. These molecules are densely 
packed, similar to a solid, but can move more freely, and the bulk liquid does not 
retain a definite shape. Liquids do not usually exhibit the regular long-range order 
of solids, but their structure is also not completely random like a gas. Their structural 
order is both short range and dynamic, making them harder to study then many 
solids. [134] 

One focus of this thesis is the investigation of the DES liquid structure. This is 
possible though the use of modern techniques including neutron scattering 
experiments in combination with computer simulations. 



42

3.2.1 Total scattering and distribution functions
The structure of crystalline materials can be modelled by analysing their pattern of 
Bragg peaks, but that is not possible for disordered materials. In order to gain an 
insight into the atomic structure of these materials, other methods have to be 
employed. This can be done through Total Scattering (TS), which makes use of the 
whole scattering signal, any Bragg peaks together with diffuse scattering. TS can be 
used for crystalline, non-crystalline or partially crystalline materials, and is 
measured using a similar experimental setup as SAS. Unlike SAS, which is 
measured over a small Q-range, total scattering requires a wider Q-range. Using the 
corrected and normalized data from such measurements, the structure of the material 
can be mathematically described in different ways. [135, 136]

A straightforward function describing interactions is the radial distribution 
function G(r) (RDF), sometimes also called the pair distribution function or pair 
correlation function, but other times defined slightly differently depending on the 
author. The RDF represents a distribution of density fluctuations as a function of 
distance (Figure 13). Using the local number density at position r in the material, it 
can be described as [136]

(13)

with the position Rj of a random atom j. This can be related back to the average 
distances between atoms in the material through the performance of an 
autocorrelation on the density distribution [136]

(14)

with the position Ri of a random atom i. Separating terms where j = i and j ≠ i

Figure 13: Schematic representation of a disordered material (left) and the 
corresponding RDF (right).
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leads to [136] 
 
  (15) 

 
  (16) 

 
with the average atomic number density ρ. Through this, a representation of the 
material can be gained in a similar way as seen in Figure 13, a measure of the 
average distances from one random, but fixed, atom to all others. [136] 

In the case of a multi component system it makes sense to split up G(r) into 
multiple terms, one for each atom type. For a system consisting of atoms of the type 
α and β the full autocorrelation function can be given by [136] 
 
  (17) 

 
where cα = ρα/ρ and ρα is the number density of atoms of type α. 

3.2.2 EPSR modelling 
Empirical Potential Structure Refinement (EPSR) is a computational technique 

and software package that can be used for modelling total scattering data. It is based 
on a simulation based refinement approach, to match experimental data the  
interatomic potentials are systematically perturbed. an atomistic reverse Monte 
Carlo simulation that corrects employed pair interaction potentials through 
comparison with diffraction data, and can be used to build atomic and molecular 
models of disordered systems. In order to run a good simulation, a box is first built 
using known properties such as atomic and molecule compositions and structures, 
alongside appropriate parameters. Within EPSR these molecules can perform four 
types of movement: whole molecule translations, whole molecule rotations, rotation 
of specific side groups, and individual atomic movements within the molecule. 
While EPSR is running, random small moves are performed, and which move is 
accepted is based on the change in potential energy ΔU of the system [137] 

 
  (18) 

If ΔU > 0, then the move is accepted. If ΔU < 0, then it is accepted with a probability 
of exp[-ΔU/kT], where k is the Boltzmann constant and T is the temperature. The 
total potential energy of the system can represented as [137] 

 
  (19) 
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URef is the reference potential, and stems from the intermolecular potential of the 
atoms and molecules building the box, taking into consideration things like sensible 
geometries and charge, where parameters might be found in literature. It is usually 
a simple Lennard-Jones 12-6 potential plus effective Coulomb charges [138] 

 
 

 (20) 

 
with one half of the sum over the distinct atoms i and j, and the sum over the different 
atom types α and β to avoid double counting. Using the EPSR shell, the basic 
molecule structure can be built in the included molecule builder Jmol, and the 
correct parameters can be added into the resulting .mol file. The simulation box can 
then be built under the consideration of density, and the molecules randomly spread 
and oriented inside of it. UEp is the empirical potential that relates the experimental 
and simulated structure factors, with removal of artifacts in the data. [137, 138] 

By using ESPR realistic 3D models of liquids and other disordered systems can 
be built and through this high degrees of structural information gained. EPSR 
includes a variety of sub routines that can be utilized to investigate specific aspects 
of the system. Some of the ones used in this thesis include COORD, used to 
calculate coordination numbers, CLUSTERS, used to analyze clustering of specific 
sides or molecules, CHAINS, used to analyze the formation of extended e.g. 
hydrogen bonding chains, and SDF, which can be used to visualize the three-
dimensional probability spread of atoms or molecules around each other. [137, 138] 
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3.3 Differential Scanning Calorimetry
Differential scanning calorimetry (DSC) is a well-established method for measuring 
thermal effects on samples. It allows for a relatively quick and simple determination 
of properties like heat capacity, heat of transition, kinetic behaviour, purity and 
melting and glass transitions.

For a DSC experiment, the change in change in heat flow rate to a sample is 
measured and compared to the simultaneous measurement of a reference under 
temperature control. During chemical reactions or phase transitions in the sample, 
its temperature undergoes changes, which can be picked up by the DSC instrument. 
By using a thermal ramp program, thermally induced processes, such as the phase 
transitions relevant in this project, can be examined.

In this thesis, a heat flux type DSC with turret-type measuring system was used. 
Here the heat flow passes from the bottom of the furnace through jacket of two thin-
walled cylinders, and the sample and reference are placed on top of each. In our case 
the data is saved as Heat flow (in mW) over temperature (in °C) and can be directly 
analysed in the internal program. A schematic representation of a measurement 
curve can be seen in Figure 14. The glass transition temperature Tg appears as a 
stepwise change, the crystallization temperature Tc as a peak and the melting point 
Tm as a minimum. Conventionally the peak values of Tc and Tm are reported, while 
for Tg either the onset temperature or middle temperature is used. In this thesis the 
middle temperature will be used for Tg. [139]

Figure 14: Representation of a typical DSC measurement of a material that has 
a glass transition temperature, crystallisation temperature and melting point.
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3.4 NMR 
Nuclear Magnetic Resonance (NMR) spectroscopy is a widely used method for 
investigating molecular structures. It is a non-destructive, relatively fast and simple 
method. Chemical reactions, dynamic processes, as well as concentrations, can be 
directly observed, and samples are not limited to, but are most commonly small 
organic molecules. 

The method is based on the interaction of the characteristic nuclear spin I of an 
atomic nucleus with an outside magnetic field. Using atom specific radio frequency 
waves, characteristic transitions between nuclear energy levels are promoted. This 
is measured, and can be analysed to gain insight into the molecular structure. [86] 

Not all atoms are NMR active. Their activity depends on the overall nuclear spin. 
In a nucleus, both protons and neutrons have a net spin of 1/2 each, with further 
interactions that can change the overall spin. In general, it can be said that when the 
number of protons (Z) and the number of neutrons (N) is even I = 0, e.g. 12C and 
16O, and the nucleus is not NMR active. For Z even and N odd I is a half-integral, 
e.g. I = 1/2 for 1H, 13C and 19F, and the nucleus is NMR active. This group of isotopes 
includes some of the most used for NMR. For Z odd and N even I is an integral, e.g. 
I = 1 for 2H and 14N. [86] 

The nucleus has an associated magnetic moment alongside the spin, which causes 
it to behave similarly to a small bar magnet. When no external magnetic field is 
present, these bar magnets are randomly oriented. Exposure to an external magnetic 
field aligns them with or against this field, each of which state has a discrete energy 
level. This energy is relatively small and depends on the atom, it’s environment and 
the strength of the applied magnetic field. Transition between the states can be 
induced through the addition of energy in the form of radio waves. [86] 

The environment of each nucleus plays an important role in their signal output. 
The local electron density has a shielding effect, reducing the magnetic field 
experienced by each nucleus. Therefore, different chemical shifts can be seen 
through the measurement creating a unique sample pattern for each molecule. Some 
nuclei like 1H can also experience spin-spin coupling, which can lead to a splitting 
of the associated signal. Quantitative measurements can be performed, as the area 
underneath the corresponding peaks is directly proportional to the number of the 
associated nuclei. [86] 

With knowledge of which structures could be present in a sample, NMR can be 
used as a quick tool to check for their presence and calculate the relative amount of 
different components. In this thesis it is used to as check for reactions within the 
samples, as well as calculate the degree of deuteration on components used for 
neutron scattering. 
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3.5 Karl Fischer titration 
Water content can have a significant impact on DES properties, and as many DES 
are hygroscopic, monitoring their water content is a standard procedure. One 
method of doing this is Karl Fischer (KF) titration. 

KF titration is based on the reaction of the titrant, usually iodine, sulfur dioxide, 
a base (RN) and an alcohol, here the solvent consisting of methanol, with the water 
in the sample [140] 

 
 (21) 

 
The main types of KF titrators are based either on either coulometric or 

volumetric measurements. In coulometric KF titrator the reagent, here iodine, is 
generated in solution through application of an electrical current, while in a 
volumetric KF titrator the reagent is added through a burette. The endpoint of the 
reaction in both types is detected using an indicator electrode. [140, 141] 

While being a very precise and relatively fast method for water determination 
under the right conditions, a significant limitation of KF titration lies within 
reactivity of the components. Reactions can occur either with the KF reactants, 
altering their behaviour, or with the solvent, where water can be formed, e.g. in an 
esterification reaction. Measurements especially of ketones and aldehydes, but also 
some acids, oxides and peroxides can be significantly off the actual initial water 
content, and need to be approached with caution using counter measures to reduce 
the effect. In this thesis work the pH of acid containing samples was neutralized 
using imidazole, in order to reduce water producing esterification reactions, before 
KF titration was used. 

3.6 Fluorescence 
The use of fluorescent probes to determine the CMC of a surfactant system is a well-
established process. Here, the fluorescent probe changes its fluorescent behaviour 
depending on its environment. In comparison to aqueous systems, a fluorescent 
probe might work differently in a DES system and not be suitable for measuring 
CMCs. Pyrene (Figure 15) has been found to be suitable for CMC in DES, and has 
been used in this project. 

The fluorescent signal, in particular the intensities of the first and third peak 
(usually expressed as I1/I3), of pyrene changes depending on the polarity of the 
surrounding environment. In a polar solvent, the ratio is bigger, with a sharp 
decrease observable around the CMC, as pyrene is encapsulated in the more 
hydrophobic environment of a micelle. The value of the CMC can then be 
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determined from the plot of the ratio of intensity values against the concentration. 
Here, the CMC is determined to be at the onset of the change.[86, 142, 143] 

 
 
 

 

 
 
 
 

  

Figure 15: Chemical structure of pyrene.  
 

Figure 16: Left: Fluorescent emission spectrum of pyrene in water (dashed line) 
and with surfactants above the CMC (solid line). Right: Corresponding relative ratio 
I1/I3 of the peaks as a function of the concentration of sodium hyaluronate (orange 
triangles) and polysorbate 80 (blue dots), with the linear regressions to determine 
the CMC. Figure taken from Alviset et. Al, 2022, CC-BY [1].  
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4 Summary of papers 

The papers in this thesis delve into the structures and formation of structures in Deep 
Eutectic solvents. As explained in the previous sections, Deep Eutectic Solvents are 
a class of solvents that have emerged in the last 20 years, gaining increasing traction 
in the last 10 years. Many DES are complex, mostly hydrogen bonding liquids, and 
their properties are greatly affected by their components, molar ratio, additives and 
other parameters. Here, we examine different aspects of these effects, as well as 
their interactions with added components, that could be useful for their application.  

The first paper looks at the influence of chiral components and water on the DES 
structure, as well as examining the influence of size and hydrogen bonding groups 
on specific interactions in the solvent. 

The second paper looks at the structure of the commonly used, but less 
structurally examined hydrophilic DES based on a zwitterionic and a molecular 
component, instead of the more common inclusion of at least one ionic component. 
Here we also examine how the addition of a metal salt influences this structure, and 
how this metal salt interacts with the solvent components. 

The last paper looks at the formation of surfactant self-assembled structures in 
hydrophilic, halogen free acid-based DES. We find that the ethylene oxide-based 
non-ionic surfactants, which are often not soluble in the commonly used type IV 
DES, can be dissolved and form self-assembled structures depending on the molar 
ratio of the constituents used, while cationic surfactants form spherical micelles, 
distinct from those in other acid-containing DES. 

Overall, in this thesis we fill gaps in some of the fundamental DES structure 
examination and solvation, through experimental methods, contributing to the 
foundation upon which further structural predictions and applications can be 
planned. 
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4.1 Paper 1 

4.1.1 The solvent structure and what a chiral component does to it 
 
Many biologically derived components and biologically useful molecules are chiral. 
These types of molecules have been shown to be useful DES components, but little 
research has been performed on the influence of using molecules with differing 
chirality on the structure of these DES. This can also impact and inform their use as 
chiral solvents, which are potentially important in organic syntheses and chiral 
extraction, by shining a light on chiral interactions within a DES. 

In this paper we present the structure of 2:1 choline chloride with the chiral small 
carboxylic acid tartaric acid. We compare the structure of the single enantiomeric 
L-tartaric acid with the racemic DL-tartaric acid-based DES. We find that using L- 
vs DL-tartaric acid does not significantly change the overall solvent structure, but it 
does change the interactions present between tartaric acid molecules. The hydrogen 
bonding interactions that lead to a change in behaviour compared to the solid form 
of the acids are dominated by choline and chloride interactions, which lead to 
significant overall structuring of the DES, whereas tartaric acid-tartaric acid 
interactions are relatively weak overall. 

This would suggest that for most applications DES based on the different 
enantiomers can be treated similarly. For use as a chiral solvent this suggests strong 
competitive behaviour between  non-chiral DES components and chiral interactions, 
so to use these solvents in chirally selective syntheses, the substrate would require 
significantly stronger interactions with the tartaric acid than the other species 
present. 

Overall, the interactions of the HBD-choline-chloride are similar to what has been 
found in other systems, with a dominance of chloride interactions, while tartaric 
acid and choline chloride all form system spanning percolating clusters with no sign 
of separation into domains or specific longer range hydrogen bonded chains. 

4.1.2 Comparing choline chloride + carboxylic acid DES 
 
Carboxylic acids are a popular DES component, and here we compare our 2:1 
tartaric acid : choline chloride with systems based on malic and oxalic acid systems. 
Oxalic acid is a smaller carboxylic acid, while malic acid is almost identical to 
tartaric acid, but missing one central hydroxyl group. These systems have been 
studied at a 1:1 ratio with choline chloride. 

Clear effects of the size of the acids can be seen in the interaction distances (oxalic 
< malic < tartaric acid), while the oxalic acid also has the highest coordination 
numbers of the molecular centres. Malic acid has slightly lower coordination 
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numbers than tartaric acid even though it is slightly smaller, but here the overlap in 
effect of the difference in molar ratio and one less hydrogen bonding site in malic 
acid can be seen. 

4.1.3 Effect of water addition on the solvent structure 
 
The addition of water at a 2:1:2 molar ratio of choline chloride : L-tartaric acid : 
water is also presented. Similar to what has been found for other DES systems, a 
decrease in coordination of the other components around each other can be seen as 
they start interacting with water. Especially choline exchanges interactions with 
itself and tartaric acid for those with water, leading to the biggest differences in the 
structure. Overall interaction distances and liquid structure remain similar, with 
water diffusely interacting with all components. Similar to the other components 
water forms small clusters, but unlike the other components it does have system 
spanning percolation. Adding small amounts of water could therefore be a potential 
method to weaken the choline-tartaric acid interactions and so enhance the 
interactions between a solute and the chiral tartaric acid. This would need to be 
tested in a selective reaction, and will still require the substrate-tartaric acid 
interactions to be stronger than those of either species with water. 
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4.2 Paper 2 

4.2.1 Interaction networks in betaine + glycerol and how they differ 
from choline chloride based systems 

 
Betaine is a renewably sourced zwitterionic molecule, structurally related to the 
common DES component choline chloride, that has been found to form a range of 
useful DES. Betaine forms fewer DES, which are usually more viscous and with 
higher melting points than choline chloride-based DES with similar HBD. In this 
paper we investigate the structure of the 1:3 betaine : glycerol DES, and compare it 
to what has been found in the 1:2 choline chloride : glycerol DES. 

Between the equivalent main interactions, the coordination in betaine : glycerol 
is higher, which is expected as chloride also coordinates to both of these species  in 
the choline chloride-based DES. The peak positions in their radial distribution 
functions, indicating the most prominent distance between the molecules is also 
similar. 

We find that the zwitterionic betaine in this liquid forms significant chains 
between its positively and negatively charged termini, similar to that what has been 
found for betaine in aqueous solutions. This is quite different from the choline 
interactions in choline chloride-based DES, as choline is a cation and does not form 
significant chains or show other significant self-interaction. This could contribute 
to the often higher viscosity found in betaine containing DES. 

Betaine – betaine and betaine – glycerol also form system spanning percolating 
clusters, but glycerol does not, and mainly interacts by forming long hydrogen 
bonded chains. Glycerol also forms chains in choline chloride : glycerol DES, where 
they are even longer. 

The betaine – glycerol interactions also differ significantly with the terminal 
carboxylate in the betaine acting as a hydrogen acceptor to the glycerol hydroxyl 
group, while the terminal hydroxyl group in choline acts primarily as a hydrogen 
bond donor. Betaine and glycerol also form only shorter chains (23 vs 60 
molecules), but similar small clusters. 

The spatial density functions for the molecular centres also reveal that both 
betaine and glycerol compete for the glycerol hydrogen bonding sites in very similar 
relative positions, unlike in choline chloride glycerol, where they form more 
distinct, separate domains. The probability distribution around betaine on the other 
hand is more similar to that around choline, with more discrete domains, with them 
being more diffuse here than in the ChCl based systems. 
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4.2.2 Solvation structure of iron nitrate 
 
For applications it is common to add solutes to the solvent system, be it as 
precursors, catalysts, additives or others. DES are also finding application in the 
selective dissolution of metal ions for recycling or ore refining. Here we look at the 
solvent structure upon the addition of 0.25 mol/kg-1 iron (III) nitrate nonahydrate, a 
potential precursor for formation of iron oxide nanoparticles. The iron interacts with 
all the hydrogen bonding oxygens in the system, and is mostly prominently solvated 
by glycerol and nitrate. This differs from previous work on the same salt in choline 
chloride:urea solvents where the chloride had a significant role in coordinating the 
iron ions, even though both DES show extremely high solubility of the iron salt (>20 
wt%). Nitrate interacts with all hydroxyl hydrogens and the positively charged 
terminus of betaine, but all interactions besides with iron have low coordination 
numbers. Water shows various and very diffuse interactions with all hydrogen bond 
acceptor and hydrogen bond donator sites, but is most coordinated by iron, nitrate 
and water. 

For betaine – glycerol and betaine – betaine no significant changes besides the 
expected decrease in coordination number due to the new interaction and a slight 
increase in distances as the small solutes intercalate can be seen.  Glycerol – glycerol 
interactions on the other hand show a significant increase in the coordination of the 
terminal hydrogen bonding groups with each other and an increase in length of the 
overall hydrogen bonded chains in the system.  

As shown both in the DES structure and interaction with dissolved iron, halide 
ions interact very strongly with the other components. Removing that interaction 
could lead to a change in how the solute can interact with other components in the 
system, e.g. lead to a change component reactivity or in particle morphology in a 
nanomaterial synthesis, or factors like “salting out” specific components in an 
extraction process. 
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4.3 Paper 3 

4.3.1 Dissolving surfactants in DES 
Another common solute are surfactants, amphiphilic molecules comprising of a 
hydrophilic “head” group and a hydrophobic “tail” group. Outside of everyday use 
as soap, they have varied specialized applications in solvent systems, from 
modifying wetting and interfacial behaviour, to lysing cells and templating 
nanomaterials. In this paper we investigate the solubility and self-assembly of 
different surfactants in citric acid and glycerol-based systems. 

Here, we tested the solubility of common surfactants like the anionic SDS, the 
cationic C12TAB, C16TAB, and the non-ionic Brij L4® and L23® in 1:2 and 1:4 citric 
acid: glycerol (CA:Gly), as well as neat glycerol for comparison. As in many DES, 
not all three surfactant types were soluble in these solvents, with SDS showing 
insignificant solubility in all three systems.  C12TAB on the other hand was soluble 
at room temperature in all systems, and C16TAB was soluble at 50 °C. Using pyrene 
fluorescence, we were able to find that the CMC of both surfactants is significantly 
higher than in water, showing very good solubility. For C16TAB in 1:2 CA:Gly the 
CMC is an order of magnitude higher than in both water and other reported DES, 
based on ChCl:Gly or ChCl:maonic acid. Marked, non-linear differences in CMCs 
for C12TAB between neat glycerol, 1:4 CA:Gly and 1:2 CA:Gly could be seen too, 
exhibiting a modulation of solubility. 

The non-ionic surfactants on the other hand were only soluble in 1:2 CA:Gly, and 
insoluble in the other systems. This is interesting, as non-ionic surfactants, are less 
commonly soluble in typical hydrophilic DES, such as ChCl : urea or ChCl : tartaric 
acid, and their solubility in our system can be changed with molar ratio. The 
surfactants remain soluble and still self-assemble upon the addition of 10 wt% of 
water, while this addition does not induce better solubility in 1:4 CA:Gly or neat 
glycerol, which is promising for future applications, as the addition of water 
significantly reduces the DES viscosity, making it more practical to work with 
without altering the fundamental solute dissolution behaviour.. 

4.3.2 Cationic and non-ionic surfactants self-assembly 
For future work in e.g.  templating catalytic nanomaterials it is best to avoid halide 
counterions. In the Hofmeister series, the nitrate and bromide counterions are 
adjacent and are known to have very similar effects on CMC, micelle size and 
morphology for CnTA surfactants. Therefore, we investigated the self-assembly of 
the nitrates of C12TA (C12TANO) and C16TA (C16TANO) and nonionic Brij L23® 
surfactants in 1:2 and 1:4 CA:Gly, in systems where homogeneous solutions were 
formed, using small angle scattering. For C12TANO, C16TANO and Brij L23® in 1:2 
CA:Gly we found that they form spherical micelles. Similar spheroid micelles of 
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C12TAB were found in water and other DES. The micelles formed by C16TANO 
show similarities to those found in water and DES such as 1:2 ChCl:Gly as well, but 
are different from the elongated micelles found in 1:1 ChCl:Mal. In that system the 
authors hypothesized that the deprotonated acid contributes to this elongation 
becoming favourable, similar to what has been seen in aqueous systems. It is 
interesting to see that no elongation can be seen in our system, which should also 
contain a significantly deprotonated carboxylic acid (testing with pH paper indicates 
a pH of around 1). 

Brij L23® can be fit using a core-shell model. It can be seen that here the micellar 
radius is relatively large, indicating that the surfactant tails are fully extended and 
the aggregation number per micelle is high. The head groups are also relatively 
extended, similar to what can be seen in water. This is unlike that has been shown 
for DES like 1:3.5 cerium nitrate : urea and IL like EAN, where the micelle shell as 
relatively thin, indicating either a loss of contrast or coiling in the head groups. But 
this shows that for 1:2 CA:Gly little coiling occurs, with the headgroups retaining 
high solubility in the DES. 

The micellization behaviour of C12TANO and C16TANO in neat glycerol, 1:4 
CA:Gly and 1:2 CA:Gly was also investigated through SAXS, but little difference 
between these can be seen. This is not unexpected, as micellar elongation is often 
supported by the addition of more ionic components, and not as much with 
molecular ones. As the solubilities of the surfactants in these solvents differs, a 
difference in phase behaviour at higher concentrations than those measured here can 
be expected. 

Overall, this shows the versatility of DES systems, whereby adjusting the molar 
ratio or individual components, solubilities can be drastically changed. This also 
supports what has been seen on the structural level, where the solvent structure and 
primary interactions remain intact upon the addition of small amounts of water to a 
DES, seeing that the two non-ionic surfactants remain soluble and insoluble in the 
hydrated 1:2 and 1:4 CA: Gly respectively. 
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5 Conclusions and Outlook 

In this thesis we took a close look at the DES solvent structure and the interplay 
between component properties and solutes. In the first paper we looked at how 
component chirality and addition of water can affect the DES structure and 
interactions, in a choline chloride : tartaric acid-based DES. In the second paper we 
looked at a DES that does not contain any small ions like halogens, in a betaine : 
glycerol-based DES, and how this DES solvates an iron nitrate salt. In the third 
paper we looked at the solubilization and self-assembly of surfactants in another 
halogen free DES, in citric acid : glycerol. 

As expected of multi-component systems, the interactions and behavior of solutes 
are not straight forward. As can be seen in the chiral choline chloride : tartaric acid 
DES, preferred interactions from the solid state of L- and DL-tartaric acid do not 
translate into preferred interactions in the DES, as interaction sites are overtaken by 
other, stronger interactions with ChCl. The betaine : glycerol system with iron 
nitrate also shows how the presence of small ions can noticeably alter the interaction 
between the DES components, and how the iron is significantly solvated by non-
ionic components, with the other iron salt components highly dissolved in the DES. 
The citric acid : glycerol system also shows both the sensitivity of surfactant 
solvation to a change in DES components and molar ratio, but simultaneously 
robustness towards hydration, where the effect each of these factors is yet hard to 
predict. Conducting more studies into how such factors influence solvation and self-
assembly processes remains as relevant as ever, in order to lay a foundation for their 
behavior, as has been done previously in solvents like water and ethanol. 
Additionally, such experimental work can be used to refine computational and 
machine learning approaches, in order to be able to efficiently predict and tailor 
solvent properties for specific applications. 

In the frame of this project, we have conducted more experiments that are not yet 
included in this thesis, which will be published in the future. We have found that it 
is possible to produce small, non-agglomerated iron oxide particles in both Bet:Gly 
and CA:Gly, with and without the addition of urea, at relatively low temperatures 
from 90 to 120 °C. This is quite promising for their application, to use them as 
versatile, low temperature synthesis media. We have also found that SDS forms 
spheroid micelles in Bet:Gly, unlike the usually significantly elongated micelles 
found in ChCl-based systems. We suspect that, similar to the CA:Gly system in the 
third paper, this could be an effect of the relatively low concentration of small ions 
in the DES influencing aggregation behavior. In our experiments we have also seen 
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how the presence of salts can significantly influence the solubility and aggregation 
behavior of surfactants. For the use of surfactants to be used to e.g. influence the 
formation and morphology during nanomaterial synthesis, these complex effects 
remain to be untangled. 

DES are varied and complex systems, it is one of their big advantages, but it also 
limits how predictable they are. In this thesis we illuminated a small corner of how 
these systems work, in the hope that it will further the general understanding and 
enable better predictability and thus optimized applications from greener syntheses, 
to recycling and improved extractions for environmental monitoring. And, in doing 
so, we hope to have contributed to a more sustainable future.  
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Abstract

The wide range of properties, relative ease and low cost of using Deep Eutectic Solvents garners them interest in an ever expanding

range of applications. Among common DES components many are naturally occurring chiral molecules. Here we present the

liquid structure of either single enantiomeric or racemic tartaric acid with choline chloride with (molar ratio of 2 choline chloride

to 1 tartaric acid), as well as the influence of low amounts of added water (2:1:2) from neutron scattering data with H/D isotropic

substitution, refined using empirical potential structure refinement. We show that the overall structure remains the same between

the different enatiomeric compositions, with small differences in interactions only occurring between the tartaric acid molecules.

The overall structure is also robust towards hydration, similar to what has been found in other DES. We also compare our structures

to the structures of DES comprising of similar carboxylic acids (1:1 choline chloride - malic acid, 1:1 choline chloride - oxalic

acid), finding overall similar dominant interactions, with differences that may be attributable to the number of available hydrogen

bonding sites and steric effects.

Keywords: deep eutectic solvents, ionic liquids, nanostructures, neutron diffraction, chiral

1. Introduction

Deep eutectic solvents (DES) are an emerging type of inno-

vative solvents, showing unique properties and versatility in a

variety of applications from electrochemistry [1, 2] and organic

and materials synthesis [3, 4, 5, 6, 7] to extraction [8, 9, 10]

and pharmaceutical applications [11]. They are formed by

mixing at least two components to create a eutectic mixture

that is dominated by hydrogen bond interactions, in which

one component acts as a hydrogen bond donor (HBD) and an-

other as a hydrogen bond acceptor (HBA). A wide range of

organic and inorganic molecules, such as sugars, metal salts,

carboxylic acids, amino acids and alcohols [12, 13, 14, 15, 16],

can be used to make DES, leading to the formation of count-

less DES systems with a great range of properties. By vary-

ing factors such as the choice of HBD and HBA, the molar

ratio of the components, temperature and the presence of addi-

tives solvent properties like hydrophobicity [17, 18], conductiv-

ity [19, 20, 21], chirality [22, 23], biocompatibility [24, 25, 26]

and other properties such as the ability to solubilize different

types of components [27, 28, 29] and the support of self as-

sembly [30, 31, 32, 33] can be adjusted. They are potential

“designer” solvents, where the solvent can adjusted to specific

applications, similar to Ionic Liquids (IL). To form DES many

“green” and naturally occurring precursors like urea can be

used [34] and this makes them extremely relevant in the field

of green solvent alternatives.

Email address: karen.edler@chem.lu.se (Karen J. Edler)

Chirality often occurs in biomolecules, as well as other ma-

terials such as polymers and metal complexes. During their

synthesis stereoselectivity has to be achieved through the

interaction with other chiral molecules, as other physico-

chemical properties of the enantiomeric forms are identical.

This is often achieved through the addition of chiral selector

molecules. Stereoselectivity or enhancement of the chiral se-

lector molecules efficiency can also be achieved through use of

a chiral solvent. The first successful use of chiral solvents for

stereoselective synthesis has been reported in 1975 by Seebach

et al. [35] using a chiral amino-ether as the solvent, achieving

an enantioselectivity of 22% ee. Due to high costs and mod-

erate selectivity results research in the field was limited for a

time, until the emergence of first chiral IL [36, 37], and now

chiral DES opened up the field to a wide range of affordable

and tunable chiral solvents. DES in particular are of high in-

terest for this, as they can easily take direct advantage of natu-

rally occurring single-enantiomeric compounds such as amino

acids, sugars, carboxylic acids, etc. without further need for

processing [38]. Enantiomer selectivity can be used in syn-

thesis, but also in analytical and preparative applications, and

studies into the use of chiral DES in the context of e.g. asym-

metric organocatalysis [23, 39], for chiral extraction [40, 41],

electroanalysis [42], or as solvents to induce circularly polar-

ized luminescence of chiral light-emitting materials [22, 43].

Knowledge of the possibilities DES can offer has spread within

the last two decades, but research on chiral DES is still in its

initial stages with an increasing number of papers being pub-

lished within the last few years. Among these, papers on the
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structural properties of these DES remain limited [44, 23, 45].

Tartaric acid (TA) is a well studied commonly occurring chi-

ral biomolecule with two chiral centers, occurring in either a

L, D or meso form. Being one of the earliest known chiral

molecules [46, 47], it and it’s derivatives still enjoy frequent

use as an additive for different applications [48, 49, 50] or as

chiral selectors [51, 52] among many other things. Similar to

other small carboxylic acids it can be used to form DES, and

studies on DES based on TA [53, 54, 55, 56, 57, 58, 59, 60, 61]

and the effect of the addition of TA to other DES [62] have been

published.

In this study we present the liquid structure of DES formed by

mixing either single enantiomeric LTA or the racemic mixture

of DLTA with the popular DES-forming component choline

chloride (ChCl) at the eutectic molar ratio of 2:1 (ChCl:LTA,

ChCl:DLTA), investigated through neutron scattering experi-

ments in combination with EPSR analysis. Among carboxylic

acids many components can form DES, and we compare our

results to that of similar DES such as 1:1 choline chloride

: malic acid (ChCl:Ma)[44], which contains the structurally

very similar malic acid, and 1:1 choline chloride : oxalic acid

(ChCl:Ox)[63], a smaller acid containing two carboxylic acid

groups. Hammond et al. have previously found that the struc-

ture of ChCl:Ma is reasonably resilient towards the addition of

small amounts of other molecules such as water[64, 44], while

Turner et al.[65] have found only slight shifts in the partial ra-

dial distribution functions (pRDFs)and coordination numbers

when comparing DES comprising of choline chloride and glyc-

erol at the molar ratios of 1:1 and 1:2. These factors make the

comparison to 1:1 ChCl:Ma and 1:1 ChCl:Ox suitable and in-

teresting, though it is possible the effect of a change in molar

ratio might affect these DES differently. Finally, we also in-

vestigate the influence of small amounts of water by looking at

choline chloride : LTA : water (ChCl:LTA:W) at a molar ratio

of 2:1:2 and compare it to the structure of the 1:1:2 malic acid

: choline chloride : water previously reported by Hammond et

al.[44].

2. Experimental

2.1. Sample preparation

Hydrogenated choline chloride (>98%), hydrogenated L-

and DL-tartaric acid (>99%) and D2O (>99%, 99.9 atom %

D) were purchased from Sigma-Aldrich and used as received.

Trimethyl-d9-choline chloride ((CD3)3N(CH2)2OHCl) (>99%,

99.6 atom % D) was purchased from ckisotopes and used as

provided. Deuterated d4-L- (>99.5%, 95 atom % D) and d4-

DL-tartaric acid (>95%, 95 atom % D) were produced through

recrystallization of the hydrogenated compounds in D2O fol-

lowed by lyophilisation repeated three times, and the degree of

deuteration was determined through 1H-NMR.

Directly before use ChCl components were vacuum dried at

60◦C over night to remove moisture. The DES were prepared

by precisely weighting out the components and mixing them

at 110◦C for up to 4 hours. The formation of esters between

the choline and tartaric acid was monitored via 1H-NMR, and

Figure 1: Schematic representations of choline (left), L-tartaric acid (middle)

and D-tartaric acid (left) with their assigned atom labels used in EPSR mod-

elling.

Figure 2: Structure factors F(Q) over Q of the six measured isotropic contrasts

of 2:1 ChCl:LTA from neutron scattering data (dots) and their EPSR fits (solid

lines). The different contrasts are offset from each other for better readability.

determined to be around 5% (see SI Table 4, Fig. 7-9). The

inclusion of esters into the model was tested but did not signifi-

cantly change the structures determined for these mixtures, and

the following analysis does not consider the presence of esters.

For the neutron experiments six different isotropic contrasts

were produced for the binary L- or DLTA:ChCl: H:H, H:D,

D:H, D:D, H/D:D and D:H/D, with H/D denoting the equimo-

lar mixture of the hydrogenated and deuterated forms. Hy-

drated samples were produced from the recovered DES by mix-

ing appropriate amounts of the DES with two mole equivalents

of H2O (Milli-Q, 18.2 MΩ) or D2O to form eight contrasts:

H:H:H, H:H:D, H:D:D, D:H:D, D:D:D, H/D:D:D, D:H/D:D,

H/D:H/D:D.

2.2. Neutron Total Scattering Experiments

Total scattering experiments were performed on the Near and

InterMediate Range Order Diffractometer (NIMROD) at Target

Station 2 of the STFC ISIS Neutron and Muon Source, Ruther-

ford Appleton Laboratory, Harwell, UK. Measurements were

taken over the full available Q-range of 0.02 to 50Å−1, using
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time-of-flight. Null-scattering Ti0.68Zr0.32 (TiZr) alloy flat-

plate cells with internal dimensions of 1 × 35 × 35 mm and 1

mm thickness were filled to the top with approximately 1.5 g of

sample and sealed using PTFE vacuum seals. Additionally, the

empty instrument, a 3 mm thick vanadium standard and each

empty TiZr cells was measured for calibration and data nor-

malization. For all measurements a sample changer at 50◦C,

regulated by using a water bath, was used.

GudrunN software [66] was used for data correction, back-

ground subtraction and normalization. Calculation of the high

Q scattering intensity from the atomic compositions of the

samples using GudrunN indicate less than 0.25 wt % water

was present in the samples during measurements. The pro-

cessed data was analyzed and fitted using the Empirical Po-

tential Structure Refinement (EPSR) software[67]. The fitting

procedure and parameters used for EPSR are given in the Sup-

porting Information (SI table.1). DES components with their

assigned atom specifications can be seen in Fig.1.

3. Results and discussion

3.1. EPSR fitting and molecular centers solvent structure

Using known properties of the DES such as density, molec-

ular structure and suitable interaction parameters (see SI table

1), models of the DES systems were constructed within EPSR.

These models were then refined against the experimental neu-

tron diffraction data until they closely represented the experi-

mental structure factor, running over 10000 iterations for each

DES. Examples of the structure factor F(Q) data and fit for the

different contrasts of ChCl:LTA can be seen in Fig.2. Data and

fits of the different DES and contrasts (see SI Fig.1) show over-

all good agreement, with bigger divergences in the region of

q ≤ 2 Å−1, where it is more difficult to correct for inelastic scat-

tering from 1H nuclei, as no components besides D2O could

be obtained in a perdeuterated form. This is not expected to

significantly influence the structure modelling results. None of

the samples show significant small angle scattering indicative

of particle formation or longer range solvent structuring into

distinctive domains. This is similar to what has been observed

for other DES [68, 44, 63].

In order to analyse and compare the structures of the different

DES systems, the EPSR calculated radial distribution functions

(RDFs) can be utilised. Molecular centers RDFs, using the C1T

atom for the LTA, the C1D atom for the DTA, the N atom for

the choline molecules, the O1 atom for water and the Cl atom as

the central atoms approximating the geometrical center of the

molecule, were calculated between components, and are shown

in Fig.3. The position of the first peaks (rmax) and aggrega-

tion numbers up until the first minimums (Ncoord) are shown in

Fig.4. No long range ordering can be seen in the RDFs, with in-

teractions being limited to one or two coordination shells. The

length scales found for these interactions are within expecta-

tion, and are similar to what has been found for related DES

such as 1:1 choline chloride : malic acid (ChCl:Ma)[44] and

1:1 choline chloride : oxalic acid (ChCl:Ox)[63] (Fig.4). Nu-

merical values of rmax and Ncoord of all six systems are listed in

SI table 2.

The RDF distributions and peak positions show significant sim-

ilarities between ChCl:LTA and ChCl:DLTA. Similar to other

DES, interactions with Cl are strong and distinctive. For Ch

- Cl rmax is at a distance of 4.4 Å in ChCl:LTA and at 4.3 Å

in ChCl:DLTA, with Ncoord of 4.01±1.45 and 3.60±1.21 re-

spectively. The rmax are very similar to those found in 1:1

ChCl:Ma (4.2 Å) and 1:1 ChCl:Ox (4.5 Å), while the coordi-

nation numbers of the 2:1 ChCl:TA mixtures are slightly above

those in ChCl:Ma (3.22±1.19) and ChCl:Ox (3.25± 1.07). A

slightly higher Ncoord can be expected at higher concentrations

of choline chloride in the mixtures, similar to what Turner et al.

found when comparing 1:1 and 1:2 choline chloride:glycerol.

The pRDF in both ChCl:LTA and ChCl:DLTA shows a side

peak at around 5.0 Å, which can be associated with bind-

ing to the choline hydroxyl group and the weaker binding to

the choline trimethylammonium region respectively, similar to

what has been found in both ChCl:Ma and ChCl:Ox before.

A weak second coordination shell around 9.4 Å and 9.3 Å for

ChCl:LTA and ChCl:DLTA can be seen.

The rmax of Ch - Ch in ChCl:LTA and ChCl:DLTA are also

identical, and similar to what can be found in other systems,

with a weak second coordination shell around 11.8 Å in both

mixtures. The Ncoord is a bit higher then what can be found in

ChCl:Ma and ChCl:Ox, indicating stronger self association in

these systems.

For the interactions of the acids with Cl and Ch little differ-

ence can be seen between ChCl:LTA and ChCl:DLTA in terms

of rmax (TA - Ch at 6.1 to 6.3 Å , TA - Cl at 3.5 Å ). In com-

parison to ChCl:Ma and ChCl:Ox the Acid - Ch distances are

a bit longer (5.9 Å in ChCl:Ma, 5.7 Å in ChCl:Ox), which

could be attributed to the slightly bulkier size (TA>MA>OA)

of the molecules. The Acid - Cl distances are shorter in com-

parison to ChCl:Ma and ChCl:Ox (4.3 Å and 3.7 Å), which

could be due to the increase in the number of hydrogen bond-

ing OH-groups. In all systems the pRDF of the Acid - Cl in-

teraction shows a relatively sharp peak. The Ncoord of Cl -

Acid in ChCl:DLTA is split between the D- and the L-form

(1.06±1.17 for LTA, 1.10±1.25 for DTA) at around half of the

amount of the single enantiomer in ChCl:LTA (2.12±0.75) for

each. This shows that there is no preference for either form,

which is expected, as non-chiral molecules such as Ch are

not sensitive to differences in chirality. The overall coordina-

tion lies between those of ChCl:Ma (1.11±0.82) and ChCl:Ox

(4.72±2.55), but within a standard deviation. For Ch - Acid

the Ncoord is 9.05±1.85 in ChCl:LTA, and the sum of 3.97±2.41

(LTA) and 3.97±2.51 (DTA) in ChCl:DLTA. It is again split be-

tween the different enantiomers, with a slightly lower number

of Ch - Acid in ChCl:DLTA, which could be due to steric ef-

fects leading to less efficient packing. For this interaction the

split is very visible when looking at the distribution of coordi-

nation numbers (see SI Fig.2), with hardly any probability at

10 or above in the racemic mixture but more then 30% prob-

ability in ChCl:LTA. The Ncoord lies between that of ChCl:Ma

(6.78±1.93) and ChCl:Ox (11.91±0.75), which could be due

to a combination of an increased number of sites available for

bonding and steric hindrance.
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Figure 3: Molecular centers pRDFs for 2:1 ChCl:LTA (dashed lines), 2:1 ChCl:DLTA (solid lines) and 2:1:2 ChCl:LTA:W (dotted lines).

Figure 4: Position of the first peaks rmax and coordination number up until the first minimums Ncoord of the molecular centers pRDFs of the DES components in

ChCl:LTA, ChCl:DLTA and ChCl:LTA:W, as well as in ChCl:Ox[63] and ChCl:Ma[44] for comparison. ”Acid” stands for L-tartaric acid, oxalic acid or malic acid

depending on the DES. The error on the peak position is approximately 0.1 Å. The errors on the coordination number are calculated to one standard deviation.

Finally, looking at the Acid - Acid interactions, rmax are simi-

lar in ChCl:LTA and ChCl:DLTA (6.0 to 6.1 Å ). Ncoord again

shows a split from 8.06±3.42 in ChCl:LTA to 3.62±2.24 for

LTA - LTA, 4.01±2.67 for DTA - DTA and 3.96±2.38 for LTA -

DTA, with a very apparent shift in the distribution of coordina-

tion numbers (see SI Fig.2). In comparison to ChCl:Ma (5.8 Å )

and ChCl:Ox (5.0 Å ) rmax is bigger, which can be explained as

an effect of molecular size. Its Ncoord lies significantly above

that in ChCl:Ma (3.64±1.25) and below ChCl:Ox (9.75±3.38),

which again could be an effect of size in combination with avail-

able hydrogen bonding groups.

Solid LTA and racemic DLTA show differences in crystal struc-

tures (spacegroups P21 [69] and P1 [70] respectively), as the

most favourable interactions between chiral molecules are dif-

ferent depending on the chirality of the other molecule. In this

case no significant effect of this difference can be seen in these

liquids by looking at just the molecular RDFs and coordination

numbers. As will be discussed below, there are differences in

the atomic interactions and 3 dimensional arrangement. But

this effect is weak enough to have little influence on the overall

molecular network, as the stronger Acid - Chloride and Acid -

Choline interactions buffer the effects due to chirality. Overall,

the Acid - Acid interactions remain relatively weak and dis-

persed in the liquid DES at these temperatures. This shows that

in this case interactions between non-chiral components and

TA, and non-chiral components with each other have a stronger

effect on the overall liquid structure.

3.2. Specific solvent structure
Through analysis of the interatomic pRDFs (Fig.5, Fig.6, nu-

merical values of rmax and Ncoord can be found in SI Table 3)

and spatial density functions (SDF) (Fig.7), predominant inter-

actions and molecular positions relative to each other can be

shown. Cluster analysis (SI Fig. 10-12) shows system spanning

percolation of the main interacting molecules (choline – chlo-

ride, tartaric acid – chloride, tartaric acid – tartaric acid). The

formation of small clusters of up to 10 molecules, above the
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Figure 5: Representative inter-atomic pRDFs for 2:1 ChCl:LTA (dashed lines), 2:1 ChCl:DLTA (solid lines) and 2:1:2 ChCl:LTA:W (dotted lines). The atoms of the

components are labeled as shown in Fig.3. Additional pRDFs can be found in the SI Fig.3.

Figure 6: Position of the first peak rmax and coordination number Ncoord of representative inter-atomic pRDFs of the DES components in ChCl:LTA, ChCl:DLTA

and ChCl:LTA:W (Fig.6). The error on the peak position is approximately 0.1 Å. The errors on the coordination number are calculated to one standard deviation.

The atoms of the components are labeled as shown in Fig.3. Values of additional distinct pRDFs are listed in the SI Tab.3.

percolation threshold of N=S−2.2 [71] denoting a random distri-

bution, could be seen for other significant interactions (tartaric

acid – chloride, water – chloride, water – water). Analysing

the frequency of links between molecules for all intermolecu-

lar bonds with a pRDF peak around 2.0Å and a first minimum

up to around 2.5Å, the clustering interactions can be compared

to their hydrogen bonding behavior. Through this analysis, no

chains of a length of more than 3 could be observed (SI Fig.13-

15), indicating the lack of a distinctly connected long range

hydrogen bonding network of molecules of the same type or

between two types in this system. For choline chloride with

acetic acid (1:2) and formic acid (1:2) [72]. DES similar system

spanning percolation with only short hydrogen bonded chains

has been found, unlike in systems e.g. based on glycerol [65].

These analyses indicate that a variety of interactions are present

and prominent in the tartaric acid based systems.

In both ChCl:LTA and ChCl:DLTA the chloride anions show

similar strong interactions with the choline cations, promi-

nently with the OH and the trimethylammonium region. These

interactions are at a shorter distance with a similar to slightly

higher coordination number then in ChCl:Ma and ChCl:Ox,

which could be effect of the higher relative content of ChCl in

the DES. Similar to what has been shown for other ChCl con-

taining DES these two fairly distinct Cl populations are sand-

wiched between the choline and the HBD, here the LTA and

DTA, as a dominant structure directing interaction (Fig.7, bot-

tom row).

A strong but less distinctly localized interaction occurs between

Cl and tartaric acid, with strong interactions between the Cl and

all hydrogen atoms, but especially the terminal H3T and H3D.

These distances are similar to what has been found in ChCl:Ma

and ChCl:Ox, but unlike in ChCl:Ma the terminal OH-group

shows a slightly stronger interaction with Cl then the central

OH-group, in interatomic distance and coordination.
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Figure 7: Spatial density function (SDF) of the 20% probability surface showing the solvation of the molecule types around each other in 3D. The top row shows

distributions centering the tartaric acid (left: LTA in ChCl:LTA; middle: LTA in ChCl:DLTA; right: DTA in ChCl:DLTA) and the bottom row centering the choline

(left: in ChCl:LTA; middle: in ChCl:DLTA). Central molecules are aligned along a central bond, but displayed molecule conformations differ due to rotational

freedom of groups. The red isosurfaces correspond to chloride anions, the yellow to choline cations, the green to L-tartaric acid molecules, the dark blue to D-

tartaric acid molecules and the light blue to water molecules. Additional SDFs can be found in SI Fig.4.

In comparison, the interactions between choline and tartaric

acid are weaker, with the shortest interaction indicative of hy-

drogen bonding showing clear peaks being between being Ooh

and H3T/H3D as well as a clear interaction with H1T, but

both having very low Ncoord (0.065±0.25 and 0.36±0.62 in

ChCl:LTA) in both DES. Interactions with higher coordination

numbers occur over a wider range and longer distance, with

both N - C1T and N - H1T around 6.4 Å with a Ncoord of

8.83±3.26 and 8.87±3.27 (ChCl:LTA) respectively. This shows

that while the two molecules are in close vicinity of each other,

their hydrogen bonding is not a dominant interaction. They are

more likely to arrange themselves in relation to Cl, as can be

seen in the SDFs. This is similar to what occurs in ChCl:Ox

and ChCl:Ma as well.

While the molecular centers pRDFs for the tartaric acid -

tartaric acid interactions do not show significant differences

between the single enantiomer ChCl:LTA and the racemic

ChCl:DLTA, differences can be seen in the atomic pRDFs, dif-

ferent atomic Ncoord and SDFs (Fig.5, table6, Fig.7). While

the peak positions rmax remain similar between the two systems

and tartaric acids, a split can again be seen for the Ncoord of the

racemic mixture. For the atoms located towards the molecular

centers (C1T and C1D) this split is even, similar to tartaric acid

interactions with non chiral molecules (C1T-C1T in ChCl:LTA:

8.06±3.42 vs. C1T-C1T: 3.62±2.24, C1D-C1D: 4.01±2.67 and

C1T-C1D: 3.96±2.38 in ChCl:DLTA). Looking at the shorter

range distributions indicative of direct interactions, the split

in Ncoord is significantly shifted towards interactions of enan-

tiomers with themselves (O2T-O1T in ChCl:LTA: 1.96±0.68

vs. O2T-O1T: 1.57±0.64, O2D-O1D: 1.88±0.67, O2T-O1D:

0.11±0.38 and O2D-O1T: 0.30±0.59 in ChCl:DLTA). This is

different to their behavior in crystalline form, where DL-tartaric

acid has a stronger bond than L-tartaric acid. But the main

structure determining interaction in crystalline tartaric acid is

the O2T-H3T, in addition to the other hydrogen bonds, so it can

be expected that relative to the pure crystal the tartaric acid self

interaction is majorly disrupted by the presence of stronger hy-

drogen bonding partners such as Cl and choline in the liquid
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mixture. Under the structuring influence of these interactions,

the positioning of tartaric acids relative to each other is changed

and sterically hindered, in this case leading to a stark reduc-

tion in significant interactions between DTA and LTA. This can

also be seen in the reduction of peak intensity in the pRDFs.

The SDFs also show differences the location of the spatial den-

sity for the same enantiomer and between the different enan-

tiomers. Analysing all pRDFs between the molecules, no sig-

nificant shift towards other interactions can be seen either. This

suggests that interactions as a chiral solvent could significantly

depend on how well the substrate is able to bind to the tartaric

acid bonding sites, in competition with choline and chloride.

The overall interaction length scales and Ncoord are similar to

what can be found in ChCl:Ma, but are different from ChCl:Ox.

Here the atoms close to the molecular centers have a shorter

rmax (CA-CA in ChCl:Ox = 4.5 Å vs. C1T-C1T in ChCl:LTA =

6.1 Å), which makes sense as oxalic acid is a smaller molecule.

This size difference might then contribute to a higher Ncoord for

the other atom-atom interactions, allowing for different posi-

tioning and an overall closer distances of any atom pair, and es-

pecially of the hydrogen bonding carboxylic acid groups, when

the two molecules are close.

Finally for the choline - choline interactions, no significant dif-

ferences between ChCl:LTA and ChCl:DLTA can be seen. In

comparison to ChCl:Ma and ChCl:Ox the tartaric acid based

DES has similar rmax, with the exception of Ooh-Hoh, which

shows clear hydrogen bonding at a peak position at 1.8 Å, which

is not present in the ChCl:Ma and ChCl:Ox systems. This,

combined with the low coordination number of this interaction

(0.14±0.36 in ChCl:LTA, 0.085±0.28 in ChCl:DLTA), could be

an effect of the higher relative amount of choline in the system

making this weak interaction more likely.

3.3. Effect of water
Dry 2:1 ChCl:LTA and hydrated 2:1:2 ChCl:LTA:W show an

overall similar structure, with the addition of water inducing

slight shifts in rmax and a general decrease in coordination num-

ber (Fig.3, Fig.4, Fig.5, SI: table 2 and 3; Fig.2, 3, 4 and 6).

As seen with other hydrated DES[64, 44] the overall structure

seems relatively robust, and no phase separation or formation

of water domains can be seen at this concentration. The most

significant changes can be seen in the interactions of choline

with itself and with LTA. They both experience a shift of about

0.1 to 0.2 Å to larger distances and a decrease in coordination

number of 1-2. Accordingly, choline shows the highest coordi-

nation with water at 3.68±1.78, at an rmax of 4.7 Å. Water self

clustering is present, but not the dominant interaction with a co-

ordination of 1.48±1.27, indicative of the formation of dimers

and trimers. While water shows clear interactions with TA and

Cl in the pRDFs (rmax of 3.5 Å and 3.2 Å ), its coordination to

these is moderately low with 0.6±0.74 water around TA and

1.15±0.98 water around Cl. This also leads only a weak influ-

ence on TA - TA and TA - Cl interactions, which do not show

significant shifts in rmax and deceases in Ncoord of less then 1.

Comparing the atomic pRDFs leads to similar trends as the

molecular pRDFs. The water oxygen interacts with TA in a

similar way to Cl, primarily over the H3T. Water also interacts

with choline in a similar way, interacting slightly more with the

trimethyl ammonium group then with the OH end. The SDFs

show that water is overall much more disperse then Cl in in-

teracting with TA or choline. Analysing the chains and clusters

with water, only short chains of up to three molecules and small

clusters of up to around 10 molecules around the percolation

threshold for Cl - W and W - W interactions and clusters of up

to 5 molecules for N - W and C1T - W interactions can be seen

(SI Fig.12, 15). This is similar to what can be found for the

other molecule interactions in the system and indicates a vari-

ety of interactions, with no long range water percolation.

In comparison to the effect of water in a 1:1:2 choline chloride :

malic acid : water (ChCl:Ma:W) system, reported previously by

Hammond et al.[44], a similar degree of water interactions with

itself can be seen, with slightly reduced interactions of water

with Cl and the acid, and a higher coordination of water around

choline (see SI table 2). The differences in Ch - water coordi-

nation are especially prominent (3.68±1.78 in the ChCl:LTA:W

and 0.94±0.90 in ChCl:Ma:W). This could partially be an effect

of the difference in acid to CC molar ratio between the two sys-

tems, with more choline leading to a higher likelihood for inter-

action in the TA based system. That the effect can not be seen

with the Cl could be due to the relatively stronger coordination

of Cl to the acid (1.84±0.77 in ChCl:LTA:W vs. 1.04±0.78 in

ChCl:Ma:W), and the relatively large standard deviation rela-

tive to the value for the interaction.

4. Conclusions

Here we have shown the structure of 2:1 choline chloride

: tartaric acid, for both the single enantiomer (L-tartaric

acid) and the racemic (DL-tartaric acid) containing DES, as

well as the hydrated single enantiomer system (2:1:2 choline

chloride : L-tartaric acid : water) through neutron scattering

experiments with EPSR modelling. From this we have shown

that the overall structure of the single enantiomer and the

racemic tartaric acid containing mixtures is almost identical,

with differences in interaction only between the tartaric acid

molecules themselves. While the molecular centers pRDFs

show similar distances and the interactions have similar

coordination numbers, analysis of the atomic interactions and

spatial density function show differences between LTA or DTA

with themselves, and between the different enantiomers. SDFs

show differences in preferred positioning between the different

forms, while the coordination numbers indicate interactions

occur mostly between the same enantiomers, with very low

coordination numbers for close range interactions between L-

and DTA. Here the DES shows a significant difference to the

solid, crystalline LTA or DLTA, where interactions in DLTA

are stronger. This can be explained by the fact that in the

DES tartaric acid is sterically restricted by strong interactions

with choline and especially chloride. It is strongly located

towards a position where it can be located on one side of

the chloride, while choline interacts with the other side of

the chloride. These stronger structure directing interactions

could lead to a decrease in the conformations that are more

favourable in ChCl:DLTA. But as the TA - TA interactions are

7



overall relatively weak and disperse, this has no significant

influence on the overall liquid structure. In terms of use as a

chiral solvent the relatively strong interaction between the TA -

Cl and TA - Ch could also cause a reduction of interaction with

other substrate molecules.

Similar to what has been found in other DES[64, 44] the main

structure of the DES remains intact upon the addition of 2

mole of water. Only a slight decrease in overall coordination

numbers can be seen, especially in choline - choline and

choline - tartaric acid interactions.

One of the main structure driving interactions in our DES

is the HBD - chloride - HBA arrangement, which is similar

to other carboxylic acid and choline chloride comprising

DES like 1:1 oxalic acid : choline chloride and 1:1 malic

acid : choline chloride [44, 63]. A clear effect of molecule

size can be observed, with other molecules located at shorter

intermolecular distances around the smaller carboxylic acids.

Steric effects can also lead to higher coordination numbers for

the smaller acids as this allows for closer packing, but here this

effect overlaps with the effect of difference in molar ratio and

available hydrogen bonding sites, where the presence of more

of one species can lead to a higher probability of its presence

and interaction with it.
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EPSR methodology 
 

EPSR26 was used to build the model and fit the data. The iniƟal molecules to be used in EPSR were generated using 
Jmol soŌware. The disƟnct atoms were then re-labeled (Fig.1 in main text), the dihedral angles were removed and 
subsƟtuted by rotaƟons (full rotaƟonal freedom was implemented). Lennard-Jones potenƟals and charges were taken 
from literature [1], which were based on the OPLS All-Atom force field potenƟal [2], and modified where needed based 
Jmol parameters and on the OPLS All-Atom force field potenƟal. They are listed in table 1. 

For ESPR modelling, a box was build comprising of 400 choline caƟons, 400 chloride anions and 200 tartaric acid 
molecules, split into 100 DTA and 100 LTA in case of the racemic DES, or 300 choline caƟons, 300 chloride anions, 150 
L-tartaric acid molecules and 300 water molecules. A box was setup with an atomic density of 0.098Å-3 and randomized. 
The box was expanded through the sizefactor, increasing it to 20 ensure no molecular overlap occurred, and reduced 
step-wise back to 1 with each iteraƟon of EPSR. The system was run unƟl equilibraƟon and then fit against the neutron 
scaƩering data. Once a good fit was reached the system equilibrated for more than 10000 iteraƟons, before 
accumulaƟng parƟals and coordinaƟon numbers for over 3000 iteraƟons. 

Table 1: Lennard Jones parameters and charges used within EPSR for modelling of neutron scaƩering data. 

Atom type ε (kJ mol-3) σ (Å) q (e) 
N 0.700 3.200 1.000 

Ooh 0.650 3.100 -0.683 
Hcm 0.200 2.580 0.060 
Hoh 0.000 0.000 0.418 
Hcn 0.200 2.580 0.060 
Hco 0.200 2.580 0.060 
Cn 0.800 3.700 -0.120 
Cm 0.800 3.700 -0.180 
Coh 0.800 3.700 0.145 
Cl1 0.566 4.191 -1.000 
C1T 0.276 3.500 0.205 
C2T 0.439 3.750 0.520 
O1T 0.711 3.120 -0.683 
O2T 0.879 2.960 -0.440 
O3T 0.711 3.000 -0.530 
H1T 0.126 2.500 0.450 
H2T 0.000 0.000 0.418 
H3T 0.000 0.000 0.450 
O1 0.634 3.151 -0.834 
H1 0.000 0.000 -0.417 

 

 

 

 



Fig. 1: Structure factors F(Q) over Q of the six measured isotropic contrasts of 2:1 ChCl:DLTA and 2:1:2 ChCl:LTA:W from 
neutron scaƩering data (dots) and their EPSR fits (solid lines). The different contrasts are offset from each other for 
beƩer readability.



Molecular interacƟons 
Table 2: PosiƟon of the first peak rmax and coordinaƟon number Ncoord of the molecular centers RDFs of the DES 
components in ChCl:LTA, ChCl:DLTA and ChCl:LTA:W, as well as in ChCl:Ma, ChCl:Ma:W [1] and ChCl:Ox [3] for comparison. 
"Acid" stands for L-tartaric acid, oxalic acid or malic acid depending on the DES. The error on the peak posiƟon is 
approximately 0.1Å. The errors on the coordinaƟon number are calculated to one standard deviaƟon and represent 
the spread in this moving system. 

 
rmax / Å Ncoord 

Pair ChCl:
LTA 

ChCl:
DLTA 

ChCl:
LTA:
W 

ChCl:
Ox[3] 

ChCl:
Ma[1] 

ChCl:
Ma:
W[1] 

ChCl:LTA ChCl:DLTA ChCl:LTA:
W 

ChCl:Ox[3] ChCl:Ma[1] ChCl:Ma:
W[1] 

Ch - Ch 6.3 6.2 6.4 6.2 6.2 6.5 8.34±1.74 7.63±1.68 6.54±1.59 7.07±1.69 6.44±1.80 5.75±1.63 

Ch - Cl 4.4 4.3 4.5 4.5 4.2 4.2 4.01±1.46 3.60±1.21 3.78±1.28 3.25±1.07 0.98±0.78 0.85±0.72 

Ch - 
Acid 

6.1 6.3 6.3 5.7 5.9 6 9.05±1.87 3.97±2.41 7.78±3.23 11.91±0.7
5 

6.78±1.93 6.22±1.72 

Ch - 
DTA 

 
6.3 

     
3.97±2.51 

    

Acid - Cl 3.5 3.5 3.5 3.7 4.3 4.4 2.12±0.75 2.01±0.69 1.84±0.77 4.72±2.55 1.11±0.82 1.04±0.78 

DTA - Cl 
 

3.5 
     

2.14±0.75 
    

Acid - 
Acid 

6.1 6 6.1 5 5.8 5.8 8.06±3.42 3.62±2.24 7.19±3.26 9.75±3.38 3.64±1.25 3.19±1.40 

DTA - 
LTA 

 
6 

     
3.96±2.38 

    

DTA - 
DTA 

 
6.1 

     
4.01±2.67 

    

Acid - W 
  

3.2 
  

4 
  

0.60±0.74 
  

1.47±1.2 

Ch - W 
  

4.7 
  

3.9 
  

3.68±1.78 
  

0.94±0.90 

Cl - W 
  

3.2 
  

3 
  

1.15±0.98 
  

2.05±1.25 

W - W 
  

2.8 
  

2.7 
  

1.48±1.27 
  

1.54±1.24 

 

 

 

 

 

 

 

 

 



Fig. 2: CoordinaƟon number probability distribuƟon of first shell of molecule interacƟons in ChCl:LTA (top), ChCl:DLTA 
(middle) and ChCl:LTA:W (boƩom). The coordinaƟon numbers are integral numbers, connecƟng lines are included as a 
visual guide. Numbers in brackets (in Å) correspond to the minima before and aŌer the first peak in the corresponding 
pRDF, represenƟng the distance range of the first shell.  

         



Fig. 3: Molecular centers pRDFs for 2:1 ChCl:LTA (top), 2:1 ChCl:DLTA (middle) and 2:1:2 ChCl:LTA:W (boƩom).



 

Fig. 4 a): SpaƟal density funcƟon (SDF) of the 20% probability surface showing the solvaƟon of the molecule types 
around each other in 3D. DistribuƟon centered around choline (top leŌ: in ChCl:LTA, top right: in ChCl:LTA:W, boƩom: 
in ChCl:DLTA), the yellow isosurfaces correspond to choline caƟons and the light blue to water molecules. 

Fig. 4 b): SpaƟal density funcƟon (SDF) of the 20% probability surface showing the solvaƟon of the molecule types 
around each other in 3D. DistribuƟon centered around tartaric acid (top leŌ: LTA in ChCl:LTA, top right: LTA in 
ChCl:LTA:W, boƩom leŌ: LTA in ChCl:DLTA, boƩom right: DTA in ChCl:DLTA), the yellow isosurfaces correspond to choline 
caƟons, the red to chloride anions and the light blue to water molecules. 



 

 

Fig. 4 c): SpaƟal density funcƟon (SDF) of the 20% probability surface showing the solvaƟon of the molecule types 
around each other in 3D. DistribuƟon centered around choline ChCl:LTA:W, the green isosurfaces correspond to L-
tartaric acid molecules and the red to chloride anions. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Atomic interacƟons 
 Table 3: PosiƟon of the first peak rmax and coordinaƟon number Ncoord up unƟl the first minimum of representaƟve 
inter-atomic pRDFs of the DES components in ChCl:LTA, ChCl:DLTA and ChCl:LTA:W. The error on the peak posiƟon is 
approximately ±0.1Å. The errors on the coordinaƟon number are calculated to one standard deviaƟon. 
 

rmax / Å Ncoord  
ChCl:LTA ChCl:DLTA ChCl:LTA:W ChCl:LTA ChCl:DLTA ChCl:LTA:W 

Choline - Choline 
     

N - N 6.3 6.2 6.4 8.34±.74 7.63±1.68 6.54±1.59 
N - Cm 5.2 5.1 5.2 6.40±2.37 6.75±2.36 5.81±2.39 
N - Cn 6.9 6.8 6.9 7.43±1.73 7.60±1.75 6.36±1.63 
N - Hcm 4.5 4.6 4.5 10.17±3.67 9.94±03.54 10.17±4.12 
Ooh - Hoh 3.5 1.8 1.8 0.14±0.36 0.085±0.28 0.09±0.29 
Cm - Ooh 3.5 3.6 3.5 1.36±0.92 1.40±0.92 1.29±0.89 
Choline - Cl 

      

N - Cl 4.4 4.3 4.5 4.01±1.46 3.60±1.21 3.78±1.28 
Cm - Cl 3.9 3.9 4.0 1.76±0.96 1.69±0.94 1.62± 0.95 
Coh - Cl 4.0 3.9 4.0 1.49±0.89 1.47±0.85 1.33±0.84 
Ooh - Cl 3.1 1.2 3.2 0.79±0.56 0.69±0.51 0.72±0.56 
Hoh - Cl 2.1 2.2 2.2 0.70±0.47 0.65±0.48 0.64±0.48 
Choline - LTA 

     

N - C1T 6.4 6.3 6.3 8.83±3.26 3.97±2.41 7.78±3.23 
N - C2T 5.0 5.3 5.0 3.34±1.75 1.54±1.22 2.52±1.57 
N - O2T 4.5 4.3 4.5 2.22±0.99 1.14±1.08 2.07±1.50 
N - H1T 6.4 6.4 6.6 8.87±3.27 4.53±2.60 8.92±3.48 
Ooh - H1T 2.4 2.5 2.5 0.36±0.62 0.16±0.44 0.21±0.48 
Ooh - H3T 1.7 1.6 1.6 0.065±0.25 0.018±0.13 0.047±0.21 
Cm - O2T 3.5 3.4 3.6 1.04±1.00 0.52±0.71 0.69±0.81 
Choline - DTA 

     

N - C1D 
 

6.3 
  

3.97± 2.51 
 

N - C2D 
 

5.3 
  

1.54±1.22 
 

N - O2D 4.5 1.07±1.03 
N - H1D 

 
6.4 

  
4.27±2.57 

 

Ooh - H1D 
 

2.4 
  

0.12±0.36 
 

Ooh - H3D 
 

1.8 
  

0.03±0.17 
 

Cm - O2D 
 

3.5 
  

0.50±0.71 
 

LTA - Cl 
      

C1T - Cl 3.5 3.5 3.5 2.21±0.77 2.01±0.69 1.84±0.77 
C2T - Cl 3.7 3.7 3.7 1.39±0.69 0.72±0.79 1.15±0.65 
H1T - Cl 2.7 2.8 2.8 1.86±0.77 0.98±1.13 1.7±1.25 
H2T - Cl 2.1 2.0 2.2 0.79±0.44 0.40±0.59 0.63±0.66 
H3T - Cl 2.0 2.0 2.0 0.88±0.35 0.46±0.65 0.77±0.72 
O3T - Cl 3.0 3.0 3.0 0.92±0.39 0.49±0.68 0.88±0.78 
O1T - Cl 3.1 3.1 3.0 0.84±0.52 0.43±0.61 0.6±0.65 
DTA - Cl 

      



C1D - Cl 
 

3.5 
  

1.08±1.22 
 

C2D - Cl 
 

3.7 
  

0.68±0.81 
 

H1D - Cl 
 

2.8 
  

0.91±1.07 
 

H2D - Cl 
 

2.1 
  

0.41±0.63 
 

H3D - Cl 
 

2.0 
  

0.44±0.66 
 

O3D - Cl 
 

3.0 
  

0.51±0.72 
 

O1D - Cl 
 

3.1 
  

0.47±0.67 
 

LTA - LTA 
      

C1T -C1T 6.1 6.0 6.1 8.06±3.42 3.62±2.24 7.19±3.26 
O2T - C1T 3.2 3.3 3.3 2.11±0.73 1.57±0.69 1.61±0.78 
O2T - H1T 2.5 2.5 2.6 1.14±0.65 0.22±0.5 0.99±0.71 
O2T - H3T 1.9 1.8 1.8 0.048±0.21 0.018±0.15 0.03±0.17 
O2T - O1T 3.0 2.9 2.9 1.96±0.68 1.57±0.64 1.92±0.65 
O1T - O1T 2.9 2.9 2.8 1.24±0.50 0.88±0.54 1.13±0.54 
DTA - DTA 

      

C1D - C1D 
 

6.1 
  

4.01±2.67 
 

O2D - C1D 
 

3.2 
  

1.09±0.47 
 

O2D - H1D 
 

2.4 
  

0.37±0.59 
 

O2D - H3D 
 

1.5 
  

0.11±0.32 
 

O2D - O1D 
 

3.2 
  

1.88±0.67 
 

O1D - O1D 
 

2.9 
  

0.45±0.55 
 

LTA - DTA 
      

C1D - C1T 
 

6.0 
  

3.96±2.38 
 

O2D - C1T 
 

3.2 
  

0.11±0.38 
 

O2T - C1D 
 

3.4 
  

0.15±0.42 
 

O2D - H1T 
 

2.3 
  

0.066±0.29 
 

O2T - H1D 
 

2.4 
  

0.15±0.42 
 

O2D - H3T 
 

1.7 
  

0.02+0.14 
 

O2T - H3D 
 

2.0 
  

0.036±0.19 
 

O2T - O1D 
 

3.1 
  

0.11±0.38 
 

O2D - O1T 
 

3.4 
  

0.30±0.59 
 

O1D - O1T 
 

2.8 
  

0.18±0.411 
 

Choline - Water 
     

N - O1 
  

4.7 
  

3.68±1.78 
N - H1 

  
4.6 

  
7.01±3.36 

Hcm - O1 
  

2.8 
  

0.55±0.70 
Hoh - O1 

  
1.7 

  
0.12±0.33 

Ooh - H1 
  

1.9 
  

0.14±0.37 
LTA - Water 

      

C1T - O1 
  

3.2 
  

0.6±0.74 
C2T - O1 

  
3.5 

  
1.63±1.21 

H1T - O1 
  

2.4 
  

0.51±0.63 
H2T - O1 

  
1.7 

  
0.14±0.34 

H3T - O1 
  

1.6 
  

0.14±0.35 
O3T - H1 

  
3.2 

  
1.55±1.61 



Cl - Water 
      

Cl1 - O1 
  

3.1 
  

1.51±1.13 
Cl1 - H1 

  
2.2 

  
1.00±1.96 

Water - Water 
     

O1 - O1 
  

2.8 
  

1.37±1.16 
H1 - O1 

  
1.8 

  
0.16±0.385 

H1 - H1 
  

2.4 
  

1.82±1.09 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Fig. 5: RepresentaƟve inter-atomic pRDFs for ChCl:LTA (row 1, 3 A+B) and ChCl:DLTA (row 2, 3 C, 4, last row).



Fig. 6: AddiƟonal atom-atom pRDFs for ChCl:LTA:W.



Ester formaƟon within the DES 
 

For a range of DES comprised of choline chloride and  carboxylic acids it has been shown that their components can 
undergo chemical reacƟons upon prolonged heaƟng, to differing degrees depending on composiƟon, temperature and 
length of heaƟng [4]. The most prominent reacƟon is an ester formaƟon between the OH-group of the choline and the 
OH-group of the acid. Here, 1H-NMR in D2O was performed to determine the degree of ester formaƟon within the DES 
formed for neutron experimentaƟon (Fig.7-9). Not all contrasts were measured due to sample recovery issues aŌer 
neutron data collecƟon. Most samples exhibited 3-5% of ester formaƟon relaƟve to the amount of choline, with 1 DL-
TA : 2 ChCl (H:H) showing a higher degree of ester formaƟon due to prolonged heaƟng (16 hours). EPSR models 
considering the presence of ester (5%) were build and fit to the neutron data, but showed liƩle significant differences 
to models in the absence of ester. The influence of the presence of ester was therefore determined to be negligible, 
and results shown in this paper do not consider ester formaƟon. 

Table 4: Degree of ester formaƟon  in the different DES and contrasts as a percentage of ChCl. 

Sample Ester [% of ChCl] 

1 L-TA : 2 ChCl (H:H) 5.1 

1 L-TA : 2 ChCl (D:H) 5.8 

1 L-TA : 2 ChCl (D:H/D) 6.3 

1 DL-TA : 2 ChCl (H:H) 12.2 

1 DL-TA : 2 ChCl (D:H/D) 4.0 

1 DL-TA : 2 ChCl (D:H) 5.6 

1 L-TA : 2 ChCl : 2 W (H:H:H) 5.9 

1 L-TA : 2 ChCl : 2 W (D:H/D:D) 4.7 

1 L-TA : 2 ChCl : 2 W (D:H:D) 3.4 

 

 

 



Figure 7: 1H-NMR of ChCl:LTA at different contrasts measured in D2O.



Figure 8: 1H-NMR of ChCl:DLTA at different contrasts measured in D2O.



Figure 9: 1H-NMR of ChCl:LTA:W at different contrasts measured in D2O.



Figure 10: Cluster distribuƟon and percolaƟon[5] threshold for ChCl:LTA.

Figure 11: Cluster distribuƟon and percolaƟon[5] threshold for ChCl:DLTA.



Figure 12: Cluster distribuƟon and percolaƟon[5] threshold for ChCl:LTA:W.

Figure 13: Hydrogen bonding chain distribuƟon for ChCl:LTA.



 

Figure 14: Hydrogen bonding chain distribuƟon for ChCl:DLTA. 

 

 

Figure 15: Hydrogen bonding chain distribuƟon for ChCl:LTA:W.  
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