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Abstract 
Deep eutectic solvents are environmentally sustainable liquids obtained through 

the combination of simple, readily available precursors. Their chemical diversity comes 
about from the myriad possible combination of precursors, leading to the development of 
solvents with suitable characteristics for particular applications. Unlike traditional covalent 
solvents, deep eutectic solvents present an intrinsically complex molecular network, with 
both hydrogen bond and electrostatic contributions balancing the stability of the mixture. 
Thus, these solvents may be considered as a non-aqueous environment where traditional 
processes can be mimicked, but with a greater control over the system properties. 

Self-assembly of amphiphiles has become a highly relevant field for science and 
technology, with present and future applications in templating of nanostructured materials, 
drug delivery, formulations and detergency, among others. The aim of this project is to 
develop a suitable framework that describes amphiphile self-assembly in deep eutectic 
solvents. As a starting point, an investigation of surfactant aggregation was performed, 
combining in-house techniques, such as surface tension and calorimetry, with cutting-
edge X-ray and neutron scattering techniques: small-angle scattering and reflectivity. The 
results show the formation of micelles for which, through electrostatic interactions 
between the solvent and the amphiphiles, the morphology can be tuned. 

The characteristics of deep eutectic solvents have also attracted the attention of 
the biochemistry community, pursuing development of these solvents as alternatives to 
water in bio-sensing devices, for enzymatic reactions, and for preservation of bio-active 
compounds. Therefore the investigation was extended to include the behaviour of 
phospholipids and proteins. The formation of stable phospholipid monolayers 
demonstrated deep eutectic solvents to be, to date and best of my knowledge, the only 
non-aqueous solvent that supports such behaviour. Also, the conformation of proteins has 
been investigated, showing the partial or total folding of proteins in pure and hydrated 
deep eutectic solvents. 

The work includes several individual systematic investigations that merge in this 
thesis. From the basic understanding of surfactant behaviour to the preliminary 
investigations in the physicochemical characteristics of biomolecules in deep eutectic 
solvents, these studies were combined to in a pioneering investigation in this field. It is 
hoped that these results and ideas will lead to new applications and more efficient 
technologies, and ultimately contribute to the development of a better world. 
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Chapter 1 
 
 
 
 

1 An introduction to self-assembly 
Self-assembly is a common process in nature and technology, involving 

components from the molecular to planetary scale through different kind of interactions.1 
Self-assembly can be defined as the autonomous organisation of components into 
patterns or structures without the intervention of external factors. This includes, for 
example, the formation of cell membranes or the synthesis of nanostructured materials. 
Therefore, improving our understanding of these processes can drive the emergence of 
new scientific advances. Scientist and technologists have become aware of this fact, and 
the field has rapidly grown. Since the first publication containing the concept of self-
assembly in the title, by Bancroft in 1967,2 the number of papers exploring self-assembly 
has increased. A simple search in Web of Science reveals the number of publications per 
decade since the 70s, showing an exponential growth of publications related to self-
assembly (Table 1.1). 

Table 1.1 Number of references containing the topic self-assembly (Web of Science). 

Years Number of references 
Dawn of publishing-1967 8 

1968-1980 362 
1981-1990 611 
1991-2000 9,330 
2001-2010 66,703 
2011-2018 108,291 

There are some common features among all levels of thermodynamically driven 
self-assembly. The components must be able to move with respect others, balancing 
attraction and repulsion forces in order to reduce the Gibbs free energy of the system and 
to increase the tolerance to defects in the packing. At the nanoscale level, self-assembly 
consists of the organisation of molecules or small particles into stable, defined, and well-
structured aggregates. Molecular assemblies, either dynamic or static, are commonly 
driven by non-covalent or weak covalent interactions, such as dispersion forces, 
hydrophilic-hydrophobic interactions, hydrogen bonding, and electrostatic forces. 
Depending on the characteristics of the systems, different forces may play a role in the 
self-driven aggregation, with the final result arising from a delicate balance of forces.1 

One of the biggest advances of self-assembly is that the environment provides a 
fine control over the characteristics of the aggregates. Variations of the physicochemical 
properties of the continuous phase lead to changes in the balance between forces and 
hence to changes in the structure of the aggregates.3, 4, 5 Ultimately, this particular 
characteristic offers a flexible approach to control the macroscopic behaviour of the 
system (e.g. rheological behaviour)6, 7, 8 or use those phases as boundaries for the 
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templating of structures.9, 10, 11, 12 Furthermore, recent developments in catalysed self-
assembly allow an increase in the range of applications of these processes, overcoming 
barriers beyond the equilibrium and reaching out-of-equilibrium conditions.13 

This thesis details the achievements of this in understanding amphiphile self-
assembly in deep eutectic solvents. Surfactants, phospholipids and proteins were 
investigated in order to elaborate a framework that describes the behaviour of these novel 
solvents as environments for self-assembly. Scattering techniques and in-house 
experimental methods were combined. The primary goals of this project were as follows: 

• To study and understand the behaviour of amphiphiles of different levels of 
complexity in deep eutectic solvents. 

• To access new environments that allow the self-assembly of amphiphilic 
compounds, and so provide new systems that can be potentially used as 
alternative to tradition solvents, as sustainable technologies for templating 
of nanostructured materials and drug delivery. 

• To elaborate a framework that describes and predicts the self-driven 
aggregation of amphiphiles in DES, attending to the characteristics of the 
amphiphile and the solvent. 

This chapter introduces the key concepts relevant to the systems investigated. 

1.1 Amphiphile self-assembly 
Amphiphile self-assembly is a particular scenario of self-driven aggregation. 

Amphiphile (from the Greek amphis: both, philia: love) is a term to describe a chemical 
structure which posses both lyophilic and lyophobic regions. In solution, this characteristic 
drives spontaneous self-organisation of those units into supramolecular structures as a 
product of the opposite forces acting in the system. In aqueous solution, for instance, the 
incompatibility of hydrophobic tail-water interactions drives the formation of aggregates 
where the hydrophobic moieties gather together and, hence, minimise their contact with 
the solvent.4, 14 The characteristics of the aggregates are therefore intrinsically related to 
the structure of the amphiphilic molecules and to their interaction with the environment. 
The formation of these ordered structures on the nanoscale is of great interest for 
applications, for example in drug delivery. Fundamental studies on biosystems are also 
performed using amphiphilic aggregates as simplified models and advanced 
nanotechnology uses amphiphilic behaviour to build complex structures.15, 16, 17 

Surfactants, phospholipids, some polymers, proteins and enzymes, alcohols and 
fatty acids are some examples of components that show this behaviour in solution. In the 
following section, we will begin exploring one of the simplest amphiphilic structures, 
surfactants. Increasing the level of complexity, the characteristics and behaviour of 
phospholipids will be presented. Finally, a brief introduction about protein behaviour is 
included. 

1.1.1 Surfactant self-assembly 
Surfactants (surface-active agents) are amphiphilic molecules that posses both a 

lyophobic and a lyophilic part. This dual nature endows the surfactants with particular 
activity that drives their behaviour at the interface and bulk phase when dissolved. Above 
a certain concentration, labelled the critical micelle concentration (CMC), surfactant 
monomers aggregate in solution to form supramolecular aggregates. These aggregates, 
known as micelles, are formed to achieve segregation between the hydrophobic parts of 
the surfactant from a polar environment, whereas the hydrophilic moiety stays in contact 
with the solvent protecting the hydrophobic core from solvation.4, 5, 14, 18, 19 

The headgroup region contains the polar parts of the surfactant molecules in close 
proximity to solvent molecules. Depending on the nature of the surfactant headgroup, 
different forces interact at the interface. A schematic description of the most common 
surfactants is presented in Fig. 1.1. In the case of ionic surfactants, electrostatic 
interactions between the headgroup play an essential role in the micellisation process. 
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The lyophilic moiety of ionic surfactants presents a charged headgroup and an ionic 
counterpart electrostatically bound to it. When solvated, the headgroup region of the 
micelle includes condensed counterions that interact with the headgroup regulating the 
charge density, and thus the surfactant packing, at the micelle interface.19, 20 Counterion 
association to the headgroup in pure water usually varies between 50 and 70 %, 
depending on the characteristics of the surfactant and its counterion. 

 
Fig. 1.1 Types of surfactant depending on the headgroup charge: (a) non-ionic, (b) cationic, (c) anionic 

and (d) zwitterionic. 

Investigations of the fundamental science of surfactants are usually focused on 
determining the CMC, shape and size of micelles, morphology transitions, phase 
behaviour, and thermodynamics of adsorption and/or aggregation. Surfactant behaviour in 
polar environments has been investigated in various solvents, including water,5, 19, 20, 21, 22 
and other polar solvents (glycerol, ethylene glycol, formamide supercritical carbon dioxide 
and numerous ionic liquids, among others).23, 24, 25, 26, 27, 28, 29, 30, 31, 32, 33, 34, 35 

1.1.1.1 Critical micelle concentration and surfactant adsorption 
The determination of the CMC and the behaviour of the surfactant in the pre-

micellar region provides information regarding the thermodynamics of adsorption at 
interfaces, as well as allowing predictions to be made of the micellar behaviour of the 
surfactant.5, 36, 37 The CMC is defined as the concentration at which a given property of the 
system (e.g surface tension, conductivity, turbidity, osmotic coefficient, or self-diffusion 
coefficient) sharply changes with concentration due to the aggregation of the molecules in 
solution. This concentration can be easily determined using techniques that allow 
measurement of one of those system properties. Many factors have been also identified 
as affecting the CMC due to behavioural changes of the surfactant. The major factors are: 

• Size and composition of the hydrophobic group: the length and branching 
of the hydrophobic moiety is a major factor affecting the CMC of the 
surfactant. Increasing the length of the tail or branches provokes a 
reduction of the CMC.38 Also the substitution of hydrocarbon groups with 
fluorocarbon units produces a significant increase in the hydrophobicity and 
therefore a decrease in the CMC.39 

• Composition of the hydrophilic group: Variations in the hydrophile result in 
changes in the CMC. The most remarkable differences are seen in the 
comparison between ionic headgroups vs. non-ionic headgroups. This is a 
consequence of the relative magnitudes of the headgroup electrostatic 
interactions and the steric interactions, and the resulting free energies 
associated to the headgroup solvation.5 

• Effect of surfactant counterion: The dissociation of ionic surfactants plays a 
key role in the surfactant behaviour due to electrostatic interactions 
between headgroups and counterions. A higher degree of association is 
reflected in lower values of the CMC.20, 37, 40 

• Addition of salts: Similar to the counterion effect, the presence of salts 
alters the electrostatics that govern surfactant behaviour.41 The addition of 
electrolytes to the surfactant system results in a decrease of the CMC. 
Interestingly, the CMC of non-ionic and zwitterionic surfactants is also 
affected by the presence of salts, though those display a much smaller 
effect than simple ionic amphiphiles.19, 42, 43 
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• Effect of temperature: The influence of temperature on the CMC of the 
surfactant is usually weak within a temperature range, showing small 
variations. However, there are two major effects of the temperature: the 
Krafft point (at which the solubility of the surfactant equals the CMC at the 
same temperature) and the cloud point (normally for non-ionics, 
temperature above which the mixture phase-separates).44, 45 

The adsorption of surfactants at an aqueous interface is commonly associated with 
a gradual reduction of the surface tension down to a minimum value at the CMC. Below 
this concentration, surface-active compounds form oriented monolayers at the air-liquid 
interface due to the unfavourable interaction between the surfactant tails and water. A 
fundamental physical quantity is the surface excess concentration (Γs), which is defined 
as the concentration of a component at the surface relative to that in the bulk phase. The 
thermodynamics of adsorption are commonly determined through fitting the Gibbs 
adsorption isotherm to the pre-micellar region on a surface tension vs. the natural 
logarithm of the surfactant concentration.37, 46 

Γ! =
−1
!"#

!"
!"#[!] 

where T is the temperature, γ is the surface tension and [s] is the activity of component s 
(or the concentration for dilute solutions). The parameter n relates to the dissociation of 
the surfactant. This thermodynamic relationship therefore describes the variation in the 
surface excess concentration of the surfactant and the surface tension of the system.47 
Other thermodynamic parameters regarding the adsorption of surfactant at an interface, 
such as the limiting area per surfactant monomer, can be subsequently calculated from 
the results of the isotherm. 

The combination of surface tension methods with other techniques also provides 
further information about the thermodynamics of surfactant association. For instance, from 
the CMC and the degree of counterion dissociation (commonly determined through 
conductivity measurements) the Gibb’s free energy of micellisation may be calculated, and 
with that entropic and enthalpic contributions attributed to the self-assembly.48 

1.1.1.2 Micellisation and aggregate morphology 
Micelle formation is regarded as association-dissociation equilibrium between 

monomers and aggregates in solution. The micelle core is commonly assumed to not be 
affected by solvation, although a few hydrophobic groups close to the headgroup may be 
in contact with solvent molecules.14, 49, 50, 51 The core is generally presented a liquid-like 
hydrocarbon environment (or fluorocarbon environment in the case of fluorinated 
surfactants).14, 39 The hydrophobic effect is the primary driving force for micelle formation. 
From a thermodynamic perspective, monomer aggregation is driven by the tendency of 
hydrophobes to associate between themselves rather than remaining in contact with 
water. This aggregation process translates into the reduction in the free energy of the 
system as a predominantly entropy-directed process.19 This change in entropy is usually 
attributed to two (controversial) factors: loss of structuring of the solvent molecules around 
the hydrophobic tails of monomers and higher flexibility of hydrocarbon tails within the 
non-polar environment of the core. Such interpretations have been constantly challenged 
and there is not yet total consensus on the driving force for surfactant aggregation.52 

The hydrophobic effect is accepted as the constructive contribution that produces 
the growth of the micelles, whereas the interaction between polar headgroups provides 
the anticooperativity that limits the growth of the aggregates.14 Investigations of micelle 
structure have developed into a widely accepted geometrical framework that predicts the 
morphology of the aggregate. Depending on the surfactant packing a wide range of 
micellar structures can be drawn: spherical, ellipsoidal, rod-like, ribbon-like, bilayers, and 
reverse structures (or inverse micelles), among others. Although early studies suggested 
the formation of spherical micelles for single-tail ionic surfactants,53 Tanford demonstrated 
that perfect sphericity was not a common scenario for small compact micelles.14 Through 
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simple geometrical constraints, Tanford demonstrated that, for the aggregation numbers 
reported, the formation of spherical micelles was not possible, and a deviation from 
sphericity must be achieved in order to allocate the monomers into micelle geometry. 
Such predictions led to the formulation of the first of the theories that aim to understand 
the morphology of micelles.14 Such theories predict the possible shapes of micelles by 
considering their aggregation number. 

This simple but excellent piece of work was subsequently followed by Israelachvili 
et al., who developed a framework that describes the morphology of the micelles as a 
balance of molecular geometry.4 This treatment accounts for the free energy of 
association using three parameters of the surfactant: the volume of the hydrophobic 
moiety (v), the critical length of the tail (lc) and the area per monomer at the headgroup-tail 
interface (a0). These define the critical packing parameter (p) as: 

! = !
!!!!

 

Through a simple derivation that involves the calculation of the aggregation 
number as the contribution of the monomer volume to the micelle core (Nagg=Vcore/v) and 
as the contribution of the monomer area to the total surface area of the micelle 
((Nagg=Amicelle/a0), it was predicted that spherical micelles would have a critical packing 
parameter equal or less than 1/3. Changes in the geometrical packing parameter of a 
monomer would therefore lead to changes in micelle morphology. Subsequent derivations 
showed that several morphologies could be indexed following this procedure (see Table 
1.2). 

Table 1.2 Predicted micelle morphology in relation to the micelle packing parameter. 

Packing parameter Micelle structure 
<1/3 Spheres 

1/3-1/2 Ellipsoids or cylinders 
1/2-1 Vesicles or flexible bilayers 

1 Planar bilayers 
>1 Inverse structures 

For a given surfactant, the critical chain length and volume are well defined, 
whereas the area per monomer is driven by the interactions between headgroups. Either 
steric or electrostatic, the repulsive interaction between headgroups drives the value of a0 
and, hence, controls the morphology of the micelle. Variations in the ionic environment, for 
example through the addition of electrolytes, modify the electrostatic repulsion between 
headgroups and ultimately the morphology of the micelle.8, 20, 54, 55, 56, 57 Later investigations 
demonstrated the ability of some hydrotropic salts to profoundly alter the morphology of 
the micelles. Those changes were explained through the convolution of the electrostatic 
screening at the interface with the penetration of parts of the ion into the micelle core, 
therefore acting as co-surfactant.8, 58, 59, 60 

When the concentration of surfactant is increased above a threshold point (~20-40 
wt% depending on the surfactant) the interactions between micelles start to affect their 
morphology. Through that point, surfactant aggregates make a transition from free 
micelles to liquid-crystalline mesophases. These phases, although incredibly interesting, 
correspond to a major study not included in this project, and all the investigations 
presented here are focused on the micellar phase of the surfactants. 

1.1.2 Phospholipid monolayers at the air-liquid interface 
The structure and composition of biological membranes are very complex. In order 

to undertake fundamental investigations, physical chemists commonly use membrane 
models that replicate the membrane environment as a simplified problem, since a high 
degree of similarity with biological systems would require an extreme level of complexity. 
The model systems are usually composed of a lipid bilayer, embedded proteins and/or a 
small number of other organic molecules, such as cholesterol. These model systems 
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usually offer various advantages over biological membranes: the models may be confined 
at the interface (so it can be treated as a 2D problem), and they are highly reproducible 
and tailorable through variations in the lipid structure. 

Phospholipids are a class of lipid that are the major component of cell membranes. 
These molecules usually have two aliphatic chains connected by the polar headgroup, 
which is usually an ionic or zwitterionic group.61 Due to the large size of the hydrophobic 
moiety, phospholipids show very low monomeric solubility. The hydrophobic effect drives 
them to achieve a more energetically favourable state, and thus they form phospholipid 
monolayers if deposited at the air-liquid interface at low concentrations, and aggregate 
into different multilayer structures at high concentrations. In aqueous solution, bilayer 
vesicles are the preferred geometry, and these can be used to deposit flat bilayer 
structures at the solid-liquid interface. Phospholipid monolayers at the air-solution 
interface normally have thicknesses between 14 Å to 40 Å, depending on tail length and 
surface concentration, where the tails are situated in the air-phase and the headgroups 
remain in the solvent.61 

One of the interesting facts of phospholipid monolayers is that the characteristics 
of the monolayers vary with surface concentration. When compressing the monolayer, 
therefore increasing the surface concentration, the lipid phase undergoes changes 
determined by the interactions between the monomers. The notation used to describe 
such two dimensional phases is an analogy of the three dimensional (3D) states of matter: 
gas, liquid and solid.61 The workhorse for the investigation of insoluble phospholipid 
monolayers on water is the Langmuir trough technique. This experimental procedure 
involves measuring the surface pressure of the system (∏ = γ0 - γ, where γ0 is the surface 
tension of a pure subphase and γ is the surface tension at a given surfactant surface 
concentration) upon compression of the insoluble monolayer. The surface pressure is 
measured using a Wilhelmy plate. The Wilhelmy plate method uses a perpendicular, 
partially immersed plate connected to a microbalance. This method tracks changes in the 
surface pressure by measuring the forces acting vertically on the plate. The compression 
of the monolayer leads to a reduction of the available surface area and a subsequent 
increase of the surface concentration of the system. The shape of the isotherm becomes 
a useful tool to identify phase transitions in the molecular film. Fig. 1.2 shows a schematic 
representation of these phases in a surface pressure against area per molecule at the 
interface (APM) plot. 

 

 
Fig. 1.2 Phase diagram of the lipid behaviour at the air-water interface. The different phases are (g) 

gas, (le) liquid expanded, (lc) liquid condensed and (s) solid. ∏l corresponds to the surface pressure 
at the coexistence region, ∏s to the surface pressure at the liquid-solid transition and ∏c to the 

collapsing pressure. 

When an initially expanded gas-like phospholipid phase (g) is compressed, the 
surface pressure of the system increases as the area per molecule decreases. A closer 
packing of the phospholipid monomers leads to the formation of a liquid phase. 
Depending on the characteristics of the monomer and the transition temperature of the 
tails, one or two liquid phases can be found.61, 62 At room temperature, for example, the 
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formation of a single liquid phase can be found for DMPC and shorter chain 
phosphocholine lipids. For longer tails, as with DPPC, the flagship of investigations on 
lipid behaviour, the formation of two liquid phases has been identified. In this case, a liquid 
expanded phase (le) is achieved when compressing a gas phase monolayer, correlated 
with a gradual increase in the surface pressure. At a given pressure (∏l), a plateau is 
observed in the surface pressure-APM plot. This plateau has been attributed to the 
coexistence of two liquid phases: an expanded and a condensed liquid phase (lc). In such 
regions, the formation of lc domains surrounded by a le phase was identified.62 Further 
compression in the coexistence region provokes a transition to a fully condensed liquid 
phase and, above the solid phase threshold surface pressure (∏s), a less compressible 
solid phase (s) is formed.61, 62 In the latter phase, the closest packing of monomers is 
achieved and therefore more compression causes the monolayer to collapse. In that 
regard, beyond the critical surface pressure, the monolayer is disrupted and the formation 
of 3D structures at the interface is found. 

Dissolved ions and changes in pH are intimately involved in biological processes. 
Several studies have been focused on understanding the effect of H+, cations and anions 
on the structure and function of lipid membranes.61, 63, 64, 65, 66 The presence of ions 
adsorbed to the lipid monolayer has been related to changes in the monomer interactions 
and packing, through variations in the charge density in the headgroup region. 

1.1.3 Protein structure, folding and activity 
Proteins are essential building blocks in cell biology. They play an important 

structural role, as well as serving as catalytic sites in chemical reactions occurring in the 
cell. The collection of proteins in a cell environment includes a huge diversity of structures 
and functionalities. Therefore, disentangling the characteristics of proteins helps to better 
understand biological process. Also the huge range of functional possibilities fulfilled by 
proteins, from enzymatic catalysis to biosensors, attracts the attention of multidisciplinary 
investigations in order to find diverse applications for these systems. 

The structure of proteins is layered in different levels of complexity. Proteins are 
organic macromolecules constructed of various amino acids linked through peptide 
bonds.67 The linear sequence of amino acids is regarded as the primary structure of the 
protein. Due to the large number of functional groups in the chain, the chemistry of these 
sequences is unique. Each chain presents a combination of polar – both anionic and 
cationic – and non-polar domains, thus providing the chain with the ability to interact 
through electrostatic, dispersion and hydrogen forces. The location of those sites thus 
promotes a particular folding of the amino acid chains. This process causes the formation 
of certain architectures, most commonly alpha helices and beta sheets, making the 
secondary structure of the protein. Most proteins contain multiple helices and sheets, in 
addition to other less common patterns. The ensemble of those, driven by interactions 
between active sites within the secondary structure, causes the protein to fold into a more 
compact form. This low-energy state is known as the tertiary structure of the protein. 
Finally, the quaternary structure refers to the conformation of several polypeptide chains in 
a supramolecular architecture. 

A protein molecule is constantly going through structural changes and fluctuations 
in the structure, by fluctuations of the different types of interactions between the functional 
sites of its structure. Therefore the static and dynamic study of protein structure is crucial 
to their biological and chemical activity.68, 69, 70 Due to the high number of functional sites 
and the amphiphilicity of the proteins, the surrounding environment strongly influences the 
behaviour of the macromolecule. However, the solvation of proteins is very complex and 
the mechanisms are still not fully understood for a wide range of proteins. Protein 
solvation in dilute buffered water solutions has been widely investigated. Also the 
solubility, structure and activity of proteins in other organic solvents have been previously 
investigated.71, 72 In those cases, the formation of local solvation environments has been 
proposed as a mechanism for protein stability in mixtures of water and these solvents 
(e.g. DMSO, ethanol).72, 73, 74 
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1.2 Solvents as media for self-assembly 
As introduced above, amphiphile self-assembly is strongly influenced by the 

surrounding medium, and understanding how the medium drives self-assembly remains a 
major field of investigation. The physicochemical properties of the continuous medium, 
such as polarity, ionic strength and surface tension, are highly relevant in driving of 
amphiphile self-assembly. Understanding these permits a more accurate prediction of 
aggregate morphology. 

Surfactant self-assembly, phospholipid behaviour and protein folding in water have 
been widely investigated, accompanied by an increased interest in self-assembly in non-
aqueous solvents. The behaviour of amphiphiles in organic polar solvents, the 
development of technologies involving supercritical fluids, and amphiphile self-assembly in 
exotic environments are of scientific and technological interest (e.g. enzymatic specificity 
in organic solvents).71 Solvents such as glycerol, ethylene glycol, formamide, alcohols, 
and supercritical CO2, among others, have been explored as amphiphile self-assembly 
media.23, 25, 33, 34, 35, 73, 75, 76 

1.2.1 Ionic liquids 
With the emergence of ionic liquids, the number of solvents capable of supporting 

amphiphilic activity presented a sharp increase.77 The aim of this section is to introduce 
the current state-of-the-art of investigations into self-assembly in ionic liquids (IL). Unlike 
IL, all the traditional solvents listed above are formed of uncharged molecules bonded 
through non-ionic intermolecular attractions. IL are solvents entirely composed of ions in 
which the melting temperature is below 100 ˚C, unlike traditional salts (e.g. sodium 
chloride, Tm=801 ˚C).78 The first investigation involving IL is acknowledged to be that of 
Paul Walden, who reported the formation of “anhydrous salts which melt at relatively low 
temperatures” through the neutralisation of ethylamine with concentrated nitric acid.79 The 
underlying concept behind the formation of low-transition temperature salts is the 
reduction of the network energy. This hypothesis revealed that it was possible to reduce 
the melting point of the ionic system through modifications in the structure of the ions. By 
using bulky organic compounds with asymmetric conformation, crystallisation could be 
frustrated.80, 81 

One of the main advantages of IL technology is the designability of the solvents. 
Through variations in the characteristics of the ions, myriad possibilities of IL can be 
prepared with different physicochemical characteristics. Thus a smart design procedure 
could lead to development of designer solvents, in which an IL would be developed to 
perform in particular applications.82 Characteristics such as polarity, water solubility, ionic 
conductivity, hydrophobicity, catalytic activity, ionic strength, surface tension, H-bond 
network and hydrophobicity, among others, have been explored in terms of solvent 
composition.78, 83, 84, 85, 86, 87, 88, 89, 90, 91 This characteristic makes IL of great importance in 
terms of potential applications. Thus, these solvents have been proposed as an 
alternative to traditional solvents in various fields, including electrochemistry, synthesis 
environment, gas separation processes, and liquid-liquid extraction.78, 90, 92 

IL are also (controversially) regarded as green solvents due to the negligible or low 
vapour pressure of the solvent, which could lead to applications in atmospheric emission-
free technologies. However this is still an open discussion, since toxic and hazardous 
intermediates are present during the synthesis of these solvents.78, 93 

Amphiphile self-aggregation studies have seen a major upsurge since the 
emergence of IL. Since the first investigation of surfactant behaviour in ethylammonium 
nitrate ionic liquid,94 the behaviour of amphiphilic molecules in IL has attracted the 
attention of the scientific community. Such work was undertaken in several investigations, 
involving more detailed studies of different amphiphiles in a wide range of solvents. Also, 
investigations of phospholipid bilayers and the performance of proteins, mostly in 
enzymatic catalysis, have been explored in IL. A brief review of amphiphile behaviour in IL 
is presented here, providing context to the work presented in this thesis. 
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Evans et al. pioneered the investigation of surfactant behaviour in IL with the 
determination of the CMC for a series of cationic surfactants in ethylammonium nitrate.94 
This investigation presented evidence of amphiphilic activity of these surfactants in these 
IL with similarities to that in water and other polar solvents. The effect of headgroup 
structure, surfactant counterion and tail length were investigated by means of surface 
tension, viscometry and calorimetry. Anderson et al. revisited the work performed in the 
80’s by Evans et al. and subsequently presented data on the surface activity of anionic, 
zwitterionic and non-ionic surfactants in two aprotic IL (1-butyl-3-methyl imidazolium 
chloride and 1-butyl-3-methyl imidazolium hexafluorophosphate).95 Both investigations 
showed similar evidence to support the surfactant aggregation phenomenon in these 
liquids. The observations of considerably higher CMCs in IL than in water were related to 
the higher solubility of surfactant monomers in these ionic solvents. 

Following those investigations, the adsorption of non-ionic surfactants at the 
interface of air-IL and air-IL/water mixtures was studied. The results effectively showed 
that the hydrophobic effect was somewhat reduced in IL in comparison to that in water, 
therefore leading to higher monomer solubility.30, 96 Upon the addition of water, the 
behaviour of the surfactants changed and became closer to the lyophobicity found in pure 
water.96 Those changes were related to variations in the solvation environment of the 
headgroups and changes in the hydrophobic effect. The aggregation of non-ionic 
surfactants into micelles and lyotropic phases was also demonstrated for those 
systems,30, 31, 97, 98 also attempting to elucidate the correlation between solvent structure 
and aggregate formation. For weakly structured IL, such as ethylammonium nitrate, the 
formation of non-ionic micelles was demonstrated.98 These surfactants were found to 
aggregate into conventional micelles, with a lyophilic solvated headgroup layer 
surrounding the lyophobic core, showing some parallelisms to those in water. For IL that 
show segregated non-polar domains or sponge-like structures (solvents with certain 
amphiphilic character, such as hexylmethylimidazolium tetrafluoroborate), the formation of 
non-ionic micelles was not observed. Such effect was attributed to the weak lyophobic 
effect.97 In conclusion, it was demonstrated that the formation of micelles was strongly 
influenced by the structure of the solvent and, subsequently, that the solvophobic effect 
could be controlled through changes in solvent characteristics, e.g. length or number of 
hydrocarbon substituents in the cation. 

The anion also has a significant impact on the solvent characteristics and, hence, 
on the micellization of non-ionic surfactants. The variation between hydrophilic (e.g. 
butylmethylimidazolium tetrafluoroborate) and hydrophobic (e.g. butylmethylimidazolium 
hexafluorophosphate) anions in the IL leads to changes in the lyophobic interactions 
between solvent and amphiphile. In this case, the hydrophobic IL presents a weaker 
micellisation driving force and, thus, the formation of micelles is hindered in comparison to 
that in hydrophilic IL.99 

The behaviour of ionic amphiphiles in IL is of wide interest. However, due to the 
ionic nature of the solvent, understanding electrostatic interactions, counterion 
condensation and headgroup solvation become complicated in IL. As mentioned above, 
the CMCs of ionic amphiphiles were found to be higher than in water.94 However, the 
difference in CMC between water and IL is much smaller for cationic than for non-ionic 
surfactants (~12 higher than water for C12TAB against ~500 higher than water for C12E6).77 
This difference was attributed to the electrostatic shielding of the ionic headgroups, which 
favours micellisation.77  

The formation of ionic surfactant micelles and lyotropic phases in protic IL was 
also explored in order to expand the understanding of the bulk solution behaviour of those 
surfactants. As in other non-aqueous solvents,23, 24, 25 ionic surfactants were found to 
aggregate and form similar structures to those in water.27, 100 The high ionic strength of the 
solvent (theoretically ~12-15 M), could potentially alter the morphology of the micelles 
through charge screening and specific ion-ion interactions.27 However this is not observed 
and alkyltrimethylammonium surfactants form globular micelles in ethylammonium nitrate, 
both polydisperse spheres and monodisperse ellipsoids have been reported.27, 100 
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Variations in the tail length of the amphiphile lead to changes in micelle size but do not 
strongly modify their shape. On the other hand, negligible electrostatic interactions 
between micelles have been attributed to the high ionic strength of the solvent, where the 
charge is totally screened in long-range interactions. Furthermore, increasing the 
surfactant concentration beyond the micellar region (above 45 wt% of C16TAB) results in 
the formation of lyotropic phases.100 

The variation of micellisation of cationic surfactants with the number of methyl 
substituents within the headgroup was investigated in order to understand headgroup 
solvation.27 The lyophobic interaction was kept constant between the different surfactants 
(all had C12 tails), whereas the lyophilicity was varied through changes in the headgroup 
structure. This investigation concluded that the hydrogen bond capabilities of the 
headgroup influences the micellisation, with stronger lyophilic moieties being more prone 
to form micelles. 

Specific ion-ion interactions are important for the stability and characteristics of 
colloidal systems in aqueous solutions. The Hofmeister series ranks the polarizability of 
an ion and ultimately its ability to interact to a counterpart.20 It has been assumed that 
counterion effects are negligible in ionic liquids due to the high ionic strength of the 
continuous phase.94 However, recent investigations showed that counterion binding is still 
competitive and has an effect on the micellisation of surfactants.27 Although micelle 
morphology is not strongly affected by counterion effects, the CMC and volume fraction of 
aggregates depends on the counterion used. 

Further, significant efforts have been made to understand IL liquid architectures 
and how this relates to amphiphile self-assembly, mainly using wide-angle X-Ray and 
neutron diffraction.101, 102, 103, 104 

Ionic liquids have also attracted the attention of biochemists and biochemical 
engineers. Although traditional ionic liquids could appear to be a harsh environment for 
biomolecules due to their high H+ concentration and toxicity profile,78 the stability of lipid 
membranes and the activity of proteins has been investigated in these solvents. Paying 
special attention to the structure of the solvent, the formation and stability of phospholipid 
monolayers has been explored in various IL.85 IL nanostructure was found to profoundly 
affect the formation of bilayers, their structure and the lipid melting temperature. Whereas 
in water, lipids usually present a preferred self-assembled morphology, lipids in different IL 
show a variety of possible structures and transitions, which are less commonly observed 
in water. 

Protein activity and structure have also been explored in IL, with emphasis in 
enzymatic activity in pure and hydrated IL. Hydrated choline dihydrogenphosphate was 
found to increase the thermal stability of lysozyme compared that to water, without 
profound changes in the structure of the protein.105 However, the activity of the protein 
decreased in the presence of the ionic liquid in the system. The same solvent was 
subsequently used to investigate the stability and chemical activity of DNA, showing long-
term stability in the hydrated IL.106 Also recent work has developed applications related to 
other biochemical activities, such as stabilisation of proteins71, 107 and extraction of active 
compounds from plant material.108 

1.2.2 Deep eutectic solvents 
Serendipity often leads to great discoveries in science. Deep eutectic solvents 

(DES) were discovered in 2001 when Abbott et al. were aiming to develop low-melting-
transition electrolytes.109 Since then, these solvents have increased in significance and 
number. DES are solvents obtained through the complexation of simple, often organic 
molecules.110, 111 This gives DES a hybrid nature of both molecular and ionic character, 
although it considerably complicates the understanding of these systems. The precursors 
are commonly large, non-symmetric molecules and salts with low lattice energy. The right 
combination of precursors leads to a large decrease in the melting point of the mixture, in 
comparison to that of each individual starting material, as seen in the phase diagram (Fig. 
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1.3). The combination of organic salt (or halide salt, HS) and organic hydrogen bond 
donors (HBD) has been widely explored in order to produce these eutectic mixtures. 111 

This decrease in the melting point was initially attributed to the interaction between 
the halide ion and the hydrogen bond donor of the mixture.112, 113, 114 However, subsequent 
investigations demonstrated the presence of a highly complex hydrogen bond network 
between all the compounds present in the system: organic cation, halide ion and organic 
hydrogen bond donor.115, 116, 117, 118, 119, 120, 121 Such a collection of interactions leads to a 
high entropy state that shows a low melting temperature, usually near or below room 
temperature. What can be shown is that the nanoscopic structure and dynamics of the 
solvent ultimately drives the macroscopic characteristics of the system.116 

 
Fig. 1.3 Representation of a two-component phase diagram with a eutectic point. Tm,HS and Tm,HBD 

represent the melting points of the individual halide salt and hydrogen bond donor, respectively. Tsynt 
corresponds to the temperature at which the DES synthesis is performed. Teu and xeu are the glass 

transition temperature and the composition of the eutectic mixture. 

Common combinations of precursors that lead to the formation of DES use an 
organic halide salt, such as choline chloride, and a hydrogen bond donor, such as urea. 
However, a wide range of precursors that produce eutectic mixtures, have been 
identified.111 The first systems identified ammonium salts as the most likely organic salt 
component that would form a eutectic mixture when mixed with a hydrogen bond donor.109 
Subsequently, choline chloride has become a key compound on the development of DES 
due to its low cost and low toxicity.110, 111, 112, 113, 122, 123 Variations in the salt substituents 
and halide ion have been also explored, causing changes in the melting temperature and 
physical properties of the system, such as density, viscosity, polarity and hydrophobicity, 
among others.109, 111, 124, 125, 126, 127 Also, the use of phosphonium salts has been explored 
as an alternative to ammonium salts, though the number of investigations is still rather 
scarce.128, 129 Other investigations have been focused on varying the characteristics of the 
mixture through changes in the hydrogen bond donor, keeping choline chloride as the 
halide salt in order to maintain low production costs. Urea was the first organic hydrogen 
bond donor used to synthesise a choline chloride-based DES112, and this was 
subsequently followed by other organic compounds, expanding the set of possibilities by 
using alcohols, carboxylic acid, amines and other naturally-occurring compounds.110, 111, 

113, 122, 130 Fig. 1.4 presents some of the most common precursors used to synthesise DES. 
Those investigations showed that variation of the precursors promotes changes in 

the physicochemical properties of the solvent. Solvent properties such as density, 
viscosity, polarity, surface tension and hydrophobicity, can be tuned.111, 126, 127, 131 This 
opens possibilities in solvent design, where predictions of solvent characteristics may 
allow selection of a system that performs optimally in a given process. Furthermore, due 
to the character of some of these precursors, the solvents are often regarded as 
sustainable green solvents. They present low or negligible vapour pressure, and are 
commonly composed of molecules which are non-flammable and non-hazardous.111 
Therefore DES have quickly become attractive alternatives to molecular solvents and ionic 
liquids in a wide range of applications. Metal processing applications (electrodeposition, 
electropolishing and metal extraction) pioneered the investigations using DES.111 
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Fig. 1.4 Some halide salts and hydrogen bond donors that, in combination, can form a DES.110, 111, 123 

Chemical synthesis using DES as the continuous medium has also been explored, 
providing a better control over the selectivity of the reaction than traditional solvents,111 
while also allowing traditionally air and water sensitive syntheses to proceed in air at room 
temperature.132, 133 In a similar line, enzymatic reactions, biotransformations and 
ionothermal synthesis take advantage of DES characteristics to replace traditional 
solvents.110, 134, 135, 136 The selective separation of gases through gas adsorption and liquid-
liquid extraction using DES is also a field of interest.137, 138, 139 Finally, DES have been 
hypothesised as non-aqueous environments that may provide a suitable environment for 
biomolecules where activity and structure are preserved.140  

Unlike some IL,93 many DES are compatible with water. Such characteristic brings 
the possibility of developing intermediate environments between pure water and pure DES 
with different physicochemical characteristics. For instance, the addition of water has 
been found to dramatically decrease the viscosity of the system, which would facilitate the 
handling of these solvents under flow.141 Hammond et al. explored the molecular structure 
of these mixed systems, showing the formation of various structures with varying the 
water content.142 These range from a slightly hydrated DES structure to fully individually 
dissolved DES precursors, passing through various states where transient DES and water 
domains coexist in the solvent. Such models can be ultimately used to understand 
transitions in the macroscopic properties of the solvent, such as changes in viscosity, 
polarity and ion conductivity altering the water content. 

Although DES have been recently used as alternative solvents to molecular liquids 
in many different applications, publications relating to amphiphilic self-assembly in DES 
were scarce until the beginning of this project. Here the relevant work on amphiphile 
behaviour in DES that has been reported outside this project is briefly reviewed. 

The first investigation, to the best of my knowledge, involving DES and surfactants 
was performed by Rengstl et al.143 This work presented a novel procedure to design low 
melting transition systems through the combination of DES and, as a secondary goal, the 
authors explored the solubility of choline-based surfactants and their self-assembly in 
these media using SAXS/WAXS measurements. Although no structural details of the 
aggregates were reported, this publication presented the first evidence of surfactant 
solubility in DES. 

Pal et al. then picked up the baton and presented evidence for surfactant self-
assembly in hydrated choline chloride:urea.144 These authors combined fluorescence 
spectroscopy and surface tension measurements to explore the pre- and post-micellar 
behaviour of sodium dodecylsulfate in choline chloride:urea/water mixtures. Although this 
investigation also presented dynamic light scattering and small-angle X-ray scattering 
data, the authors did not include a morphological investigation of the aggregates. That 
publication was followed by the investigation of cationic surfactants in choline 
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chloride:glycerol.144 Using similar set of techniques to those listed previously, the authors 
presented the CMC of these different surfactants in this DES. This investigation also 
presented a brief thermodynamic analysis of the micellisation process, highlighting that 
the micellisation is less favourable than in water, potentially due to the weaker lyophobic 
effect in this DES. Using small-angle X-ray scattering, the authors claimed the formation of 
globular micelles of C16TAB in choline chloride:glycerol at 20 and 50 mM surfactant 
concentration (radius of gyration 2 nm, maximum dimension ~8 nm). 

Some common DES precursors such as organic acids, sugars, amines, are also 
common compounds found in biological environments.145 The possibility of using these 
solvents as alternative environments to water for the stabilisation of biomolecules has 
been hypothesised by Choi et al., raising the idea of DES as co-existing environments to 
water in cell physiology.140 The consideration of localised DES environments in metabolic 
routes soon became a field to explore, with a recent set of investigations published on the 
behaviour of bioactive molecules in DES. Gutierrez et al. describe the preparation of 
stable phospholipid vesicles in choline chloride:urea and choline chloride:thiourea.146 A 
novel approach to incorporate the amphiphiles to the solvent was used. A DES/water 
mixture was prepared to facilitate the dissolution of the amphiphiles. The mixture was 
freeze-dried and the water content measured to ensure that the co-solvent was totally 
removed. The results showed the preservation of phospholipid vesicles in DES upon 
dehydration. Interestingly, the authors highlight the importance of investigating self-
assembly in DES as alternatives to water in bio-sensing, catalytic and pharmaceutical 
applications. Subsequently, these authors expanded this investigation and presented a 
novel route to incorporate bacteria into DES through the same freeze-drying technique.147 
The outcome of this investigation showed the viability of using DES to preserve bacteria 
and develop new methodologies for biocatalysis involving whole microorganisms. 

Although Gutierrez et al. demonstrated the presence of phospholipid vesicles in 
DES, the incorporation method did not demonstrate the thermodynamic stability of the 
system. Whether the vesicles were an equilibrium system or rather a kinetic arrest due to 
the low solubility of the amphiphiles in DES was an open question to answer. Bryant et al. 
presented an investigation on the formation of thermodynamically stable lipid bilayers in 
DES.148 Phosphatidylcholine lipid bilayers were prepared in choline chloride:urea through 
solvent penetration into the lipid powder. Polarised-light optical microscopy and small-
angle X-ray scattering were used to characterise the resulting systems and showed the 
formation of different lyotropic phases. As in water, the phospholipid phase in this DES 
undergoes a phase transition from highly ordered bilayers to a liquid-like organisation of 
the tails, upon heating. The transition above a certain temperature to the less ordered 
phase leads to the formation of phospholipid vesicles in the solvent, demonstrating that 
such self-assembled structures are thermodynamically favoured in DES under certain 
conditions. 

Investigations on the formation of lipid vesicles in DES went one step further. 
Bryant et al. subsequently explored the effect of the DES nanostructure on the 
characteristics of the self-aggregates.149 Phosphatidylcholine bilayers were prepared in a 
set of solvents, varying the cation (ethylammonium, propylammonium and 
butylammonium), counterion (chloride and bromide) and hydrogen-bond donor (glycerol 
and ethylene glycol). It was demonstrated that the transition temperature, which ultimately 
determines the formation of lipid vesicles, depends on the characteristics of the solvent, 
unlike in pure molecular solvents. In the DES, the formation of segregated domains within 
the liquid due to the presence of hydrophobic moieties in the solvent, strongly affects the 
order in the lamellar phase and reduces the transition temperature. The anion and 
hydrogen bond donor were also found to affect the transition temperature of the system. In 
the case of the anion, this difference was attributed to counterion binding to the 
headgroup, following the Hofmeister series. 

DES are also being intensively studied as an alternative environment to aqueous 
buffers for protein solubilisation. One of the major drawbacks of biocatalysis is the high 
sensitivity of enzymes to the processing conditions. The alternative of using non-aqueous 
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solvents instead of water as a reaction media offers some advantages in terms of protein 
stability and solubility.71, 150 As a result, a wide number of investigations have been 
focused on finding new environments where proteins remain active and stable. The 
emergence of DES as biobased solvents, where the solvent may be entirely composed by 
biocompatible organic compounds, offers a new exotic media where enzymatic processes 
may be improved and allow new areas of research to be explored. 

Recently, investigations on pure and hydrated DES as solvents for the stabilisation 
of proteins and enzymes have been carried out. Gorke et al. presented the first 
investigation on enzymatic activity in DES, where DES were found to be a suitable 
environment for enzyme solubilisation.151 Hydrolase-catalysed reactions were performed 
in DES, showing good catalytic activity and selectivity over side reactions. Remarkably, 
the stability of the protein was found to be much greater in choline chloride:urea DES  
than in aqueous solutions containing high concentrations of either choline chloride or urea. 
Such an effect was attributed to the strong correlation between both DES components, 
limiting the interaction of those with the active sites of the proteins. Furthermore, they 
explored the effect of solvent composition, showing that variations in the constituents of 
the DES lead to changes in the yield and selectivity of the reactions. Working on a similar 
line, the performance of a lipase was evaluated in various DES, showing again a high 
activity of the protein and similar kinetics to those in organic solvents commonly used as 
reaction media.152 Also, it is highlighted that the activity of these enzymes and their rates 
of reaction are higher in DES than those in ionic liquids. 

It is generally believed that protein activity is totally suppressed in the absence of 
water.150 However, total dehydration is an uncommon scenario since a few water 
molecules are normally bound to the protein, even when the biomolecules are stabilised in 
organic solvents. Such a small amount of water enables protein activity in those harsh 
environments.71 Similar mechanisms have been also observed in DES-protein systems. 
The activity of some proteins is highly depressed in pure DES, however a small addition of 
water greatly increases it. Protease activity was reported to be supressed in pure glycerol-
based DES, but the addition of a 3 % v/v of water to the system promoted a significant 
increase in the activity.153 Similarly, lysozyme activity is recovered upon the addition of 
water to a trehalose-based DES.154 These effects on protein activity have been correlated 
with changes in protein structure induced by the presence of water in the system.155, 156 
Similarly, Choi et al. reported an increased Laccase enzyme activity in a 50/50 v/v choline 
chloride:malic acid/water mixture.140 As DES precursors are common compounds used in 
protein cryoprotection,157 it was also suggested that these systems may act as protein 
protectants and enable enzymatic activity at cryogenic temperatures, high temperatures 
and in dehydrated environments. 

One of the relevant questions to explore in protein-DES systems is the interaction 
of the biomolecules with the solvent. Urea, a common precursor for DES, has been shown 
to act as a natural denaturant when added to aqueous solutions of proteins.158 Despite the 
high concentration of this natural denaturant, choline chloride:urea is reported as a 
suitable environment for proteins and enzymes. Computational investigations 
demonstrated that this protection effect comes from the complexation of urea with choline 
chloride, which considerably reduces the urea mobility and hinders the interaction of this 
component with the active sites of the protein, in line with the experimental results 
previously mentioned.159 However, the stabilising effect induced by the ammonium-based 
compound is only applicable at the eutectic condition, and deviations from that will induce 
protein denaturation.107 

Other systems that present self-driven aggregation have been briefly explored in 
DES. The conformation of non-ionic polymers is determined by polymer-solvent 
interactions, mainly hydrogen bonding. The solvent quality for non-ionic polymers was 
explored in alkylammonium bromide DES, showing them to be relatively good solvents for 
poly(ethylene oxide).160 Furthermore, it was shown that variations in the structure of the 
solvent lead to changes in the solubility and conformation of the polymer. Choline 
chloride:urea has been also evaluated as solvation environment for polyvinylpyrrolidone, 
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showing different intermolecular interactions in DES to those in water.161 Those 
differences result in a slightly different conformation of the polymer in solution, although 
the osmotic compressibility is similar to that in aqueous environments. 

DNA conformation has been also investigated in DES. Mukesh et al. reported the 
preparation of different self-assembled conformations of DNA chains in choline 
chloride:ethylene glycol.162 Variation of the pH caused the reversible formation of several 
DNA structures, varying from DNA microspheres to a soft responsive gel phase. In a 
similar fashion, the aggregation of carbocyanine dyes in choline chloride-based DES has 
been explored in terms of water content and pH.163 

It can be concluded that DES constitute a suitable environment for amphiphilic 
self-assembly. Aiming to develop a self-assembly theory for amphiphilic compounds in 
DES, this project explores the behaviour of surfactants, phospholipids and proteins. 

This chapter has given an outline of amphiphile self-assembly and the current 
state of the art with respect to self-organised systems in ionic liquids and deep eutectic 
solvents. Chapter 2 presents the characterisation techniques used in this work, including 
the procedures followed to analyse data. Chapters 3 to 9 contain the core experimental 
work of this thesis. Chapter 3 presents the investigations on micellisation of sodium 
dodecylsulfate (SDS) in choline chloride:urea and introduces the concept of interacting 
self-assembly in DES. Chapter 4 explores the micellisation of alkyltrimethylammonium 
bromide micelles in choline chloride:glycerol, presenting some parallelisms to that in 
water. Working on the mechanism of interacting self-assembly, Chapter 5 shows the route 
for interacting self-assembly of alkyltrimethylammonium bromides in choline 
chloride:malonic acid DES. In Chapter 6 the effect of counterion substitution on the 
behaviour of anionic dodecylsulfate surfactants is investigated. Chapter 7, as the last one 
focused on surfactant behaviour, shows the studies on the self-assembly of zwitterionic 
surfactants. Investigations on phospholipid monolayers at the air-DES interface are 
presented in Chapter 8. Protein conformation in pure and hydrated DES is explored in 
Chapter 9. Finally, Chapter 10 elaborates the general conclusions of this project and 
introduces possible routes that could be followed in the future in order to extend the 
current knowledge in amphiphile self-assembly in DES.  
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Chapter 2 
 
 
 
 

2 Experimental techniques 
The purpose of this chapter is to present the main techniques used to characterise 

the systems throughout this project. First, scattering techniques will be presented, 
focusing on how they are exploited to investigate soft materials. Then we move on to the 
techniques used to obtain preliminary or complimentary information to that from scattering 
experiments. 

2.1 Scattering techniques applied to soft matter 
Scattering of radiation is a powerful tool in the study of condensed matter, with 

special emphasis on the colloidal domain. This chapter aims to introduce the main 
scattering techniques used during this project, small-angle scattering (SAS) and 
reflectivity, as well as their procedures for data analysis and interpretation. A more 
detailed treatment of the concepts presented here can be found in these references.164, 165, 

166, 167, 168, 169, 170 
2.1.1 Interaction of radiation with atoms 
X-rays, neutrons and light can be used to probe matter on the nanometre scale. 

Each type of radiation provides a different insight into the matter probed. X-rays are 
scattered from the electron cloud of atoms unlike neutrons, which interact with nuclei. The 
electric field of light however interacts with electric dipoles in the system. As a result, an 
oscillating polarisation is created in the molecules of the system, which subsequently 
emits the scattered radiation.171 Therefore each technique, although complimentary, can 
be used to obtain a particular but valuable piece of information that may contribute to the 
“bigger picture” of the system. Neutron and X-ray scattering were used in the experimental 
work presented here, so these will be discussed in further detail in this section. 

2.1.2 Coherent and incoherent scattering 
The scattering from real systems results from the contribution of various elements 

and/or isotopes. The distribution of scattered radiation will be dependent on the 
characteristics of the system and the total scattering can be described as the sum of the 
coherent and incoherent cross sections. The coherent scattering represents the scattering 
that arises from constructive interference of radiation and provides structural information 
of the system. The out-of-phase scattering is described as incoherent scattering and, 
although relevant, does not contain structural information of the system. 

In neutron scattering, it is crucial to highlight that different isotopes interact in a 
different way with neutrons. Remarkably hydrogen (H) and deuterium (D) strongly interact 
with neutrons but in a different way. Hydrogen is a poor coherent scatterer whereas 
deuterium is a good coherent scatterer (Table 2.1). From now on, “Contrast” is the term 
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used to describe the differences in scattering between different parts of a system. This 
allows the development of a method based on contrast variation widely used in soft 
matter; i.e. varying the amount of hydrogen or deuterium in a system (or part of this) 
should not greatly change its chemical behaviour but will strongly affect the scattering. 
Therefore different contrasts can be used and a set of those will assist to resolve complex 
structures by isotopic labelling and contrast matching different parts of the system, as will 
be later explained in detail. 

Table 2.1 Scattering cross section for hydrogen and deuterium.168 

Compound Coherent cross section 
(barn) 

Incoherent cross section 
(barn) 

Hydrogen 1.757 80.30 
Deuterium 5.592 2.050 

Each type of scattering can be exploited to investigate different characteristics of 
the system, however both are always present and contribute to the total scattering. In 
spectroscopy experiments, incoherent scattering is often used to investigate the dynamics 
of the system, so therefore the scattering of the system should be optimised in order to 
maximise the incoherent contribution of the component of interest of the system. However 
small-angle scattering and reflectivity look at the spatial and energy distribution of 
radiation scattered coherently in order to investigate structures. Thus incoherent 
contributions are undesirable. Incoherent scattering is nevertheless present in the 
measurement contributing as background radiation. This fact must not be neglected since 
such contributions could mask the intensity scattered coherently and hide the information 
from the elastic events. 

2.1.3 Scattering from a fixed single nucleus 
The scattering of neutrons by nuclei is a quantum-mechanic process. Considering 

an elastic scattering event from a single nucleus, where no energy is exchanged, the 
scattering will depend upon the interaction potential between the neutron and the nucleus. 
Due to the nature of such interaction, this potential rapidly falls to zero at a distance of 10-

15 m.167 Therefore the atom can be considered a point scatterer, as shown in Fig. 2.1: 

 
Fig. 2.1 Scattering event from a fixed nucleus.167 

A neutron beam is defined as a planar wave with amplitude ψi, 
!! = !!"# 

where k is the wavevector along the neutron trajectory, which can be defined as a function 
of the wavelength (k=2π/λ), and r represents the position of the neutron with respect to the 
scattering centre (r=0). As the atom is considered as a point scatterer, the scattered wave 
will be spherically symmetrical with a wave function: 

!! = − !! !
!"# 

where b is the neutron scattering length and ψs is the amplitude of the scattered wave. 
The scattering length therefore represents an important characteristic of the scattering 
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event. The scattering length is a mechanistic value that describes the interaction of 
neutrons with the atom, and relates to the phase shift between the incoming and outgoing 
wave in a scattering event. Therefore the scattering length is used to represent the 
interaction of the radiation with the atom. 

The analogous magnitude for the scattering of X-ray is the atomic form factor. In X-
rays the atomic size is comparable to the wavelength used to probe the system, therefore 
at wide scattering angles the scattered wave contains information of the electron cloud of 
a given atom. The atomic form factor quantifies the scattering power of an isolated atom 
that interacts with an X-ray beam. The atomic form factor is the Fourier transform of the 
electron density of an atom, assumed to be spherically symmetric, and depends on the 
distance to the origin in reciprocal space. In scattering techniques where the length scale 
probed is longer than the atomic scale, such as small-angle X-ray scattering, the X-ray 
scattering length can be approximated as the number of the electrons in the atom, i.e. the 
atomic number, and the classical radius of the electron. 

Considering the different nature of neutron and X-ray scattering, it can be seen 
that different information is obtained from each technique. X-rays generate contrast from 
inhomogeneities in the electron density of different regions in the system and are thus 
more susceptible to heavy atoms than to light atoms. However, neutron-nucleus 
interaction is susceptible to changes in the nuclei characteristics and, although it is still not 
well understood, it varies randomly accordingly to the neutron scattering length. Such a 
characteristic may seem negative at first glance, however it provides a good insight when 
attempting to differentiate between regions with similar electron density but high neutron 
contrast. Furthermore neutrons are sensitive to isotopic labelling of some elements, being 
particularly useful in soft matter due to the difference between hydrogen and deuterium 
(neutron scattering lengths: -3.74 fm for hydrogen and 6.67 fm for deuterium). 

2.1.4 Scattering from an ensemble of atoms 
Real systems are composed of a three-dimensional ensemble of atoms. The 

scattered radiation from those will result from the interference between the spherical 
waves that arise from each individual scattering event, as seen in Fig. 2.2: 

 
Fig. 2.2 Scattering by two point fixed atoms separated by a distance r from the origin of the 

coordinate system. 

Due to the different positions of the atoms in the ensemble, an interference term is 
needed to account for the interaction between spherically scattered waves. The phase 
difference between those waves will thus result in constructive and destructive 
interferences and an interference term must be included to obtain the resulting amplitude. 

!! = − !
! !!"#!!"∙!

!
 

where q = k-k’ and is known as the scattering vector, with k and k’ being the wavevectors 
of the incoming and scattered radiation, respectively. 
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2.1.4.1 The scattering vector 
The scattering of an X-ray photon or a neutron by a sample is characterised by the 

change in its momentum and its energy. An incident particle, with a wavevector of k and 
an angular frequency of ω, may be scattered with a final wavelength k’ and frequency ω’. 
For this relationship, the momentum gained by the scattered particle, q, can be expressed 
as follows, 

! = ! − !! 
and this is equal to the momentum lost by the sample.  

An ideal scattering experiment consists of the measurement of scattered particles 
that emerge with a given energy and momentum transfer. Considering an elastic 
scattering event, where there is no exchange of energy between the sample and the 
incident beam, the magnitude of the of wave vector is equal for the incoming and outgoing 
beam, and may be presented as a function of the wavelength, 

! = !! = 2!
!  

Therefore the momentum transfer, q, will be strictly correlated with the change in 
the direction of the scattered radiation, where 2θ is the scattering angle. In such a 
scattering event, the vector diagram for an elastic interaction is shown in Fig. 2.3: 

 
Fig. 2.3 Elastic scattering event of a fixed nucleus. 

! sin ! = !
2 → ! = 2 ∙ ! ∙ sin ! 

As the wavevector k is related to the wavelength, which can be determined 
through the de Broglie relation, the scattering vector may be mathematically termed as: 

! = 4 ⋅ ! ⋅ sin !
!  

Using Bragg’s Law, it can be seen that the scattering vector is related to the 
dimensions of the object investigated, 

! = 2 ∙ ! ∙ sin ! 

! = 2!
!  

Therefore the momentum transfer q is also inversely related to the size of the 
object and is a measurement in the reciprocal space. This magnitude q is an important 
variable in scattering experiments because it standardises the region of interest of a 
scattering experiment. Regardless the radiation and/or beam energy used, q allows direct 
comparison between measurements made using different radiation (neutrons, X-rays, 
light) and on different types of instruments. 

2.1.4.2 Scattering cross section and scattering length density 
Understanding and predicting the interaction of atoms with radiation becomes an 

essential step when using scattering to investigate the structure and dynamics of systems. 
The scattering cross section is related to the probability of a neutron being scattered by an 
atom in a given solid angle. Therefore the scattering cross section is a measure of the 
strength of interaction of neutrons with a given atom.167, 168 If we consider a differential 
solid angle in the direction θ, Φ, the differential cross section can be defined as the 
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number of scattered neutrons per solid angle, in a second, and referred to the incident 
flux: 

!"
!Ω =

!"#$%& !" !"#$%&!' !"#$$%&%' !"# !"#$%&
!"#!$%"& !"#$%&! !"#$ × !"#$% !"#$%  

The idea of cross-section refers indeed to an area, thus if we integrate the 
previous equation to the solid angle, Ω, the total scattering cross section is obtained, σs.  

!! =
!"
!Ω !Ω 

The scattering amplitude previously introduced, ψs, is not directly accessible. The 
spatial distribution of the scattering cross section is the quantity that is measured in a 
scattering experiment. The cross sections are usually normalised to the number of atoms 
(or molecules) in the system, N, and therefore the expression is divided by the number of 
atoms (or molecules) in the system. Theoretical expressions can relate the scattering 
cross section to the spatial arrangement of the atoms in the system:167 

!"
!Ω ! = 1

! !!!!"∙!
!

!

!

 

where the scattering cross section is a function of q, and bi is the scattering length of the 
atom i in an ensemble of atoms. 

As seen before, the scattering from a body is a sum of two components: 
incoherent (σincoh) and coherent scattering (σcoh). Real systems will have distribution of 
elements/isotopes that will contribute to the coherent and incoherent scattering. The 
coherent scattering represents the scattered radiation that interacts constructively and, 
thus, contains structural information. The incoherent scattering results from destructive 
interferences between scattered waves and does not contain structural information. 

!! = !!"! + !!"#$! 
where the coherent and incoherent scattering are related to the scattering length, b, as: 

!!"! = 4! ! ! 
!!"#$! = 4! ∆! ! 

The value of the scattering length and the standard deviation of the scattering 
length can be obtained from quantum mechanic calculations and, then, the cross sections 
can be calculated using the previous equations. Hence, the interaction of the beam with a 
given atom can be predicted. 

The previous terms are focused on atomic properties. However many problems in 
science are on length scales much bigger than interatomic distances. If we consider the 
scattering of an assembly of atoms, treating this assembly of atoms individually becomes 
complex. In order to facilitate the mathematical approach, the scattering length density 
(SLD, quoted as ρ(r) when defined for a SLD profile in the dimension r) accounts for the 
scattering power of a material. 

! ! = !!!(! − !!) 
where δ is the Dirac Delta function, and r and ri the relative positions of the atoms in the 
system. 

The SLD is defined as the averaged scattering length contributions (Σbi) from n 
atoms within a volume (V). As the scattering length of an atom depends on the radiation 
used in the scattering experiment, so will SLD of an atomic array. Furthermore this 
magnitude will also depend on the radiation used in the scattering experiment since X-
rays and neutrons have a different scattering nature. 

For neutrons the SLD is calculated as follows: 
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!"# = !!!
!
!  

In the case of X-ray, which are scattered by electron clouds, the scattering length 
density is calculated using this equation. 

!"# = !! ∙ !!!
!
!  

where Zi is the atomic number of the atom i, re is the classical radius of the electron 
(2.81794032x10-15 m) and V is the volume occupied by the relevant system. 

However there is a clear limitation on this approach, the individual atomic 
properties of the scatterer vanish. So, is this actually a good approximation? A common 
example to validate this approach is the case of water. Considering a density distribution 
function (ρ) of water molecules in a liquid with the origin at an oxygen atom (Fig. 2.4). 

 
Fig. 2.4 Representation of the density distribution of oxygen atoms in water with the origin on an 

arbitrary oxygen atom. 

From the density distribution plot in Fig. 2.4 it can be observed that the possibility 
of finding a given atom in an amorphous material becomes constant beyond certain 
distance r*. Above such distance – or below q = 2π / r* – the density of the system 
becomes constant, losing the atomic information. Therefore the scattering length density 
is a good description in most small-angle scattering experiments, where the momentum 
transfer range looks at large density correlations – inhomogeneities in the SLD – instead 
of atomistic correlations. 

2.1.5 Neutrons, contrast and isotopic labelling 
One of the greatest advantages of combining different sources of radiation to 

investigate a given system is that such combination allows different types of information 
for the same system to be obtained. This characteristic relies on the concept of contrast, 
generated by the specific interaction of the radiation with the system. As presented above, 
X-rays interact with the electron cloud. As the number of electrons can be hardly modified 
for a given compound, the scattering length density distribution will be unique for each 
system and, although there is some wavelength dependence for the contrast of a given 
atom, contrast variation is not commonly used in X-ray techniques involving the 
investigation of soft matter. 

However, it has been emphasised that neutrons have the particular ability to 
differentiate between isotopes of some elements, such as hydrogen. This characteristic 
enables the possibility of modifying the scattering length density through isotopic labelling. 
Deuterium labelling one or various parts of the system can provide a sequence of 
contrasts with variations in the scattering length density profile. The most common 
example probably comes from the soft matter community, which usually aims to modify 
the H/D ratio of different parts of the system without modifying the chemical behaviour. 
This allows correlated structural information to be obtained through contrast variation.  

A specific approach to isotopic labelling is contrast matching. Contrast matching 
aims to alter the SLD of different parts of the system in order to obtain the same scattering 
length density and neutralise the neutron contrast between those. This technique, together 
with contrast variation, allows the resolution of the structure of a complex system through 
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simultaneous analysis of the scattering from different deuteration schemes. Fig. 2.5 
represents a core-shell structure, where different colours denote arbitrary scattering length 
densities, and the simulated scattering pattern for each of the different contrast variations. 

 
Fig. 2.5 (left) Schematic representation of different contrasts of a core-shell sphere in a solvent as 

seen by neutrons and (right) simulations of the scattering pattern of each contrast. The intensities of 
the SAS patterns have been scaled by (A) ×1, (B) ×10, (C) ×100 and (D) ×1000. The structure used for 
the simulation has the following parameters: core radius 20 Å, shell thickness 10 Å, volume fraction 

0.05 and background 0.01 cm-1. The colours in the schematic representation of the core-shell 
structure correspond to the following SLDs (× 10-6 Å-2): blue 1, purple 3 and blue 6. 

There is a particular situation when using contrast variation in order to resolve 
complex structures: when a system is only differentiated by its scattering length densities 
but not by their correlations (e.g. H spheres in D solvent vs. D spheres in H solvent, being 
SLDH,spheres=SLDH,solvent and SLDD,spheres=SLDD,solvent) the coherent scattering arising from 
these samples will be the same – notice that the incoherent may be different. This is 
known as Babinet’s Principle and says that two identical simple structures that are only 
differentiated by their SLDs will show the same scattering due to the loss of the phase 
information previously mentioned. Therefore the resolution of complex systems using 
small-angle neutron scattering requires a careful evaluation prior to measurement in order 
to design the resolution approach and decide which contrasts will be measured. 

2.1.6 Sources of radiation 
Although scattering techniques are indisputably very powerful, the access to those 

is limited due to the high costs involved in the production of radiation and the construction 
of the instruments. X-ray instruments, though expensive, can be found in some physical-
chemistry laboratories at universities and research centres. However, the production of 
high energy X-ray beams and neutron beams involve complex processes that need to be 
undertaken by another level of research facilities. In order to enable the application of 
these techniques, large-scale facilities provide instruments that are accessed via 
competitive peer-reviewed proposals. The different approaches to produce and use the 
radiation needed for the scattering instruments are presented in this section. 

2.1.6.1 Neutron sources 
The traditional approach to produce neutrons is through the fission of heavy nuclei 

in a nuclear reactor. Enriched uranium, with high content of 235U, is the principal raw 
material for the production of neutrons. During the reaction the heavy nucleus splits into 
two lighter nucleus and generates neutrons and other subatomic particles. The resulting 
neutrons form a self-sustaining chain reaction, where some of the ejected neutrons induce 
the fission of other 235U atoms through the collision of slow neutrons. However, the neat 
production of neutrons is too fast to sustain the reaction. Thus it is necessary to reduce 
the speed of these neutrons by moderating them through collisions with light atoms, such 
as heavy water. This part of the system, called the moderator, contains large number of 
low mass nuclei, usually hydrogen or deuterium.164, 168 

This type of source provides a continuous beam of neutrons in equilibrium with the 
moderator. Depending on the temperature of the moderator, different neutron energies are 
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produced through the moderation process (See Table 2.2), with cold and thermal neutrons 
being the best option to investigate soft condensed matter. These neutrons are allowed to 
escape from the reactor and are conducted to the experimental hall, where the 
instruments are located. 

Table 2.2 Neutron properties depending on the moderator168 

 Cold Thermal Hot 
Moderator Liquid D2 Liquid D2O Graphite 
Moderator T / K 20 300 2000 
Neutron wavelength / Å 3-20 1-3 0.3-1 

Nuclear reactors produce a high flux of neutrons at various wavelengths. In order 
to obtain a source of radiation suitable to perform scattering experiments, neutron 
wavelengths are selected in monochormators, choppers or velocity selectors. Depending 
on the configuration, a monochromatic or polychromatic beam is selected to be used in 
the instruments. 

Since the 80’s the accelerator-based sources of neutrons have increasingly 
become more common as an alternative to reactor sources. A beam of charged particles 
is accelerated to a high energy and hits a target of a heavy element, such as tantalum, 
mercury or vanadium. The interaction of the beam with the nuclei of the target produces 
high-energy neutrons by a process called spallation.164, 168 The neutrons produced by the 
spallation process must also be moderated in order to slow them down so they have 
suitable wavelengths for the experiments.  The result from this process is a pulsed white 
beam. 

The production of a white beam implies that a continuous distribution of 
wavelengths forms the beam, and time-of-flight (TOF) techniques can be used. TOF 
involves measuring the time of the neutron to travel the path from the moderator to the 
detector, via the sample, allowing the calculation of the scattering vectors. In this way the 
energy and momentum exchange can be determined from the time of arrival and position 
of each neutron. The neutron beam is also channelled to the experimental halls, where 
further modifications in the beam can be carried out using choppers, such as flux, 
resolution and wavelength selection. 

2.1.6.2 X-ray sources 
Unlike neutrons, X-ray radiation can be produced by an in-house generator. The 

way to produce X-ray radiation is through a change in the kinetic energy of electrons. An 
energetic beam of electrons is directed towards a metal target, commonly copper or 
molybdenum. A variety of events occur when the electron beam hits the target, including 
the emission of X-rays. The production of X-ray involves types of emitted radiation: a 
continuous white beam and discrete intense peaks of given wavelengths.164 

• Bremsstrahlung radiation: The white beam or Bremsstrahlung radiation 
consists of a continuous spectrum of X-rays (multiple wavelengths). The 
radiation is emitted as a result of the electron deceleration, due to the 
collision of those with the target. 

• Orbital transitions: Above a certain electron beam energy level, some 
characteristic high intensity peaks are observed in the emitted spectrum. 
Those high intensity emissions are a result of electron transitions in the 
target atoms as a result of the collisions with the electron beam. The 
wavelengths at which those peaks appear are discrete and characteristic of 
the materials and this emitted intensity is subsequently used in laboratory 
X-ray sources. 

The X-ray beam emitted from the target is subsequently collimated (line or point 
collimated) and directed towards the sample. The scattered radiation is detected using a 
CCD camera or a photographic plate. Although this approach present some limitations 
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(lower flux than synchrotron sources, limited detection angle, fixed wavelength and heat 
lost), the ability to produce readily available X-rays provides an excellent option to solve 
simple problems and obtain preliminary information for more complex ones. 

A huge improvement in X-ray production has come with the development of the 
synchrotron facilities. When a particle is accelerated, rather than decelerated as in the 
previous case, it emits electromagnetic waves in the direction that the electrons 
circulate.164, 169 Acceleration is the rate of change of velocity. In synchrotron sources, 
electrons move at relativistic speeds in a circular track in response to a series of magnetic 
fields. The storage ring, where the electrons circulate, consists of both straight sections, in 
which the electron is focused and pulsed to compensate the energy lost in the radiative 
process, and curved sections, in which the electrons are accelerated by a uniform 
magnetic field. 

In modern synchrotron sources, there are two types of devices to produce 
photons: bending magnets and insertion devices. Fig. 2.6(a) shows an schematic 
representation of the construction of these devices. Bending magnets use magnetic field 
devices to bend the electron orbit from the straight path, tangentially emitting a spray of 
photons. Those photons are subsequently conducted to the instrument, where the energy 
is selected using a monochromator and the beam is focused towards the sample. 

 
Fig. 2.6 Schematic representation of (a) a bending magnet and (b) an insertion device. 

The following generation of synchrotron radiation is achieved with the 
implementation of insertion devices: wigglers and undulators. Insertion devices are built 
as a complex array of magnets with alternating vertical polarity of the individuals (See Fig. 
2.6(b)). When the electrons pass through the device is forced into an undulating trajectory. 
As an effect of the change of direction of each electron, a photon is generated. The 
interference of photons generated in each bend produces a more brilliant X-ray beam than 
the one produced by a single bending magnet. Similarly to the bending magnet 
technology, the photons are conducted into the beamline, where energy is selected and 
the beam is focused on the sample. 

2.1.7 Small-angle scattering 
The characteristic sizes of systems presented in the colloidal domain are 

numerous and choosing the right technique to investigate those becomes a crucial step in 
the scientific investigation.164, 165, 166, 167 In order to obtain information about structures by 
means of scattering techniques, the length scale of the system must be correctly framed 
to match the possibilities of a given technique and to not be “out of the picture”. Fig. 2.7 
represents the most common systems in soft matter, their associated length scales and 
the techniques that may provide valuable structural information about those. 

Many biological and chemical systems involved in the colloidal domain are formed 
by large molecules or supramolecular aggregates dispersed in a bulk phase. Information 
about the size and shape of these entities may be obtained with small angle scattering 
(SAS). SAS is an elastic scattering technique where the spatial and energy distribution of 
scattered radiation close to the transmitted beam (0˚) is evaluated in order to study the 
average structure of “large” scatterers in solution (generally from 1 nm to 100 nm). The 
momentum transfer of each photon or neutron is recorded during the experiment and the 
scattering information is indexed.  At high angle – also  high q – the scattering comes from  
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Fig. 2.7 Length scales (m) of several systems and appropriate techniques to study them. 

the correlations between small structures while bigger structures are studied at smaller 
angles – or low q. The experimental set-up of a SAS experiment is schematically 
represented in Fig. 2.8. 

 
Fig. 2.8 Schematic representation of a typical SAS experiment. 

The scattered radiation is recorded in the experimental q-range. As a result an 
intensity distribution is drawn along the area of the detector. If the scattered radiation is 
isotropic, a radial average of the intensity, I(q), vs. q may be performed and the typical 1D 
SAS pattern is obtained (Fig. 2.9). 

 
Fig. 2.9 (left) 2D intensity pattern at the detector simulated using SasView 4.1.172 The colour scale 

indicates the intensity and it is proportional to the number of neutrons/photons scattered in such qxqy 
region. (right) Radially averaged 1D intensity pattern. 

2.1.7.1 Data processing 
The resulting intensity signal in the detector is influenced by the characteristics of 

the instrument and the sample:164 

! ! = !! ! ! ! ! ! ∆Ω !σ
!Ω ⊗ ! ! + ! !  
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where I0(λ) is the incident flux, η(λ) is the detector efficiency and T(λ) is the transmission 
function. ΔΩ is the solid angle covered by the detector area, R(q) corresponds to the 
instrument resolution and B(q) accounts for the background of the measurement. As 
introduced above, the differential cross section is the term containing structural 
information of the sample. Therefore the raw data needs to be corrected in order to 
account for the other terms included in the equation and finally obtain the scattering cross 
section of the sample. This is usually included in the standard operation of the beamline, 
where measurements of background, detector efficiency and resolution are performed 
regularly in order to correct subsequent data collected by that instrument. Furthermore, 
sample transmission is collected during the experiment in order to correct the intensity of 
scattering by the sample. By integrating the scattering length density distribution across 
the sample and normalise by the sample volume, the macroscopic scattering cross 
section is obtained. From now on, since the data is immediately corrected during data 
reduction for the parameters presented above, the scattered intensity (I(q)) is considered 
to be equal to scattering cross section of the system. In the case that data is normalised to 
obtain the data on an “absolute” scale, this is used as the macroscopic scattering cross 
section.167, 168 

!Σ
!Ω ! = !

!
!"
!Ω ! = 1

! ! !
 

!
!!"∙!!"

!
 

where Σ is know as the macroscopic cross section. The integral term of the scattering 
length density profile is proportional to the square of its amplitude. This implies that all 
phase information is lost in the scattering process, meaning that an inverse Fourier 
transform can not be perform to obtain the density distribution of the system. Information 
regarding the characteristics of the scatterers is thus hidden within the data and data 
analysis often becomes complex and ambiguous. However some well-established 
approaches to deal with the data are introduced here. 

2.1.7.1 Form factor and structure factor 
The systems measured by SAS are often colloidal suspensions containing 

particles/aggregates (p) with a given SLD dispersed in a uniform matrix (s) with a different 
SLD. The scattering of isotropic, centrosymmetric system can be described using the 
following equation. 

!(!) = !!!!! !"#! − !"#!
!! ! ! ! + ! 

where I(q) is the normalised scattered intensity, Np is the number of particles, Vp the 
volume of the particle, B the incoherent background and SLD is the scattering length 
density of either the particles or the solvent. P(q) is the form factor of the particles and 
S(q) is the structure factor. 

The form factor of the particles describes interferences in the scattering from 
different parts of the same object. Thus this contribution can be used to determine the 
shape and size of the objects. Different expressions have been analytically developed to 
simulate the scattering interference of a given body (e.g. spheres or cylinders). Those 
expressions can be used to determine the structural characteristics of the particles in the 
system. 173 

In concentrated systems it is often found that the collective contribution of the 
interacting particles strongly affects the scattering and therefore such effects must be 
considered during data analysis. S(q) corresponds to the structure factor and accounts for 
the interference of scattered neutrons from different particles. Similarly to form factors, 
analytical functions have been mathematically developed that allow the calculation of 
particle-particle correlations within a concentrated system.173 

In the following section, different approaches to fit SAS data and obtain structural 
information of the systems are presented. 
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2.1.8 Small-angle scattering data analysis 
The analysis and interpretation of SAS data is an essential step in the 

determination of the characteristics of the systems investigated. SAS arises from the 
interaction of radiation with (long-range) inhomogeneities in the scattering length density 
of the system, resulting in the scattered differential cross section in the small-angle 
scattering region. 

! ! = !"
!Ω (!) =

1
! ! ! !!"∙!!"

.

!

!
 

The Fourier transform of the scattering length density distribution in real space 
results in such a differential cross section, which corresponds to the measured quantity in 
a SAS experiment. Since all phase information is lost due to the squaring of the amplitude 
of the Fourier transform, SAS data analysis requires the utilisation of methods or tools that 
allow the interpretation of such phaseless data. Depending on the level of analysis 
required, different strategies can be followed: from simple mathematical approximations to 
simulation-aided analysis. In the present chapter the approaches used during in the 
analysis of the SAS data presented here are explained in detail, including information on 
the source of the different methods, where more information can be found. The final 
dataset is usually presented in absolute intensity vs. momentum transfer. 

All the approaches presented here use least-squares methods as the conventional 
calculation to evaluate the agreement between the experimental data and the models 
used for fitting. These approaches generally use a statistical parameter (χ2) that evaluates 
the agreement of the model with the experimental data, directly reflected in a decrease of 
such parameter. 

!! = ! !! − !!"#$% !!
!!

!!

!!!
 

where I(qi) is the measured intensity at a given q, Imodel(qi) is the calculated intensity at a 
given q and σi corresponds to the statistical uncertainty of the data I(qi). Therefore the 
mathematical method will perform a search on the parameters included in the model in 
order to minimise the value of χ2. 

At this stage it is important to highlight that the uncertainties found in the Results 
section of this thesis are not intrinsically derived from the experimental measurement but 
from the mathematical procedure used to fit the data. Therefore those values are not 
derived from the instrument resolution, although they are correlated to that through the 
resolution function. 

SAS is a low-resolution scattering technique that focuses on large density 
correlations in the system. Therefore all measurements performed either on in-house 
SAXS instruments or on large-scale facility instruments are subject to the instrument 
resolution. In order to account for such instrument resolution a smearing procedure is 
applied on the calculated model in order to compare these data with the experimental 
data. The smearing procedure smears the model for a given instrument resolution that 
depends on the technique and the instrument used. The smearing function can be written 
as follows: 

!!"#$% ! = !( ! , !) !"!Ω (!)!" 

where R(<q>,q) is the q-dependant resolution function. In SAS the resolution function is 
satisfactorily approximated by using a Gaussian function for a pinhole-collimated beam.174 
The procedure used to account for the instrument resolution is explained in each 
individual experimental part of this thesis. 
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2.1.8.1 Mathematical approximations 
The scattering invariant and standard plots are simple tools that provide quick 

information about the scatterers. Thus they constitute a common first approach to the data 
analysis. In this section the scattering invariant analysis, Porod plot, the Guinier plot and 
the Kratky plot will be introduced. 

Scattering invariant 
The scattering invariant (Q*, integrated scattering cross-section) is a model-

independent approach to analyse SAS data.168 Such a quantity is independent on the 
density distribution of the system and can be used to calculate the volume fraction of 
particles given the difference in SLD between the particles and solvent. Such parameter is 
defined as follows for an incompressible two-phase system: 

!∗ = 2!!!(1 − !)(!"#! − !"#!)! 

where ϕ is the volume fraction of particles and SLDp and SLDs the scattering length 
density of the particles and solvent, respectively. 

The Porod Law and the Porod plot 
In an infinite dilution regime, the interfacial scattering can be evaluated from the 

high-q expansion of the data through the Porod approximation. In such region, where q >> 
2π/d, the scattering is dominated by the presence of boundaries within the scattering 
volume. 

For a uniform sphere of finite radius the scattering intensity at high q can be 
described by the following equation: 

!(!) = !
!!! + ! 

where q-4 is known as the Porod exponent for a smooth interface, A is an analytical 
parameter and B accounts for the incoherent background of the measurement. When the 
background has been properly subtracted and the data is presented in absolute scale, B 
is zero and A is correlated with the scattering length density profile and the surface to 
volume ratio of the particle. 

The Porod Law can be generalised in order to probe local interfacial structure of 
the scatterers when these differ from smooth spheres. The Porod plot thus provides 
information about those local boundaries in the system. At high-q the scattering data 
(background subtracted) can be approximated following this equation: 

!"# !(!) = log ! − ! !"# !  
where n corresponds to the Porod slope. Such slope is related to the fractal dimension of 
the scattering objects and, as mentioned, it provides structural information of those. A 
Porod slope n = 1 corresponds to the scattering from infinite rods, n = 2 characterises two-
dimensional objects, while n = 4 represents a smooth surface and n between 3 and 4 
arises from rough interfaces characteristic of fractal objects. Although more values of the 
Porod slope can be found in literature for specific systems (e.g. polymers), the values 
presented here can be found in micellar systems more often.168 

The Guinier plot 
Unlike the Porod approximation, the Guinier approximation considers the low-q 

expansion of the scattering data from dilute systems of particles in a matrix. In this region 
of the scattering radiation, information about the size of the scatterer can be extracted 
following the Guinier approximation: 

!" !(!) = !" !(0) − !!
!

3 !! 
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where I(0) is the extrapolated scattering intensity at q = 0 Å-1 and Rg is the radius of 
gyration of the particle. The radius of gyration represents the size of the scatterer 
regardless of its shape or density distribution and can be obtained from the slope of the 
equation presented above. 

In order to validate the analysis, the size of the scatterer has to be in the probed 
range. Therefore the maximum distance of the scatterer has to be smaller than the 
maximum probed range, 2π/q. Thus the validity of the Guinier plot is restricted to qmimRg < 
√3. 

Furthermore, if the scattering data has been corrected and normalised to be in 
absolute intensity the parameter I(0) – differential scattering cross section – can be related 
to the volume fraction of the particles (ϕ) and/or the molecular weight of the scatterers (m). 

! 0 = !!! !"#! − !"#!
! 

! 0 = ! !
!!!

!"#! − !"#!
! 

where ρ is the density of the scatterers and NA is the Avogadro constant. 
Further limitations are found in concentrated regimes, where interparticle 

interactions affect the scattering and produce deviations in the values obtained through 
this method. 

The Kratky plot 
The Kratky plot, often used in the analysis of scattering from polymers or proteins, 

illustrates deviations in the high-q region of the data. The representation of q2I(q) versus q 
is known as the Kratky plot and is often used to find changes in the conformation of the 
scatterer. 

The normalised Kratky plot has been recently developed in order to track 
deviations from globularity in biomolecules.175, 176 The previously mentioned Kratky plot is 
made dimensionless by multiplying q (x-axis) by Rg and the factor q2I(q) (y-axis) by 
Rg

2I(q=0). This plot provides a normalised-to-concentration and –particle mass approach 
to compare different data sets. In the case of globular scattering objects, this plot shows a 
first maximum at √3 qRg. 

2.1.8.2 Model-independent analysis – Indirect Fourier Transform 
As introduced, density fluctuations in the medium cause the scattering of radiation 

and therefore the angle-dependent scattering amplitude is related to this density 
distribution. However the estimation of the density profile of such system may require 
considerable effort. The approximations introduced before may provide a priori information 
about the system but, in order to maximise the information obtained through scattering 
techniques, more powerful (although complicated) approaches have been developed. 
Indirect Fourier Transform (IFT) is introduced first. 

Originally developed by Glatter, the IFT method is a model-free approach to fit 
SAS data.177, 178 The IFT method uses the following logic: a given system (real space) is 
measured providing a scattering pattern (reciprocal space). The approach creates a 
function (real space) that describes the system and follows an inverse flow by calculating 
the Fourier transform (reciprocal space). This function is corrected for experimental 
considerations and instrument geometry, and subsequently compared with the 
experimental data (reciprocal space). The fit adjustment to the data is performed by least-
squares. As this approach attempts to elaborate an intermediate real-space function 
(instead of trying to transform the experimental reciprocal-space data into real space) it is 
called indirect Fourier transformation. As a result using this approach, a pair distance-
distribution function (p(r)) of the scatterers is obtained. The p(r) function describes the 
distribution of all distances within the scatterer in real space, thus the x-axis is presented 
in real space units (either Å or nm). The function is considered to be smooth and non-
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negative, fixed to zero at zero distance and approaching to zero at the dimension equal to 
the maximum dimension of the scatterer (Dmax). 

IFT provides information regarding the size of the particle, accounting for the 
maximum dimension of the scatterer. The radius of gyration can also be obtained as the 
second moment of the distance distribution function: 

!! =
! ! !!!"!

!
2 ! ! !"!

!
 

Furthermore the shape of the p(r) may provide an idea about the morphology of 
the scatterer, where the presence of asymmetry in the curve is related to asymmetry in 
the particles (e.g. elongated objects). Fig. 2.10 shows the scattering pattern (reciprocal 
space) and the p(r) function of various common shapes. 

 
Fig. 2.10 (a) Simulated SAS data of different particle morphologies and IFT fits (black-dashed lines); 

and (b) p(r) functions of the data presented in (a). The following structures were used in the SAS 
simulation: monodisperse spheres with radius 20 Å, prolate ellipsoid with minor radius 20 Å and 

major radius 50 Å, and cylinder with radius 20 Å and length 360 Å. Also a sphere model convoluted 
with an interparticle interaction for hard spheres (HS S(q)) is presented here. 

IFT was initially developed to analyse non-periodic systems where the interparticle 
interaction contribution is negligible. The presence of interparticle interactions alters the 
p(r) function, resulting in oscillations in the scattering, negative values and thus an 
incorrect interpretation of the particle morphology. This can be observed in the p(r) 
function of Sphere + HS S(q) in Fig. 2.10(b), as well as clear disagreement between the fit 
and the model data in Fig. 2.10(a). Subsequent developments of this approach allow the 
implementation of models which include interparticle interactions in order to account for 
this, such as hard-sphere interactions and attractive potentials, as well as polydispersity 
functions.179, 180, 181 However these were not used in the work presented here. 

Since this technique provides a distribution of distances within the scatterer, the 
p(r) function can be used to evaluate changes in the conformation of the scatterer. 
Therefore variations in the shape or size of the micelles or proteins will be directly 
reflected in a change in the p(r). Also this approach provides a first approximation to the 
particle morphology and therefore can be used as preliminary information for the selection 
of a mathematical model to fit the data. 

2.1.8.3 Direct modelling 
Model based-fitting uses mathematical models to simulate the scattering data from 

a given particle morphology and distribution. This approach provides a detailed picture of 
the material but needs some previous information that allows the selection of a suitable 
mathematical model. In order to select the most suitable model different approaches were 
employed depending on the system analysed: 

• Trial and error: different models were tested for dilute systems in order to 
find the most suitable. 

• IFT: although this free-model approach provides limited information 
regarding the details of the shape of the scatterers, the shape of the p(r) 
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can be easily attributed to a given morphology, i.e. a spherical, ellipsoidal 
or cylindrical shape. 

• Literature: Previous investigations of analogous systems in water or other 
solvents provide useful information about possible morphologies. 

In the present work different mathematical models have been used to fit the data. 
These models are implemented in SasView (different versions were used throughout the 
duration of this project from 3.1.2 to 4.1).172, 182 The aim of this section is not to give 
detailed descriptions of the models as these can be found in the original manuscripts, but 
to provide the reader a brief introduction to the use of the mathematical models used to fit 
SAS data.173, 183 The following models represent those extensively to fit the form factor of 
randomly oriented surfactant aggregates and structure factor of interacting particles. 

Form factors 
• Uniform sphere 

This form factor describes the scattering from a homogeneous sphere with a 
radius R.173 The amplitude of the form factor can be written as follows: 

! !, ! = 3 !"# !" − !" !"# !"
!" !  

Notice that for a spherical morphology the form factor P(q,r) can be written as the 
square of the amplitude of the form factor (P(q,r) = F(q,r)2). 

• Uniform ellipsoid 
The following equation simulates the scattering of ellipsoids with semiaxes r, r and 

ARr, where AR is the aspect ratio of the semiaxes of the ellipsoid.173 For randomly 
oriented bodies with no particular collective anisotropy the integration has to be performed 
numerically. 

! !, !,!" = !! !,! !,!",!  !"#$ !"
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where 

! !,!",! = ! !"#!! + !"!!"#!!
!
! 

and F(q,R) is the amplitude of the form factor of a sphere. 
• Uniform cylinder 

The scattering from randomly oriented cylinders can be obtained through the 
numerical integration of all possible orientations, as introduced for the Uniform ellipsoid 
model. The expression for cylinders of radius r and length L is given below.173 
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where B1(x) is the first order Bessel function. 

!! ! = !"#$ − !"#$!
!!  

• Core-shell structures 
The following function calculates the form factor of monodisperse spheres with a 

core-shell structure.173 

! ! = !!
!!

3!! !"#! − !"#! !! !!!
!!!

+ 3!! !"#! − !"#!"#$%&' !! !!!!!!

!
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where s and c stand for shell and core respectively, B1(x) is the first order Bessel 
function, Vi = 4πri

3/3 and rs = rc + thickness. 
The form factor of ellipsoids and cylinders with a core-shell distribution can be 

obtained by a similar approach to the one used for spherical particles.184, 185 
Structure factors 
At first, it may be assumed that in a highly ionic environment such as that found in 

deep eutectic solvents, intermicellar interactions would be negligible. However we 
promptly realised that such an assumption was far from being close to the reality. Micellar 
interactions needed to be therefore accounted for to satisfactorily fit scattering from 
solutions of high concentrations of surfactant in DES. 

• Hard-sphere structure factor 
Most of the analytical models developed so far include some assumptions and 

represent the interaction potentials among particles in different ways. The hard sphere 
structure factor represents totally repulsive interactions between spherical objects in the 
region equivalent to the diameter of the spheres, thus it describes a system of 
impenetrable spheres.173, 186 The approach used in this work consists of a modified hard-
sphere structure factor (Percus-Yevick approximation) in which the parameters (volume 
fraction, ϕS(q)  and radius, Reff) are not constrained to the values of the form factor. 
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Therefore the implementation of this approach to the fitting procedure required 
these two extra parameters. In this work we have generally fixed Reff to be equal to the 
second virial coefficient of the particle (i.e. form factor). For perfect spheres this value is 
equal to the radius of the sphere. For anisotropic particles it is calculated as follows.187 

!!"" = !! !"#
!
! 

The parameter left to fit is the volume fraction of the interaction. Although we have 
not yet found a quantitative interpretation of this value, this approach has given the 
possibility of accounting for the structure factor observed in our data and leads to more 
accurate interpretation of the morphology of the aggregates. 

2.1.9 Reflectivity 
Materials at the interface very often exhibit interesting phenomena, normally not 

observed in the bulk phase, which is related to the sharp transition between two different 
phases or materials. This transition relates to change in the structure and/or behaviour of 
liquid and solid phases, as well as the preferential arrangement of molecules at the 
interface, such as amphiphilic molecules. In this section, X-ray and neutron reflectivity are 
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introduced as techniques to investigate the formation of layers of amphiphiles at the air-
DES interface. 

Neutron and X-ray radiation follow the laws of electromagnetic waves and 
therefore they show reflection and refraction when passing through an interface. The 
reflection of radiation can be exploited in order to investigate those surfaces and, in this 
section, the structural investigation of interfaces by means of specular neutron and X-ray 
reflectivity is introduced, in particular for the investigation of air-liquid interfaces. 

2.1.9.1 Kinematic approximation 
Reflectivity techniques involve the scattering of radiation passing through an 

interface at a grazing angle. Fig. 2.11 illustrates a schematic representation of a 
reflectivity experiment. 

 
Fig. 2.11 Schematic representation of an in-plane reflectivity experiment. When the incident angle (θ0) 

and the reflected angle (θ1) are the same, the reflectivity experiment is denoted as specular 
reflectivity and provides information about the electron/neutron density perpendicular to the surface. 

Information about the perpendicular structure of the interface is obtained through 
the investigation of radiation scattered in the specular plane (θ0 = θ1, i.e. symmetric 
incident and reflected angles). This technique allows the investigation of layered samples 
where the SLD of each layer is constant in the plane x-y, and therefore all variations in the 
scattering profile occur in the z-plane. In this limit, the elastic scattering cross-section for a 
single scattering event is given by the Fourier transform of the SLD function:164, 166 

!"
!Ω (!) ∝ ! ! !!"∙!!"

.

!

!
 

where V is the total volume within which the scattering event can occur, dr=dx dy dz, 
qr=xqx+yqy+zqz and qz=-q. Considering a finite rectangle of illumination with length and 
width Lx and Ly respectively, the scattering cross-section is related to the scattering length 
density profile as: 
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The experimental procedure in a reflectivity experiment consists of the 
measurement of the reflected intensity (I0) at different angles and/or wavelengths close to 
the critical angle (θc). The reflectivity magnitude (R) is normalised to the incident intensity 
(I0), and the angle and wavelength is presented as momentum transfer (q). 

! ! = !! !
!!

 

The SLD profile, ρ(z), in its one-dimensional Fourier transform is the simplest way 
to represent the scattering length density profile of the (layered) sample, as introduced in 
Section 2.1.4.2. Accounting for the specular geometry of the experiment and considering 
the Born approximation, the resulting equation is: 
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!
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This equation can also be expressed in terms of the derivative of the scattering 
length density profile, dρ(z)/dz: 

! ! = 16!!
!!

!" !
!" !!!"∙!!"

!.

!!

!
 

The equation presented above can be resolved for simple geometries. For a 
perfectly smooth bare subphase, with an SLD=SLDs, only one density correlation appears 
in the system (air-subphase). The reflectivity profile can be obtained integrating the 
previous equation: 

! ! ≈ 16!!
!! !"#!! 

The simulation of a reflectivity profile using the equation is presented in Fig. 
2.12(a). 

In the real world, interfaces tend to be diffuse and therefore corrections to the 
previous equation have to be applied in order to simulate the scattering from those. Such 
interfaces produce a more rapid decay in the reflected intensity, as can be seen in Fig. 
2.12b. Interfacial roughness is commonly modelled as a Gaussian profile with a level of 
roughness, σ (in Å), convoluted in the reflectivity equation: 

! ! ≈ 16!!
!! !"#!!!!!

!!! 

 
Fig. 2.12 Reflectivity pattern of (a) smooth subphase (SLDs=7×10-6 A-2) and simulation of the profile 

using the kinematic approximation; and (b) rough subphase with a roughness of 10 Å and simulation 
of the profile using the kinematic approximation. SLD profiles (SLD vs. distance to the interface (d)) 

are included as insets in each reflectivity graph. 
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In the case of layered samples, various density correlations must be taken into 
account in order to understand the reflectivity profile. When a single layer of a compound 
is deposited onto a substrate, the density profile presents two discontinuities: SLDs for the 
subphase (infinite thickness), SLD1 for the layer (finite thickness, t1) and 0 for the air 
phase (infinite thickness). Integrating the previous equation for that density profile, the 
reflectivity can be evaluated as: 

! ! ≈ 16!!
!! !"#!! + !"#!! − !"#!! − 2!"#! !"#! − !"#! cos !!!  

A simulation of the reflectivity profile using the kinematic approximation is 
compared with the reflectivity of the system in Fig. 2.13: 

 
Fig. 2.13 Reflectivity pattern of a single layer (SLD1=3×10-6 A-2) on a smooth subphase (blue: 

SLDs=7×10-6 A-2) with two different thickness: (a) 40 Å (red) and (b) 100 Å (green). SLD profiles (SLD 
vs. distance to the interface (d) are included as insets in each reflectivity graph. 

As a result of the constructive/destructive interferences between the reflected 
intensity, a sinusoidal variation of the intensity is present in the reflectivity. Such intensity 
fluctuation with q results from the reflected intensity from the different layers, as shown in 
Fig. 2.13. The position of those fringes is related to the thickness of the layer and thus an 
estimation of layer thickness can be obtained from the frequency of the wave (See Fig. 
2.13b). 

∆! = 2!
!!
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The next scenario would be a multi-layered system with different SLDs and/or 
thicknesses. Although it would imply a reasonable increase in the complexity of the maths, 
the reflectivity can still be simulated using the kinematic approximation described above. 

2.1.9.2 Dynamic approximation 
Below the critical angle, the beam is totally reflected from the sample and therefore 

the measured reflectivity is equal to 1. This is considered a physical constraint and cannot 
be violated (R(q)≤1; log(R(q))≤0). However resolving the equations presented in the 
previous section (Kinematic approximation), it can be seen that this constraint is violated 
at low-q (See Fig. 2.12 and Fig. 2.13). This is suggestive that the assumptions made 
above do not hold for the whole q-regime. The following section will explore this scenario. 

The expressions presented above are limited to the weak scattering regime, where 
the reflected radiation holds to the kinematic approximation.167 In other techniques, such 
as SAS, is often assumed that each neutron/photon is scattered once on passing through 
the sample. This is generally referred to as the kinematic or Born approximation. However 
the scattering of radiation passing through an interface is considerably different to the 
general scenario in SAS. Due to the characteristics of the reflectivity experiments, where 
the beam footprint becomes larger when decreasing the incident angle (footprint=sample 
thickness/sinθ), this approximation does not hold for low values of θ, where multiple 
scattering is a common scenario. Therefore as q approximates to 0, the validity of the 
Fourier transformation involved in a single scattering event breaks down and is no longer 
applicable to describe the scattering event. 

In order to understand the phenomenon involved in reflectivity a different approach 
must be followed. This approach is often referred to as the dynamic approximation and 
allows prediction of the behaviour of scattered radiation under those circumstances using 
classical optics. 

Specular reflection, refractive index and classical optics 
Consider two continuous media (0 and 1, where 0 is air or vacuum) separated by a 

planar boundary with no roughness. An incident neutron/X-ray with wavevector k0 hits the 
interface at small glancing angle, θ0. Part of the incident intensity is specularly reflected 
with the same incident angle, θ0, while the rest is refracted with an angle θ1, as shown in 
Fig. 2.14. 

 
Fig. 2.14 Interfacial reflection (k0) and refraction (k1) of an incident beam (k0) passing through (a) a 

continuous phase of refractive index n1 and (b) a single layer of thickness t1 on a continuous 
subphase. 

The refractive index (ni) at the air-liquid boundary is defined as: 

!! =
!!
!!
= !"#!!
!"#!!

 

The refractive index of a material against vacuum has been derived as follows: 
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!! ≈ 1 − !
!!"#!
2!  

where λ is the photon/neutron wavelength and SLDi is the scattering length density as 
previously defined. 

Neutron and X-ray specular reflectivity can be rationalised with the mathematics 
used in optics, where the radiation passes through a layered sample being reflected and 
refracted with a refractive index, ni. Fig. 2.14b shows the case for a one layer and 
subphase system, where 0 is air or vacuum, 1 is a thin layer with a refractive index n1 and 
2 is the subphase with a refractive index n2. The radiation hits the first interface and is 
partially reflected and/or refracted. The refracted beam travels through the layer until 
arrives at a second interface where again it is reflected and refracted. The reflected 
radiation from the different layers interacts either constructively or destructively depending 
on the characteristics of the layer. The reflected intensity is thus described by Fresnel’s 
law, for a single layer:164, 166 

! ! = !!!"#!! − !!!"#!!
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A particular condition in reflectivity is achieved when the beam is totally reflected 
from the surface (θ1=0, sinθ1=0 and therefore R(q)=1). This occurs below a critical angle, 
θc, and is material dependent. Using the equation that relates the scattering vectors with 
the scattering angles, it can be seen that: 

!"#!! = !! 
And combining this equation with the refractive index equation, the critical angle 

can be converted to the critical momentum transfer (qc) and derived as a function of the 
scattering length density of the material: 

!! = 4 !"#$ 
The equations presented above can be generalised for a finite number of layers of 

thickness ti, where the reflectivity is described as a sequence of reflections/refractions 
between the different layers using the Abelès matrix formalism.188, 189 Taking into account 
the scattering length density changes that occur, the reflection and refraction coefficients 
can be calculated for each pair of layers The incident radiation is refracted by each layer, 
giving a wavevector for each layer, ki: 

!! = !!! + 4! !"#! − !"#!
! ! 

where k0=q/2. Analogously to Fresnel’s law, we can obtain the Fresnel reflection 
coefficient for two contiguous layers i and j, ri,j. 

!!,! =
!! − !!
!! + !!

 

and the phase factor βi: 
!! = !!!! 

A matrix, Mi, is subsequently calculated for each layer: 

!! =
!!! !!,!!!!!
!!,!!!! !!!!  

The resultant matrix, B, is calculated as the product of the layers present in the 
system, n: 

! = !!

!

!!!
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And the reflectivity of the ideal system (no roughness) for each q value is 
calculated as: 

! ! = !!,!
!!,!

 

where the subscripts refer to the position of the terms in the matrix. 
In order to account for the roughness of the different layers, the same procedure is 

introduced as presented for the kinematic approximation, by using a Gaussian function: 

!!,! =
!! − !!
!! + !!

!!!!!!!!!,! 

where σi,j is the interfacial roughness between layers i and j. 
The instrumental resolution is accounted for by smearing the mathematical model, 

and the quality of the fit is evaluated through the χ2 parameter. 
2.1.10 Reflectivity data analysis 
Reflectivity techniques are often used to investigate the structure and behaviour of 

soft materials at the interface, such as phospholipid monolayers and multilayers, 
surfactant adsorption, protein-membrane interactions and polymer films, among others. 
As presented in Section 2.1.5, isotopic labelling plays an important role when trying to 
elucidate those characteristics. Through different combinations of neutron contrasts and 
X-ray measurements, it is possible to resolve the structure of complex systems that 
otherwise would not be possible using a single scattering contrast. 

The approach presented above is widely used when fitting specular reflectivity 
from neutrons and X-rays. Software packages, such as Motofit, implement the Abelès 
optical matrix method to fit reflectivity data from layered samples.188, 189, 190 In the present 
thesis, X-ray and neutron reflectivity data have been analysed using this method. As a 
standard procedure, different layers in the monolayer are differentiated: tail layer, 
headgroup layer and subphase, as shown in Fig. 2.15. Each finite layer is described by a 
series of parameters (thickness, roughness, SLD and solvation) and the subphase is 
described as an infinitely thick rough layer with a given SLD.191, 192, 193 

 
Fig. 2.15 Schematic description of a surfactant or lipid monolayer where three regions have been 
divided to account for potential differences in the scattering length density: tail layer, headgroup 

layer and continuous subphase. 

This detailed model of the monolayer allows extraction of valuable information 
about the structure and arrangement of the surfactant at the interface. However such 
models have to be also subjected to physical constraints in order to effectively replicate 
the real system. Some of those constraints may be to reliably represent the area per 
molecule obtained through different techniques, such as surface tension or Langmuir 
trough measurements; or contain the same surface excess concentration of surfactant in 
both headgroup and tail layers.191 The surface excess of a component x, Γx in mol/area, in 
a given layer i is obtained through the reflectivity fits using the equation: 

Γ!,! =
!"#!  !!!!  
!! !  

where ti is the thickness of the layer, SLDi is the fitted value of the scattering length 
density and ∑b is the scattering length of the component x. The area per molecule at the 
interface, APM in Å2, may be then calculated: 
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!"#! =
10!"
!!Γ!,!

 

When solvation is present in one of the layers, generally the headgroup layer, this 
needs to be accounted for in order to evaluate the volume fraction of each component. 

!"#$%&'"( = 100×!!"#$%&' 
!"#! = !!"#$%&'!"#!"#$%&' + !!!!"#!! 

where SLDsolvent and SLDhg are the SLDs of the solvent and headgroup; and ϕsolvent and 
ϕhg are the volume fractions of solvent and headgroup respectively. 

Similarly, the tail layer of a surfactant is assumed to be “air-solvated”, where the 
SLD of the layer varies with the volume fraction of tails. This approach allows to determine 
the surface excess in the tail region. 

Therefore following this method, a physically realistic model may be obtained for 
the monolayer and, subsequently, valuable structural parameters such as APM may be 
derived from the results obtained. 

2.2 Other characterisation techniques 
Scattering techniques are the main experimental methods used in the work 

presented in this thesis. However, other techniques were used in order to collect 
preliminary and complimentary data to those provided by scattering. This section briefly 
describes such techniques and presents the role of those in the project.  

2.2.1 Surface tension and drop-shape analysis 
Drop shape analysis has been the chosen method to determine the surface 

tension of the systems containing surfactant. This technique is an image analysis method 
that determines the shape of a pendant drop suspended from a needle in a bulk gaseous 
phase (Fig. 2.16). The shape of the drop results from the relationship between the surface 
tension of the liquid and gravity forces.194, 195 

 
Fig. 2.16 (a) Schematic representation of a drop-shape analysis instrument in a pendant drop 

configuration and (b) picture of a drop with a fitted contour. 

The equipment records an image of the pendant drop by using a CCD camera and 
transfers it to the analysis software. A contour recognition is initially carried out on a grey 
scale analysis by the software. In a second step, a geometrical model describing the drop 
shape is fitted to the contour of the drop. The results from this fit are subsequently used to 
determine the surface tension of the system through the Young-Laplace equation. This 
equation relates the pressure difference between the drop and the bulk phase, ΔP, with 
the principal radii of curvature of the surface, R1 and R2, and the interfacial tension 
between the drop and the bulk fluid, γ.195 

! 1
!!
+ 1
!!

= ∆! 
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2.2.2 Differential scanning calorimetry 
As the aim of any calorimetry technique, differential scanning calorimetry (DSC) is 

the measurement of the heat exchange within a system. DSC measures the differential 
heat exchange between the sample and a reference sample, when both are subjected to 
the same temperature variation.196 This configuration allows thermodynamic investigations 
on phase transitions, such as melting transitions, and subtle physical changes, such as 
glass transitions in polymers or protein folding.196, 197 

The typical DSC thermogram presents a heat flow curve versus temperature in the 
system. The transitions are identified in the thermogram, and exothermic and endothermic 
changes are differentiated through the sign of the heat flow. For example, when a solid 
melts, a higher heat flux to the sample is required to maintain the same temperature than 
in the reference. Therefore, different physical changes in the sample are related to 
different footprints in the graph: specific heat of the sample are observed as variations in 
the slope of the curve, first-order transitions (e.g. melting transitions) appear as peaks and 
glass transitions, as subtle shifts in the baseline.196 The results from DSC experiments 
enable the determination of the thermodynamics of the transition, such as the transition 
enthalpy, through the integration of the heat flow curve. 

2.2.3 Circular dichroism 
In the determination of the structure of macromolecules, particularly proteins, 

circular dichroism (CD) is a valuable technique. CD is a spectroscopy technique that 
measures the difference in the adsorption of counter-clockwise circularly polarised light 
and clockwise circularly polarised light over a range of wavelengths. The adsorption of 
polarised light occurs when a molecule presents chiral chromophores.198 

CD is commonly used to determine the secondary structure of proteins. When the 
absorption is measured in the far-UV region (250 nm and below), the signal shown by the 
spectrometer is correlated to the configuration of the peptide bonds in the secondary 
structure of the proteins. As protein structure is particularly sensitive to the environment 
(pH, salt concentration and temperature), far-UV CD can be used to track changes in the 
secondary structure. Furthermore, the shape of the far-UV spectra can be associated with 
the various types of secondary structure of proteins. Therefore CD can be also used to 
identify the organisation of the amino acid chains in alpha-helix, beta-sheets or disordered 
structures. More information relevant to the determination of the secondary structure of 
the proteins using CD can be found in literature.198, 199, 200 

The signal arising from other wavelengths are related to other levels of protein 
structure. The near-UV region (250-320 nm) is sensitive to the spatial correlations of 
aromatic residues and the tertiary structure of proteins can be investigated in this 
range.201, 202 Similarly to far-UV CD investigations, changes in the tertiary structure of 
proteins are reflected in the near-UV CD, making this technique a suitable approach to 
follow changes in the protein structure with varying protein environment. However, the 
extraction of detailed structural information related to the tertiary structure using CD is 
rather limited 201 

2.2.4 Karl-Fischer titration 
Karl-Fischer titration (KF) is an analytical method that is widely used to determine 

the water content in non-aqueous solvents. The method for the determination of water is 
based on the Bunsen reaction, commonly used to determine the presence of sulphur 
dioxide in water;203 

2!!! + !"! + !! → !!!!! + 2!! 
The reaction was found to be applicable to the determination of water content in 

non-aqueous systems. With an excess of sulphur dioxide, the amount of water can be 
determined by measuring either the amount of resulting acid or the amount of iodine 
needed for the titration. 
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Modern KF methods use coloumetric titration to determine the amount of water in 
the sample. A platinum anode generates I2 when current is applied to the electric circuit. 
As I2 reacts with water, I- is generated and neutralised in the presence of a base. The 
current between the electrodes is kept constant and, thus, the amount of charge needed 
to generate I2 can be used to determine the moles of water in the sample. Knowing the 
mass of sample used, the concentration of water can be subsequently calculated.  
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Chapter 3 
 
 
 
 

3 Unveiling the self-assembly of surfactants in 
deep eutectic solvents 

Surfactants and their self-assembly behaviour are essential components of many 
commercial products such as cleaning fluids, personal care products and paints.46, 204 
Surfactants in aqueous solutions have been widely studied and the evolution of the field 
seems relentless. Although it has received less attention, surfactant behaviour in non-
aqueous solvents is also of considerable interest.34, 88, 205 The first investigations involving 
surfactant behaviour in non-aqueous media involved ethylene glycol,35 glycerol and simple 
alcohols,34 and formamide as the continuous media.206 The ability to promote amphiphile 
self-assembly is intrinsically related with the physicochemical characteristics of the 
continuous media, limiting the number of traditional solvents that can allow such 
processes. The state-of-the-art in surfactant micellisation in polar non-aqueous media 
experienced a major upsurge of interest with the emergence of ionic liquids.77, 88, 94 The 
intrinsically designer nature of ionic liquids, whereby their characteristics can be tailored 
through variations in the ion composition, opened an exciting field to explore. However, 
the green character of ionic liquids is still under debate due to the presence of toxic 
precursors during their synthesis or disposal.93  

DES are solvents that share some characteristics with ionic liquids, and so provide 
a new media to explore amphiphile self-assembly in non-aqueous solvents. Unlike ionic 
liquids, DES are commonly made of cheap, non-toxic compounds, therefore further 
expanding the applicability of these novel systems to green technology. Due to their low 
vapour pressure and bioderived character, the results of understanding surfactant 
behaviour in these sustainable media promise potential technological advances in 
surfactant templating, drug delivery and formulation, inter alia. Furthermore most DES 
show compatibility with water, but have different properties depending on the level of 
hydration.142 Such a characteristic opens new possibilities in terms of creating 
intermediate environments between pure DES and water, with the subsequent effects of 
controlling the micellisation of surfactants. 

The investigations included in this chapter compose the first detailed study of 
surfactant self-assembly in the bulk phase of DES.207, 208 Previous investigations had 
explored the activity of sodium dodecylsulfate (SDS) in hydrated choline chloride:urea by 
means of fluorescence spectroscopy and surface tension.144 However the results 
presented in such paper were not conclusive about the presence of surfactant aggregates 
in pure DES and detailed information regarding micelle morphology was not included. 
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3.1 Paper 1: Laying the foundations of surfactant self-
assembly in deep eutectic solvents 

The self-aggregation of SDS in a pure choline chloride:urea eutectic mixture is 
here explored. The interfacial behaviour of the surfactant is studied by means of surface 
tension and X-ray reflectivity (XRR). Differential scanning calorimetry (DSC) was used to 
probe the thermal fingerprint of the presence of micelles in this system, and small-angle 
neutron scattering (SANS) was intended to determine the structural characteristics of 
micelles in DES. 

The results are compared with the behaviour of SDS in other pure solvents, and 
the ability of choline chloride:urea to support the formation of micelles is explored. 

The present paper is reproduced with the permission of the American Chemistry 
Society, under the Creative Commons License.207 The Electronic Supporting Information 
to this publication can be found in the Appendix to this thesis.  
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ABSTRACT: Deep eutectic solvents (DES) resemble ionic
liquids but are formed from an ionic mixture instead of being a
single ionic compound. Here we present some results that
demonstrate that surfactant sodium dodecyl sulfate (SDS)
remains surface-active and shows self-assembly phenomena in
the most commonly studied DES, choline chloride/urea. X-ray
reflectivity (XRR) and small angle neutron scattering (SANS)
suggest that the behavior is significantly different from that in
water. Our SANS data supports our determination of the critical
micelle concentration using surface-tension measurements and
suggests that the micelles formed in DES do not have the same shape and size as those seen in water. Reflectivity measurements
have also demonstrated that the surfactants remain surface-active below this concentration.

■ INTRODUCTION
The discovery of new solvents for amphiphile self-assembly aids
in understanding the important solvent properties which enable
this self-aggregation, allows the systems to be tuned for
particular applications (via control of polarity, surface tension,
viscosity, conductivity, refractive index, and thermal properties),
and improves our understanding of the solvophobic effect to
allow further development of useful self-organized materials.
Micellization, particularly of nonionic surfactants in protic ionic
liquids, has been the subject of several studies beginning in the
1980s1 but with a recent upsurge in interest.2−7 At least 37
protic ionic liquids have been identified as solvents in which
micellization can occur.6 However, the hygroscopic nature of
ionic liquids and the frequent extremes of pH found in these
solvents are not conducive to the long-term stability of
surfactants in these media, and their expense and toxicity
prevent their use in many applications.
Deep eutectic solvents (DES) are an alternative to ionic

liquids with several potential advantages. In particular, they are
easily prepared from cheap, nontoxic molecules and can be
formed from biodegradable and biocompatible neutral species.
DES resemble ionic liquids but are formed from an ionic
mixture instead of being a single ionic compound. In deep
eutectic solvents, the formation of a liquid at ambient
temperatures relies on a large depression in freezing point
coming from a favorable hydrogen bonding interaction between
the constituents. The freezing-point depression is largest at the
eutectic point and can be as much as 270 °C.8 DES share with

ionic liquids properties which make them highly desirable as
green solvents; they have very low volatility, are generally
nonflammable, and have a wider liquid temperature range than
molecular solvents. DES in general have been shown to be
good solvents for a range of inorganic salts9 and have been
studied the most in the electroplating of metals such as zinc,10

silver,11 and aluminum. DES can also be used to create alloys12

and metal nanoparticles13 as well as in the processing of metal
oxides.14 DES have also been investigated for use in
pharmaceutical applications15 and for selective extractions of,
for example, high-value species from biomass16 and glycerol
from biodiesel.17

In general most DES are composed of a quaternary
ammonium halide salt mixed with metal salts or a hydrogen-
bond donor. The strong interaction of this donor with the
halide ions stabilizes the liquid and results in the large
depression of freezing point at the eutectic composition. The
most studied series of DES are those prepared using choline
chloride, which is a food additive (choline is an essential
nutrient, usually grouped with the B vitamins), with one of
many other species, including urea18 or M2+ ions such as
Zn2+.19 A wide range of other DES have also been identified,
and their syntheses and properties have recently been reviewed
by Zhang et al.20 This review summarizes what is known about
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the freezing points, density, viscosity, polarity, acidity, ionic
conductivity, and surface tension for a range of different DES.
Importantly, one of the most noticeable properties of many
DES is high viscosity. This may result from many factors
including the presence of an extensive hydrogen-bonding
network, relatively large ion sizes, and electrostatic forces within
the liquid.
Very recently it has been suggested that sodium dodecyl

sulfate (SDS) shows some self-assembly phenomena in choline
chloride/urea DES containing either water or cyclohexane.21

These authors presented surface tension and dynamic light
scattering (DLS) measurements for a series of choline chloride/
urea solutions containing both SDS and water. Crucially they
did not report any results for SDS in the pure DES, so we
cannot be sure that the observed structures are micelles or that
similar behavior would be observed in the absence of water.
The DLS results presented indicate that the self-assembled
structures are substantially larger than those observed in water,
which is an interesting result. For most polar but nonaqueous
solvents, SDS is found to form smaller micelles than for the
same surfactant in water.22,23 This result in itself merits further
investigation, but disappointingly these authors did not present
any additional experimental evidence to refine the details of the
observed structures. Typically DLS does not give information
on particle shape since the calculations based on diffusion rates
assume spherical objects. They did, however, present some data
(surface tension, DLS, fluorescence spectroscopy, and small-
angle X-ray scattering (SAXS)) on microemulsions formed by
cyclohexane and the DES in the presence of SDS. They used
this data to conclude that the solubility of cyclohexane in DES
was improved by the presence of SDS. This was explained by
the formation of a microemulsion, a conclusion that is
consistent with the data presented. However, the interpretation
of their SAXS data is unsatisfactory, and we shall discuss this
further below.
In this study we have examined the relatively well studied

DES based on choline chloride and urea (mixed in a 1:2 molar
ratio). This system is probably the most studied of any DES
and is therefore an obvious starting place for studies of the
behavior of surfactants within DES. The role of water in these
systems is also likely to be important for future applications, so
this has also been briefly considered. The surfactant chosen for
this work is sodium dodecyl sulfate, which is a representative
anionic surfactant for which extensive data of its behavior in
water already exists, for example, from surface tension,24,25

small-angle scattering,22,26 and reflectometry24,27,28 studies. We
have performed small-angle neutron scattering (SANS)
measurements to demonstrate the existence of micelles formed
by SDS in a pure urea/choline chloride DES and to provide
detail for the structure of these self-assembled systems. We have
also verified that this surfactant is surface-active in the urea/
choline chloride mixture and have determined the structure of
the adsorbed surfactant film at the air−water interface by means
of X-ray reflectivity.

■ EXPERIMENTAL SECTION
Materials. We have used the following abbreviations for the

materials used in this study: h-SDS and d-SDS are fully protonated and
deuterated sodium dodecyl sulfate, respectively, and h-urea and d-urea
are similarly fully protonated and deuterated urea. Finally h-ChCl
refers to fully protonated choline chloride ((CH3)3NC2H4OH Cl),
and d-ChCl refers to the partially deuterated equivalent
((CD3)3NC2H4OH Cl). All protonated materials used were ≥98%

pure and purchased from Sigma-Aldrich while the deuterated materials
were purchased from QMX Laboratories (98% deuteration, 99%
purity). The compounds were used without further purification since
the ultimate applications for these systems are unlikely to use pure
compounds. Similarly, although the samples have been kept in sealed
bottles they are hydroscopic, so the precise water content of the
samples is not known. There is no doubt that the presence of
impurities will have some effect on the details of the behavior
observed.

We have not attempted to control the humidity or water content
during measurements but have in some cases monitored the behavior
in DES solutions containing 5 wt % water. It is potentially possible to
measure the water content of the DES, but actually for practical
reasons this is not straightforward. Sample preparation is done in a
laboratory, and during this process and during subsequent measure-
ments water is constantly being absorbed from the atmosphere.
Therefore, it would be difficult to take a measurement of the water
content at the crucial moment when it is being measured by another
probe. As a result we have taken the approach of accepting a certain
water content and have tried to assess whether this actually
significantly changes the observed results. To do this we have
determined the water content of several representative samples using
the Karl Fischer method (Mettler Toledo DL32 Karl Fischer
Coulometer Aqualine Electrolyte A (Fisher Scientific), Aqualine
Catholyte CG A (Fischer Scientific)). Measurements were taken
three times at different sample weights (0.3 and 0.8 g) and averaged.
After the synthesis of DES (2 h at 350 K + 24 h of equilibration at 330
K) the water content was determined to be 2142 ± 123 ppm
(approximately 0.2 wt %). After freeze-drying (24 h) it had not
changed significantly (2039 ± 16 ppm) nor had it after 2 weeks in a
vial (2214 ± 62 ppm) despite frequent but sporadic opening and
closing (which simulates the way in which the mixture was used in our
other experiments). We therefore are confident that the absorption of
water is not rapid on the time scale of the other measurements
performed in this study and that it remains below 0.5 wt % in all cases.
In order to minimize the variability between samples, all of the choline
chloride/urea DES (molar ratio 1:2) were prepared as large stock
solutions from which the surfactant solutions were subsequently made.
For each of the characterization measurements presented here the
DES/surfactant samples were prepared in advance and stored in an
oven between 40 and 80 °C. This was to allow for complete
dissolution of the surfactant and equilibration at a temperature several
degrees higher than the freezing point for a minimum of 2 to 3 h
before use.

Methods. Surface tension measurements were made using the
drop-shape-analysis method29 with a Kruss DSA100 at the Diamond
Light Source. This method was used because other methods that were
attempted (e.g., du Nouy ring) were found to give less consistent
results. The measurement was made by withdrawing a small quantity
of solution into a dispensing needle and mounting the needle on the
tensiometer. A photograph was taken within 1 min of removal from
the oven. Although the temperature could not be controlled, which
undoubtedly introduced some uncertainty into the measurements, we
believe that our method allows a self-consistent set of data to be
obtained. Differential scanning calorimetry (DSC) measurements were
obtained using a PerkinElmer Pyris DSC also at the Diamond Light
Source.

Small-angle neutron scattering measurements were made on an
LOQ instrument at the ISIS Pulsed Neutron Source, U.K.30 The data
were converted from time-of-flight spectra to normalized intensity vs
wavevector transfer (Q) using the standard ISIS routines in the Mantid
software.31 Samples were sealed in 1 mm cuvettes and temperature
controlled at 30 °C. Samples were prepared at different contents of
hydrogenated and deuterated components in the solvent or surfactant
to obtain three different scattering contrasts: h-SDS in d-ChCl/d-urea,
h-SDS in h-ChCl/d-urea, and d-SDS in h-ChCl/h-urea. Solutions were
prepared at surfactant mole fractions below and above the critical
micelle concentration (CMC) suggested by the surface tension
measurements. The scattering from the appropriate solvent blanks
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was also measured and subtracted as a background from the scattering
from the surfactant-containing samples.
The X-ray reflectivity measurements were made on beamline I07 at

the Diamond Light Source using the double-crystal-deflector system at
12.5 keV.32 In this case the samples were enclosed in a helium
atmosphere and contained within a temperature-controlled PTFE
trough at approximately 45 °C. The time between pouring and
measurement was approximately 15−30 min. Data was collected by
integration over two regions of interest in a Pilatus 100k detector, one
for the specular reflection and the other to approximately subtract the
background. A “footprint” correction for overillumination was used,
assuming a Gaussian beam profile and ignoring meniscus effects. Three
attenuation regimes were collected and normalized to the critical edge.

■ RESULTS
Surface Tension. The surface tension curve for SDS in

choline chloride/urea DES is shown in Figure 1, together with

the literature values for SDS in water24,25 for comparison. Since
our conversion to concentration is dependent on the relatively
poorly defined density of the DES (1.15 g cm−3 determined
from XRR results below and assuming that the volume of the
DES is not influenced by the presence of SDS), we have plotted
the data against both the mole fraction and concentration. The
result clearly shows that SDS remains surface-active in the DES
solutions because the surface tension shows a clear variation
with concentration. Since the surface tension varies in a similar
way to that seen in water, we can also infer the existence of
micelles at high concentration, which we have confirmed by
SANS measurements below. We have also measured the surface
tension from this DES with the addition of 5 wt % water, but

this data is not shown since no significant effect of the added
water was observed. This result is consistent with the data of
Pal et al.,21 who showed some very low resolution SDS surface
tension data for water containing choline chloride/urea
solutions.
There are some interesting differences between the behavior

of water and choline chloride/urea. The surface tension of the
pure choline chloride/urea solution is approximately 66 ± 1
mN m−1. This is similar to previous measurements of other
DES20 but lower than the 72 mN m−1 observed for water. In
general, the addition of surfactant lowers the surface tension
until a critical micelle concentration (CMC) is reached. This
occurs at a significantly lower concentration than for the same
surfactant in water.24,25 However, it is an interesting
observation that when plotted on a scale of mole fraction
rather than concentration the CMC is approximately the same
as that of water. As far as we can tell this is not necessarily the
general case for surfactants in DES.33 It is also interesting that
the CMCs observed for SDS in other protic ionic liquids or
nonaqueous solvents show an increase in the CMC rather than
the decrease seen here (Table 1).
For SDS in the ionic liquid, 1-butyl-3-methyl imidazolium

chloride (bmim-Cl), although the initial surface tension is lower
than that of water, the limiting surface tension above the CMC
is similar.34 However, the data reported by Anderson et al.34

shows a smoother decline in surface tension with increasing
concentration when compared to the discontinuity seen in our
data and that commonly seen in surface tension vs
concentration data for water. The lack of a discontinuity has
been attributed to the formation of premicelles;35 aggregates
with a small number of monomers that continuously increase in
number to form larger micelles as concentration is increased,
rather than the sudden transition seen in water and also in the
DES studied here. We also note that in both formamide36 and
bmim-Cl34 (Table 1) the aggregates observed above the CMC
are described as very large, being more like phase-separated
agglomerations of randomly oriented molecules than traditional
micelles where the headgroups of the surfactant interact with
the solvent, and the tails are sequestered in the center.
We have found that the measurement of absolute values of

surface tension using our method is not repeatable to a very
high accuracy (±1 mmol dm−3). This is most likely because of
differences in temperature, atmospheric moisture, impurities,
and stock solution composition. Despite this, we can reasonably
assign the CMC in choline chloride/urea to 2 ± 1 mmol dm−3

(mole fraction of SDS (XSDS) = 2 × 10−4 ± 1 × 10−4) for
temperatures in the range of 30−50 °C.
In contrast to nonionic surfactants, the solubility and

formation of micelles by ionic surfactants in low-melting-
point mixtures appear to depend sensitively on the nature of
the solvent and the specific surfactant. In the case of ionic
surfactants in ionic liquids, the extent of headgroup
dissociation, the salts formed between the surfactant ion and
components of the solvent, and the presence of trace amounts
of water are all important factors determining solubility in a
particular solvent.50 While aggregates of SDS are reported to
form in bmimCl,34 SDS does not appear to dissolve easily in
bmimPF6 or emimTf2N.

50 This was ascribed to either the lack
of hydration surrounding the SDS headgroup which prevented
the solid surfactant from dissolving in emimTf2N

50 or the
nature of the salts formed by statistical mixing (e.g., (NaTf2N
and emim dodecyl sulfate in that case). For choline chloride/
urea, the salts formed by statistical mixing would be NaCl and

Figure 1. Surface tension of SDS in water (blue) from Elworthy and
Mysels24,25 and in the choline chloride/urea DES (black). The x axis is
plotted as (a) concentration or (b) mole fraction of SDS.
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choline-dodecyl sulfate. Previous work has shown that urea can
form eutectics with alkali metal halides, with melting points
between 30 and 140 °C,51 thus the dissolution of this surfactant
in this DES at concentrations sufficient to allow micellization is
feasible.
The formation of micelles in a particular solvent depends on

both the solvent polarity and the cohesive energy density of the
solvent. The cohesive energy density can be quantified using
the Gordon parameter

γ
=G

V
LV

m
1/3

where γLV is the liquid−air surface tension and Vm is the molar
volume.52 We compare the liquid−air surface tensions, Gordon
parameters, and Kamlet Taft parameters of various liquids in
which SDS has been observed to form micelles (Table 1). A
reduction in the cohesive energy density in general is expected
to lead to an increase in the CMC, while increased solvent
polarity should increase the tendency to form micelles, thus
lowering the CMC.39 In the case of choline chloride/urea,
although the Gordon parameter is lower than that of water, it is
higher than for the other solvents where micellization is
reported, while the π* solvent polarizability parameter is even
higher than that of water, which would lower solvent
interactions with the hydrocarbon tail, possibly leading to the
low CMC values measured for SDS in this solvent. Compared
to the two solvents with the highest reported CMC values for
SDS (which are also those for which unusually large aggregates
are found), in formamide the solvent polarizability parameter is
much lower than that for the choline chloride/urea DES, while
in bmimCl the cohesive energy density is lower than for the
DES. In each case, however, the alternate parameter is roughly
similar to that of the DES, reinforcing the idea that both factors
are important for micellization in a given solvent, as previously
reported by others.39,52

Differential Scanning Calorimetry. We have performed a
differential scanning calorimetry (DSC) analysis of the melting/
glass transition of the choline chloride/urea DES as a function

of surfactant content. Our data is not sufficient to determine
the order of this transition, so we have not attempted to assign
it to either melting or a glass transition. This difference is a
subtle one and not straightforward to distinguish in a viscous
eutectic system. We believe that it is probably a glass transition,
but there is some debate on this in the literature.53,54 Figure 2
shows the variation of the transition point of the DES solutions
with SDS concentration (mole fraction).

The nominal transition temperature of the pure DES is
approximately 293 ± 7 K, which is very close to but generally
slightly below room temperature in our laboratory and notably
higher than the value of 285 K reported in the literature.18,20 At
low surfactant concentrations (particularly below the CMC
defined above), this transition is not significantly changed.
However, as the concentration increases above the CMC, there
is a rapid change in the transition temperature up to 310 ± 5 K,
where it becomes roughly constant.
Although not shown, the addition of 5 wt % water seems to

have the opposite effect to that of adding SDS by decreasing
the transition temperature by about 5−10 K. This small change

Table 1. Literature CMC Values for SDS in a Variety of Nonaqueous Solvents Compared to the Surface Tension of the Solvent,
the Kamlet Taft Solvent Parameters, and the Gordon Parameter for Each Solvent

SDS CMC Kamlet Taft parameters

conc,
mmol
dm−3

mole fraction
(× 10−4)a

temp/
°C

α (H-
bond
donor)

β (H-bond
acceptor)

π*
polarizability surface tension/mN m−1

Gordon
Parameter
(G)6/J m−3

choline chloride/urea 2 ± 1 (this
work)

2 ± 1 30 0.675 0.501 1.22637 66 ± 1 1.57b

∼121 ?
water 8.224 1.48 25 1.17 0.47 1.09 72.8 (25 °C) 2.743−2.750

8.5738 35
60 wt % glycerol in water39 14.14 25 1.21 0.51 0.62 64.640 (75% glycerol,

25 °C)
1.51 (glycerol
only)17.6 40

hydrazine (H4N2)
38 22 35 66.67 2.10c

60 wt % ethylene glycol in
water41

24 25 0.90 0.52 0.92 50.842 (0.61 mol fraction
EG in water, 25 °C)

1.20 (EG only)

1-butyl-3-methyl imidazolium
chloride (bmim-Cl)34

48 ± 4.4 77 ?d 0.32 0.9543,44 1.1344 48.245 (25 °C) 0.885 (25 °C)

formamide23,46 220 86.9 60 0.71 0.48 0.97 58.247 1.50−1.70
aCalculated from the literature concentration based on the literature density48,49 of the solvents in question and assuming that the dissolution of
surfactant does not change the molar volume. bCalculated using the equation given in the text, using a molar volume of 75.3 cm3 mol−1 calculated
from the density (1.15gcm−3) and the average molar mass (86.6 g mol−1). cCalculated from the surface tension, based on a density of 1.0036 g
cm−3 38 and a molar mass of 32.046 g mol−1. dbmim Cl is solid at room temperature but is known to supercool. The temperature of the measurement
is not specified in the reference.

Figure 2. DSC results for solutions of SDS in choline chloride/urea.
The CMC position determined above is indicated by a dashed line.
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ensures that the DES containing added water is liquid at room
temperature.
Small-Angle Scattering. Figure 3(a) shows the integrated

SANS intensity as a function of mole fraction of SDS

molecules, XSDS, for each of the measured contrasts. At low
concentrations no significant scattering above the background
was observed. However, above XSDS = 2 × 10−4, the integrated
intensity is seen to increase approximately linearly with the SDS
mole fraction. We can therefore confirm that micelles exist
above this mole fraction and that this is consistent with the
CMC determined earlier. The scattering data from samples
above the CMC is shown in Figures 4 and S1. This data has
been simultaneously fitted, using data from all three contrasts,
to a cylinder model55 using the SasView data analysis
software,56 and the modeled parameters are shown in Table
3. No interparticle interaction was included in the model as the
volume fraction of micelles obtained was at most 0.8 vol %. The
length and radius were linked between the contrasts, with the
exception of the lowest concentration. In the latter case h-SDS/
DD was fitted and then the parameters for length and radius
were fixed for fits of the other two contrasts since their weak
contrast resulted in significantly noisier data. The scattering-
length densities for each component were calculated (Table 2)
and held during fitting.

To fit this data we have used a model that assumes the
micelles of SDS are cylindrical in shape. This is not the only
possible shape that the micelles could adopt, but we have not
been able to obtain acceptable fits to the data using different
shapes. To illustrate this, Figure 4(b) shows the data from XSDS
= 1.7 × 10−3 in h-SDS in the d-ChCl/d-urea contrast together
with the best calculated fit for three possible micelle shapes:
cylindrical, spherical, and ellipsoidal. It is clear from this that
only the cylindrical model gives a fit that has the correct shape
to match the observed data. This is in notable contrast to the
behavior of SDS in water, where spherical micelles are seen at
equivalently low concentrations.22

The radius of the micelles is constant within error for an
average of 14.7 ± 1.9 Å. This radius is determined from the
scattering of only the surfactant tails because, in terms of the
scattering lengths, the solvated SDS headgroups are almost
indistinguishable from the solvent (at least in terms of the
statistical quality of the data presented here). This distance is
roughly consistent with the radius expected from dodecyl
chains close to fully extended and is similar to the radius of

Figure 3. (a) Plot of the normalized summed scattering intensity vs
mole fraction of SDS for the three contrasts measured: h-SDS in d-
ChCl/d-urea (black squares), h-SDS in h-ChCl/d-urea (red open
circles), and d-SDS in h-ChCl/h-urea (blue triangles). The plots are
normalized to the maximum intensity measured for each contrast, the
dashed lines are a guide to the eye, and an arrow indicates the
approximate CMC as determined from Figure 1. (b) Micelle length vs
mole fraction of SDS, as determined by fits to the SANS data shown in
Figures 4 and S1. The line is a linear fit to the data.

Figure 4. (a) Plots showing the scattering data (on an absolute scale)
and fits for an increasing concentration of SDS for the h-SDS in the d-
ChCl/d-urea system. The error bars are neglected for clarity, and only
data for the highest mole fractions are shown (i.e., the other samples
showed no small-angle scattering). A similar plot for the other
contrasts is shown in Figure S1 in the Supporting Information. The
parameters used for all of the fits are listed in Table 3. All
measurements were made at 303 K. (b) Comparison of the best
possible fits obtainable by assuming three possible micelle shapes. The
data is the highest concentration shown in (a), and the lines
correspond to fits for cylindrical (red), spherical (blue), and ellipsoidal
(green) models.

Table 2. Scattering-Length Densities (SLD) Used in Fitting
SANS and XRR Data

neutron SLD57/
× 10−6 Å−2 X-ray SLD/× 10−6 Å−2

d-ChCl/d-urea 6.23 10.8 (fitted to critical
edge)

h-ChCl/d-urea 3.52
h-ChCl/h-urea 1.10
d-SDS tail 6.25 n/a
h-SDS head 12.658

tail 0.3 7.8658
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spherical micelles in water.22,58 Figure 3(b) also shows the
results of fitting the micelle length, plotted as a function of
mole fraction, and indicates an approximately linear increase in
the length of the micelles with increasing surfactant
concentration. Our fits suggest an increase from 80 ± 11 Å
at XSDS = 3.5 x10−4 to 268 ± 12 Å at XSDS = 1.7 x10−4, but the
errors in these fits are substantial and it would be difficult to
draw firm conclusions from them, other than to state that the
micelles are clearly cylindrical and due to this are substantially
larger than those seen in water. SDS in formamide36 and bmim
Cl34 is also reported to form much larger aggregates than those
in water, however, in those cases the aggregates reported are
spherical rather than elongated as observed here, and thus they
exceed the dimensions expected for the normal packing of
surfactant molecules in a spherical micelle.
X-ray Reflectivity. The XRR data and corresponding fit of

the pure DES are shown in Figure 5. The fits shown were
calculated using Motofit,59 which uses the Abeles optical matrix
method to simulate reflectometry data. The model used to fit
the pure DES data has only the following variables: the SLD,
the surface roughness, and a residual background level. In all of
our data the background has been subtracted, so only a residual
background remains due to imperfect subtraction (at R ≈ 1 ×
10−10).
The SLD of choline chloride/urea can be determined from

the position of the critical edge and depends on the precise
composition of the mixture (including any water that may have
been absorbed from the atmosphere). We can also calculate the
SLD based on the chemical formulation of the mixture and the
measured density of the solution. The density of our choline
chloride/urea mixture was measured to be 1.15 ± 0.05 g cm−3.
Using this density we calculate the real part of the SLD, which
is 10.7 × 10−6 Å−2 at 12.5 keV57 for a perfect 2:1 mixture. This
is in agreement with the value of (10.8 ± 0.1) × 10−6 Å−2

determined from the position of the critical edge. (Note that
our density is slightly different from the reported20 value of 1.25
g cm−3, which would give a calculated SLD of 11.6 × 10−6 Å−2.)
The roughness of the pure DES is found to be 2.7 ± 0.05 Å

and, within the resolution and reproducibility of our measure-
ments, does not vary with the temperature or water content.
This value is similar to the capillary wave roughness of
water60,61 (∼3 Å at 298 K). This roughness is mostly due to
thermally induced capillary waves, and the magnitude of the
roughness is related to the surface tension and indirectly to the
viscosity of the liquid. As mentioned above, the surface tension
of the DES is of a similar order of magnitude to that of water,

Table 3. Fitting Parameters for LOQ SANS Data Shown in Figures 4 and S1

contrast average mole fraction of SDS × 10−4 length/Å radius/Å volume fraction of micelles × 10−4

h-SDS in d-ChCl/d-urea 3.5 ± 0.03 80 ± 12 16.6 ± 1.8 5.6 ± 0. 8
h-SDS in h-ChCl/d-urea 12.2 ± 1.1
d-SDS in h-ChCl/h-urea 9.7 ± 0.6
h-SDS in d-ChCl/d-urea 6.8 ± 0.2 127 ± 73 12.0 ± 5.3 26.6 ± 19.8
h-SDS in h-ChCl/d-urea 37.5 ± 33.4
d-SDS in h-ChCl/h-urea 36.6 ± 28.4
h-SDS in d-ChCl/d-urea 10.3 ± 0.1 214 ± 95 15.1 ± 2.3 45.2 ± 11.2
h-SDS in h-ChCl/d-urea 42.7 ± 15.8
d-SDS in h-ChCl/h-urea 39.3 ± 11.2
h-SDS in d-ChCl/d-urea 17.2 ± 0.8 268 ± 12 15.1 ± 0.1 67.2 ± 11.1
h-SDS in h-ChCl/d-urea 85.1 ± 18.4
d-SDS in h-ChCl/h-urea 52.4 ± 11.3

Figure 5. (a) XRR plotted on the RQ4 scale. This way of displaying
the data highlights the interference fringes at high Q, where the most
significant differences in the data are visible. It also means that the
background of R = 1 × 10−10 is not directly displayed on the plot. As
described in the text, an approximation to the true background has
been subtracted, and the value of 1 × 10−10 is the residual background
that results from the fact that this is not a perfect subtraction. (b)
Corresponding fits for pure choline chloride/urea DES (blue) and the
sample containing SDS at mole fractions of 4 × 10−5 (purple) and 6 ×
10−5 (red) at 303 K.
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so it is not surprising that the measured roughness is
comparable.
Figure 5 also shows the XRR data and corresponding fits for

two DES containing different mole fractions of SDS (below the
CMC determined above). This data is plotted on the
reflectivity × momentum transfer RQ4 scale since this is very
sensitive to the differences observed at high angle. Qualitatively,
the presence of a thin layer of SDS can simply be observed by
noting the appearance of an interference fringe as the
concentration is increased. The best fits to the data are
obtained using a simple two-layer model which includes
separate layers for the SDS head and tail groups and uses
literature values for the SLDs (Table 2). This is not the only
possible model that can be used to “acceptably” fit the data; an
alternative single-layer model can also give good fits
(Supporting Information). The SLD profiles for these models
differ minimally, so we can be confident that in terms of the
overall film thickness and interfacial roughness our fits are
reasonably accurate but with uncertainty over the fine details of
the models. We have measured XRR for a range of SDS mole
fractions from 2 × 10−6 up to the CMC at 2 × 10−4. Broadly
this data shows a trend of increasing film thickness (from ∼12
to ∼20 Å) and interfacial roughness with increasing SDS
content. Although each individual XRR measurement is good
quality, there is some discrepancy between samples that we
believe is due to the dynamics of surfactant adsorption after
pouring. This means that the trend in increasing thickness with
SDS content shows considerable scatter despite consistent
sample preparation and measurement procedures. As such we
cannot be confident that the measured thicknesses are at
equilibrium. The kinetics of adsorption are likely to be highly
dependent on the viscosity, temperature, and water content of
the DES. We are therefore wary of overanalyzing the results at
this stage. However, this data does clearly demonstrate that the
SDS is surface-active and that the thickness of the film formed
is similar to that seen on water.

■ SUMMARY
This study clearly demonstrates the existence of micelles in a
pure DES and shows that there are considerable differences
between the behavior in this DES and that seen in water. We
have used both surface tension and SANS to determine the
CMC to be 2 ± 1 mmol dm−3 (XSDS = 2 × 10−4 ± 1 × 10−4).
Above this concentration the transition temperature of the
solution increases by approximately 10 K and micelles are
directly observed in the small-angle scattering. These micelles
appear to be cylindrical rather than spherical in shape, and their
length increases with increasing concentration.
As discussed earlier, Pal et al.21 were able to show the

existence of self-assembled structures in solutions of DES
containing SDS and either water or cyclohexane. Only
fluorescence data is given to suggest that SDS self-assembly
occurs in the neat DES. Our results confirm that the observed
self-assembled structures are indeed larger than the equivalent
structures observed in pure water. However, in our study we
have added significant detail to this generic conclusion. In
particular we note that Pal et al. were unable to fit their SAXS
data from the cyclohexane/SDS emulsions to obtain size and
shape information. They specifically stated that they observed
“a single broad correlation peak, followed by a Q−4 decay at
higher Q values.” As far as we can tell, this is an erroneous
interpretation of the data shown in Figure 6B of ref 21.
Unusually, the logarithmic scale in this figure covers a range of

Q from 0.25 to 10 Å−1, so it is not really within the range of
small-angle scattering. Even accounting for a mislabeling of this
axis, we believe that the “peak” observed is in fact a result of a
large beam stop that truncates the data at low Q. Given these
shortcomings, we cannot make a direct comparison with our
data, and our results therefore represent the first quantitative
observation of micelles in a pure DES.
We have also shown for the first time that the SDS remains

surface-active at concentrations below the CMC. XRR
measurements are consistent with a layer of surfactant between
12 and 20 Å thick, which is broadly consistent with the
behavior observed on water.27,28 We have also now begun a
more comprehensive study of general surfactant behavior in
DES systems, including cationic and nonionic surfactants in
choline chloride/urea as well as other DES systems.
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H. N. Density, Viscosity, and Refractive Index of Formamide, Three
Carboxylic Acids, and Formamide + Carboxylic Acid Binary Mixtures.
J. Chem. Eng. Data 2001, 46 (3), 712−715.
(49) Huddleston, J. G.; Visser, A. E.; Reichert, W. M.; Willauer, H.
D.; Broker, G. A.; Rogers, R. D. Characterization and comparison of
hydrophilic and hydrophobic room temperature ionic liquids
incorporating the imidazolium cation. Green Chem. 2001, 3 (4),
156−164.
(50) Fletcher, K. A.; Pandey, S. Surfactant Aggregation within Room-
Temperature Ionic Liquid 1-Ethyl-3-methylimidazolium Bis-
(trifluoromethylsulfonyl)imide. Langmuir 2004, 20 (1), 33−36.
(51) Gambino, M.; Bros, J. P. Capacite calorifique de l’uree et de
quelques melanges eutectiques a base d’uree entre 30 et 140° C.
Thermochim. Acta 1988, 127 (0), 223−236.
(52) Greaves, T. L.; Drummond, C. J. Solvent nanostructure, the
solvophobic effect and amphiphile self-assembly in ionic liquids. Chem.
Soc. Rev. 2013, 42 (3), 1096−1120.
(53) Francisco, M.; van den Bruinhorst, A.; Kroon, M. C. Low-
Transition-Temperature Mixtures (LTTMs): A New Generation of
Designer Solvents. Angew. Chem., Int. Ed. 2013, 52 (11), 3074−3085.
(54) Morrison, H. G.; Sun, C. C.; Neervannan, S. Characterization of
thermal behavior of deep eutectic solvents and their potential as drug
solubilization vehicles. Int. J. Pharm. 2009, 378 (1−2), 136−139.
(55) Pedersen, J. S. Analysis of small-angle scattering data from
colloids and polymer solutions: Modeling and least squares fitting.
Adv. Colloid Interface Sci. 1997, 70, 171−210.
(56) SasView. http://www.sasview.org/.
(57) Kienzle, P. NIST SLD Calculator. http://www.ncnr.nist.gov/
resources/activation/ , 2015, accessed on 18/06/2015. It uses neutron
cross sections from Rauch, H.; Waschkowski, W. Neutron Scattering
Lengths in ILL Neutron Data Booklet, 2nd ed.; Dianoux, A.-J., Lander,
G., Eds.; Old City Publishing: Philadelphia, PA, 2003; pp 1.1-1−1.1-
17.
(58) Lin, J.-M.; Lin, T.-L.; Jeng, U. S.; Huang, Z.-H.; Huang, Y.-S.
Aggregation structure of Alzheimer amyloid-[small beta](1−40)
peptide with sodium dodecyl sulfate as revealed by small-angle X-ray
and neutron scattering. Soft Matter 2009, 5 (20), 3913−3919.
(59) Nelson, A. Co-refinement of multiple-contrast neutron/X-ray
reflectivity data using MOTOFIT. J. Appl. Crystallogr. 2006, 39, 273−
276.
(60) Braslau, A.; Pershan, P. S.; Swislow, G.; Ocko, B.; Als-Nielsen, J.
Capillary waves on the surface of simple liquids measured by x-ray
reflectivity. Phys. Rev. A: At., Mol., Opt. Phys. 1988, 38, 2457.
(61) Pershan, P. S.; Schlossman, M. L. Liquid Surfaces and Interfaces;
Cambridge University Press: 2012.

Langmuir Article

DOI: 10.1021/acs.langmuir.5b02596
Langmuir 2015, 31, 12894−12902

12902



 56 

  



 57 

3.2 Paper 2: The impact of the ionic nature of the solvent 
Further investigations were required to determine a detailed model for the structure 

of SDS micelles in choline chloride:urea after the preliminary work presented in Paper 1. 
Small-angle X-ray and neutron scattering were used to determine the morphology of the 
micelles in both the dilute and concentrated micellar regime. Furthermore, the effect of 
different levels of solvent hydration on the morphology of the aggregates was 
investigated. The results from the investigation were subsequently used to propose a 
hypothesis of interactive self-assembly in DES. 

The publication included in here is reproduced under the Creative Commons 
Licence, with the permission of the Royal Society of Chemistry.208 The Electronic 
Supporting Information to this article is included in the Appendix to this thesis. 
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Micelle structure in a deep eutectic solvent:
a small-angle scattering study†

A. Sanchez-Fernandez,ab K. J. Edler,*a T. Arnold,c R. K. Heenan,d L. Porcar,e

N. J. Terrill,c A. E. Terryd and A. J. Jacksonbf

In recent years many studies into green solvents have been undertaken and deep eutectic solvents (DES)

have emerged as sustainable and green alternatives to conventional solvents since they may be formed

from cheap non-toxic organic precursors. In this study we examine amphiphile behaviour in these novel

media to test our understanding of amphiphile self-assembly within environments that have an

intermediate polarity between polar and non-polar extremes. We have built on our recently published

results to present a more detailed structural characterisation of micelles of sodium dodecylsulfate (SDS)

within the eutectic mixture of choline chloride and urea. Here we show that SDS adopts an unusual

cylindrical aggregate morphology, unlike that seen in water and other polar solvents. A new morphology

transition to shorter aggregates was found with increasing concentration. The self-assembly of SDS was

also investigated in the presence of water; which promotes the formation of shorter aggregates.

Introduction
Amphiphile self-assembly is driven by interactions between the
amphiphile and the surrounding media. Understanding how
novel media influence such self-assembly remains a relatively
unexplored area. Characteristics such as solvent polarity and
surfactant/solvent interactions are important in terms of self-
assembly and, from a physicochemical point of view, are needed
to understand how they influence the behaviour of amphiphiles.
Traditional solvents have been widely evaluated in terms of their
ability to allow self-assembly, in particular surfactant self-
assembly, microemulsion formation, protein folding, membrane
modelling and polymer conformation.1–4

Traditional organic solvents are formed of uncharged mole-
cules bonded by relatively weak intermolecular (van der Waals)
interactions. They have not generally been useful for amphiphile
self-assembly, with only a limited number of solvents other than
water showing such behaviour. The emergence of ionic liquids
(ILs)5 has significantly expanded the range of solvents exhibiting
amphiphile self-assembly behaviour. Ionic liquids are defined as

materials, entirely composed of ions, with a melting point below
100 1C.6,7 These liquids can be used as solvents and the first study
of amphiphile self-assembly in ionic liquids was in 1982. This
concerned cationic and non-ionic surfactant micellization in
protic ionic liquids.8 This work has been recently expanded to a
wide range of ILs, including aprotic ILs,9 and a reasonably wide
range of amphiphiles, demonstrating micellization of surfactants
at low concentrations. There have been several studies into the
formation of lyotropic phases at high surfactant concentrations
and into the formation of microemulsions with IL as the contin-
uous phase.10–12

As in water, amphiphile self-assembly in ionic liquids is gen-
erally governed by the solvophobic effect. The driving force in
ethylammonium nitrate appears to be similar to that in water.
The main difference is that non-polar compounds are more
soluble in the IL than in water, hence the force driving the
amphiphiles into micelles is weaker and leads to higher critical
micelle concentration (CMC) and lower aggregation numbers.8,13

The solvent structure has been demonstrated to be a key factor in
the self-assembly process14 and the use of scattering techniques
has allowed a better understanding of the solvation and micelli-
zation processes occurring in these ILs.15,16

Deep eutectic solvents (DES) have some common properties
with ILs such as a high thermal and chemical stability. However,
unlike ILs, DES are formed from an eutectic mixture of Lewis or
Brønsted acids or bases instead of discrete anions and cations.17

Many DES can be simply described as a mixture of an ionic entity
and a hydrogen bond donor following the formula [Cation]+X! zY,
where the cation can be an ammonium or phosphonium salt, X is
a Lewis base capable of hydrogen bonding with a hydrogen bond
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donor or a metal salt Y at the ratio z.18,19 The resulting melting
point of the binary mixture is substantially lower than the melting
points of the individual components and this depression ensures
that the solution is liquid at room temperature and therefore
useful as a solvent.20

DES are considered a new class of designer solvents due to
the wide variety of possible molecular combinations. They can
be made from non-toxic, readily available and biodegradable
species and therefore avoid the use of the toxic compounds found
in many ionic liquids. Natural products are an ideal source due to
their enormous chemical diversity and low toxicity profile. As such
attention has been directed towards components such as organic
acids, alcohols, sugars and other organic compounds.18,21,22

The wide variety of combinations forming DES present a high
variety of physicochemical properties.23 However an important
disadvantage is that they often have high viscosity which could
limit usage in some potential applications. The addition of small
amounts of water can reduce the viscosity, increase the electrical
conductivity and modify the solvent polarity, and thereby offers a
controllable way to modify the properties of the solvent to suit
different applications.24

Some work related to self-assembly in eutectic solvents has
been published recently. In 2009 a novel technique to incorporate
amphiphiles through freeze-drying in DES was reported, high-
lighting the potential interest of amphiphile behaviour in this
media.25 Self-assembled DNA-based microgels were also found
in ethylene glycol DES.26 Self-assembly without the presence
of amphiphiles has also been demonstrated.27 This study
used dynamic light scattering and small-angle X-ray scattering
(SAXS) to demonstrate the presence of the aggregates in the
monophasic region of ternary eutectic mixtures without surfac-
tants. The results led to a new approach for creating surfactant
and water-free microemulsions using DES as the continuous
medium.27 The formation of phospholipids vesicles in DES has
been recently reported highlighting that DES promote the
spontaneous self-assembly of amphiphiles.28 There have also
been a few explicit studies of surfactants in DES. Rengstl et al.
have shown that the rather uncommon surfactant, choline dode-
cylsulfate, is soluble in binary mixtures of choline chloride-based
DES.29 Meanwhile Pal et al. have shown some evidence of the
assembly of sodium dodecylsulfate (SDS) in choline chloride/urea
DES containing water.30 These results suggested larger self-
assembled structures in DES than those formed in water, unex-
pected behaviour since this surfactant usually forms smaller
micelles in polar solvents other than water.31 More recently
Pal et al. have expanded on this to provide some evidence for
the solubility of alkyltrimethylammonium bromides in a glycerol-
based DES.32

In a recent publication we presented a more detailed structural
analysis of the surface adsorption and micelle structure of SDS in
pure choline chloride:urea DES.33 The study confirmed the exis-
tence of micelles above a critical micelle concentration (approxi-
mately 2 mM) that is substantially lower than that seen for the
same surfactant in water (8 mM).34 Small-angle neutron scattering
(SANS) data suggested the presence of micelles with an elongated
shape rather than spherical, considerably different behaviour to

that seen in pure water for this surfactant. Unfortunately the low
concentration of the CMC means that the signal to noise ratio of
that SANS data limits the amount of information that could be
extracted from model fitting.

In the present study, we expand on our previous work
to investigate a broader range of concentrations and provide
greater detail on the morphological behaviour of SDS in choline
chloride:urea DES. In addition, we have included measure-
ments aimed at understanding the effect of moderate water
content on the self-assembly in this system. This is a particu-
larly important aspect of this work since the hydroscopic nature
of this DES means that it is unlikely that any potential applica-
tions would use completely dry solutions.

Experimental
Materials

1 : 2 choline chloride : urea was prepared by mixing and heating
at 80 1C one mole equivalent of choline chloride (ChCl, 498%,
Sigma) and two mole equivalents of urea (499.5%, Sigma) until
an homogeneous and transparent liquid was obtained. After the
synthesis the liquid was equilibrated for at least for 24 h in an
oven at 40 1C. The deuterated version of the DES was prepared
following the same procedure. d9-choline chloride (N,N,N-
trimethyl-d9, 99% atom D, 99% purity) and d4-urea (98% atom D,
99% purity) were supplied by QMX Laboratories and manufac-
tured by CDN Isotopes.

Sodium dodecylsulfate (SDS, 498.5%) was purchased from
Sigma-Aldrich and used without further purification. d25-SDS
was supplied by the ISIS Deuteration Facility.

The high concentrations of protonated DES with surfactant
were prepared as a large stock solution. The lower concentrations
were prepared by subsequent dilution except for the deuterated
samples which were all prepared directly in order to reduce the
quantity of deuterated compounds required.

The pure DES was dried on a vacuum line and freeze-dried to
reduce the water content before each experiment. The water
content was determined to be below 0.25 wt% by Karl–Fischer
titration (Mettler Toledo DL32 Karl–Fischer Coulometer Aqua-
line Electrolyte A (Fisher Scientific) Aqualine Catholyte CG A
(Fisher Scientific)). As in our previous study, in order to confirm
that this water content does not vary substantially during the
whole experimental procedure we have repeatedly measured
the water content for a set of samples that were stored under
the same conditions as the samples used in our scattering
experiments. Each measurement was taken 3 times using
masses between 0.2 and 0.5 g. After synthesis the samples
containing water were prepared by simply adding water to the
DES samples as prepared above prior to the addition of
surfactant. Such samples were prepared with water content
in the molar ratios (choline chloride : urea : water) of 1 : 2 : 1,
1 : 2 : 2 and 1 : 2 : 4 and equilibrated for at least for 24 h before
use. All the samples were sealed, stored and equilibrated in an
oven for at least 1 h at 40 1C before use in the experiments
described below.
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Methods

Small-angle neutron scattering. The SANS measurements
were performed on Sans2d35 at ISIS Pulsed Neutron Source, UK;
and on D22 at Insitut Laue-Langevin, France. Sans2d is a time-of-
flight small-angle neutron scattering instrument with two movable
detectors. The rear detector was placed at a fixed distance of 4 m
from the sample giving a total momentum transfer (q) range over
both detectors of 0.004 to 1.40 Å!1. D22 is a monochromatic beam
instrument with one movable detector. The experiment used three
detector distances, 1.4, 5.6 and 17.6 m to obtain a total q-range of
0.003 to 0.64 Å!1. In both cases the output data was the absolute
scattered intensity, I(q) (cm!1), vs. q (Å!1).

In order to obtain a set of different contrasts that could be
simultaneously modelled, samples were prepared in three differ-
ent isotopic mixtures. We will refer to these contrasts as follows:
h-SDS in d-ChCl:d-urea, h-SDS in h-ChCl:d-urea and d-SDS in
h-ChCl:h-urea. It is worth noting that the ‘‘fully deuterated’’
solvents referred to here are in fact partially deuterated since
the choline chloride used was only partially deuterated (d9).
Solutions were prepared at different concentrations above the
CMC (approximately at 2 mM): 8, 20, 41, 80, 200, 300 and
400 mM.

The procedure for each experiment was the same. The samples
were loaded in 1 mm path length, 1 cm wide, quartz Hellma cells
and placed in a temperature controlled sample changer at 30 1C.
The samples were allowed to equilibrate in the cells at this
temperature for a minimum of 2 hr prior to measurement. The
data was reduced following the standard routines using
Mantid,36 on Sans2d, and GRASP,37 on D22. The empty cell
scattering was subtracted from each run and data was normal-
ised to the sample transmission, empty beam flux and detector
efficiency.

The scattering from the solvent (measured without surfactant)
was subtracted as a background accounting for the scaled contri-
bution to the incoherent scattering of each sample using
SasView.38 The data was analysed with the indirect Fourier trans-
formation tool (p(r) inversion) and fitted to analytical inverse-space
models using SasView.

Small-angle X-ray scattering. The SAXS experiments were
carried out on the I22 beamline at Diamond Light Source. The
set up of the instrument consisted of a monochromated beam
at 18.0 keV, l = 0.69 Å and a camera length of 6.684 m. This gave a
q-range of 0.0034 to 0.35 Å!1. Samples were loaded in glass
capillaries of 1.5 mm diameter and placed in a temperature-
controlled brass block at 30 1C. The data was reduced following
the standard procedures in DAWN.39

The solvent scattering was subtracted and the data analysed
with the same procedures as for the SANS data.

Data analysis

Two general approaches are widely used for the treatment of small-
angle scattering data. Indirect Fourier transformation (IFT) is a
model-free numerical method to fit data in real space and allows
one to obtain the radius of gyration of particles in solution.40 The
IFT method uses an a priori value of the maximum dimension of

the scatterer to obtain the pair distance distribution function
(PDDF, p(r)) assuming monodisperse particles in the system.
The interpretation is limited to non-periodic structures at low
concentrations, where the interparticle interactions are negligible.
This method can be applied to any scattering curve regardless the
actual structure of the particles. The information obtained from
the p(r) function can be used to develop a suitable model for the
particles, which can then be fitted to the experimental scattering
curve. The p(r) function differs from zero in a limited region of
real space, between 0 and Dmax (the largest dimension of the
scattering particles). The shape of the function directly enables
an assessment of the particle shape, such as globular or
elongated particles, and also provides an approximate value
of the radius of gyration of these particles.41,42

Our analysis, used the IFT procedure in SasView.43 The input
parameters were Dmax, the number of terms (the number of base
functions used to build the p(r) expansion) and the regularisation
constant (used to set the smoothness of the resultant function,
where higher values lead to smoother curves, but with a worse fit
to the original scattering pattern). The value of Dmax was opti-
mised in order to reduce the chi-squared parameter, while the
initial values for the number of terms and regularisation constant
were suggested by the software and recalculated with each new
value of Dmax. The p(r) was found by fitting these base functions
of the IFT procedure to the I(q)/q experimental data. The pair
distance distribution function is scaled to unity in order to make
the results comparable between contrast and techniques.

The value of Dmax obtained for a scattering pattern provides
an approximate value of the length of elongated particles. The
region around the maximum value of the p(r) function corre-
sponds to the scattering of the particle cross-section. In this
region, the inflection point in the decreasing part of the curve,
rI, provides an approximate size of this cross-section. This
approach also allows us to calculate a first approximation to the
radius of gyration of the scatterers, Rg (related to the second
moment of the pair distance distribution function of the particles).

The second approach consists of direct modelling of recipro-
cal space data using shape-dependent models. The experimental
scattering curve is directly fitted to a mathematical model. These
models can be used with both dilute and concentrated solutions,
hence giving the possibility of evaluating both the shape of the
particles and their interparticle interactions.44,45 However this
method requires the fitting of several parameters, therefore some
preliminary information is required to obtain reliable results. In
these models, the total scattered intensity of a monodisperse,
homogeneous and isotropic centrosymmetric particle dispersion
can be written as a product:

I(q) = NP(q)S(q)

where N represents the contribution from the particle concen-
tration, volume and composition. P(q) is the form factor and
corresponds to the intraparticle contribution whilst S(q) is the
structure factor and includes the interparticle contribution to the
scattering. For a low concentration where the interparticle inter-
actions can be neglected, the value of S(q) is equal to 1 and it does
not contribute to the scattering, therefore the P(q) determines
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the analysis. However with increasing concentration, these inter-
actions may become more important, resulting in a non-negligible
structure factor, which modifies the apparent scattered intensity,
particularly at low-q.

This is illustrated in Fig. 1, which shows the theoretical scat-
tering pattern of a system of monodisperse, elongated particles
with and without a significant structure factor.

Different reciprocal space models were tested for our data in
order to optimise the fitting and choose the most appropriate
option (see ESI† for details). Of the models tested, the core–shell
cylinder model was chosen as the best fit to this data set.

Evidence exists for cylindrical SDS micelles in the literature,
so we believe that this model is more than empirically justified.
A spherical core–shell structure was initially used to model
SDS aggregates in pure water,44 and SDS micelles have also been

described as ellipsoids in pure water and other polar organic
solvents.31,46 However structural changes in surfactant aggre-
gates have been observed by the addition of salt to screen charge
interactions47 or where the counterion penetrates into the head
group layer and promotes micellar growth.48,49 These changes
can be easily understood through the packing parameter.50 This
parameter can be calculated as v/al, where v is the volume of
the lyophobic tail, l is the length of the lyophobic tail and a is the
effective area per monomer at the headgroup–tail interface. The
penetration of counterions into the charged head group layer
screens the charge between the neighbouring monomers, thus
decreasing the repulsion forces. This reduces the effective area
per head group, if steric factors are not important, and leads to a
different packing parameter. Given the ionic nature of the solvent
used in this study, we expect that such salt effects are potentially
important for our understanding of surfactant behaviour in DES.
Thus we believe that the presence of an ionic media is one factor
in promoting the micelle growth observed here.

Elongated SDS micelles formed in the presence of salt have
been described using a cylindrical shape with an ellipsoidal cross
section instead of circular.51,52 Furthermore a different approach
has considered the presence of flexible, wormlike shaped micelles
formed by SDS in the presence of NaBr.47 Such models could
improve the chi-squared quality of the fitting in our case, but they
represent a significant increase in complexity that is not justified
for our data. Instead we take the approach of minimising the
number of parameters used and hence prefer a core–shell circular
cylinder model. In our previous study33 we used a simple cylinder
model because the low concentrations meant that the signal-
to-noise ratio was not sufficient to support the use of a more
complex model.

The higher concentrations, multiple contrasts and the higher
flux instruments used in this work enable us to increase the
complexity of the model used and thereby to extract more infor-
mation from this data.

As explained above, at higher concentrations the IFT and
model-based methods require inclusion of the structure factor in
order to account for interparticle interactions. However, evalu-
ating the interparticle contribution to the scattering is espe-
cially difficult for non-spherical charged particles and such an
analytical evaluation remains a challenge to colloid science.
Unfortunately previous approaches used to evaluate interparticle
interactions in similarly complex systems4,45 are not appropriate
in this case because we have limited information regarding the
physicochemical properties of the solvent.

In order to evaluate the data we have, therefore, used a
custom model that combines the form factor described above
and a hard-sphere structure factor (Percus–Yevick) that is not
constrained to the dimensions of the form factor. The Percus–
Yevick hard-sphere structure factor represents an interparticle
interaction defined as an excluded volume repulsion inter-
action.53 This approach reflects the expected charge screening
effect of the high concentration of choline chloride. We would
expect that such charge screening will effectively remove any
longer range repulsive interactions between the negatively
charged surfactant micelles. The Percus–Yevick hard-sphere

Fig. 1 An illustration of the influence of the structure factor in the
measured scattering. (I) Theoretical reciprocal space scattering intensity
for a dispersion of rigid cylinders with a non-constrained effective hard
sphere structure factor S(q) (inset, same axes). I(q) corresponds to the
theoretical scattered intensity of a system with interacting particles and
P(q) corresponds to the scattering of such cylinders without interparticle
interactions. (II) p(r) shows the pair distance distribution function resulting
from P(q) and i(r) includes the oscillations due to the interparticle inter-
actions present in I(q). The quantities rI and Dmax are defined in the text.
The parameters used to create these simulations were: length 250 Å, core
radius 15 Å, shell thickness 5 Å, effective radius 35 Å, particle volume
fraction 0.05 and effective scale 0.15.
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approximation uses the following approach to solve the inter-
particle potential, w(r), in the Ornstein–Zernike equation.54

wðrÞ ¼
0 r $ 2R

1 ro 2r

(

where r is the distance to the centre of a sphere with radius R.
This approximation of the structure factor contains 2 parameters,
effective radius and structure factor volume fraction (S(q) volume
fraction). We have fixed the effective radius to a value of 35 Å
for all concentrations in order to follow the evolution of the S(q)
volume fraction with concentration and water content. This value
of the effective radius was found from an initial fit of both the
effective radius and S(q) volume fraction. This procedure was
repeated for several concentrations and water contents to obtain
an average radius of 35 Å. This approach results in an effective
structure factor, the form of which reflects the intermicellar
interactions, though the parameter values may not have direct
physical interpretations. Although this approximation has only
limited physical relevance, it does enable us to obtain informa-
tion on the structure of the micelles for solutions at high
concentrations of SDS which show intermicellar interactions.

Results
We have performed SAXS and SANS experiments to study the
SDS micelle structure within the choline chloride:urea DES and
its mixtures with water. Our previous study demonstrated the
presence of elongated micelles above the CMC point at low
concentrations (up to 25 mM).33 Here we expand that study and
analyse the system for a range of concentrations between the
maximum concentration of the previous study and the limit of
solubility of the system.

The available SAXS data covers a limited q-range (0.04 to
0.3 Å%1) due to scattering from the beam-stop at low q. This low-q
limitation meant that the SAXS data is not appropriate to deter-
mine the length of the micelles. Instead we have used this data to
constrain the micelle cross-section in the SANS fits rather than to
attempt a simultaneous fit. The SAXS data has significantly better
resolution at high-q and better contrast between the shell-head
group and the solvent than we can achieve with SANS. We believe
that this approach produces a reliable overall fit since the head
group sensitivity (and therefore tight cross-sectional constraint) of
the SAXS data is complementary to the wider q-range and variable
contrasts provided by SANS.

Indirect Fourier transformation

We begin the data analysis by using the IFT method without
considering interparticle interactions. Fig. 2 shows the pair dis-
tance distribution function of different concentrations of SDS in
pure DES and DES containing water. The parameters extracted
from this data are shown in Fig. 3.

At an SDS concentration of 20.8 mM, the shape of the p(r)
function is similar to that expected from cylindrical micelles.42

At this concentration the p(r) function is above zero for all
values between r = 0 and r = Dmax (cf. Fig. 1). This pair distance

distribution function could also resemble a multimodal system
with diversity of sizes and/or shapes, however this is unlikely
given the thermodynamics of micellization.

Fig. 3 shows how the parameters of the IFT fits vary with
surfactant concentration and water content. In the absence of
water the position of the point of inflection, rI, and therefore
the approximate cross-sectional size of the micelles, remains
constant at 39 & 1 Å with increasing concentration.

Given the invariance of the cross-sectional size, the surfac-
tant concentration dependence of Dmax and Rg suggest a
change in the length of the particles. Although an increase in
the micelle length at low concentrations with increasing sur-
factant concentration was observed in our previous work, the
data here, at higher concentrations, show a reversal in that
behaviour from around 42 mM of SDS. Above this concen-
tration the aggregate length decreases as more surfactant is
added to the system from a maximum length of 232 & 11 Å at
42.5 mM to 71 & 2 Å at 424 mM. The p(r) functions for our
measurements at higher concentrations show the presence of
weak oscillations. This probably comes from a weak intermi-
cellar contribution to the scattering. The error bars in p(r) also

Fig. 2 Pair distribution functions, p(r), obtained from the SANS patterns at
the contrast d-SDS in h-ChCl:h-urea:H2O without considering interparti-
cle interactions for (I) different concentrations of SDS (with no water) and
(II) a fixed concentration of surfactant, 190 mM of SDS, in solvents
containing different molar proportions of water. The error bars come from
the calculation of the p(r) function through the IFT procedure.
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increase at these concentrations (particularly obvious for the
data at 424 mM), showing a variability that probably comes
from this intermicellar interaction. The highest concentration
also shows a minimum below zero, which is a clear indication
of a non-negligible structure factor, hence a strong influence of
the interactions. Since the IFT assumes no intermicellar inter-
actions, we have not used this to draw further conclusions
regarding these concentrations.

Although rl is unaffected by the presence of water and is
about 41 ! 1 Å, Dmax is seen to decrease with increasing water
content except at the highest SDS concentration where the
change is not significant within the errors. This behaviour
suggests a uniaxial decrease in the length of the micelles.
The DES containing 199 mM SDS fits to a model with a Dmax

of 149 ! 17 Å while this value decreases to 114 ! 3 Å for the
same concentration of SDS in the DES with a water content of
4 mole equivalents (see Fig. 3). These values were found to
be much higher than those calculated for SDS in pure water:
42 Å, using the generalised indirect Fourier transformation
method.55

The p(r) corresponding to the DES mixed with water also shows
some weak oscillations at lower SDS concentrations than in the
SDS solutions without water. This suggests a weak structure factor
and might imply that increased water content leads to an increase
in intermicellar interactions.

Model-based fitting

Sodium dodecyl sulfate in 1 : 2 choline chloride : urea. As
explained above, SAXS data was used to determine the dimen-
sions of the cross-section. Fig. 4 shows the SAXS data and the
resulting fits for different concentrations of SDS. The parameters
of the cross section of the micelles are presented in the Table 1.

The scattering length densities (SLD) for the surfactant tails
and the solvents (1 : 2 : n choline chloride : urea : water, n = 0, 1, 2, 4)

were calculated and kept constant during fitting. The SLD of
the micelle core, corresponding to the tail of the surfactants,
was considered to not be affected by solvent penetration.

The shell SLD was fixed to 12.6" 10#6 Å#2, considering solvent
penetration into the shell.33 This value is an arbitrary choice and

Fig. 3 Parameters from the IFT fitting, Dmax and rI (left) as a function of
SDS concentration in 1 : 2 choline chloride : urea and (right) as a function of
water content for three different SDS concentrations: 81.4 (blue), 204
(green), and 319 mM (black). These parameters and the error bars were
obtained from the IFT results for all of the contrasts. The solid lines show
the trend followed by the parameters.

Fig. 4 SAXS data together with best fits (black solid lines) for (I) different
concentrations of SDS in 1 : 2 choline chloride : urea and (II) an averaged
concentration of 85.0 mM of SDS in 1 : 2 : 1, 1 : 2 : 2 and 1 : 2 : 4 choline
chloride : urea : water.

Table 1 Dimension of the cross-section of the micelles determined by
fitting of the SAXS data of different concentrations of SDS in pure solvent
and water/DES mixtures

SDS concentration
(mM)

Core
radius (Å)

Shell
thickness (Å)

Total
radius (Å)

1 : 2 choline chloride : urea
12.8 14.2 ! 0.1 6.4 ! 0.1 20.6 ! 0.1
18.4 14.3 ! 0.1 6.5 ! 0.1 20.8 ! 0.1
41.2 13.8 ! 0.1 6.0 ! 0.1 19.8 ! 0.1
82.4 13.7 ! 0.1 5.7 ! 0.1 19.4 ! 0.1
212 14.0 ! 0.1 5.9 ! 0.1 19.9 ! 0.2
326 14.3 ! 0.1 6.2 ! 0.1 18.9 ! 0.1
449 14.7 ! 0.2 7.0 ! 0.1 19.8 ! 0.1

1 : 2 : 1 choline chloride : urea : water
84.5 14.1 ! 0.2 6.3 ! 0.1 20.4 ! 0.1
216 13.9 ! 0.2 5.9 ! 0.1 19.8 ! 0.1
314 14.1 ! 0.2 6.0 ! 0.1 20.1 ! 0.2

1 : 2 : 2 choline chloride : urea : water
85.1 14.5 ! 0.2 6.7 ! 0.1 21.2 ! 0.1
217 14.0 ! 0.1 6.1 ! 0.1 20.1 ! 0.1
345 14.1 ! 0.2 6.0 ! 0.1 20.1 ! 0.1

1 : 2 : 4 choline chloride : urea : water
85.3 15.0 ! 0.1 6.8 ! 0.1 21.8 ! 0.1
217 14.5 ! 0.1 6.4 ! 0.1 20.9 ! 0.1
330 14.4 ! 0.1 6.3 ! 0.1 20.7 ! 0.1
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was used to allow the determination of the radius of the micelle
core, which was rather invariant with small changes in the shell
SLD and/or thickness. Therefore we have not drawn conclusions
about the shell dimensions or solvation from the X-Ray data.

The length was first included in the X-Ray fitting as a para-
meter to fit. However, the limited q-range did not allow to obtain
accurate values for this parameter. Although variances in this
parameter have not shown major impact in the size of the cross-
section, the results from the neutron analysis were afterwards
used to refine the X-Ray fitting and shown to be consistent
between both techniques.

Fig. 5 shows the normalised-to-concentration SANS data for
the h-SDS in d-ChCl:d-urea contrast and fits of different

concentrations of SDS. The parameters used for these fits are
shown in Table 2. Three different contrasts were simultaneously
fitted to a core–shell cylinder model with a circular cross section.
The scattering length density of the micelle core and solvent were
held constant during the fitting procedure. The radius of the core
was held to a value of 14.5 Å (from the SAXS data described above).
This value is consistent with our previous study.33 The length,
thickness and volume fraction parameters were linked between
contrasts. The scattering length density of the shell was allowed
to vary for each contrast, expecting a change with solvent pene-
tration. Two different approaches to the fitting were compared:
simultaneous fitting and averaged independent fitting. Both
approaches were found to be in good agreement (see ESI†) with
the former selected as the most appropriate option.

A summary of the results from fits is included in Table 2 and
Fig. 6. In good agreement with the IFT analysis, these fits show
that the micelles are elongated at both low and high concen-
trations. The head group is situated at the micelle–solvent inter-
face, whereas the lyophobic tails are at the core of the structure.
As explained above, the thickness and SLD of the shell layer were
allowed to vary since the presence of solvent may affect both
parameters. The expected volume fraction of micelles (fcalc) was
calculated from the actual amounts of each component in the
system, surfactant and solvent, minus the equivalent amounts at
the CMC. The aggregation number (Nagg) was calculated consid-
ering the volume of the lyophobic core and the volume of a
surfactant tail.56

The possibility of small differences in the particle size and
fluctuations due to interchange of surfactant molecules between
micelles are accounted by means of a polydispersity term. Poly-
dispersity terms for length, core-radius and shell-thickness were
tested as an extra parameter for the optimum fits. However, the
implementation of these did not show an improvement in the fits,
hence were not included during the fitting procedure.

Micelles were found to be larger than seen in pure water and
other polar solvents.31,44 In agreement with the IFT analysis, the
axial length of the micelles increases from 414! 39 Å at 8.16 mM
to 668 ! 28 Å at 42.5 mM. The presence of an interaction peak,
commonly found in SDS micelles in water due to repulsive
electrostatic interactions, seems to vanish at low concentrations.

Although we were careful to evaluate the possible structure
factor, it was found to be negligible below a SDS concentration
of 71 mM. Therefore the fitting of the structure factor model

Fig. 5 (a) Normalised-to-concentration SANS patterns and (b) best fits for
samples in d-ChCl:d-urea. The concentrations quoted are the average
from the three contrasts. Data was fitted with a core-shell cylinder model
with the hard-sphere structure factor. The fits are plotted as black-dashed
lines over the data points. An additional plot of the other contrasts is
included in the ESI.†

Table 2 Parameters for the best fit of different concentrations of SDS in 1 : 2 choline chloride : urea: structural parameters, shell SLD, fitted volume
fraction of micelles (ffit), calculated volume fraction of micelles (fcalc), aggregation number (Nagg) and structure factor volume fraction were obtained
from the model-based fitting. The shell SLD was included following the format shell SLD in h-choline chloride:h-urea (hh), shell SLD in d-choline
chloride:d-urea, shell SLD in h-choline chloride:d-urea

SDS concentration
(mM)

Choline : SDS
molar ratio

Length
(Å)

Shell
thickness (Å)

Shell SLD hh, dd,
hd (!0.1, " 10#6 Å#2) ffit ("10#2) fcalc ("10#2)

S(q) volume
fraction ("10#2) Nagg

8.71 ! 1.16 553 ! 2 414 ! 39 5.6 ! 0.4 1.4, 6.0, 3.0 0.10 ! 0.04 0.20 ! 0.04 0.1 ! 0.5 781 ! 74
20.8 ! 0.4 220 ! 4 568 ! 81 6.1 ! 0.8 2.0, 5.3, 2.6 0.43 ! 0.02 0.68 ! 0.02 0.1 ! 0.5 1071 ! 153
42.5 ! 1.7 109 ! 1 668 ! 28 7.4 ! 0.4 2.2, 5.0, 2.3 1.3 ! 0.1 1.2 ! 0.1 0.2 ! 0.5 1260 ! 53
81.3 ! 9.2 55 ! 8 328 ! 12 10 ! 1 1.6, 6.1, 3.1 3.5 ! 0.1 2.3 ! 0.2 2.8 ! 0.1 619 ! 23
194 ! 10 22 ! 2 176 ! 4 8.4 ! 0.2 2.5, 5.8, 3.0 6.7 ! 0.1 5.5 ! 0.1 5.1 ! 0.1 332 ! 8
315 ! 24 14 ! 1 119 ! 1 6.5 ! 0.1 2.9, 5.6, 2.6 8.2 ! 0.1 8.7 ! 0.1 8.1 ! 0.2 224 ! 2
424 ! 21 10 ! 1 106 ! 8 4.7 ! 0.1 3.2, 5.4, 1.9 9.6 ! 0.1 11 ! 1 12 ! 1 206 ! 2
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leads to zero values. Above 81.3 mM of SDS, the structure factor
increases to values above 0 and the length gradually decreases
with increasing concentration up to 108 ! 1 Å at 424 mM of
surfactant. The trend regarding the length of the aggregates
was found to be in good agreement with our previous work,
though the utilisation of a different model and limited q-range
of the previous data do cause some differences.

The apparent size of the head group appears to be bigger than
determined from SAXS data. We believe that this is because of the
insignificant X-Ray contrast between the two solvent molecules.
Unlike with neutrons, this means that solvation of specific

components within the head group does not have a significant
impact on the SLD.

The volume fraction of micelles (ffit) increases with concen-
tration and the fitting results are comparable with the calculated
values. Since the radius of the core remains unchanged over the
whole range of concentrations, the aggregation number shows a
similar trend to that of the length of the particles. The values for
Nagg are comparable to those found in another system composed
by SDS and a hydrotropic salt in the limiting situation where the
charge on the SDS micelles is totally screened by the presence of
the salt.55

Sodium dodecyl sulfate in 1 : 2 : n choline chloride : urea :
water, n = 1, 2 and 4. The scattering data and the fits corres-
ponding to SDS micelles in the mixtures of the DES with water
are presented in Fig. 4 (X-Ray) and Fig. 7 (neutron). The neutron
data was simultaneously fitted using two contrasts for the core–
shell cylinder model with the non-constrained hard sphere struc-
ture factor. The same fitting procedure was as for the SDS in dry
DES. The presence of interparticle interactions is suggested by the
oscillations found in the IFT analysis (Fig. 2), and a structure factor
is required to fit this data. Fig. 6 and Table 3 compare the results
from these fits (Fig. 7) with the same concentrations in pure DES
(Fig. 5).

As for the dry DES system, the radius of the micelle core was
held to 14.5 Å during the fitting. The total radius was found to
vary since the head group thickness of the micelle varies with
both surfactant concentration and water content. Despite varia-
tions with surfactant concentration and water content, the total
radius for the micelles was found to be in the same order of
magnitude as SDS in water (27.3 Å at 100 mM) and formamide
(B18 Å at 80 mM).31,44

This data demonstrates some interesting changes in self-
assembly behaviour relative to that seen in the dry DES. In each
case the self-assembled structures tend towards shorter aggre-
gates with increasing water content, but the effect is not of the
same magnitude for all concentrations. The length of the micelles
at the lowest SDS concentration, 81.4 mM, was found to decrease
by 64% at the highest water content compared to the dry solvent.

Fig. 6 Radius, S(q) volume fraction and length (left) as a function of SDS
concentration in 1 : 2 choline chloride : urea and (right) as a function of
water content for three different SDS concentrations: 81.4 (blue), 204
(green), and 319 mM (black)

Table 3 Results of the best fits for three different concentrations of SDS in 1 : 2 : 0, 1 : 2 : 1, 1 : 2 : 2 and 1 : 2 : 4 choline chloride : urea : water

Water mole
equivalents Length (Å)

Shell-thickness
(Å)

Shell SLD hhh,
ddd (!0.1, " 10#6 Å#2) ffit ("10#2) fcalc ("10#2)

S(q) volume
fraction ("10#2) Nagg

81.4 ! 10.8 mM
0 328 ! 12 10 ! 1 1.6, 6.1 3.5 ! 0.1 2.3 ! 0.2 2.8 ! 0.1 619 ! 23
1 270 ! 1 5.3 ! 0.2 2.9, 5.7 2.1 ! 0.1 2.1 ! 0.1 2.3 ! 0.1 509 ! 2
2 219 ! 4 7.4 ! 0.1 2.1, 5.8 2.1 ! 0.1 2.2 ! 0.3 4.2 ! 0.1 413 ! 8
4 117 ! 1 6.7 ! 0.1 2.1, 5.7 2.1 ! 0.1 2.3 ! 0.1 8.7 ! 0.1 221 ! 2

204 ! 15 mM
0 176 ! 4 8.4 ! 0.2 2.5, 5.8 6.7 ! 0.1 5.5 ! 0.1 5.1 ! 0.1 332 ! 8
1 174 ! 1 8.4 ! 0.1 1.6, 5.9 7.7 ! 0.1 5.3 ! 0.1 5.5 ! 0.1 328 ! 2
2 143 ! 1 10 ! 1 2.1, 5.7 6.5 ! 0.1 5.6 ! 0.1 6.8 ! 0.1 270 ! 2
4 121 ! 1 6.9 ! 0.1 2.2, 5.6 6.0 ! 0.1 5.3 ! 0.1 8.7 ! 0.1 228 ! 2

319 ! 22 mM
0 119 ! 1 6.6 ! 0.1 2.9, 5.6 8.2 ! 0.1 8.7 ! 0.1 8.1 ! 0.2 224 ! 2
1 121 ! 1 6.6 ! 0.1 2.1, 5.9 10 ! 1 8.3 ! 0.3 8.7 ! 0.1 228 ! 2
2 114 ! 1 8.7 ! 0.1 2.2, 5.8 8.8 ! 0.1 8.4 ! 0.1 8.7 ! 0.1 215 ! 2
4 116 ! 1 7.0 ! 0.1 2.1, 5.8 9.1 ! 0.1 8.0 ! 0.2 10 ! 1 219 ! 2

Paper PCCP

O
pe

n 
A

cc
es

s A
rti

cl
e.

 P
ub

lis
he

d 
on

 2
8 

A
pr

il 
20

16
. D

ow
nl

oa
de

d 
on

 1
9/

05
/2

01
6 

10
:2

7:
43

. 
 T

hi
s a

rti
cl

e 
is 

lic
en

se
d 

un
de

r a
 C

re
at

iv
e 

Co
m

m
on

s A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
Li

ce
nc

e.

View Article Online



This journal is© the Owner Societies 2016 Phys. Chem. Chem. Phys., 2016, 18, 14063--14073 | 14071

However this effect is less pronounced at higher concentrations,
decreasing by 31% and remaining rather unchanged for the 204
and 319 mM SDS solutions respectively. This decreasing effect of
water on the length appears to correlate with an increase in the
influence of S(q). The aggregation number shows a similar trend to
the length since the change is mainly governed by the change in
the length. This value decreases with both increasing surfactant
concentration and increasing water content.

Discussion
The shape and size of SDS micelles in DES is dependent on
surfactant concentration and on water content. Increasing the
concentration we found that the length increases to a maximum
before decreasing. Such behaviour is unusual and suggests that
intermicellar interactions within the system become more impor-
tant with increasing SDS concentration and so modify the mole-
cular packing. The evolution of the packing parameter can be
understood through changes in the effective area of the surfactant
head group, which is affected by interaction of the head group
with solvent counterions. With increasing the concentration
above 42.5 mM or increasing the water content, the packing
parameter evolves and leads to shorter elongated micelles.

In pure water the surfactant forms a structure in which the
counterions, Na+, act as a non-penetrating counterion and remain
highly solvated.57 However soft ions, such as the choline cation,
may show greater affinity for the head group of the surfactant and
possibly directly bind to this layer.

A recent study presented by Dolan et al. has shown remark-
able differences between amphiphile behaviour in water and
ionic liquids. Ionic liquids have shown the ability to exchange

counterions from the bulk solvent with the surfactant and the
surfactant counterions can be incorporated to some extent into
the hydrogen bond network.14 The DES studied here could
behave in a similar way with the choline cation interacting with
the negatively charged head-group of SDS. At low concentra-
tions, the charge neutralisation provided by the choline in the
DES allows a closer packing of the SDS head groups than in
water making elongated micelles more energetically favourable
and resulting in uniaxial growth of the micelles.50,58 In this
scenario, as the ratio of SDS to choline chloride increases, the
availability of choline counterions decreases and results in an
increase in the average area occupied by the sulfate head group,
changing the molecular packing and leading to a shape transi-
tion between elongated to globular micelles.

The variation of the scattering length density of the shell shows
the adsorption of solvent to the surfactant head group (Tables 2
and 3). Changes of this value between contrasts have provided
qualitative information about the role of the solvent. The fully
protonated and fully deuterated solvents modify the SLD of the
shell reducing and increasing the SLD respectively. Using the inter-
mediate contrast for the pure solvent, h-choline chloride:d-urea,
a decrease in the SLD of the shell suggests a higher affinity of the
protonated entity for the head groups, in this case the positively
charged choline chloride. This observation confirms the suggestion
that there is a specific interaction between the choline chloride and
the sulfate headgroups. This behaviour is not as clear in the
presence of water, because the additional component complicates
matters and the composition changes in the headgroup layer
cannot be disentangled from changes observed in the SLD.

A recent investigation has demonstrated the internal structure
of the choline chloride:urea DES using neutron diffraction.59

Fig. 7 SANS patterns and fits for SDS in ChCl : urea : H2O in the ratio 1 : 2 : n where n = 1 (1a and b), 2 (2a and b) and 4 (3a and b). Data for three SDS
concentrations is shown; average concentrations of 81.4 (red), 204 (blue), and 319 mM (green), for two isotopic contrasts d-SDS in h-ChCl:h-urea:H2O
(1a, 2a, 3a) and h-SDS in d-ChCl:d-urea:D2O (1b, 2b, 3b) The black-dashed lines represent the best fit for each pattern.
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This research shows the presence of a hydrogen bond network,
which maintains the components in a slightly ordered structure.
The introduction of surfactant to the system may disrupt this
hydrogen-bonding network by competing for interaction with the
choline cation. In such a case, the self-assembly would be driven
by the competition between the counterion affinities for the head
group interface and the solvent structure. At low concentrations
the ratio between choline ions and SDS is relatively high, so the
head group layer can be screened by the adsorption of choline
cations effectively without changing the concentration of choline
ions in the solvent network. However, with increasing concen-
tration of surfactant a competition between the surfactant and
the solvent hydrogen bond network becomes more important.
In such a case, the strong hydrogen bond interaction within the
solvent may limit the displacement of choline ions to the
micelle–solvent interface and result in insufficient screening,
therefore reducing the size of the aggregates. The contribution
of intermicellar electrostatic forces is observed in the S(q) volume
fraction parameter. At low concentrations of SDS, up to 42.5 mM,
the presence of these forces appears to be negligible, but above
this concentration, the intermicellar interactions increase as
more surfactant is added to the system.

Similar behaviour was found with the addition of water to the
system. The presence of water seems to modify the molecular
packing and promote formation of shorter aggregates. This
behaviour is accompanied by an increase in the repulsive forces
between micelles, as observed through changes in the structure
factor; S(q) volume fraction was found to increase with the
addition of water. The introduction of water must substantially
modify the competition between micelle interface and hydro-
gen bond network. However a more detailed understanding of
the effect of water content is not possible from this data and we
have already begun further studies on the effect of water on the
choline chloride:urea solvent structure.

Whilst the SAXS and contrast variation SANS data allow us to
identify the specific interaction between the choline chloride and
the surfactant, the structural details are beyond the resolution of
those techniques. We have therefore already begun some further
studies with neutron liquid diffraction in order to examine the
interactions of the solvent with the head group layer in more
detail. These further investigations will help to develop an
accurate atomistic model of the micelle and the surrounding
environment.60

Conclusions
We have shown that surfactant aggregation in DES is possible
and that the properties and composition of these solvents have
significant effects on the structural properties of the surfactant
aggregates in these systems. Control of these properties offers
new possibilities and potential for future applications. Further-
more DES can play a key role in understanding the fundamentals
of the self-assembly process, since they have different charac-
teristics from water and polar solvents. SDS has been shown to
form highly tunable micelles with peculiar characteristics such

as a cylindrical morphology at low concentrations, undergoing an
unusual shape transition as the surfactant or water content is
increased.

SAXS and SANS measurements consistently show the presence
of cylindrical micelles with the polar head groups situated at the
interface between the micelle and the solvent and the non-polar
tails in the core. At low concentrations, the micelle interaction
peak characteristic of SDS in water disappears due to the high
charge screening by the solvent, probably due to the presence of
the positive charged choline chloride. This charge screening
undergoes a reduction with increasing concentration, which
favours shorter aggregates, while keeping the cross section
constant. The implementation of a model with an effective
hard sphere S(q) structure factor, without constraints, incorpor-
ating an effective radius and effective volume fraction, allows us
to account for the effect of the intermicellar interactions.

The contrast variation SANS results show a specific interaction
between the choline chloride component of the DES and the
surfactant headgroups. We propose that this interaction is driving
the morphological transitions through changes in charge screening.

These results also demonstrate the potential for modifying the
self-assembly process, allowing control of the micellar structures
by altering the solvent. The measurements reported here were
accomplished for up to 4 mole equivalents of water, however
extrapolating the behaviour, the addition of greater amounts of
water will enable formation of different aggregates becoming
more similar to those found in water as the proportion of water
is increased.

Acknowledgements
The authors would like to thank DLS, ILL and ISIS for the
awarded beamtime (experiment numbers SM11392, 9-12-39961

and RB1510328). We are also thankful to University of Bath
Alumni Fund and European Spallation Source for the funding
for A. S.-F. This work has benefited from the use of SasView
(NSF award DMR-0520547)

References
1 S. J. Singer and G. L. Nicolson, Science, 1972, 175, 720–731.
2 M. J. Lawrence and G. D. Rees, Adv. Drug Delivery Rev., 2000,

45, 89–121.
3 O. Ikkala and G. ten Brinke, Science, 2002, 295, 2407–2409.
4 J. B. Hayter and J. Penfold, Mol. Phys., 1981, 42, 109–118.
5 T. L. Greaves and C. J. Drummond, Chem. Soc. Rev., 2008,

37, 1709–1726.
6 R. D. Rogers and K. R. Seddon, Science, 2003, 302, 792–793.
7 J. D. Holbrey, W. M. Reichert, M. Nieuwenhuyzen, S. Johnston,

K. R. Seddon and R. D. Rogers, Chem. Commun., 2003,
1636–1637, DOI: 10.1039/b304543a.

8 D. F. Evans, A. Yamauchi, R. Roman and E. Z. Casassa,
J. Colloid Interface Sci., 1982, 88, 89–96.

9 S. C. Sharma, R. Atkin and G. G. Warr, J. Phys. Chem. B,
2013, 117, 14568–14575.

Paper PCCP

O
pe

n 
A

cc
es

s A
rti

cl
e.

 P
ub

lis
he

d 
on

 2
8 

A
pr

il 
20

16
. D

ow
nl

oa
de

d 
on

 1
9/

05
/2

01
6 

10
:2

7:
43

. 
 T

hi
s a

rti
cl

e 
is 

lic
en

se
d 

un
de

r a
 C

re
at

iv
e 

Co
m

m
on

s A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
Li

ce
nc

e.

View Article Online



This journal is© the Owner Societies 2016 Phys. Chem. Chem. Phys., 2016, 18, 14063--14073 | 14073

10 D. F. Evans, E. W. Kaler and W. J. Benton, J. Phys. Chem.,
1983, 87, 533–535.

11 M. U. Araos and G. G. Warr, J. Phys. Chem. B, 2005, 109,
14275–14277.

12 R. Atkin and G. G. Warr, J. Phys. Chem. B, 2007, 111, 9309–9316.
13 M. U. Araos and G. G. Warr, Langmuir, 2008, 24, 9354–9360.
14 A. Dolan, R. Atkin and G. G. Warr, Chem. Sci., 2015, 6,

6189–6198.
15 H. J. Jiang, P. A. FitzGerald, A. Dolan, R. Atkin and G. G.

Warr, J. Phys. Chem. B, 2014, 118, 9983–9990.
16 R. Hayes, S. Imberti, G. G. Warr and R. Atkin, J. Phys. Chem.

C, 2014, 118, 13998–14008.
17 A. P. Abbott, D. Boothby, G. Capper, D. L. Davies and

R. K. Rasheed, JACS, 2004, 126, 9142–9147.
18 A. Paiva, R. Craveiro, I. Aroso, M. Martins, R. L. Reis and

A. R. C. Duarte, ACS Sustainable Chem. Eng., 2014, 2,
1063–1071.

19 M. A. Kareem, F. S. Mjalli, M. A. Hashim and I. M. AlNashef,
J. Chem. Eng. Data, 2010, 55, 4632–4637.

20 E. L. Smith, A. P. Abbott and K. S. Ryder, Chem. Rev., 2014,
114, 11060–11082.

21 A. P. Abbott, R. C. Harris, K. S. Ryder, C. D’Agostino, L. F.
Gladden and M. D. Mantle, Green Chem., 2011, 13, 82–90.

22 A. Hayyan, F. S. Mjalli, I. M. AlNashef, T. Al-Wahaibi,
Y. M. Al-Wahaibi and M. A. Hashim, Thermochim. Acta,
2012, 541, 70–75.

23 Q. Zhang, K. De Oliveira Vigier, S. Royer and F. Jerome,
Chem. Soc. Rev., 2012, 41, 7108–7146.

24 Y. Dai, G.-J. Witkamp, R. Verpoorte and Y. H. Choi, Food
Chem., 2015, 187, 14–19.

25 M. C. Gutiérrez, M. L. Ferrer, C. R. Mateo and F. del Monte,
Langmuir, 2009, 25, 5509–5515.

26 C. Mukesh and K. Prasad, Macromol. Chem. Phys., 2015, 216,
1061–1066.

27 V. Fischer, J. Marcus, D. Touraud, O. Diat and W. Kunz,
J. Colloid Interface Sci., 2015, 453, 186–193.

28 S. J. Bryant, R. Atkin and G. G. Warr, Soft Matter, 2016, 12,
1645–1648.

29 D. Rengstl, V. Fischer and W. Kunz, Phys. Chem. Chem.
Phys., 2014, 16, 22815–22822.

30 M. Pal, R. Rai, A. Yadav, R. Khanna, G. A. Baker and
S. Pandey, Langmuir, 2014, 30, 13191–13198.

31 T. Perche, X. Auvray, C. Petipas and R. Anthore, Langmuir,
1997, 13, 1475–1480.

32 M. Pal, R. K. Singh and S. Pandey, ChemPhysChem, 2015, 16,
2538–2542.

33 T. Arnold, A. J. Jackson, A. Sanchez-Fernandez, D. Magnone,
A. E. Terry and K. J. Edler, Langmuir, 2015, 31, 12894–12902.

34 P. H. Elworthy and K. J. Mysels, J. Colloid Interface Sci., 1966,
21, 331–347.

35 R. K. Heenan, S. E. Rogers, D. Turner, A. E. Terry, J. Treadgold
and S. M. King, Neutron News, 2011, 22, 3.

36 O. Arnold, J. C. Bilheux, J. M. Borreguero, A. Buts, S. I.
Campbell, L. Chapon, M. Doucet, N. Draper, R. Ferraz Leal,
M. A. Gigg, V. E. Lynch, A. Markvardsen, D. J. Mikkelson,
R. L. Mikkelson, R. Miller, K. Palmen, P. Parker, G. Passos,

T. G. Perring, P. F. Peterson, S. Ren, M. A. Reuter, A. T.
Savici, J. W. Taylor, R. J. Taylor, R. Tolchenov, W. Zhou and
J. Zikovsky, Nucl. Instrum. Methods Phys. Res., Sect. A, 2014,
764, 156–166.

37 C. Dewhurst, GRASP, http://www.ill.eu/instruments-support/
instruments-groups/groups/lss/grasp/home/.

38 M. Doucet, S. King, P. Butler, P. Kienzle, P. Parker, J. Krzywon,
A. Jackson, T. Richter, M. Gonzales, T. Nielsen, R. Ferraz Leal,
A. Markvardsen, R. Heenan, J. Bakker and G. Alina, SasView
version 3.1.2, http://www.sasview.org, DOI: 10.5282/zenodo.
35065.

39 M. Basham, J. Filik, M. T. Wharmby, P. C. Y. Chang, B. El
Kassaby, M. Gerring, J. Aishima, K. Levik, B. C. A. Pulford,
I. Sikharulidze, D. Sneddon, M. Webber, S. S. Dhesi,
F. Maccherozzi, O. Svensson, S. Brockhauser, G. Naray and
A. W. Ashton, J. Synchrotron Radiat., 2015, 22, 853–858.

40 O. Glatter, J. Appl. Crystallogr., 1977, 10, 415–421.
41 O. Glatter, J. Appl. Crystallogr., 1979, 12, 166–175.
42 O. Glatter, G. Fritz, H. Lindner, J. Brunner-Popela,

R. Mittelbach, R. Strey and S. U. Egelhaaf, Langmuir, 2000,
16, 8692–8701.

43 P. B. Moore, J. Appl. Crystallogr., 1980, 13, 168–175.
44 J. B. Hayter and J. Penfold, J. Chem. Soc., Faraday Trans. 1,

1981, 77, 1851–1863.
45 H. Pilsl, H. Hoffmann, S. Hofmann, J. Kalus, A. W. Kencono,

P. Lindner and W. Ulbricht, J. Phys. Chem., 1993, 97,
2745–2754.

46 C. C. Ruiz, L. Diaz-Lopez and J. Aguiar, J. Dispersion Sci.
Technol., 2008, 29, 266–273.

47 L. Arleth, M. Bergström and J. S. Pedersen, Langmuir, 2002,
18, 5343–5353.

48 L. J. Magid, Z. Li and P. D. Butler, Langmuir, 2000, 16,
10028–10036.

49 P. A. Hassan, S. R. Raghavan and E. W. Kaler, Langmuir,
2002, 18, 2543–2548.

50 J. N. Israelachvili, D. J. Mitchell and B. W. Ninham, J. Chem.
Soc., Faraday Trans. 2, 1976, 72, 1525–1568.

51 M. Bergstrom and J. S. Pedersen, Phys. Chem. Chem. Phys.,
1999, 1, 4437–4446.

52 C. A. Dreiss, Soft Matter, 2007, 3, 956–970.
53 J. K. Percus and G. J. Yevick, Phys. Rev., 1958, 110, 1–13.
54 L. S. Ornstein and F. Zernike, Proc. – Acad. Sci. Amsterdam,

1914, 15.
55 P. A. Hassan, G. Fritz and E. W. Kaler, J. Colloid Interface

Sci., 2003, 257, 154–162.
56 C. Tanford, J. Phys. Chem., 1972, 76, 3020–3024.
57 L. J. Magid, Z. Han, Z. Li and P. D. Butler, Langmuir, 2000,

16, 149–156.
58 R. Nagarajan and E. Ruckenstein, Langmuir, 1991, 7,

2934–2969.
59 O. S. Hammond, D. T. Bowron and K. J. Edler, Green Chem.,

2016, 18, 2736–2744.
60 R. Hargreaves, D. T. Bowron and K. Edler, JACS, 2011, 133,

16524–16536.
61 K. J. Edler, A. J. Jackson, T. Arnold, L. Porcar and A. Sanchez-

Fernandez, 2015, DOI: 10.5291/ILL-DATA.9-12-399.

PCCP Paper

O
pe

n 
A

cc
es

s A
rti

cl
e.

 P
ub

lis
he

d 
on

 2
8 

A
pr

il 
20

16
. D

ow
nl

oa
de

d 
on

 1
9/

05
/2

01
6 

10
:2

7:
43

. 
 T

hi
s a

rti
cl

e 
is 

lic
en

se
d 

un
de

r a
 C

re
at

iv
e 

Co
m

m
on

s A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
Li

ce
nc

e.

View Article Online



 70 

  



 71 

 
 
 
 
 

Chapter 4 
 
 
 
 

4 The new old story of surfactant behaviour 
The phase behaviour of surfactants is known to strongly depend on the 

characteristics of the solvent. The solvophobic effect is unambiguously regarded as the 
driving force of the surfactant self-assembly and the presence of an extensive hydrogen 
bond network is the perfect scenario to sustain such effect. This was critically found in 
water and subsequently investigated in polar non-aqueous solvents, also capable of 
promoting surfactant self-assembly.4, 23, 34, 35, 206, 209, 210 

In the past few years, ionic liquids have been used as continuous media to 
investigate surfactant self-assembly in polar non-aqueous media. The characteristics of 
the solvents, mainly their designability, opened new frontiers of self-assembly.77, 88 These 
investigations have been mainly focused on the understanding of the solvophobic effect 
that drives the self-assembly of surfactants in ILs. For protic ionic liquids, such as 
ethylammonium nitrate, hydrogen bonding dominates the solvophobic character of the 
environment.27, 94 Thus the driving force for the self-assembly is still the minimisation of 
the contact of the polar solvent with the lyophobic moieties of the amphiphiles.77 
Nonetheless, little is known about the nature of the headgroup solvation of the 
headgroups by the ionic liquids. 

Another relevant factor in self-assembly is the presence of charged species 
capable of interacting with ionic surfactant headgroups. It is well known that high ionic 
strength in aqueous solutions leads to morphology transitions in the aggregates through 
charge screening and ion-pair formation.50, 211, 212, 213 However, ionic liquids have been 
shown to promote the formation of surfactant aggregates similar to those in water, despite 
their theoretically high ionic strength.27, 100 This scenario supports the hypothesis of 
vestigial electrostatic dissociation in ionic liquids, where most of the ions are strongly 
correlated and only a low amount of ions contribute to the ionic strength of the media.87, 

214, 215 This scenario would leave a relatively small number of dissociated ions in the 
solution capable of interacting with the headgroups and may support the formation of 
globular surfactant aggregates, as seen in water. 

Early investigations in surfactant behaviour in choline chloride:urea (Chapter 3) 
showed that the aggregation behaviour of SDS was affected by the presence of a high 
concentration of choline/sodium cations at the micelle interface, promoting the formation 
of elongated micelles. The open question after those investigations was whether the ionic 
strength was affecting the micellisation in a different way than in ILs and whether this was 
the general scenario in DES. 
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4.1 Paper 3: Are non-interacting systems a possible 
scenario in deep eutectic solvents? 

In this paper, we explore the micellisation of alkyltrimethylammonium bromides 
(alkyl=dodecyl, tetramethyl and hexadecyl) in choline chloride:glycerol (eutectic mixture: 
1:2 molar ratio). We predicted that the micellisation in this environment, where the 
surfactant headgroup may be less susceptible to interact with ions present in the system, 
would provide self-organisation results more similar to that observed in water. These 
cationic surfactants, widely studied in aqueous solution and ionic liquids,27, 54, 100, 184, 216 
were selected as the next step in the investigation of surfactant behaviour in DES. 
Interestingly, these surfactants were not found to dissolve in choline chloride:urea, which 
still puzzles us. We subsequently choose choline chloride:glycerol DES113 (which shows a 
considerably high solubility of alkyltrimethylammonium bromides) as the ideal candidate 
for the investigation of the surfactant behaviour. 

Surface tension, X-Ray and neutron reflectivity, and small-angle neutron scattering 
were the techniques used to characterise the behaviour of these surfactants in choline 
chloride:glycerol. 

The contents presented in this chapter are reproduced with the permission of the 
Royal Society of Chemistry, under the Creative Commons License.217 Electronic 
Supporting Information is available in the Appendix. 
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eutectic solvent†
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Sian L. Fussell,a Richard K. Heenan,e Richard A. Campbellf and Karen J. Edlera

Deep eutectic solvents have shown the ability to promote the self-assembly of surfactants in solution.

However, some differences have been found compared with self-assembly in pure water and other polar

organic solvents. The behaviour of alkyltrimethylammonium bromides in choline chloride:glycerol deep

eutectic solvent has been studied by means of surface tension, X-ray and neutron reflectivity and small-

angle neutron scattering. The surfactants were found to remain surface active and showed comparable

critical micelle concentrations to the same surfactants in water. Our scattering studies demonstrate that

these surfactants form globular micelles with ellipsoidal shape in solution. The size, shape and aggregation

number of the aggregates were found to vary with the chain length of the surfactant. Specific solvent-

headgroup interactions were not found in this system, unlike those we have previously postulated for

anionic surfactants in choline chloride deep eutectic solvents.

Introduction
Ionic liquids and deep eutectic solvents (DES) have been studied
as an alternative to traditional solvents in many applications. The
environmentally friendly, ‘‘green’’, nature of these solvents,
together with their tuneable properties has led to their promotion
for use in organic, inorganic and electrochemistry processes.1,2

Some of the recent interest has focused on the ability of ionic
liquids to support the self-assembly of amphiphiles.3 Since the
first study of the micellization of surfactants in ionic liquids in
1982,4 there are an increasing number of investigations demon-
strating that a variety of ionic liquids are capable of sustaining
amphiphile self-assembly, including protic5 and aprotic liquids.6

The aggregation of anionic,7 cationic4,8,9 and non-ionic10 surfactants
has been studied through common, well-established techniques.

In some respects DES share characteristics and properties
with ionic liquids. DES are generally made by the complexation
of a hydrogen bond donor with a salt capable of sustaining a

hydrogen bond network, unlike ionic liquids which are formed
from a discrete anion and cation.2,11,12 The favourable inter-
action between these components in the liquid state leads to a
large depression in the melting point, with the term DES coined
for systems where this results in the mixture being liquid at
room temperature. Unlike ionic liquids, DES are formed by
non-toxic, organic precursors and many possible combinations
can be reached through the complexation of different salts with
alcohols, carboxylic acids, amines and other naturally-occurring
compounds.13 The various combinations of different salts and
hydrogen bond donors lead to changes in the physicochemical
properties of the solvent, which may allow the possibility to
control such properties.

The compatibility of DES with water has been reported and
this offers another variable with which the characteristics of the
solvent may be controlled.14 Properties such as the viscosity are
particularly influenced by the presence of water, although the
mechanism by which this occurs is not yet understood.

Since the first application of a deep eutectic solvent as an
electrodeposition agent,15 these solvents have been used as green
alternatives in synthesis (of zeolitic materials,16 metal organic
frameworks17 and nanostructured materials18) and in liquid–liquid
extraction,19 selective adsorption of CO2

20 and pharmaceutical
applications.21

Recent investigations have found the ability of DES to support
the aggregation of amphiphiles. Phospholipid vesicles have been
reported by Gutierrez et al., highlighting the importance of DES
as alternative solvent to support self-assembly.22 More recently it
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has been shown that such vesicles can form spontaneously in DES.23

DES can also support surfactants that have self-assembled into
ordered structures. Rengstl et al. reported the evidence of aggrega-
tion of choline dodecylsulfate surfactant in low-melting mixtures of
dicarboxilic acid-based DES.24 In subsequent studies a mixture of
choline chloride:urea with water was found to promote the self-
assembly of sodium dodecyl sulfate (SDS).25 Cationic surfactants
were also found to be soluble and form aggregates in choline
chloride:glycerol, although no structural detail on such aggregates
has yet been reported.26 Tan et al. have shown the self-assembly of
long chain ionic liquids in choline chloride:glycerol DES.27

We have recently published a detailed analysis of the micelliza-
tion process of SDS in pure choline chloride:urea.28,29 Small-angle
neutron scattering (SANS) data showed the formation of elongated
micelles above the critical micelle concentration (CMC), unlike the
same surfactant in water and other polar organic solvents where it
forms globular micelles.30,31 In water an increase of the aggregation
number can be promoted by the presence of electrolytes, where the
adsorption of ions to the headgroups screens the charge and
enables micelle growth.32 We therefore inferred that the presence
of ions within the structure of the deep eutectic solvent has a
similar effect and results in larger micelles at low SDS concentra-
tions. The addition of water to the DES was found to substantially
reduce this effect and suggested that small quantities of water
could be used to control aggregate morphology.

The work presented here is part of a series of studies in which
we aim to understand micellization in deep eutectic solvents. Here
we report the aggregation of cationic surfactants, alkyltrimethyl-
ammonium bromides (CnTAB), in a DES. Different chain lengths
(n = 12, 14 and 16) were studied in order to elucidate the effect of
the lyophobic moiety of the surfactant on micellization in DES.

Alkyltrimethylammonium bromide surfactants have widely been
studied in water and other solvents. The formation of globular
micelles has been reported as the preferable shape for these
surfactants in pure solvents.33–35 However the transition to elongated
micelles can be achieved by specific ion interactions between salt in
solution and the surfactant headgroup.36–38 These surfactants were
found to have a very low solubility in the choline chloride:urea DES
used in our previous work. In the work presented here we have used
choline chloride:glycerol DES (eutectic composition: 1 : 2 molar ratio;
melting point = !40 1C) which represents one of the most studied
DES and showed high solubility for these surfactants.39 It has
physical properties that may be more useful for many applications
such as lower viscosity and is liquid over a wider range of tempera-
tures. We present here the results of our investigations of the
properties of these systems using surface tension, X-ray and neutron
reflectivity, and small-angle neutron scattering (SANS). Use of selec-
tive deuteration of both surfactant and solvent molecules allowed us
to check for any significant interaction between micelles and
components of the DES.

Experimental
Materials

Choline chloride (498%, Sigma) and glycerol (499%, Sigma)
(1 : 2 mole equivalence) were mixed at 80 1C on a hot plate until

a transparent, homogeneous mixture was achieved. The mixture
was afterwards equilibrated for at least 24 hours in an oven at
40 1C. Isotopic mixtures were identically prepared using d9-choline
chloride (N,N,N-trimethyl-d9, 99% atom, 99.9% D, Cambridge
Isotope Laboratories) and d8-glycerol (99% atom, 98.5% D, Qmx
Laboratories).

C12TAB (Acros Organics, 99%), C14TAB (Acros Organics, 99%)
and C16TAB (Sigma, 499%) were purchased and used without
further purification. Versions of the surfactants with either just
tail or both head and tail deuterated were supplied by the STFC
ISIS Deuteration Facility. We have chosen not to further purify
either the DES materials or the surfactants because we are
interested in the behaviour of these systems under the condi-
tions in which they may be used in potential applications.
Impurities in choline chloride are likely to be trimethylamine
and ethylene glycol,40 and in the CnTABs are most likely to be
long chain amines which were not fully quarternised during
synthesis. Based on their behaviour in water we believe that none
of these impurities are likely to significantly alter the phase
behaviour of the CnTABs in this DES.

The surfactants were used to prepare high-concentration
stock solutions in order to reduce the variability between
samples whilst low concentrations were prepared by dilution
of the stock solution with pure DES for the protonated samples.
In order to minimise the waste of deuterated chemicals,
samples for the SANS experiments were prepared by direct
mixing of the DES with the surfactants. The resulting solutions
were sealed and kept in an oven at 40 1C for at least 24 hours to
equilibrate.

The resulting samples were found to absorb water from the
atmosphere due to the hygroscopicity of the solvent. In order to
control the presence of water in the system, samples were
freeze-dried before each experiment and water content was
determined through Karl–Fischer titration (Mettler Toledo
DL32 Karl–Fischer Coulometer Aquiline electrolyte A (Fisher
Scientific), Aqualine Catholyte CG A). The water content was
therefore maintained below 0.35 wt% during the experimental
procedure discussed here.

Methods

Surface tension. Drop-shape analysis of a pendant drop was
used to determine the surface tension of the samples and
solvent in a Krüss DSA100. The samples were equilibrated in
the oven at 40 1C prior to measurement. Several drops for each
concentration were suspended using a dispensing needle.
Pictures of a drop were taken after equilibration and the
contour of those was fitted to the Young–Laplace equation.
The values of surface tension were measured repeatedly for at
least three measurements of each concentration and averaged
to obtain the final value. The temperature was not controlled
during measurement. Although we expect some variability in
temperature that adds some uncertainty to our measurements,
we have found that this method provides self-consistent
measurements.28

X-Ray and neutron reflectivity. Reflectivity measurements
were intended to determine the scattering length density of the

Paper PCCP

O
pe

n 
A

cc
es

s A
rti

cl
e.

 P
ub

lis
he

d 
on

 2
2 

N
ov

em
be

r 2
01

6.
 D

ow
nl

oa
de

d 
on

 3
0/

11
/2

01
6 

09
:3

4:
54

. 
 T

hi
s a

rti
cl

e 
is 

lic
en

se
d 

un
de

r a
 C

re
at

iv
e 

Co
m

m
on

s A
ttr

ib
ut

io
n-

N
on

Co
m

m
er

ci
al

 3
.0

 U
np

or
te

d 
Li

ce
nc

e.

View Article Online



This journal is© the Owner Societies 2016 Phys. Chem. Chem. Phys.

pure solvent and subsequently calculate the molecular volume
of the DES. Three different contrasts of the pure solvent were
measured using X-ray and neutron reflectivity. The X-ray reflectivity
(XRR) measurements were taken on I07 beamline at Diamond
Light Source, at 12.5 keV using the double-crystal-deflector
system.41 Samples were placed in temperature-controlled PTFE
trough at 30 1C and kept in an inert helium atmosphere. Data
were collected after at least one hour of equilibration.

Data were collected in four different regimes of angle and
attenuation to provide a total momentum transfer (q) from
0.018 to 0.7 Å!1. Data reduction consisted of stitching the
attenuation regimes together and normalising to the critical
edge, a footprint correction to account for over-illumination
ignoring meniscus effects and background subtraction. This
background was measured simultaneously by integrating two
regions of interest on a Pilatus 100k detector, one for the
specular reflection and the other offset for the background.

The neutron reflectivity (NR) measurements were performed
on the FIGARO instrument at the Institut Laue-Langevin.42 This
time-of-flight instrument was used with a chopper pair giving
pulses with 7% dl/l in the wavelength range l = 2–30 Å. Data
acquisitions were carried out at incident angles of Y = 0.62 and
3.81, providing a q-range from 0.005 to 0.4 Å!1.

Delrin adsorption troughs (50 mm " 60 mm surface) were
used to load the sample. These troughs were placed in an inert
nitrogen atmosphere (a box with sapphire windows) to avoid
the adsorption of water. As with X-rays, at least 90 minutes was
allowed for equilibration. Data was collected and reduced using
the standard procedures of the beamline.

Two different contrasts were measured, varying the isotopic
mixtures in the system: fully protonated solvent, h-choline
chloride: h-glycerol, and partially deuterated solvent, h/d-choline
chloride:h/d-glycerol (a mix of protonated and deuterated
materials were used rather than fully deuterated to minimise
the cost of obtaining the substantial volume of DES required for
the experiment).

Small-angle neutron scattering. The SANS measurements
were performed on SANS2D at ISIS Pulsed Neutron Source.43

SANS2D is a time-of-flight instrument with two movable
detectors. The rear detector was placed at 4 m distance from
the sample giving, together with the front detector, a momentum
transfer range of 0.004–1.40 Å!1. Samples were loaded into a
temperature-controlled sample changer using 1 mm path length,
1 cm wide, quartz Hellma cells. The temperature was kept at 30 1C
during the collection of the data for the C12TAB and C14TAB
surfactants whilst samples with C16TAB were measured at 40 1C,
in order to avoid the solidification of samples with high surfactant
concentration.

Data were reduced using the routines within Mantid.44 The
data were normalised to the sample transmission, and corrected
for detector efficiencies, then scattering from the empty cell was
subtracted. The output data were the absolute scattered inten-
sity, I(q) in cm!1, versus the momentum transfer, q in Å!1. The
scattering of the pure solvents were afterwards subtracted
accounting for the incoherent contribution to each sample
using SasView.45 Instrument resolution was accounted for by

smearing of the model functions using a Gaussian function at a
constant 8% dq/q.

Samples were prepared in different concentrations above the
critical micelle concentration (CMC) point and different isotopic
mixtures. Different contrasts were measured to model the micelle
structure formed by each surfactant: h-choline chloride:h-glycerol +
d-Cn-d-TAB, d-choline chloride:h-glycerol + h-Cn-h-TAB, d-choline
chloride:d-glycerol + h-Cn-h-TAB and h-choline chloride:h-glycerol +
d-Cn-h-TAB. Note that for ease reading we refer to a ‘fully
deuterated’ solvent in fact an isotopic mixture, which contains
a partially deuterated precursor, d9-choline chloride.

Data analysis

Small-angle neutron scattering. Model-based fitting was
used for the whole range of concentrations studied here. The
scattered intensity in SANS of isotropic, centrosymmetric particles
can be described by the function:

I(q) = NV2(DSLD)2P(q)S(q)

where N is the number of particles, V the volume of the particles
and DSLD corresponds to the difference in the scattering length
density between the solvent and the particles. P(q) and S(q) are
respectively the form factor and the structure factor. P(q)
depends on the intraparticle scattering and thus on the shape
of the particle. S(q) corresponds to the interparticle interactions
within the system and generally depends on the concentration of
particles in the system.

As in our recent study of SDS in DES, a range of different
analytical models were tested to find the best option to fit
the present data.29 These models included a sphere model
(Schulz-radius distribution), a cylinder model, an ellipsoidal
model, and both prolate and oblate core–shell ellipsoid
model. In addition we also considered both micelle and reverse
micelle models. A complete record of these tests is included in
the ESI.†

The core–shell ellipsoid model (prolate distribution of mass)
was chosen as being most suitable approach. This model
describes an ellipsoidal particle with a core–shell radial
distribution.37,46 The structural parameters of the model are:
equatorial radius of the core (req,core), shell thickness on the
equatorial axis (Teq,shell), axial ratio of the core (Xcore) and axial
ratio of the shell (Xshell). Where Xcore = rpo,core/req,core and Xshell =
Tpo,shell/Teq,shell, (rpo,core = polar radius of the core; Tpo,shell =
shell thickness in the polar axis).

As in our previous study (and for the same reasons) we have
used a hard-sphere structure factor (Percus–Yevick approxi-
mation) to account for the intermicellar interactions between
charged particles.29 This structure factor is described by two
parameters, effective radius and S(q) volume fraction. Since the
potential interactions are dominated not only by the charged
headgroup but also the media, these parameters were not
constrained to the dimensions of the form factor. Although
this apparent structure factor does not provide a direct physical
interpretation of the intermicellar contribution, we believe that
it is a good approximation that allows the deconvolution of the
interparticle and intraparticle contributions to the scattering.
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The rescaled mean square approximation was initially used for
S(q), however the limited information about the physicochemical
properties of the solvent means that such an analysis is not
sufficiently reliable.47,48

In order to resolve the micelle structure, we have followed a
systematic fitting procedure for all the surfactant–DES mix-
tures. The system h-choline chloride:h-glycerol + d-Cn-h-TAB,
dominated by the scattering of the micelle core, was used to
obtain the size of the micelle core by averaging the results from
intermediate concentrations (with better statistics than low
concentrations and less affected by S(q) than high concentra-
tions). Subsequently, we have fixed those values for all the
contrasts and simultaneously fit them in order to determine the
structural parameters of the entire micelle, including the head-
group shell. The radius of interaction used in the structure
factor approximation was calculated as that of a sphere with the
same second viral coefficient as the ellipsoidal shape and the
value was fixed during the fitting procedure.49

Results
Surface tension

Fig. 1 shows surface tension data for each of the CnTABs in
choline chloride:glycerol DES. The surface tension values are
plotted against the concentration of surfactant in the solvent.
The diffusion rate of the different surfactants to the surface has
been evaluated in order to assess the validity of our experi-
ments (see ESI†). The surface tension of the pure solvent and
surfactant-DES system were measured as a function of time in
order to follow the equilibration of the sample. Our experi-
ments demonstrate that equilibration is achieved after a few
seconds in concentrations around the CMC, however these
kinetics are much slower at concentrations far below the CMC.
Due to the difficulty of assessing the equilibrium at these really
low concentrations, we can not draw further conclusions about
surfactant thermodynamics at the interface from this data.

The absolute value of surface tension of the pure DES is
63.5 ! 0.5 mN m"1. This value was found to be higher than

values previously reported by Abbott et al. using a Wilhelmy
plate technique, 48 mN m"1 at 40 1C.39 However we do not
know the source of this difference. The surface tension is
slightly lower than our measurement of choline chloride:urea
system, 66 ! 1 mN m"1, which was made using the same
apparatus.28

For each surfactant, the shapes of the surface isotherm
exhibit the classic behaviour of a surfactant in aqueous
solution. The surface tension is gradually reduced with the
addition of surfactant until it reaches the CMC.50 We have
determined the CMC from these plots to be 0.9 ! 0.1 mM for
C16TAB, 3.9 ! 0.2 mM for C14TAB and 22 ! 2 mM for C12TAB.
Table 1 shows the CMCs of different CnTABs in various solvents
for comparison. The CMC was found to decrease with increas-
ing the surfactant chain length, suggesting a lower solubility of
free surfactant monomers for the longer chains. This behaviour
is well known in polar solvents where the lyophobic effect
drives the aggregation. Our measurement of the CMCs in
choline chloride:glycerol were found to be slightly higher than
in water in the case of C12TAB and C14TAB, and in the case of
C16TAB similar to the value observed in water.51–53 However our
values are not in agreement with the previously reported values
obtained using fluorescence spectroscopy, which were reported
to be one order of magnitude above ours.26 Evans et al. reported
significantly higher CMCs of akyltrimethylammonium bro-
mides in an ionic liquid, ethylammonium nitrate.4 These
considerably higher CMC values were explained by the greater
affinity of the ionic liquid for lyophobic moieties by compar-
ison to water. In protic ionic liquids, the non-polar domain of
the solvent shows a higher capacity to solubilize free surfactant
monomers and, hence, the CMCs of these surfactants appear to
be higher.

X-Ray and neutron reflectivity

The scattering length density (SLD) of the DES can be obtained
from the position of the critical edge from reflectivity experi-
ments. This value depends from the exact composition of the
solvent (the scattering length) and the molecular volume, and
can also be calculated based on the atomic composition of the
sample. Our reflectivity measurements were therefore intended
to calculate the molecular volume of the solvent and in order to

Fig. 1 Surface tension of different CnTAB in 1 : 2 choline chloride : glycerol
against the concentration of surfactant. The black dashed lines help to
show the trend which finds the CMC.

Table 1 Critical micelle concentration (mM) from surface tension mea-
surements for C12TAB, C14TAB and C16TAB in a variety of polar solvents
where these surfactants were found to form micelles

Surfactant Solvent Temp./1C CMC/mM

C12TAB 1 : 2 choline chloride : glycerol 40 22 ! 2
Water51 40 15.0
Ethylammonium nitrate4 50 190

C14TAB 1 : 2 choline chloride : glycerol 40 3.9 ! 0.1
Water52 30 3.51
Ethylammonium nitrate4 50 46

C16TAB 1 : 2 choline chloride : glycerol 40 0.9 ! 0.1
Water53 25 0.92 ! 0.02
Ethylammonium nitrate4 50 18
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use these values to validate the volume of each component used
during the SANS data fitting.

Fig. 2 shows the reflectivity data from XRR (one contrast)
and NR (two isotopic contrasts). The fits shown were obtained
using Motofit.54 This package uses the Abeles optical matrix
method to simulate the reflectivity profile. For fitting the pure
solvent profiles a subphase model was used with the following
parameters: the SLD of the solvent, the surface roughness (s) and a
residual background level. The results from the co-refinement of
the three contrasts are included in Table 2.

The molecular volume of the solvent was calculated from the
reflectivity results and averaged to a value of 453 ! 8 Å3.

Small-angle neutron scattering

A core–shell ellipsoid model was used to fit the SANS data using
SasView. Different concentrations of the surfactants were measured
and fitted between 0.006 and 0.4 Å"1 of momentum transfer. The
SLD of each component of the system was calculated by accounting
for the scattering length of each component and the volume that it
occupies (see Table 3). The molecular volumes of the DES pre-
cursors were validated through the reflectivity results, shown to be
in agreement, and subsequently used during the SANS data fitting.
The SLD values of the solvents and micelle tails were fixed during
the data analysis. The core of the micelle, composed of surfactant
tails, was considered not to be affected by solvent penetration,

while the SLD of the headgroup layer was fitted in order to account
for solvation by the DES. The systems containing partially
deuterated surfactants were intended to resolve the structure
of the micelle core (see ESI†). Fixing those parameters, the four
contrasts were simultaneously fitted in order to obtain a detailed
picture of the micelles in choline chloride:glycerol.

Fig. 3 shows the SANS data and one of the isotopic mixtures
(deuterated solvent, protonated surfactant) of the three surfac-
tants. The results of the simultaneous fits are included in
Tables 4, 5 and 6 for C12TAB, C14TAB and C16TAB, respectively.
The plots corresponding to the other isotopic mixtures are
included in the ESI,† as well as a detailed summary with all
of the results from the fits.

Micelle dimensions were successively used to calculate other
parameters of interest. The volume of the core of a single micelle,
containing only surfactant tails, was calculated and used to deter-
mine the aggregation number of the micelles (Nagg).55 The contrast
protonated surfactant in partially deuterated solvent, was used to
evaluate the possibility of selective solvation of the headgroup
region by either glycerol or choline chloride from the DES.

The effective radius for the structure factor model was
determined for different concentrations of surfactant and the
resulting values were averaged to obtain a value fixed during
the fitting procedure: 22 ! 2 Å for C12TAB, 26.0 ! 0.5 Å for
C14TAB and 28.0 ! 0.2 Å for C16TAB. Therefore, changes in the
structure factor volume fraction were observed with varying
concentration of surfactant. The fitted volume fraction of
micelles (ffit) and structure factor volume fraction (fS(q)) were
obtained during the data analysis.

Fig. 2 (a) Reflectivity profiles and best fits to the data (dashed lines) and
(b) scattering length density profiles of each contrast: (red circles) X-ray
contrast, (green squares) h/d choline chloride:h/d glycerol, and (blue
triangles) h-choline chloride:h-glycerol.

Table 2 Scattering length density and surface roughness of pure solvent obtained from the fits. The scattering length was calculated by accounting for
the atomic contribution to the scattering of each component (1 mole of choline chloride, 2 moles of glycerol) and subsequently used to calculate the
molecular volume

Contrast SLD/#10"2 Å"2 s/Å Scattering length/fm Volume/Å3

X-Ray 10.8 ! 0.1 3.3 ! 0.1 496 459 ! 4
h/d-Choline chloride:h/d-glycerol 3.15 ! 0.02 3.3 ! 0.1 140 445 ! 4
h-Choline chloride:h-glycerol 0.45 ! 0.03 3.3 ! 0.1 20.5 455 ! 30

Table 3 Scattering lengths, volumes and extended lengths of each
constituent of the system

Unit Length/Å Volume/Å3
Neutron scattering
length/fm

C5H14NOCl — 198 5.6
C5H5D9NOCl — 198 99.3
C3H8O3 — 126 7.4
C3D8O3 — 126 90.7
N(CH3)3

" — 13553 "4.3
N(CD3)3

" — 13553 89.3
C12H25 16.68a 350a "13.7
C12D25 16.68a 350a 246
C14H29 19.21a 404a "15.4
C14D29 19.21a 404a 286
C16H33 21.74a 458a "17.1
C16D33 21.74a 458a 326

a Extended lengths and volume for surfactant tails were obtained from
Tanford equations.55 Scattering lengths were calculated as the summa-
tion of the neutron scattering lengths of the atoms which form the unit.
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Fig. 4 shows the results for the equatorial radius of the
micelle core (Req,core), core axial ratio (Xcore, ratio between the
equatorial radius and the polar radius). Surfactant tails are
situated inside the micelle while the headgroups form a shell at
the interface with the liquid. The size of the micelles was found
to be dependent on the surfactant chain length and are bigger
for longer surfactant chain lengths (Rg,C12 = 17.7 ! 0.9 Å,

Rg,C14 = 18.9 ! 0.1 Å, Rg,C16 = 26.1 ! 0.6 Å, average). For the
reported structural parameters in water and ethylammonium
nitrate,8,9,56 the radius of gyration of the micelles in those
solvents were calculated and compared with our results. The
radius of gyration in choline chloride:glycerol were found to be
larger than in water (Rg,C12 = 16.8 Å, Rg,C16 = 25.4 Å) and in
ethylammonium nitrate (Rg,C12 = 12.4 Å, Rg,C16 = 15.5 Å).

For each individual surfactant, the shape and size of the
micelle were found to show small variations with concentration.
Although we have not found evidence of large variations related
to the modelling of the structure factor, we believe that these
rather small fluctuations may arise from the fitting procedure for
data from low concentrations of surfactant, where the statistics
are more affected by the background subtraction at low concen-
trations, and also the effects of S(q) at high concentrations.

The equatorial radius of the micelle core was found to vary
with the size of the surfactant. This dimension was fitted to
14.8 ! 0.3 Å, 18.9 ! 0.1 Å and 19.6 ! 0.1 Å for C12TAB, C14TAB
and C16TAB, respectively. The polar radius was found to be
bigger for all surfactants, as expected from a prolate distribu-
tion of mass (Xcore 4 1). Also the equatorial radii of the core
were found to be comparable but smaller than in water, while
the axial ratio observed in this DES is larger than in water
(Fig. 4).

The presence of a structure factor contribution is negligible
up to a relatively high surfactant concentration, whereas inter-
micellar interactions are effective at lower surfactant concen-
tration in water.8,36,37 Although there is limited physicochemical
information about the solvent, we can qualitatively infer that the
high ionic strength of the DES reduces the intermicellar inter-
action in comparison with water.

The aggregation number in DES was found to not change
with surfactant concentration, unlike anionic surfactants in
choline chloride:urea DES.29 In choline chloride:glycerol DES,
the average number of surfactant molecules per micelle
increases with the chain length of the surfactant (Nagg,C12 =
64 ! 2, Nagg,C14 = 120 ! 1, Nagg,C16 = 125 ! 2), as they vary in
water and ethylammonium nitrate.9,37

Although we previously reported a morphology transition in
micelles of an anionic surfactant, SDS,29 we do not observe a
similar effect with the cationic surfactants studied here. The
unusual behaviour of SDS in such a solvent was suggested to
arise from specific interactions in the headgroup region, which
we do not see with the cationic surfactants in the present DES.
Although a similar type of transition was found for alkyltrimethyl-
ammonium bromides and salts in aqueous solutions,36,38,57,58

Fig. 3 SANS patterns and best fits for different concentrations of surfactant
in choline chloride:glycerol DES: (a) h-C12-h-TAB in d-choline chloride:
d-glycerol, (b) h-C14-h-TAB in d-choline chloride:d-glycerol and (c) h-C16-
h-TAB in d-choline chloride:d-glycerol. Surfactant concentrations are
quoted in the legend of each graph. The black-dashed lines represent the
best fits obtained through co-refinement of all the contrasts.

Table 4 Fitting parameters for SANS data of different concentrations of C12TAB in choline chloride:glycerol shown in Fig. 3a. The shell SLD column is
distributed as follows for the different contrasts: h-C12-h-TAB + d-choline chloride:d-glycerol, h-C12-h-TAB + d-choline chloride:h-glycerol

Conc./mM req,core/Å Xcore Teq,shell/Å Xshell SLDshell/"10#6 Å#2 ffit/"10#2 fcalc/"10#2 fS(q)/"10#2

43.5 ! 3 14.8 ! 0.3 1.64 ! 0.01 4.4 ! 1.8 1.8 ! 0.5 5.1 ! 0.8, 1.2 ! 0.4 0.7 ! 0.2 0.5 ! 0.1 1.8 ! 0.3
79.7 ! 3.1 14.8 ! 0.3 1.64 ! 0.01 3.8 ! 1.5 1.5 ! 0.4 4.6 ! 1.1, 0.6 ! 1.2 1.6 ! 0.4 1.6 ! 0.1 2.1 ! 0.2
205 ! 12 14.8 ! 0.3 1.64 ! 0.01 4.6 ! 0.4 1.3 ! 0.2 4.2 ! 0.3, 0.0 ! 0.4 4.8 ! 0.4 5.2 ! 0.1 7.4 ! 0.1
422 ! 44 14.8 ! 0.3 1.64 ! 0.01 4.4 ! 0.2 1.4 ! 0.2 3.6 ! 0.2, 0.1 ! 0.1 11 ! 0 11 ! 1 15 ! 1
943 ! 92 14.8 ! 0.3 1.64 ! 0.01 4.9 ! 0.1 1.8 ! 0.1 4.3 ! 0.1, 0.1 ! 0.2 22 ! 1 23 ! 2 27 ! 1
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the ammonium group does not show affinity for the positively
charged choline ion, meaning that such a mechanism for screening
and curvature modification is not present in these cationic
surfactant – DES systems.

Discussion
The cationic surfactants studied in the present work were
found to remain surface-active in the present DES as shown
by the surface tension data. Pal et al. previously reported
evidence of aggregation of alkyltrimethylammonium surfac-
tants in choline chloride:glycerol.26 Their values for the CMCs

of these surfactants were found to be in disagreement with our
measurements, although our SANS data confirms the presence
of micelles below the values reported in such work (see Fig. 3
and Table 4).

The values of the CMCs determined in the present work
were found to be comparable to those in water but considerably
lower than in ethylammonium nitrate. Therefore, our values of
the CMCs suggest that the micellization process in this DES is
more similar to that in water rather than in ionic liquids, and,
as evidenced by the SANS results from isotopic variations, also
the interaction lack the surfactant-solvent interactions pre-
viously reported for anionic surfactants in DES.29

Differences in the shape of the SANS data are observed with
changing surfactant chain length, suggesting variation in the
morphology of the aggregates. Micelle morphology can be
understood through the packing parameter, v/a0lc, where v
corresponds to the volume of the surfactant hydrocarbon tail,
lc is the length of such tail and a0 is the apparent area per
monomer at the headgroup-tail interface.59 Spherical micelles
can be found with values less than or equal to 1/3, rod-like for a
packing parameter between 1/3 and 1/2, and surfactant bilayers
are found for values between 1/2 and 1. The formation of
micelles by analogous surfactants with the same headgroup
but differing chain lengths will lead to variations in the packing
parameter. Therefore, in the present case, changes in micelle
structure can be related to variations in the surfactant chain
length.

Micelles were indeed found to vary in shape and size with
different surfactant chain lengths, from smaller micelles
formed by C12TAB and larger for C16TAB. With increasing the
length of the surfactant tail, the axial ratio of the micelle varies
and the aggregate curvature slightly decreases. Although a
trend can be observed from our fits, the variance between
concentrations does not allow us to draw further conclusions
about this effect.

These surfactants in DES show larger aggregates than in
water, unlike other ionic surfactants in solvents with lower

Table 5 Fitting parameters for SANS data of different concentrations of C14TAB in choline chloride:glycerol shown in Fig. 3b. The shell SLD column is
distributed as follows for the different contrasts: h-C14-h-TAB + d-choline chloride:d-glycerol, d-C14-d-TAB + h-choline chloride:h-glycerol, h-C14-h-
TAB + d-choline chloride:h-glycerol

Conc./mM req,core/Å Xcore Teq,shell/Å Xshell SLDshell/!10"6 Å"2 ffit/!10"2 fcalc/!10"2 fS(q)/!10"2

40.3 # 3.4 18.9 # 0.1 1.71 # 0.04 4.2 # 2.3 1.1 # 1.0 4.5 # 1.2, 2.9 # 1.6, 0.1 # 0.2 1.0 # 0.2 1.3 # 0.1 2.9 # 0.4
77.9 # 7.1 18.9 # 0.1 1.71 # 0.04 5.3 # 1.1 1.3 # 0.4 4.6 # 0.5, 3.1 # 0.7, 0.8 # 0.6 2.5 # 0.2 2.6 # 0.3 5.2 # 0.3
182 # 9 18.9 # 0.1 1.71 # 0.04 4.4 # 0.2 1.6 # 0.1 4.1 # 0.2, 3.2 # 0.3, 0.5 # 0.3 5.8 # 0.2 6.1 # 0.5 11 # 1
390 # 36 18.9 # 0.1 1.71 # 0.04 4.7 # 0.1 1.6 # 0.1 3.3 # 0.3, 4.8 # 0.1, 0.2 # 0.1 9.9 # 0.6 12 # 1 18 # 1

Table 6 Fitting parameters for SANS data of different concentrations of C16TAB in choline chloride:glycerol shown in Fig. 3c. The shell SLD column is
distributed as follows for the different contrasts: h-C16-h-TAB + d-choline chloride:d-glycerol, d-C16-d-TAB + h-choline chloride:h-glycerol, h-C16-h-
TAB + d-choline chloride:h-glycerol

Conc./mM req,core/Å Xcore Teq,shell/Å Xshell SLDshell/!10"6 Å"2 ffit/!10"2 fcalc/!10"2 fS(q)/!10"2

36.3 # 3 19.6 # 0.1 1.82 # 0.05 5.6 # 1.5 1.8 # 0.2 4.0 # 0.6, 2.4 # 0.5, 0.4 # 0.2 1.3 # 0.2 1.2 # 0.1 —
68.3 # 4.8 19.6 # 0.1 1.82 # 0.05 5.4 # 0.5 1.9 # 0.1 4.0 # 0.3, 2.3 # 0.3, 0.2 # 0.1 2.5 # 0.2 2.3 # 0.1 —
172 # 8 19.6 # 0.1 1.82 # 0.05 5.7 # 0.5 1.7 # 0.1 4.8 # 0.2, 2.4 # 0.2, 0.8 # 0.1 5.3 # 0.1 5.5 # 0.2 0.7 # 0.1
352 # 17 19.6 # 0.1 1.82 # 0.05 6.1 # 0.2 1.7 # 0.1 3.6 # 0.1, 2.6 # 0.1, 0.3 # 0.1 11 # 1 11 # 1 8.9 # 0.1

Fig. 4 Comparison between the averaged structural parameters of
micelles in different solvents: (black crosses) choline chloride:glycerol,
(blue dots) water36,37,56 and (red stars) ethylammonium nitrate.8,9 The plots
represent the number of carbons in the tail of the surfactant against (a) the
equatorial radius of the core, (b) the axial ratio of the core, (c) the shell
thickness on the equatorial axis and (d) the aggregation number of the
micelles. Error bars are included for all of our experimental data. Where not
visible, the error bars are within the marker.
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polarity than water.30,31 The aggregates were also found to be
smaller in ethylammonium nitrate (see Fig. 4). The aggrega-
tion numbers of micelles increase with larger surfactants, as
reported for water and ethylammonium nitrate. The axial ratio
of the micelles was found to be larger in DES than in the water.
In water, the interaction between headgroups is driven by the
electrostatic interactions, modulated mainly by counterion
binding. In the DES, the high ionic strength reduces such
interactions and permits closer surfactant packing, thus
the formation of aggregates that are more elongated than
in water.

The structure factor volume fraction for C12TAB and C14TAB
was found to be systematically larger than the physical volume
fraction of micelles (see Tables 4 and 5). This indicates that the
intermicellar contribution cannot be simply described using
the excluded volume approximation, but some other contribu-
tions need to be accounted for. Although we cannot extract
direct physical information from these values, this approach
allows us to successfully analyse the form factor. Interestingly,
this behaviour was not seen for C16TAB. In that case a structure
factor was not required (and could not be reliably fitted) for the
two lowest concentrations, whilst the highest two concentra-
tions showed structure factor volume fractions that were lower
than the physical volume fraction. These results clearly show
the limitations of the approach of approximating the structure
factor as a hard sphere interaction. Future work making use of
neutron diffraction should provide information about the
specific environments of the headgroups in each of these
surfactants. Combined with computational studies, more infor-
mation about the interaction potentials in these solvents can be
obtained.

For this type of cationic surfactants, SANS studies from
different systems have been used to elaborate different pictures
of the micelle. The first studies concluded that these surfac-
tants form globular micelles with a headgroup layer thick-
ness between 2 and 8 Å, depending on the hydration
number.33,35–37,56 A more recent study through the use of wide
q-range neutron diffraction provided an atomistic configu-
ration of a C10TAB micelle in pure water with the micelle
headgroup layer composed of a hydrated shell of thickness
about 7.5 Å.60 This detailed model of the aggregate offered an
important advance in understanding the hydration effect and
the location of the counterions in the Stern layer. The limited
resolution of SANS at high q, in comparison with wide-angle
neutron diffraction, does not allow us to elaborate a highly
accurate model of the micelle interface. The complexity of the
system, where preferential adsorption of individual DES con-
stituents may be taking place, complicates the determination of
the characteristics of the headgroup layer and solvation effects.
The variations of the shell SLD indicate solvation of the head-
group layer (see Tables 4–6) with a possible preferential adsorp-
tion of glycerol. However, our estimation of the shell thickness
(4.4 ! 0.5 Å, 4.7 ! 0.5 Å, 5.7 ! 0.5 Å, averaged for C12TAB,
C14TAB and C16TAB respectively) and solvation of the head-
groups can probably be refined through the application of
liquid neutron diffraction experiments.

Conclusions
This study furthers the understanding of the self-assembly of
alkyltrimethylammonium bromide in a choline chloride:glycerol
deep eutectic solvent. Unlike the previously studied choline chlor-
ide:urea deep eutectic solvent, which has a low solubility for these
surfactants, the present solvent was found to solubilise and promote
the self-assembly of cationic surfactants. Surface tension measure-
ments have shown comparable CMCs to those values in water but
they are considerably lower than the CMCs in ethylammonium
nitrate, an ionic liquid. This experiment suggest that the solubility of
free monomers in the choline chloride:glycerol DES is comparable to
that in pure water, implying that the formation of micelles will be
akin to that in water. The CMCs were also found to increase with the
length of the surfactant chain, suggesting that the lyophobic effect
drives the formation of micelles in this solvent.

Small-angle neutron scattering data shows the presence of
self-assembled structures with similar shapes and sizes to those
found in water. The polar radius of the aggregates was found to
increase with the number of carbon atoms in the surfactant tail.
Nonetheless, the axial ratio increases at longer surfactant molecules,
as seen in pure water. The interaction between the colloidal particles
in the system was, however, found to be increased compared to that
in water, probably as a result of the high ionic strength of the deep
eutectic solvent in comparison with water. The core–shell ellipsoid
model in choline chloride: glycerol showed a similar micelle dimen-
sion to aggregates in pure water but with a slightly larger axial
ratio. Such a difference was attributed to the weaker interaction
between headgroups at the micelle interface due to the high
ionic strength of the deep eutectic solvent. The modelling of the
four isotopic contrasts has helped to find an approximate
dimension of the headgroup shell surrounding the core of the
micelle. However, since solvent penetration affects the contrast
resolution further investigations, ideally using wide-angle liquid
diffraction, will be needed to make firm conclusions about the
precise composition of the micelle-solvent interface.

Acknowledgements
We thank the ISIS Spallation Source, Diamond Light Source
and the Institut Laue-Langevin for the awarded beamtime
(experiment numbers RB1510328, SI10546-1 and 9-13-61261).
We also thank the Diamond Light Source for the offline access
to the Kruss Tensiometer, and the authors also thank the
Division of Physical Chemistry, Lund University, for supporting
the visit of A. S.-F. We acknowledge University of Bath Alumni
Fund and European Spallation Source for funding A. S.-F. This
work used SasView software, originally developed by the DANSE
project (NSF award DMR-0520547).

References
1 N. V. Plechkova and K. R. Seddon, Chem. Soc. Rev., 2008, 37,

123–150.
2 E. L. Smith, A. P. Abbott and K. S. Ryder, Chem. Rev., 2014,

114, 11060–11082.

Paper PCCP

O
pe

n 
A

cc
es

s A
rti

cl
e.

 P
ub

lis
he

d 
on

 2
2 

N
ov

em
be

r 2
01

6.
 D

ow
nl

oa
de

d 
on

 3
0/

11
/2

01
6 

09
:3

4:
54

. 
 T

hi
s a

rti
cl

e 
is 

lic
en

se
d 

un
de

r a
 C

re
at

iv
e 

Co
m

m
on

s A
ttr

ib
ut

io
n-

N
on

Co
m

m
er

ci
al

 3
.0

 U
np

or
te

d 
Li

ce
nc

e.

View Article Online



This journal is© the Owner Societies 2016 Phys. Chem. Chem. Phys.

3 T. L. Greaves and C. J. Drummond, Chem. Soc. Rev., 2008,
37, 1709–1726.

4 D. F. Evans, A. Yamauchi, R. Roman and E. Z. Casassa,
J. Colloid Interface Sci., 1982, 88, 89–96.

5 R. Atkin, S. M. C. Bobillier and G. G. Warr, J. Phys. Chem. B,
2010, 114, 1350–1360.

6 S. C. Sharma, R. Atkin and G. G. Warr, J. Phys. Chem. B,
2013, 117, 14568–14575.

7 J. L. Anderson, V. Pino, E. C. Hagberg, V. V. Sheares and
D. W. Armstrong, Chem. Commun., 2003, 2444–2445, DOI:
10.1039/b307516h.

8 A. Dolan, R. Atkin and G. G. Warr, Chem. Sci., 2015, 6,
6189–6198.
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Chapter 5 
 
 
 
 

5 Controlling micelle structure in pure and 
hydrated deep eutectic solvents 

Deep eutectic solvents are sustainable alternatives to “traditional” molecular 
solvents that present remarkably green characters. DES commonly have a non-
hazardous, non-flammable and relatively low toxic profile,218 as well as a negligible vapour 
pressure at ambient conditions. Furthermore, one of the most valuable characteristic of 
these solvents is the possibility of varying the properties of the liquid through the 
combination of different precursors.110, 111 Properties such as solvent polarity and surface 
tension can be modified by selecting a different set of component materials. These 
properties, at the same time, are the usual suspects that control surfactant self-
assembly.209 From monomer solubility to the solvophobic effect, the phenomenon of self-
assembly could be theoretically controlled in these solvents by using an intelligent design 
approach. 

Nonetheless, the current understanding of the structure-property relationship is not 
sufficient to elaborate a general framework that allows prediction and design of the 
characteristics of solvents that are optimised for a particular application. The aim of this 
chapter is to explore the possibility of selecting a surfactant-DES system that 
demonstrates the rationale of intelligent design. It has been previously demonstrated that 
the formation of elongated micelles in DES can be induced through surfactant-solvent 
interactions.208 Additionally, conventional self-assembly occurs when such interactions are 
not present.217 The aim of this investigation was therefore to identify a system where the 
same surfactant can show interacting and non-interacting behaviour in two different 
solvents. After considering some candidates, the investigation was thus focused on the 
self-assembly of cationic surfactants in carboxylic-acid based DES, and compared with 
the self-assembly behaviour previously found for the same surfactants in choline 
chloride:glycerol. The selection of this solvent followed this logic: the self-assembly of 
anionic surfactants in urea-based DES is strongly influenced by the presence of the 
choline cation at the micelle interface. To mimic such a scenario for cationic surfactants, a 
DES with a component that provides negatively charged regions that can interact with the 
headgroups is required. Carboxylic acid-based DES were suggested as candidates due to 
the charge spreading observed through ab initio MD simulations, where the organic HDB 
shows a significant negative charge.119 

Furthermore, we also evaluated the effect of the presence of water in the solvent in 
this scenario. DES are hygroscopic and normally water-soluble. The role of water in these 
solvents opens new possibilities in terms of intermediate hybrid environments which tune 
the characteristics of the solvent. These variations in the properties include, for instance, a 
considerable reduction on the viscosity even at low water contents, which would facilitate 
the use of those solvents in certain applications.141, 219 Investigations of variation of the 
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physical properties of hydrated DES showed the presence of discontinuities and non-
linearities,141 which have been subsequently related to changes in the nanostructure of the 
mixtures.115, 142 The second aim of this investigation was to further understand the 
micellisation in these intermediate environments, as well as to clarify the role of water in 
the process. 

5.1 Paper 4: One step towards developing tailorable self-
assembly 

In the present paper we explore the micellisation of alkyltrimethylammonium 
bromide (alkyl = dodecyl, tetradecyl and hexadecyl) in choline chloride:malonic acid DES 
(molar ratio 1:1).122 Also, the effect of the presence of water on the micellisation of these 
surfactants was investigated at different levels of hydration. The surface activity of these 
surfactants in pure and hydrated solvents was confirmed by means of surface tension 
measurements, which also provided estimates of the critical micelle concentrations. The 
structure of the micelles was investigated by means of isotopic-variation small-angle 
neutron scattering. The results describing the micellisation of these surfactants in choline 
chloride:malonic acid were directly compared with those presented in Chapter 4, where 
the same amphiphiles were investigated in choline chloride:glycerol. 

The contents of this chapter are reproduced with the permission of the American 
Chemistry Society, under the Creative Commons License.220 Electronic Supporting 
Information is included in the Appendix. 
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ABSTRACT: Deep eutectic solvents have been demonstrated to
support amphiphile self-assembly, providing potential alternatives as
structure-directing agents in the synthesis of nanostructures, and
drug delivery. Here we have expanded on this recent research to
investigate the self-assembly of alkyltrimethylammonium bromide
surfactants in choline chloride:malonic acid deep eutectic solvent and
mixtures of the solvent with water. Surface tension and small-angle
neutron scattering were used to determine the behavior of the
amphiphiles. Surfactants were found to remain active in the solvent,
and surface tension measurements revealed changes in the behavior
of the surfactants with different levels of hydration. Small-angle
neutron scattering shows that in this solvent the micelle shape depends on the surfactant chain length, varying from globular
micelles (aspect ratio ∼2) for short chain surfactants to elongated micelles (aspect ratio ∼14) for long chain surfactants even at
low surfactant concentration. We suggest that the formation of elongated micelles can be explained through the interaction of the
solvent with the surfactant headgroup, since ion−ion interactions between surfactant headgroups and solvent may modify the
morphology of the micelles. The presence of water in the deep eutectic solvents promotes an increase in the charge density at the
micelle interface and therefore the formation of less elongated, globular micelles.

■ INTRODUCTION

The micellization of surfactant molecules in water, due to the
thermodynamically preferred separation of hydrophilic and
hydrophobic phases, is among the most well-established
phenomena in physical science. Despite this, very few
nonaqueous, “classic” molecular solvents that support this
process have been identified because the typically weak
intermolecular interactions in such solvents do not offer a
sufficient driving force for micellization.1 However, finding new
solvents capable of forming micelles remains an important goal
because surfactant self-assembly has important applications
such as the templated production of functional nanomaterials
with enhanced properties.2,3 Ionic liquids (ILs) are molten salts,
formed from bulky, asymmetrical cations and anions,4 and were
first found to support amphiphile self-assembly in 1982.5 More
recently, interest has surged, and ILs are now known to support
the self-assembly of a wide range of amphiphiles in varied ILs.1,6

Like water, the solvophobic effect drives ILs to promote not

only micellar phases7−10 but also the formation of lyotropic
phases and microemulsions.11,12

Deep eutectic solvents (DES) are a class of low-melting-
transition-temperature solvents, formed by the complexation of
various hydrogen-bonding salts and neutral compounds in the
eutectic molar ratio.13 As DES are mixed systems that are
pseudoionic in nature, DES offer beneficial properties that can
be related to the properties of ILs such as decreased vapor
pressures, and because of the wide variety of potential H-
bonding components, DES have an underlying tuneability that
allows them to be optimized for specific tasks, such as making
them more environmentally friendly.14 For example, DES can
be made “greener” and less viscous by mixing them with precise
quantities of water, while retaining DES structure below certain
water concentrations.15 Because DES necessarily have a
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disordered and H-bonded nanostructure,16 it has recently been
found that they display a sufficient thermodynamic driving
force for the formation of micelles,17 although this appears to
depend strongly upon the specific DES and surfactant
used.18−21 For example, cationic surfactants appear largely
insoluble in choline chloride-urea but form micelles in choline
chloride-glycerol.20,22,23 The initial studies of the anionic
surfactant sodium dodecyl sulfate (SDS) in a hydrated choline
chloride-urea DES by Pal et al. suggested the formation of
micelles,18 and the presence of micelles in the same pure DES
was confirmed by later, more detailed investigations of the same
system using small-angle scattering techniques,24 which showed
that SDS in fact forms unusually elongated micelles in DES.
Control over the micellar length could be achieved by varying
the surfactant concentration and DES water content.25 As with
ILs, DES appear not to be limited to simple amphiphile self-
assembly; complex large-scale structures are stable in DES,
including DNA microgels,26 surfactant- and water-free micro-
emulsions with DES as the continuous phase,27 high internal
phase emulsions,28 phospholipid vesicles,17,29,30 polymers,31

carbocyanine dyes,32 and proteins.22

Studies on self-assembly in DES have thus far focused on
choline chloride systems where the hydrogen bond donor
component (HBD) is based around either an amide or an
alcohol functional group. However, it has become clear that
surfactant self-assembly in DES varies markedly as a function of
the DES composition, such that surfactants that are completely
insoluble in one DES form unusual aggregates in another
system.24,25 Therefore, it is of significant interest to study the
behavior of surfactants across a representative compositional
range of DES, particularly those natural product-derived DES
that are sought after for their environmental benefits.33 Another
motivation for the current study was to identify whether micelle
structure could be controlled in cationic surfactant systems by
rational design. We hypothesized that DES containing anionic
components which could specifically interact with the cationic
surfactant headgroups would cause similar alterations in micelle
structure as had been observed for SDS micelles in the presence
of the positively charged choline moieties. Therefore, we show
here the first studies into the self-assembly of cationic
surfactants in a carboxylic acid-based DES, specifically the
alkyltrimethylammonium bromide (CnTAB) surfactants in the
choline chloride:malonic acid eutectic solvent (eutectic
composition: 1:1 molar ratio).34 As well as demonstrating the
formation of aggregates in a new solvent, this system is of
potential interest because it has the ability to form strongly
directional bifurcated H-bonding interactions and has a more
highly ionic composition than previously studied systems
because of the different eutectic molar ratio. We aim to
demonstrate the formation of large-scale structures in the
solvent, both in pure and hydrated states, using small-angle
neutron scattering (SANS) with isotopic substitution. The
control over micelle morphology will show the potential for
DES to be used as “designer” media for self-assembly.

■ EXPERIMENTAL SECTION
Materials. Choline chloride:malonic acid deep eutectic solvent was

prepared by mixing equimolar amounts of choline chloride (ChCl,
C5H14NOCl, Acros Organics, 99%) and malonic acid (MalAc,
C3H4O4, Sigma-Aldrich, 99%). The mixture was heated at 60 °C
and stirred until a homogeneous, transparent liquid was formed. The
solvent was afterward equilibrated for 24 h at 50 °C and stored under a
dry atmosphere. This mixture was used to subsequently prepare the

hydrated versions of the solvent, by mixing pure DES with 2, 5, 10, or
20 mol equivalents of water (described subsequently using the
notation: nw = 1:1:n choline chloride:malonic acid:water, with n = 2,
5, 10, or 20). These hydration levels were chosen to be below (2w, 5w,
10w) and above (20w) the point where the DES is completely solvated
by water.15 The deuterated versions of the solvents were prepared with
d9-choline chloride (N,N,N-trimethyl-d9, C5H5D9NOCl, 99.9%D,
99%, CK-Isotopes), d4-malonic acid (C3D4O4, 99.1%D, 99%,
QMX), and D2O (Sigma, 99.9%D) following the procedure explained
above.

Dodecyltrimethylammonium bromide (C12TAB, 99%, Acros
Organics), tetradecyltrimethylammonium bromide (C14TAB, 99%,
Acros Organics), and hexadecyltrimethylammonium bromide
(C16TAB, > 99%, Sigma-Aldrich) were purchased and used without
further purification. Deuterated versions of the surfactants (protonated
headgroup-deuterated tail, d-Cn-h-TAB) were supplied by the ISIS
Deuteration Facility.

In order to ensure the maximum purity of the dry DES, water
content in the samples was periodically determined by Karl Fischer
titration. The water content was found to be lower than 0.3 wt %
(∼2950 ppm) during the experimental procedure presented here.
Also, choline chloride:malonic acid DES was found to undergo
decomposition at temperatures above 80 °C or after long periods after
preparation. Therefore, samples were stored sealed at room temper-
ature, maintained below 50 °C, and used within 1 week of preparation.

Surface Tension. Drop-shape analysis was used to determine the
surface tension of the samples using the pendant-drop method in a
Krüss DSA100. Samples were equilibrated at 50 °C in the oven prior
to measurement and subsequently suspended using a dispensing
needle (1.82 mm). After the shape of the drop was stable, multiple
images of the drops were obtained for each sample. The contour of the
drop was fitted with the Young−Laplace equation in order to calculate
the surface tension. The final result is an average of at least 5 drops of
each sample.

Samples for surface tension measurements were prepared as
follows: a high concentration of each surfactant was dissolved in
each solvent (pure DES and different levels of hydration) and
equilibrated overnight. Lower concentrations were prepared by direct
dilution with the appropriate solvent in order to minimize the
systematic error during sample preparation. Those samples were
equilibrated in the oven and measured within a week after sample
preparation.

Small-Angle Neutron Scattering. SANS measurements were
performed on Sans2d35 at ISIS Spallation Source (UK). The rear
detector was placed at 4 m from the sample position, and neutrons
with wavelengths between 1.6 and 17 Å were used, thus providing a
momentum transfer (q) range together with the front detector of
0.004−0.8 Å. Data reduction was performed using the standard
procedures of the beamline using Mantid.36 Data were corrected for
detector efficiency, background noise, sample transmission, and
scattering from an empty cell. The output data were absolute intensity
[I(q), cm−1] versus momentum transfer [q, Å−1]. The scattering of the
solvents were subtracted accounting for the incoherent contribution of
each sample using SasView.20,37 The models were smeared using a
Gaussian function at a constant 8% dq/q, to account for the
instrument resolution.

Different isotopic mixtures of DES and surfactant were used to
prepare three contrasts for each of the systems. Samples were prepared
in different concentrations for each of the systems by direct dissolution
of surfactants in the solvents as follows: deuterated surfactant (d-Cn-h-
TAB) in protonated solvent (1:1 h-choline chloride:h-malonic acid),
protonated surfactant (h-Cn-h-TAB) in deuterated solvent (1:1 d-
choline chloride:d-malonic acid), and deuterated surfactant in partially
deuterated solvent (1:1 h-choline chloride:d-malonic acid). Equivalent
concentrations of different isotopic mixtures were prepared at equal
mole fractions in order to minimize the variability due to difference in
concentration between contrasts. Hydrated versions of the samples
were prepared in two contrasts: d-Cn-h-TAB in 1:1:n h-choline
chloride:h-malonic acid:H2O and h-Cn-h-TAB in 1:1:n d-choline
chloride:d-malonic acid:D2O, with n = 2, 5, 10, and 20 mol
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equivalents. Samples were loaded in 1 mm path length, 10 mm width,
quartz Hellma cells and placed in a temperature-controlled sample
changer at 50 °C. This temperature was selected in order to maintain
the systems containing C16TAB, above its Krafft point, in the micellar
region for all the concentrations investigated here. Also, using that
temperature for C12TAB and C14TAB allows direct comparison
between the results from the three different surfactants.
Data Analysis. Small-angle neutron scattering data were analyzed

using a model-based fitting procedure. The scattering of an isotropic,
centrosymmetric suspension of particles can be described as

= Δ +I q N V SLD P q S q B( ) ( ) ( ) ( )p p
2 2

where Np and Vp are the number and volume of scatterers,
respectively. ΔSLD is the difference between the scattering length
density of the solvent and the scatterers. P(q) is the form factor and
depends on the morphology of the scatterer, while the structure factor,
S(q), depends on their interaction. Mathematical models are often
used to fit the form and structure factor of particles in solution.38

Different mathematical models were tested in order to find the best
option to fit the data presented here: monodisperse and polydisperse
spheres, ellipsoids, and cylinders (see Figure S2 and Table S2).
Following our previous investigations, the results from this test and in
order to allow direct comparison with the previous results, we have
used a core−shell ellipsoid model form factor and a Percus-Yervick
hard sphere approximation for the structure factor.38,39

The structural parameters of the form factor model are the
equatorial radius of the core (req,core), the core aspect ratio (Xcore =
rpo,core/req,core, where rpo,core and req,core are the radius of the core in the
polar and equatorial axis, respectively), the equatorial shell thickness
(Teq,shell), and the shell aspect ratio (Xshell = Tpo,shell/Teq,shell, where
Tpo,shell is the shell thickness in the polar axis). This approach allows us
to directly compare the results to our previous study of CnTAB
surfactants in choline chloride:glycerol20 and to cover a broad range of
morphologies with a single model, from spherical (rpo = req, where rpo
and req are the total radius of the micelle in the polar and equatorial
radius, respectively) and globular aggregates (rpo > req) to elongated
micelles (rpo ≫ req).
The micellar systems presented here are considered to be in

thermodynamic equilibrium, thus aggregates should show relatively
low or no polydispersity. Therefore, no polydispersity function was
implemented in the form factor model.40,41

Intermicellar interactions in DES have been previously shown to be
significantly complex.20,25 Although it was previously attempted to use
analytical models that provide insights on characteristics of the
micellization (e.g., counterion adsorption through the mean square
approximation42,43), insufficient physicochemical information about
these solvents was available and thus did not allow use of those
structure factors. Instead we have used a modified Percus-Yervick
hard-sphere structure factor in order to account for the intermicellar
scattering. This model is intended to account for any excess interaction
not included in the excluded volume, such as those caused by
electrostatic interactions in a high ionic strength environment.20,25

The model uses the second virial coefficient of the particle shape to
approximate the effective radius of the interaction [rS(q) = (rporeq

2)1/3],
therefore also accounting for the nonsphericity of the particles.44−46

The volume fraction of the interaction (ϕS(q)), which is not
constrained to the actual volume fraction of micelles, may account
for extra electrostatic interaction between micelles. Although we have
previously shown that this approach provides a reliable way to account
for the intermicellar interactions (and therefore a reliable calculation of
the form factor) in weakly interacting nonspherical micellar systems,
the interpretation of these parameters is limited since physical features
of the interactions are not yet fully understood. As such, this model is
descriptive but allows us to distinguish the contributions of the
structure factor and the form factor in the scattering.
We have corefined our neutron data in order to obtain a detailed

picture of micelles in each of the solvents. The deuterated surfactant in
protonated solvent was fitted first to evaluate the size of the core, as it
is dominated by the scattering of the deuterated tails which are present

in that region of the micelle. Following this initial fit, all contrasts were
simultaneously fitted to the same model, using the initial fit result as an
approximation of the size of the core. SANS data was analyzed using
SasView, and the results comprise the best fits of feasible structural
models for each data set.37

■ RESULTS
Surface Tension. The surface tension of the solvents was

measured following the procedure introduced above. The
results of these measurements are included in Table 1. The
surface tension of Milli-Q water was measured as a control and
presented in the table for comparison.

The surface tension of the pure DES was found to be
comparable to the surface tension of other DES: 63.5 ± 0.5 mN
m−1 for choline chloride:glycerol20 and 66 ± 1 mN m−1 for
choline chloride:urea.24 These results suggest that the
interfacial energy density of this solvent may provide a suitable
environment for the formation of micelles, as self-assembly has
been observed in the aforementioned DES.20,24 The addition of
water alters the surface properties of the solvent. At low water
content (2 and 5 water mole equivalents), the presence of
water produces a decrease in the surface tension of the solvent,
as shown in Table 1. The addition of more water to the system
reverses the behavior and the surface tension of the solvent, and
therefore the cohesive forces of the system, increase.
Similar nonlinear behavior has been previously reported for

mixtures of ionic liquids and water.47,48 For some ionic liquids,
it has been seen that surface tension decreases at low water
content and increases for higher water content.48 It was
suggested that the presence of small quantities of water
contributes to the hydrogen bond network, therefore reducing
the interaction between ions and resulting in a decrease on the
overall cohesive forces of the system. However, further addition
of water will surpass the critical concentration of water at which
the solvent loses its structure and a solution of solvated ions is
present instead. Therefore, the cohesive forces will be mainly
due to interactions between water molecules and affected by
the presence of discrete ions, increasing the value of surface
tension.48,49 Recent investigations have shown the effect of
water in the structure of deep eutectic solvents.15 The presence
of water seems to affect the structure of the solvent in a similar
way that water affects the structure of ionic liquids. At low
water content (2−10 mol equivalent of water in choline
chloride:urea), the structure of the DES is preserved, showing
the presence of DES clusters in the solvent. Further addition of
water results in a total disruption of the DES structure and the
presence of solvated discrete DES precursors in the solvent.
This model of the structure of DES/water mixtures provides a

Table 1. Surface Tension of Pure and Hydrated Choline
Chloride:Malonic Acida

solvent surface tension (mN m−1)

1:1 h-ChCl:h-MalAc 64.4 ± 0.2
1:1:2 ChCl:MalAc:H2O 62.8 ± 0.2
1:1:5 ChCl:MalAc:H2O 57.1 ± 0.7
1:1:10 ChCl:MalAc:H2O 59.9 ± 0.2
1:1:20 ChCl:MalAc:H2O 68.2 ± 0.1
water (∼23 °C) 72.4 ± 0.2

aThe levels of hydration are as follows: 2, 5, 10, and 20 mol
equivalents.
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suitable framework to explain the variation of the surface
tension seen here for choline chloride:malonic acid DES.
Figure 1 shows the surface tension results for the three

surfactants in (a) pure DES and in (b, c, d, and e) hydrated
solvents. Table 2 presents the CMC of the different systems
studied here.

The surface tension results of CnTAB in choline
chloride:malonic acid resemble the shape of a system where
active amphiphiles adsorb to the air−liquid interface, decreasing
the surface tension to a minimum value. Above such
concentration, the critical micelle concentration (CMC), the
surface tension remains constant upon the addition of more
surfactant. This behavior suggests the formation of supra-
molecular aggregates, micelles, in the bulk phase, while the
characteristics of the interface are unchanged regardless of the
concentration of surfactant.52 The CMC values were found to
depend on the chain length of the surfactant, generally showing
higher values for the C12TAB than for C14TAB and C16TAB.
These values (obtained by averaging at least three measure-
ments) are 54 ± 6 mM for C12TAB, 4.6 ± 0.5 mM, and 1.5 ±
0.3 mM. These values were found to be in the same order of
magnitude as those reported for the same surfactants in choline

chloride:glycerol but consistently higher.20 Additionally, the
CMCs in the choline chloride:malonic acid solvent were found
to be higher than those in water. This may suggest higher
surfactant solubility, therefore allowing the presence of more
surfactant monomers at the bulk phase without forming
aggregates.50,53,54

The presence of water has been found to strongly affect the
surface behavior of C16TAB. The CMC was found to vary with
the different levels of hydration: from 1.5 ± 0.3 mM in pure
DES to 1.0 ± 0.1 mM, 0.6 ± 0.1 mM, 0.26 ± 0.07 mM, and
0.18 ± 0.04 mM for 2w, 5w, 10w, and 20w, respectively.
Therefore, the presence of water was shown to promote the
aggregation of surfactant at lower concentrations than in the
pure solvent. Interestingly, the CMC at the highest water
content was found to be lower than the value in pure water
(0.92 mM), suggesting the participation of the disrupted DES
precursors in the micellization. It has been previously reported
that salts which bind to the surfactant headgroup reduces the
CMC of the system in comparison with that in pure water.51

This effect may be accompanied by the presence of
morphology transitions in the subsequent micelles.

Small-Angle Neutron Scattering. Small-angle neutron
scattering on isotopically substituted samples was used to
determine micellar morphology. Micelle structure was resolved
for all of the systems following three steps: first, the core of the
micelle was resolved using the contrast 1:1 h-choline
chloride:h-malonic acid + dn-C-h-TAB, strongly dominated by
the scattering of the deuterated core. The values obtained in the
first step were subsequently used to simultaneously fit all the
contrasts. The radius of interaction of the structure factor was
calculated using those values and fixed during fitting. Finally the
values of the radius of interaction of the structure factor were
corrected for the entire micelle size and fits were refined to the
new values. The same procedure was used to fit the data from
the hydrated systems.
Data from different concentrations of surfactant were fitted

in a q-range between 0.006 and 0.4 Å−1. The scattering length
densities (SLD) of the different solvents and surfactants
(headgroup and tails, separately) were calculated as the isotopic
contribution of each group of atoms and the volume that they
occupy. Molecular volumes of the solvents were calculated from
the densities measured at 50 °C (Anton Paar DMA 4500 M).
Density of the solvents, molecular volume of the various
groups, neutron scattering lengths, and the calculated neutron
scattering length densities (SLD) are included in Table S1.

Figure 1. Surface tension vs CnTAB concentration for (blue ▽) C12TAB, (yellow □) C14TAB, and (green △) C16TAB in (a) pure DES. C16TAB in
(b) hydrated DES: (b) 2w, (c) 5w, (d) 10w, and (e) 20w. The CMC of each system is obtained from the intersection of the trends below and above
the CMC (indicated as black-dashed lines).

Table 2. CMC of CnTABs in Pure and Hydrated Choline
Chloride:Malonic Acid Eutectic Mixturea

surfactant CMC/mM

1:1 choline chloride:malonic acid
C12TAB 54 ± 6
C14TAB 4.6 ± 0.5
C16TAB 1.5 ± 0.3
1:1:2 choline chloride:malonic acid:water
C16TAB 1.0 ± 0.1
1:1:5 choline chloride:malonic acid:water
C16TAB 0.6 ± 0.1
1:1:10 choline chloride:malonic acid:water
C16TAB 0.26 ± 0.07
1:1:20 choline chloride:malonic acid:water
C16TAB 0.18 ± 0.04
water
C16TAB

50 0.92
C16TAB + 0.1 M NaNO3

51 0.07
aLiterature values for C16TAB in aqueous solutions are presented for
comparison.
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Micellization in Pure DES. Figure 2 shows the neutron
data together with the best fits for the three deuterated

surfactants (d25-C12-h-TAB, d29-C14-h-TAB, and d33-C16-h-
TAB) in h-choline chloride:h-malonic acid. The plots
corresponding with the other contrasts are included in the
Supporting Information.
In the model presented here, surfactant tails are situated at

the core of the micelle, while headgroups are solvated forming a
shell surrounding the core. The core of the micelle was
considered as nonsolvated; therefore, the SLD of the tails
remains unchanged during fitting. The headgroup was
considered to be solvated and the SLD of the shell was fitted
accounting for these solvation effects. The value of the effective
radius was calculated as the second virial coefficient of the
particle. Changes in this value, together with variations in the
structure factor volume fraction, were used to evaluate
intermicellar interferences within the system.
The aggregation number of the micelles (Nagg) was

calculated from the volume of the core of a single micelle,
through division by the volume of a single surfactant tail (see
Table S1). Solvation of the headgroup was evaluated through
changes in the shell SLD (SLDshell) and shell thickness (Tshell),

showing variations depending on solvation effects. Further-
more, the area of the headgroup-tail interface allows the
calculation of the area per monomer (a0) and subsequently the
packing parameter (v/a0lc). This later parameter provides an
estimation of the micelle shape accounting for the monomer
geometry in the micelle.55

The best-fit parameters for these systems obtained through
the corefinement of the three contrasts are listed in Tables S3,
S4, and S5 for C12TAB, C14TAB, and C16TAB, respectively. A
visual comparison between the results of different systems can
be found in Figure 3.

For each of the CnTAB surfactants studied here, the cross-
sectional area of the micelle core was found to remain almost
unchanged with concentration. In each case, the equatorial radii
of the micelles was found to be slightly smaller than the length
of the fully extended chain (lc) of the individual surfactant
molecule (C12 − 16.68 Å, C14 − 19.21 Å, and C16 − 21.74 Å)56

and therefore implies that the surfactant tails coil within the
micelles. These values for the radius of micelle cores were
found to be similar to those in choline chloride:glycerol
(C12TAB − 14.9 ± 0.3 Å, C14TAB − 18.6 ± 0.1 Å, and C16TAB
− 19.6 ± 0.1 Å) and in water (C12TAB − 12.9 Å, C14TAB −
17.8 Å, and C16TAB − 20.1 Å).20,40,57

Variations in the solvated shell were found between different
surfactant tails and surfactant concentration. Shell thickness and
scattering length density were found to vary with surfactant
chain length and surfactant concentration, suggesting variable
solvation of the headgroups. The solvation of the headgroup or
number of equivalent solvent molecules per surfactant
headgroup (S) can be estimated from the volume of the
Stern layer that is not occupied by surfactant headgroups. This
is calculated by taking the difference between the shell volume
(Vshell) and the volume occupied by headgroups (NaggVhg,
where Vhg is the volume of an individual headgroup) and
dividing by the molecular volume of the solvent (Vs) and
aggregation number (see Table S1), as shown in the following
equation:

Figure 2. SANS data and best fits (black-dashed lines) of different
concentrations of (a) d-C12-h-TAB, (b) d-C14-h-TAB, and (c) d-C16-h-
TAB in h-choline chloride:h-malonic acid. The concentrations of
surfactant are given in the legend of each graph. The fits (black-dashed
lines) were obtained through corefinement of all the neutron contrasts.

Figure 3. Structural parameters of the micelles at various surfactant
concentrations: (a) equatorial radius of the core, (b) volume fraction
of the structure factor, (c) aspect ratio of the core, and (d) aggregation
number. Data are plotted for the three surfactants; (pink x) C12TAB,
(yellow -) C14TAB, and (blue #) C16TAB. Where not visible, the error
bars are within the markers.
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With the use of the SLD of the shell from each of the different
contrasts, the composition can be estimated by accounting for
the SLD of the individual components. This allows
computation of the volume fraction of each component in
the shell region: headgroup (ϕhg,shell), choline chloride
(ϕChCl,shell), and malonic acid (ϕMA,shell). The results are
shown in Table 3 and can be compared with the volume
fraction of each component at the bulk phase (ϕChCl,bulk =
0.5836; ϕMA,bulk = 0.4164).
These results show variations in the solvation and

composition of the micelle shell with varying surfactant chain
length. The number of equivalent solvent molecules per
surfactant headgroup varies from S = 1.5 for C12TAB to S =
4.5 for C16TAB. Interestingly, this is the opposite effect to that
seen in water, where shorter surfactant tails show higher levels
of hydration (SC12TAB = 19.2) than longer surfactants (SC16TAB =
7.03) due to the replacement of water molecules by adsorbed
counterions.57 However, in DES, the matter may be explained
through the adsorption of solvent molecules at the micelle
interface, as suggested by our fits, and partial or total
displacement of the surfactant counterion, Br−. These results
show malonic acid as the major component by volume at the
micelle interface, ϕMA,shell, at a volume fraction larger than that
in the bulk phase, ϕMA,bulk. Such changes within the Stern layer
affect the morphology of the micelle, as can be appreciated
through the packing parameter. Although variations in the
micelle morphology with surfactant concentration are probably
attributed to subtle changes in the headgroup solvation, we
were not able to find trends due to the limited resolution of the
instrument and systematic error during sample preparation.
The aspect ratio of the micelles was found to be strongly

dependent on the surfactant chain length, varying from globular
micelles of C12TAB to elongated micelles of C16TAB. This can
be visually observed in the scattering patterns for different
surfactants [e.g., the increased scattering cross section and slope
at low q on the data are indicative of elongated micelles (Figure
2)]. Data fits have shown that the differences in aspect ratio
with concentration are considerably more pronounced for the
C16TAB surfactant than for shorter surfactant chains. The
C16TAB surfactant was effectively shown to form elongated
micelles (Xcore,C12 = 8.1−15.4), while C12TAB forms globular
micelles (Xcore,C16 = 1.92−2.10). Such features diverge from the
behavior of these surfactants in choline chloride:glycerol, where
micelles were found to be globular for all of the surfactants
(Xcore,C12 = 1.64 and Xcore,C16 = 1.82).20 Also the results
reported for CnTAB in pure water show the formation of
globular aggregates (Xcore,C12 = 1.15 and Xcore,C16 = 1.62).57

However, the presence of salts in pure water has been shown to
affect the morphology of the micelles and promote the
formation of elongated aggregates.41,58,59

Changes in the elongation of the micelles are strongly
correlated to the aggregation number. Since variations in the
core morphology principally occur in the elongation, differ-
ences in this parameter will govern changes in aggregation
number, as it can be observed in our results (see Figure 3). This
behavior has been previously reported for the system sodium
dodecyl sulfate in the choline chloride:urea eutectic
mixture.24,25

The radius of interaction and the volume fraction of the
structure factor account for the intermicellar interaction in the
system as indicated above. rS(q) varies with the morphology of
the micelle, showing larger values for more elongated micelles.
These values were found to change with the concentration of
C16TAB surfactant, from 36 ± 1 Å to 51 ± 3 Å, unlike for
C12TAB, ∼ 22.2 Å, and C14TAB, ∼ 26.3 Å, where the values
were similar between different concentrations. The volume
fraction of the intermicellar interaction was found to increase
with the volume fraction of micelles, which makes intuitive
sense, since we would expect interactions to increase with the
number of micelles. Interactions between C12TAB micelles
were found to be higher for C12TAB and C14TAB than those
between micelles of C16TAB surfactant, as can be seen in Figure
3. Also, the intermicellar interaction was generally found to be
smaller than those at similar surfactant concentrations in
choline chloride:glycerol and pure water.20,57 We believe that
this is indicative of a more efficient charge screening by the
carboxylic acid-based solvent.

Micellization in Hydrated DES. Micelle structure in
hydrated DES was determined through the fitting of the two
isotopic mixtures: d-CnTAB in h-choline chloride:h-malonic
acid:H2O and h-CnTAB in d-choline chloride:d-malonic
acid:D2O.
The presence of water significantly alters the morphology of

cationic micelles in this DES. SANS data and fits for the
different systems containing water are plotted in Figure 4 and
the resultant parameters in Figure 5. The plots from the
individual contrasts are presented in the Supporting Informa-
tion.
As in the pure DES, the equatorial radius of the micelle core

increases with surfactant chain length, but it also increases with
water content (see Figure 5a). The reason for this effect may be
differences in solvent penetration to the outer layers of the
micelle core. We would expect that the presence of water would
increase the overall polarity of the solvent and therefore mean
that it is less energetically favorable for the solvent molecules to
interact with the core.
The length of the micelles in hydrated DES also shows

similar trends to those in pure DES. Globular micelles are
preferably formed by the short surfactant, C12TAB, while the
longer surfactants show increasing elongation of micelles (see
Figure 5c). Furthermore, the magnitude of this elongation was
found to depend on water concentration. We explain this, as in
our study of SDS in choline chloride:urea,25 by noting that the
addition of water changes the average solvent environment,

Table 3. Area per Monomer at the Headgroup-Tail Interface (a0), Packing Parameter (v/a0lc), Number of Equivalent Solvent
Molecules Per Surfactant Headgroup (w), Shell SLD for the d-ChCl:d-MA + h-Cn-h-TAB and h-ChCl:d-MA + d-Cn-h-TAB, and
Volume Fraction of Headgroup (ϕhg,shell), Choline Chloride (ϕChCl,shell), and Malonic Acid (ϕMA,shell) in the Shell Layer

surfactant conc (mM) a0 (Å
2) v/a0lc S SLDshell ϕhg,shell ϕChCl,shell ϕMA,shell

C12TAB 322 ± 8 61.85 0.3393 1.5 3.23, 2.78 0.32 0.10 0.58
C14TAB 270 ± 6 55.95 0.3759 2.4 3.60, 2.64 0.15 0.20 0.65
C16TAB 296 ± 10 53.87 0.3911 4.5 4.10, 2.62 0.08 0.29 0.63
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reduces screening of the headgroup charge, and thus increases
the electrostatic repulsion between headgroups. As a result of
the change in the interactions between headgroups, micelle
length is affected, as is the magnitude of the intermicellar
interaction. Therefore, micelles become more charged in the
presence of water, and this leads to a monotonic decrease in the
aspect ratio of the micelles and an increased structure factor, as
can be seen in Figure 5.
The aggregation number of micelles shows a different

variation in behavior from that seen in pure DES. In the

presence of water, the aggregation number is correlated to both
the equatorial radius of the core and the aspect ratio. In such a
scenario, variations in water content affect each system
differently: for C14TAB, the aggregation number remains
practically unchanged, unlike C12TAB where the growth of
the micelle in the equatorial axis dominates the morphology
changes. Thus, larger aggregation numbers can be found for
higher water contents. C16TAB however decreases in
aggregation number with increasing water concentration. This
is due to the opposite fact, since the morphology changes are
dominated by the equatorial axis of the micelles (see Figure 5).
We have attempted to understand the solvation effects in

hydrated DES. However, intricate details about the solvation of
the headgroup could not be extracted for these systems due to
the high complexity of the solvent. Although our results
indicate that charge screening exists in the presence of water,
and intermicellar interactions prevail, the limited resolution of
the technique and the limited number of contrasts complicates
the identification of solvation effects. Further investigations are
therefore necessary to unravel the nature of solvation effects in
hydrated deep eutectic solvents.

■ DISCUSSION
The morphology of micelles is commonly explained through
the packing parameter, v/a0lc. It is effectively the ratio of the
surface area of the tail to the surface area of the headgroup. The
packing parameter accounts for geometrical characteristics of an
individual monomer in order to predict and understand the
morphology of the aggregate. The formation of spherical
micelles can be found for values below 1/3 (i.e., the area of the
head is relatively large compared to that of the tail), while
values between 1/3 and 1/2 are indicative of the presence of
more elongated micelles.55

Given a particular surfactant tail, the formation of different
shapes is controlled by the interfacial area per monomer, a0.
The magnitude of this parameter is determined by the
interactions between headgroups, such as repulsive electrostatic
interactions in the case of a charged surfactant. Globular
aggregates are commonly seen for ionic surfactants in water.
Electrostatic repulsions acting between identically charged
headgroups produce a high charge density at the interface. This
increases a0 and makes the formation of globular micelles more
favorable.
Furthermore, the micelle morphology, fractional charge of

the micelles, and intermicellar interactions strongly depend
upon counterion adsorption.60 The condensation of counter-
ions at the micelle interface controls the electrostatic repulsion
between headgroups. The formation of elongated aggregates is
therefore induced by the dehydration of the headgroup region
and the formation of an ion-pair between the headgroup of the
micelle and the counterion, resulting in a higher concentration
of counterions and lower concentration of solvent at the micelle
interface than in the bulk solvent.
It has been observed that the micellization of CnTA

+

surfactants in water is affected by the size of the hydrophobic
moiety of the surfactant and the type of counterion. The
formation of more elongated micelles is more commonly found
for long surfactant chains (e.g., C16TAB).

58 Conductivity results
have shown that counterion adsorption is more favorable in the
case of C16TAB (∼74%) than in C12TAB (∼67%),57 also
influencing the morphology of the micelle in water.
Furthermore, the formation of elongated aggregates by
C16TAB is more favorable than by C16TAC, due to the

Figure 4. SANS patterns and fits of different concentrations of d-Cn-h-
TAB in h-choline chloride:h-malonic acid with different levels of
hydration: 2, 5, 10, and 20 mol equivalents of water. The black-dashed
lines represent the best fits obtained through the corefinement of the
two contrasts. Surfactant concentrations are plotted for each surfactant
in the legend of the bottom graphs.

Figure 5. Structural parameters of the micelles with different levels of
hydration: 0, 2, 5, 10, and 20: (a) equatorial radius of the core, (b)
volume fraction of the structure factor, (c) aspect ratio of the core, and
(d) aggregation number and are plotted for the three surfactants:
(pink x) C12TAB, (yellow -) C14TAB, and (blue #) C16TAB. The
colored-solid lines are plotted to help the reader to follow the trends.
Where not visible, the error bars are within the markers.
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stronger affinity of bromide anions to adsorb to the micelle
interface in comparison with chloride counterions.61−64 These
results are consistent with the Hofmeister series, and hence, a
model of the interface can be qualitatively predicted attending
to the polarizability of the counterion.
Modifications in the packing parameter can also be

influenced by the presence of salts. Species oppositely charged
to the surfactant headgroup may be capable of forming an ion−
ion pair and thereby screen the charge between headgroups in
the vicinity.58,59,65,66 This reduces a0 and can therefore allow
elongated micelles.
Micellization in Pure DES. We have previously reported

that the CnTAB surfactants (C12, C14, and C16) form globular
micelles in choline chloride:glycerol DES.20 We concluded that
the surfactant headgroups are not affected by the screening
phenomena arising from the ion-pair formation with free anions
in solution. We speculated that this may be because in that
solvent there is a parity of the charge between the headgroups
and the solvent, both positively charged.
The present solvent, however, has been shown above to

promote the formation of elongated micelles for longer
surfactants, C16TAB (packing parameter ∼0.39), but globular
micelles for shorter surfactants, C12TAB (packing parameter
∼0.33). We therefore conclude that the malonic acid plays a
significant role in this process as well as the surfactant chain
length. Although the present scenario is more complex, the
effect of the surfactant chain length has been previously
observed in water, where the formation of elongated aggregates
by short cationic surfactants (i.e., C10TAB and C12TAB) is less
energetically favorable than that by C16TAB due to the
counterion adsorption.41,57,61,62,67,68

The ability of carboxylic acids to interact with cationic
surfactant headgroups has been previously investigated in water,
providing a fine control over micelle morphology.69−71

Morphology transitions have been explained through the ion-
pair interaction between the hydrophilic headgroup and
deprotonated carboxylates in solution. The decrease of the
hydrophilic effective area is promoted by the replacement of
inorganic counterions at the micelle interface and stronger
association with the carboxylate group. We therefore suggest a
similar mechanism in this DES. A certain amount of malonic
acid could be deprotonated in the solution, leaving malonate
anions to interact with the headgroups, screen their charges,
and facilitate the growth of the micelles. Although this type of
interaction has not been yet experimentally reported in deep
eutectic solvents, previous investigations using MD simulations
have shown the presence of a strong negative charge spreading
in carboxylic acid-based DES.72

This hypothesis would be based in the following scenario at
the micelle interface: partially or totally deprotonated malonate
anions (from the solvent), chloride anions (from the solvent),
and bromide anions (from the surfactant) would compete for
the ion-pair formation. Bromide anions bind more strongly
than chloride ions as mentioned above, so we would expect a
low contribution from the chloride. The presence of malonate
anions, from a coordination chemistry point of view, would
effectively displace monovalent inorganic counterions from
binding to the micelle positive charges and therefore strongly
contribute to the micelle structure. The affinity of the organic
malonate anions would produce an increase in the concen-
tration of these ions in comparison with the bulk concentration
and a decrease in the fractional charge of the micelle.
Combining the previous ideas, micelles would be more

elongated and less charged than in pure water and choline
chloride:glycerol due to the aforementioned ion-pair formation.
Interestingly, this behavior is the opposite of the case seen

for anionic surfactants in DES. In the case of SDS in choline
chloride:urea, the same elongation of the micelles was explained
by electrostatic screening of the anionic headgroups through
interactions with the cationic choline ions.25

Intermicellar Interactions in Pure DES. The debate
about the ionic strength of ionic liquids and deep eutectic
solvents has been open for a few years. The traditional
conception of the nature of ionic solvents suggest that highly
ionic media would completely screen charges, and therefore,
long-range interactions due to those charges would not be
possible. The Debye length of these solvents would be so small
that charged particles would behave only as hard spheres.
However, previous investigations have shown that such
interactions are not sufficient to account for interaction
between micelles in DES.20

Recent studies have demonstrated the existence of long-
range interactions in ionic liquids.73,74 Those results suggest
that classical theories are not sufficient to describe the behavior
of these systems and highlight a lack of understanding of the
ionic complexity of ionic liquids and DES. Novel approaches
aim to redefine the conception of electrostatic interactions in
ionic media and structuring of ionic liquids. A recent theory
suggests that thermal excitations drive the dissociation of ionic
correlations, while most of the solvent structure remains
unaffected.73,75,76 In such a scenario, the effective charge
available to screen interactions between particles would be
much less than the actual ion concentration in the solvent and
therefore the charge screening would be less effective and
electrostatic interactions may persist above a certain concen-
tration of particles/micelles.
In a similar fashion, we have found that the traditional hard-

sphere model is not sufficient to account for the interactions
between micelles, principally C12TAB in choline chloride:ma-
lonic acid and in choline chloride:glycerol.20 Micelles formed by
these surfactants seem to exceed the structure factor volume
fraction that would ideally be attributed based on the physical
extent and concentration of the micelles. We believe that this
excess in the volume fraction of the structure factor is indicative
of electrostatic interactions between different aggregates.
However, the characteristics of these interactions in DES
remains unclear, and further investigations are needed to draw
conclusions and develop an appropriate theory to describe
them.

Effect of the Presence of Water. Water has shown the
ability to modify the characteristics of the aggregates depending
on the concentration of water, concentration of surfactant, and
surfactant chain length. The presence of water seems to
produce a subtle uniaxial swelling of the micelle core, which we
think is due to a decrease in the solvent penetration to the
hydrophobic region of the micelle.
Furthermore, the interactions between headgroups become

stronger, subsequently modifying the aspect ratio of the
aggregate and increasing the intermicellar interaction for a
given concentration of surfactant. Micelle elongation was found
to decrease with the presence of water in the headgroup region
as an effect of this.
The mechanism of headgroup solvation however could not

be revealed. The complexity of the system raises the necessity
of a detailed investigation involving further techniques. The
adsorption of malonate anions is still present in these hydrated
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systems as can be inferred by the persistence of elongated
micelles. However, the role of each component still remains
unclear. The transition to shorter aggregates could be explained
following different arguments: (1) the presence of water
substitutes malonate molecules at the interface, reducing the
amount of these ions and therefore allowing stronger
electrostatic interactions between headgroups. (2) Water
shows a higher polarity than DES. Therefore, the interactions
between charges at a given distance will be stronger in the
presence of water. This would also modify the curvature and,
although charges at the interface will be partially screened, the
interactions between those will be stronger. (3) The addition of
water would change the amount of deprotonation of malonic
acid and therefore the amount of free ions capable to interact
with headgroups. (4) Previous mechanisms may coexist and
contribute to micelle morphology.
The formation of different micellar morphologies in DES still

challenges our understanding of solvation, and so future
investigations should aim to answer questions related to
solvation mechanisms in pure and hydrated DES. However,
due to issues such as the high viscosity, variable water content,
impurities, transition temperature, and a similar electron
density across the solvent and aggregate, surfactant-in-DES
systems can be challenging environments to measure, and
relatively few techniques remain appropriate after these
considerations. The application of other methodologies, such
as cryo-TEM, could provide complementary information
regarding the micelle shape and morphology transitions
occurring in these exotic environments. However, the
utilization of cryo-TEM with contrast-enhancing dyes for
DES remains unexplored, and such a method may affect the
system through the interaction of the dyes with the micelles or
solvent.

■ CONCLUSION
Micellization of surfactants in carboxylic acid-based DES has
been demonstrated. These systems are of wide interest since
the formation of DES using these compounds as hydrogen-
bond donors has been closely related to the formulation of
solvents with nonharmful, organic compounds present in
nature.
We have investigated the behavior of alkyltrimethylammo-

nium bromide surfactants in choline chloride:malonic acid.
These surfactants were found to remain active in pure and
hydrated choline chloride:malonic acid eutectic mixtures by
means of surface tension. Unlike previous investigations on the
micellization of the same surfactants in choline chloride:glycer-
ol DES which showed the formation of globular aggregates,
here we report the formation of a variety of morphologies and
sizes. Micelle morphology was found to be dependent on the
surfactant chain length. On the one hand, a short surfactant,
C12TAB, tends to form globular aggregates with small variance
in the morphology with concentration. On the other hand,
C16TAB was found to form elongated micelles and with the
amount of elongation depending on the surfactant concen-
tration. Following our previous hypothesis on the interaction
between the surfactant headgroup and charged species in the
solvent, interactions between the solvent, potentially malonate
anions, and the positively charged headgroup modify the
electrostatic interactions at the headgroup region and therefore
allow the formation of elongated micelles.
Water was found to also modify the shape and size of the

micelles. The presence of water re-establishes interactions

between headgroups, and the micelles are seen to decrease in
length. This change in the solvation environment also results in
an increase of the net intermicellar interactions, as shown in the
increase of the structure factor contribution to the scattering.
The solvation effects by hydrated solvents turn out to be highly
complex, where the role of each component of the system is
not clear. Various plausible scenarios have been discussed in
order to encourage and guide future investigations on the
understanding of the fundamental science behind surfactant
self-assembly in DES.
Our investigations show an elegant approach to control

micelle morphology in DES through selective interactions
between the solvent and the headgroup of the micelle. These
results open new possibilities in potential applications in
different fields that requires a fine control of the aggregate size,
such as templating of inorganic materials or drug delivery.
However, as introduced above, the underlying basis of these
phenomena in DES and ionic liquids remains unclear. In the
future, it will be necessary to redefine traditional concepts, such
as polarity, acidity/basicity, and ionic strength, in order to
explain observations in these media.
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Chapter 6 
 
 
 
 

6 Which came first: the choline or the counterion? 
The self-assembly of ionic surfactants is strongly affected by the electrostatic 

interactions at the micelle interface. The characteristics of the aggregate, size, shape and 
fractional charge, are controlled by the adsorption of counterions in the Stern layer. The 
condensation of more counterions reduces the charge density at the interface and thus 
the repulsive electrostatic interactions between headgroups. As a result, the packing 
parameter of individual monomers changes and promotes variations in the morphology of 
the micelle. Investigation of the adsorption of counterions to the micelle interface have 
been performed for a wide range of counterions in water (including monovalent or divalent 
ions, organic or inorganic species, polyelectrolytes).8, 221, 222 Depending on the hydrated 
radius of the ions, which normally follow the Hofmeister series, counterions are more or 
less likely to adsorb to the micelle surface.20, 54, 221, 223, 224, 225 Effectively, these studies on 
counterion-exchanged surfactants in aqueous solution revealed that counterion higher 
adsorption lowers the interfacial charge density, therefore promoting formation of a range 
of different non-spherical micelle morphologies. 

In Chapter 3, the micellisation of SDS in choline chloride:urea was presented. The 
formation of elongated aggregates, unlike those in pure water, was explained as resulting 
from ion-ion interactions between the surfactant headgroups and the cations around the 
micelle. While choline cations have been hypothesised to participate in the micellisation, 
the role of the native surfactant counterion (sodium) remained unclear. Previous 
investigations on surfactant behaviour in ionic liquids suggested that the high 
concentration of ions from the solvent would entirely displace the surfactant counterions. 
Hence the surfactant counterion would play an insignificant role on the surfactant 
aggregation.94 Although other investigations disclaimed such mechanisms,27 this 
characteristic may still be a possible scenario in surfactant self-assembly in DES. 

An investigation on counterion effects on the micellisation of surfactants in DES 
was required to understand the role of native counterion binding to the micelle and, 
subsequently, the relationship between that and the structure of the aggregates. In one 
possible scenario, as mentioned, the high concentration of ions in solution may partially or 
totally hinder the native counterion adsorption. Another possibility is that counterions, 
which bind more strongly, may still prevail in DES and therefore the surfactant self-
assembly will be influenced by the surfactant counterion. The investigations presented 
here will help to confirm the participation of the native counterion of the surfactant and, 
potentially, the existence of a competition between such counterions and choline ions from 
the solvent. 
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6.1 Paper 5: Counterion competition at the micelle 
interface in surfactant-deep eutectic solvent systems 

In this chapter, the micellisation of different counterion-exchanged dodecylsulfate 
surfactants in choline chloride-based DES is presented. Lithium, caesium, magnesium, 
choline, ethylmethylimidazolium and butylmethylimidazolium salts were investigated in 
choline chloride:urea or choline chloride:glycerol. Surface tension was used to measure 
the CMC of the different surfactants in DES and confirm the CMC dependence on the 
counterion. The aggregate morphology of the various surfactants at different 
concentrations was investigated using small-angle neutron scattering. The results from 
this chapter, combined with those presented in Chapter 3, allow the characteristics of the 
system presented here to be framed as a Hofmeister series-like behaviour. 

The contents presented in this chapter are presented have just been accepted for 
publication in to Phys. Chem. Chem. Phys. Electronic Supporting Information is presented 
in the Appendix to this thesis. 
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Micellisation	 of	 surfactants	 in	 deep	 eutectic	 solvents	 has	 been	 recently	 demonstrated	 to	
provide	a	 controllable	way	 to	modify	micelle	morphology.	 Ion-pair	 interactions	between	
the	solvent	and	the	surfactant	headgroup	were	identified	as	affecting	the	micellisation	by	
modifying	 the	 charge	 density	 of	 the	 micelle.	 Here	 we	 explore	 the	 micellisation	 of	
dodecylsulfate	 surfactants	 with	 different	 counterions	 (Li+,	 Cs+,	 Mg2+,	 Bmim+,	 Emim+,	
Cholinium+)	 dissolved	 in	 two	 deep	 eutectic	 solvents:	 choline	 chloride:urea	 and	 choline	
chloride:glycerol.	Surface	tension	results	show	a	solvent	and	counterion	dependence	of	the	
CMC	 of	 the	 surfactants.	 Small-angle	 neutron	 scattering	 was	 subsequently	 used	 to	
investigate	the	morphology	of	the	micelles	formed.	The	results	show	that	the	elongation	of	
the	micelles	 is	strongly	dependent	on	the	solvent,	showing	more	elongated	aggregates	 in	
choline	chloride:urea	than	in	choline	chloride:glycerol.	The	morphology	of	micelles	in	DES	
was	 also	 found	 to	 depend	 on	 the	 counterion,	 where	 the	 affinity	 of	 binding	 showed	
similarities	to	that	in	water.	

Introduction	
Deep	 eutectic	 solvents	 (DES)	 are	 sustainable	 ionic	 solvents,	 normally	 formed	 through	 the	
complexation	of	a	halide	salt	(most	frequently	choline	chloride)	with	an	organic	hydrogen	bond	
donor	(such	as	urea	or	glycerol).1	The	resulting	mixture	is	in	a	high-entropy	state	which	remains	
liquid	at	attractively	low	temperatures,	where	the	formation	and	stability	of	the	solvent	relies	on	
an	 extensive	 ensemble	 of	 hydrogen	 bond	 interactions	 between	 the	 various	 components.2-5	
Furthermore,	 the	 characteristics	 of	 the	 resulting	 solvent	 can	 be	 tailored	 through	 different	
combinations	 of	 precursors,	 allowing	 the	 solvent	 to	 be	 designed	 for	 better	 performance	 in	 a	
particular	application.1,	6	Although	many	recent	developments	within	the	field	of	DES	have	been	
focused	on	finding	new	applications	for	these	solvents,	many	questions	about	DES	remain	unclear	
due	 to	 limited	 investigations	 into	 their	 fundamental	 behaviour.	 Therefore,	 unexpected	
applications	 are	 likely	 to	 emerge	 from	 future	 investigations	 into	 the	 fundamental	
physicochemical	properties	of	DES	systems.	

Surfactant	molecules	consist	of	both	lyophilic	and	lyophobic	moieties.	This	amphiphilic	structure	
drives	 a	 particular	 behaviour	 when	 in	 solution,	 that	 leads	 to	 the	 self-assembly	 of	 aggregates	
above	a	certain	concentration,	known	as	the	critical	micelle	concentration	(CMC).	The	aggregates,	
commonly	deemed	micelles,	are	formed	through	the	aggregation	of	surfactant	in	order	to	reduce	
the	free	energy	of	the	system.	The	energetically	unfavourable	lyophobic	interaction	between	tail	
and	solvent	is	overcome	by	forming	aggregates	where	the	tails	are	relatively	non-solvated	by	the	
surrounding	medium,	because	the	solvated	headgroups	form	a	shell	protecting	the	tails.7-9	A	fine	
balance	between	the	different	parts	of	the	system	controls	the	characteristics	of	those	aggregates,	
where	 repulsion	 –	 either	 steric	 or	 electrostatic	 -	 limits	 the	 size	 that	 the	 micelle	 attains.	 In	
particular,	 the	morphology	 of	 ionic	 surfactant	micelles	 is	 controlled	 by	 the	 repulsion	 between	
ionised	headgroups.	The	presence	of	counterions	near	the	headgroup	region	controls	the	charge	
density	 and,	depending	on	 the	 characteristics	of	 the	 counterion,	 the	effective	 charge	and	hence	
structure	of	the	micelle.7,	10	
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Deep	eutectic	solvents	(DES)	have	recently	been	shown	to	support	surfactant	self-assembly,11,	12	
solvation	 of	 polymers13,	 14,	 protein	 folding,15	 and	 formation	 of	 phospholipid	 vesicles;	 16,	 17	 an	
unusual	set	of	characteristics	for	a	non-aqueous	solvent.	The	aggregation	of	surfactant	was	found	
to	be	particularly	 interesting	due	to	 the	open	possibilities	 towards	developing	controllable	self-
assembly.	Two	main	routes	to	promote	self-driven	aggregation	in	DES	have	been	identified:	non-
interacting	 and	 interacting	 self-assembly.	 The	 non-interacting	 route	 shows	 similarities	 with	
traditional	 self-assembly	 in	 pure	 molecular	 solvents,	 where	 the	 interaction	 between	 the	
headgroups	 in	a	polar	environment	 controls	 the	morphology	of	 the	micelle,	 corresponding	 to	a	
certain	 amount	 of	 adsorbed	 counterions.11	 Interacting	 self-assembly	 is	 characterised	 by	 the	
formation	 of	 different	 morphologies	 to	 those	 seen	 in	 pure	 solvents.	 Interactions	 between	
components	 of	 the	 solvent	 and	 sodium	 dodecylsulfate	 (SDS),	 a	 prototypical	 anionic	 surfactant,	
were	hypothesised	to	play	a	key	role	in	the	transition	of	the	aggregates	from	globular	micelles	in	
a	 neutral	 environment18	 to	 elongated	micelles	 in	 choline	 chloride:urea.19	 These	 systems	 are	 of	
particular	interest	due	to	the	tuneability	of	the	micelle	morphology,	opening	novel	approaches	for	
applications	 in	 surfactant	 templating	 of	 nanostructured	 materials,	 drug	 delivery	 and	 stimuli-
responsive	 fluids.	However,	 the	 following	questions	 remain	unclear	 regarding	 the	nature	of	 the	
solvation	 of	 the	 headgroup	 region	 in	 interactive	 self-assembly	 and	 the	 effects	 on	 micelle	
morphology:	 Are	 the	 choline	 ions	 the	 only	 species	 interacting	 with	 the	 headgroups,	 or	 is	 the	
native	surfactant	counterion	present	in	the	Stern	layer;	and	is	this	a	general	case	in	any	choline-
based	DES,	or	is	there	a	composition-dependence?	

The	 aim	 of	 this	 study	 is	 to	 evaluate	 the	 role	 of	 different	 counterions	 on	 the	 micellisation	 of	
dodecylsulfate	 surfactants	 and	 increase	 our	 understanding	 of	 micellisation	 in	 DES.	 Here	 we	
investigate	 the	 effect	 of	 different	 counterions	 on	 the	 CMC	 of	 those	 surfactants	 and	 the	micelle	
morphology	 in	 choline	 chloride:urea	 and	 choline	 chloride:glycerol.	 Surface	 tension	 and	 small-
angle	 neutron	 scattering	 (SANS)	 have	 been	 used	 to	 investigate	 the	 behaviour	 of	 various	
counterion	 exchanged	 surfactants.	 Two	main	 categories	 were	 investigated,	 including	 inorganic	
counterions:	 lithium	 dodecylsulfate	 (LiDS),	 cesium	 dodecylsulfate	 (CsDS)	 and	 magnesium	
didodecylsulfate	 (Mg1/2DS);	 and	 organic	 counterions:	 1-ethyl-3-methylimidazolium	
dodecylsulfate	 (EmimDS),	 1-butyl-3-methylimidazolium	 dodecylsulfate	 (BmimDS)	 and	 choline	
dodecylsulfate	 (ChDS).	 The	 structure	 of	 the	 investigated	 surfactants	 is	 presented	 in	 Fig.	 1.	 The	
results	from	these	systems	were	interpreted	in	terms	of	counterion	condensation	on	the	micelle	
interface	and	compared	with	analogous	results	in	aqueous	solution	and	ionic	liquids.	

	
Fig.	1	Structure	of	the	inorganic	and	organic	cations,	and	the	common	dodecylsulfate	anion,	that	were	the	
subject	of	this	investigation.	

Experimental	
Materials	

DES	 were	 prepared	 the	 standard	 procedure	 explained	 elsewhere.20,	 21	 Hydrogenated	 choline	
chloride	(ChCl,	>	99	%,	Acros	Organics),	glycerol	(Glyc,	99	%,	Sigma-Aldrich)	and	urea	(>	99	%,	
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Sigma-Aldrich)	were	purchased	and	used	without	further	purification.	d9-choline	chloride	(99	%	
purity,	99.6	%	D),	d8-glycerol	 (99	%	purity,	99	%	D)	and	d4-urea	 (99	%	purity,	98	%	D)	were	
supplied	by	CK	isotopes	and	used	without	further	purification.	Solvents	were	freeze-dried,	sealed	
and	stored	under	a	dry	atmosphere	 to	minimise	water	absorption.	 Isotopically	 substituted	DES	
were	prepared	 following	 the	 same	procedure	 explained	 above.	Water	 content	was	determined,	
using	a	Mettler-Toledo	DL32	Karl	Fischer	titrator,	to	have	an	average	water	content	of	0.32	and	
0.22	 wt	 %,	 for	 choline	 chloride:glycerol	 and	 choline	 chloride:urea	 respectively	 during	 the	
experimental	procedure	presented	here.	

Protonated	 sodium	 dodecylsulfate	 (SDS,	 99	%,	 Sigma)	 and	 lithium	 dodecylsulfate	 (LiDS,	 99	%,	
Alfa	Aesar)	were	purchased	and	used	without	further	purification.	Cesium	dodecylsulfate	(CsDS),	
magnesium	 didodecylsulfate	 (Mg1/2DS),	 choline	 dodecylsulfate	 (ChDS),	 1-ethyl-3-
methylimidazolium	 dodecylsulfate	 (EmimDS)	 and	 1-butyl-3-methylimidazolium	 dodecylsulfate	
(BmimDS)	were	prepared	by	counterion	exchanging	SDS,	following	the	procedures	detailed	in	the	
ESI.22-24	 Deuterated	 versions	 of	 sodium	 dodecylsulfate	 (d-SDS),	 lithium	 dodecylsulfate	 (d-LiDS)	
and	 magnesium	 didodecylsulfate	 (d-Mg1/2DS)	 were	 supplied	 by	 ISIS	 Deuteration	 Facility.	
Deuterated	 caesium	dodecylsulfate	was	 prepared	 from	d-SDS	 following	 the	 same	 procedure	 as	
described	 above.	 The	 purity	 of	 the	 surfactants	 was	 assessed	 by	 1H-NMR	 and	 sodium	 atomic	
absorption	spectroscopy.	Details	about	the	characterisation	can	be	found	in	the	ESI.	

Methods	

Surface	tension	

The	 CMCs	 were	 determined	 by	 means	 of	 surface	 tension.	 Surface	 tension	 measurements	 of	
different	 concentrations	 of	 surfactant	 below	 and	 above	 the	 CMC	 were	 performed	 using	 the	
pendant-drop	 method	 using	 a	 Kruss	 DSA100.	 Samples	 were	 equilibrated	 at	 50	 ˚C	 prior	 to	
measurements.	Several	drops	of	each	sample	were	suspended	using	a	1.82	mm	needle	and	images	
recorded	 after	 drop-shape	 equilibration.	 The	 contour	 of	 the	 drop	 was	 fitted	 using	 the	 Young-
Laplace	 equation	 to	 obtain	 the	 surface	 tension	 of	 the	 sample.	 This	 procedure	was	 repeated	 at	
least	 5	 times	 for	 each	 sample	 and	 the	 end	 results	 were	 averaged	 from	 the	 individual	
measurements.	 Although	 temperature	 could	 not	 be	 controlled	 during	 the	 experimental	
procedure,	the	method	used	here	was	found	to	be	self-consistent.	

Samples	for	surface	tension	measurements	of	these	surfactants	in	DES	were	prepared	by	dilution	
of	 stock	 solutions	 to	 reduce	 variability.	 A	 high	 concentration	 stock	 solution	 was	 prepared	 by	
direct	mixing	of	each	surfactant	in	the	corresponding	solvent.	The	solutions	were	equilibrated	for	
at	least	24	h	at	50	˚C	and	subsequently	diluted	down	using	the	pure	solvent	to	obtain	a	range	of	
various	concentrations	below	and	above	the	CMC.	These	samples	were	sealed	and	stored	under	a	
dry	atmosphere	to	prevent	the	adsorption	of	water	from	the	environment.	

Small-angle	neutron	scattering	measurements	

SANS	experiments	were	performed	on	Sans2d25	and	Larmor	at	 ISIS	Pulsed	Neutron	Source,	UK.	
Sans2d	is	a	time-of-flight	instrument	with	two	movable	detectors.	The	rear	detector	was	placed	at	
4	m	distance	from	the	sample	position,	giving	a	total	momentum	transfer	(q)	range	of	0.004-0.9	Å-
1.	Larmor	is	a	versatile	time-of-flight	neutron	instrument.	When	operated	in	SANS	mode,	a	fixed	
position	detector	is	placed	at	4	m,	providing	a	q-range	of	0.003-0.8	Å-1.	

Different	concentrations	above	the	CMC	of	each	surfactant	were	prepared	for	SANS	experiments	
by	direct	mixing	of	the	DES	with	the	surfactants.	These	samples	were	sealed	and	equilibrated	in	
an	 oven	 at	 40	 ˚C	 overnight.	 After	 equilibration,	 samples	 were	 sealed	 and	 stored	 until	 the	
experiments	 were	 performed.	 For	 all	 the	 scattering	 patterns	 from	 surfactants	 with	 inorganic	
counterions	(Li+,	Cs+	and	Mg2+)	in	both	solvents,	the	structural	parameters	of	the	model	were	co-
refined	for	two	contrasts:	d-MDS	+	h-ChCl:h-Glyc	or	h-ChCl:h-urea	and	h-MDS	+	d-ChCl:d-Glyc	or	
d-ChCl:d-urea.	 The	 volume	 fraction	 of	 scatterers	 was	 individually	 fitted	 to	 account	 for	 small	
variations	 in	 the	 volume	 fraction	of	micelles	between	 contrasts.	Data	 from	organic	 counterions	
(Emim+,	Bmim+,	Ch+)	were	collected	in	one	contrast	and	individually	fitted:	h-MDS	+	d-ChCl:d-Glyc	
or	d-ChCl:d-urea.	
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For	both	experiments,	samples	were	loaded	in	1	mm	path	length,	1	cm	width,	quartz	Hellma	cells	
and	 these	 were	 placed	 in	 a	 temperature-controlled	 sample	 changer	 at	 50	 ˚C	 during	 data	
collection.	Data	were	reduced	using	the	standard	routines	of	Mantid.26	Data	were	normalised	to	
sample	 transmission	 and	 corrected	 for	 detector	 efficiencies	 and	 the	 scattering	 from	 an	 empty	
cell.27	 The	 scattering	 of	 the	 pure	 solvents	 was	 subtracted	 accounting	 for	 the	 incoherent	
contribution	 to	 each	 sample.28	 The	 output	 data	 was	 absolute	 scattered	 intensity,	 I(q)	 in	 cm-1,	
versus	the	momentum	transfer,	q	in	Å-1.	

Small-angle	neutron	scattering	analysis	

As	a	first	approach	to	data	fitting,	the	Guinier	approximation	was	used	to	determine	the	radius	of	
gyration	 (Rg)	 of	 the	 scatterers.	 This	 approach	was	 used	with	 samples	 in	 the	 diluted	 regime	 to	
avoid	 the	 interference	 of	 intermicellar	 scattering.	 The	 Guinier	 approximation	 allows	 the	
calculation	of	the	size	of	the	scatterer	by	analysing	the	low-q	expansion	of	the	data	in	a	Ln(I)	vs.	q2	
plot.	In	this	regime,	the	Rg	of	the	scattering	object	can	be	calculated	from	the	slope	of	the	graph	

!" ! ! = !" ! 0 − !!
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Further	 structural	 information	 from	 small-angle	 neutron	 scattering	 data	 was	 derived	 through	
model-based	 fitting.	 The	 scattered	 intensity	 in	 the	 small-angle	 region	 of	 isotropic,	
centrosymmetric	particles	can	be	described	as	follows:	

! ! = !!! ∆!"# !! ! ! ! + !	
where	N	is	the	number	of	particles	and	V	their	volume.	∆SLD	corresponds	to	the	scattering	length	
density	contrast	between	particles	and	solvent.	P(q)	is	a	q-dependent	model	that	accounts	for	the	
form	 factor	 of	 the	 particles,	whilst	S(q)	 is	 the	 structure	 factor	 and	 accounts	 for	 the	 interaction	
between	particles.	

To	identify	the	best	model	to	account	for	the	form	factor	contribution,	different	geometric	models	
(monodisperse	and	polydisperse	spheres,	monodisperse	ellipsoids	and	monodisperse	cylinders)	
were	tested	(See	ESI).29	An	ellipsoid	model	with	prolate	distribution	of	mass	was	found	to	be	the	
best	model	to	account	for	the	morphology	of	individual	particles.	This	model	describes	a	uniform	
ellipsoid	shape	and	variations	in	the	aspect	ratio	(AR=rpo/req,	where	rpo	is	the	polar	radius	of	the	
scatterer	and	req	is	the	equatorial	radius)	are	intrinsically	correlated	with	the	shape	of	the	micelle	
as	 follows:	 spherical	 micelles	 when	 AR=1	 (rpo=req),	 globular	 micelles	 when	 AR>1	 (rpo>req)	 and	
elongated	aggregates	when	AR>>	1	(rpo	>>	req).	This	approach	allows	direct	comparison	between	
different	 systems	 and	 immediate	 evaluation	 of	 their	 characteristics.	 This	 model	 contains	 the	
following	parameters:	equatorial	radius,	aspect	ratio	and	volume	fraction	of	scatterers	(ϕP(q)).	No	
polydispersity	factor	was	included	in	the	model	as	micelles	in	thermodynamic	equilibrium	should	
show	a	low	polydispersity30	and	it	was	not	required	to	obtain	a	good	fit	to	the	data.		

SANS	data	 from	 the	various	 surfactant	 solutions	at	 low	concentration	were	 fitted	 to	 this	model	
between	 0.006	 and	 0.5	 Å-1	 of	 momentum	 transfer,	 using	 the	 Levenberg-Marquardt	 algorithm	
incorporated	into	SasView.31.	The	resolution	of	the	instrument	was	accounted	for	by	smearing	of	
the	mathematical	model	using	a	Gaussian	function	at	a	constant	8	%	dq/q.	The	scattering	length	
density	 (SLD)	of	each	component	of	 the	system	was	calculated	by	accounting	 for	 the	scattering	
length	of	the	atomic	group	(∑bi)	and	the	occupied	volume	by	this	group	(Vm).	Assuming	that	the	
contribution	of	the	headgroup	to	the	scattering	will	be	rather	small	due	to	solvation,	the	SLD	of	
the	 surfactant	was	 calculated	as	 the	 lyophobic	 tail	 (without	 considering	 the	 sulfate	headgroup)	
and	therefore	the	same	value	was	used	to	fit	all	the	investigated	surfactants.12,	32	Because	of	this	
consideration,	 the	 SLDs	 of	 solvent	 and	 particle	 are	 fixed	 during	 fitting.	Molecular	 volumes	 and	
scattering	 length	densities	of	 the	DES	were	used	as	previously	 reported.11,	19	 Scattering	 lengths,	
molecular	volumes	and	SLDs	are	presented	in	Table	1.	

A	 modified	 Percus-Yevick	 hard-sphere	 approximation	 was	 used	 to	 account	 for	 the	 structure	
factor	 interaction	 between	micelles	 in	 concentrated	 systems.	 11,	19,	28	 Previous	 investigations	 on	
intermicellar	interactions	in	DES	have	presented	the	remarkable	difficulties	when	evaluating	the	
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Table	1.	Volumes,	scattering	lengths	and	scattering	length	densities	of	constituents	of	the	systems.	

Component	 Vm	/	Å3	 ∑bi	/	fm	 SLD	/	10-6	Å-2	
1:2	h-ChCl:h-Urea	 343	 44.5	 1.2	
1:2	d-ChCl:d-Urea	 343	 221	 6.2	
1:2	h-ChCl:h-Glyc	 453	 20.4	 0.45	
1:2	d-ChCl:d-Glyc	 453	 281	 6.3	

h-DS-	 409	 16.0	 -0.39	
d-DS-	 409	 276	 7.0	

structure	 factor.	 Although	 various	 models	 were	 previously	 tested	 (rescaled	 mean	 square	
approximation,	mean	square	approximation	and	hard	sphere	structure	factor)33-35,	none	of	these	
were	found	to	satisfactorily	account	for	the	intermicellar	contribution	to	the	scattering.	Therefore	
a	methodology	to	fit	the	structure	factor	was	developed	in	order	to	deconvolute	the	form	factor	
and	correctly	evaluate	the	morphology	of	the	aggregates.11,	19,	28	This	structure	factor	is	described	
by	two	parameters	that	are	not	constrained	to	the	values	of	 the	form	factor.	An	effective	radius	
(Reff=(rpo	 req2)1/3)	 accounts	 for	 the	 radius	 of	 interaction	 as	 a	 rigid	 sphere	 of	 radius	Reff.36,	37	 The	
second	 parameter,	 a	 volume	 fraction	 associated	 with	 the	 S(q)	 (ϕS(q)),	 accounts	 for	 the	 volume	
fraction	of	 the	repulsive	 interaction.	This	approach	allows	the	evaluation	of	 the	structure	 factor	
contribution	 to	 the	scattering	and	 therefore	we	can	consistently	evaluate	 the	 form	factor	of	 the	
micelles.	However,	 this	descriptive	 approach	does	not	use	 an	analytical	model	 and	 the	micelle-
micelle	 interaction	 is	 not	 yet	 well	 understood.	 Hence	 direct	 physical	 interpretation	 of	 the	
interaction	between	micelles	cannot	be	obtained.	

Results	
Critical	micelle	concentrations	

Surface	 tension	 is	 a	 useful	 technique	 to	 determine	 the	 critical	 micelle	 concentration	 (CMC)	 of	
surface-active	molecules.	 The	 CMCs	 of	 the	 surfactants	measured	 in	 DES	 here	 are	 presented	 in	
Table	2	alongside	 literature	values	 for	water,	where	available.	The	as-measured	surface	tension	
plots	 from	 which	 the	 CMC	 of	 these	 systems	 was	 derived	 are	 included	 in	 the	 ESI.	 The	 surface	
tension	of	 the	pure	 solvents	 (choline	 chloride:urea:	 66.3±0.2	mN	m-1;	 choline	 chloride:glycerol:	
63.6±0.4	mN	m-1)	and	water	(72.1±0.3	mN	m-1)	were	measured	as	a	control,	and	the	values	were	
found	to	be	consistent	with	those	previously	published.11,	12	

All	surfactants	presented	here	show	the	typical	behaviour	of	a	surface-active	compound,	reducing	
the	 surface	 tension	of	 the	 liquid	with	 increasing	 concentration	down	 to	 a	minimum.	Above	 the	
CMC,	there	is	no	significant	change	in	the	surface	tension.	This	is	indicative	of	micelles	forming	in	
the	bulk	phase	of	the	solvent,	as	the	inflexion	point	 in	the	surface	tension	corresponds	with	the	
CMC.	
Table	 2.	 CMC	 and	 limiting	 surface	 tension	 (γc)	 of	 the	 dodecylsulfate	 surfactants	 in	 choline	 chloride:urea,	 choline	
chloride:glycerol	and	water.	

Surfactant	 Choline	chloride:urea	 Choline	chloride:glycerol	 Water	
CMC	/	mM	 γc	/	mN	m-1	 CMC	/	mM	 γc	/	mN	m-1	 CMC	/	mM	

LiDS	 2.4±0.2	 30.4±0.1	 4.2±0.3	 30.9±0.3	 8.938	
SDS	 2±112	 27.8±1.312	 3.9±0.1	 31.3±0.3	 8.139	

EmimDS	 1.8±0.2	 30.4±0.1	 3.7±0.1	 31.5±0.2	 -	
ChDS	 1.8±0.1	 30.7±0.2	 2.3±0.2	 31.3±0.3	 4.2640	
Mg1/2DS	 1.2±0.1	 30.4±0.2	 2.1±0.2	 31.4±0.3	 1.7641	
CsDS	 1.9±0.1	 32.1±0.3	 3.1±0.2	 31.1±0.1	 6.138	

BmimDS	 1.3±0.2	 31.2±0.2	 2.1±0.1	 31.5±0.2	 1.842	

The	CMC	of	dodecylsulfate	surfactants	with	simple	cations	were	 found	 to	be	consistently	 lower	
than	 those	 in	 water	 for	 both	 DES,	 except	 for	 Mg1/2DS	 in	 choline	 chloride:glycerol.	 This	 was	
previously	found	for	SDS	in	choline	chloride:urea	(CMC=2±1	mM)12	and	choline	chloride:glycerol	
(CMC=3.9±0.1	mM)	 (See	 ESI),	where	 the	 CMC	 is	 considerably	 lower	 than	 the	 value	 in	 aqueous	
solution	 (CMC=8.1	 mM)39.	 This	 suggests	 that	 the	 solubility	 of	 surfactant	 monomers	 in	 DES	 is	
considerably	lower	than	in	water,	despite	the	lower	polarity	of	DES.43	Previous	investigations	on	
the	 surface	 behaviour	 of	 cationic	 surfactants	 in	 choline	 chloride:glycerol	 showed	 that	 the	 CMC	
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values	of	CnTABs	in	this	DES	were	higher	than	in	water,	which	was	assigned	to	the	lower	polarity	
of	 the	solvent.11	Therefore,	 the	mechanism	of	headgroup	and	counterion	solvation	has	an	effect	
on	the	solubility	of	the	anionic	monomers,	leading	to	considerably	lower	CMCs	than	in	water.	

One	of	the	most	obvious	changes	in	ionic	surfactant	behaviour	as	the	counterion	is	varied	is	that	
the	CMC	of	the	surfactant	in	water	changes	as	the	counterion	is	changed.	Counterions	that	have	an	
increased	 binding	 to	 the	 surfactant	 headgroup	 in	 aqueous	 solution	 lower	 the	 CMC	 of	 the	
surfactant.22,	44,	45	Previous	investigations	of	surfactant	behaviour	in	ionic	liquids	assumed	that	the	
counterions	would	 be	 completely	 exchanged	 due	 to	 the	 overwhelming	 number	 of	 solvent	 ions	
compared	 to	 native	 surfactant	 ions	 and	 thus	 counterion	 binding	 effects	 would	 be	 negligible.46	
Such	 a	 hypothesis	 may	 be	 extended	 to	 DES	 due	 to	 the	 similarly	 strong	 ionic	 environment.	
However,	 our	 results	 demonstrate	 that	 this	 hypothesis	 is	 not	 valid	 for	 the	 systems	 presented	
here.	 As	 shown	 in	 Table	 2,	 the	 surface	 behaviour	 of	 dodecylsulfate	 surfactants	 is	 affected	 by	
different	counterions	in	choline	chloride-based	DES	in	a	similar	fashion	to	that	in	water.	The	CMC	
of	 monovalent	 inorganic	 counterions	 in	 choline	 chloride:urea	 and	 choline	 chloride:glycerol	
follows	the	trend:	CMCLiDS	<	CMCSDS	<	CMCCsDS,	similar	to	that	observed	in	aqueous	solution.19,	44,	47,	
48	 In	the	case	of	the	divalent	counterion,	Mg2+,	the	CMCs	of	the	solutions	are	considerably	lower	
than	in	the	case	of	monovalent	counterions,	as	also	found	in	water.41,	44	

In	 the	 case	 of	 organic	 counterions,	 the	 presence	 of	 a	 stronger	 lyophobe,	 Bmim+,	 remarkably	
decreases	the	CMC	in	comparison	with	the	less	 lyophobic	counterion,	Emim+.	This	suggests	that	
the	 solubility	 of	 the	 surfactant	 below	 the	 CMC	 depends	 on	 the	 lyophobicity	 of	 the	 organic	
counterpart,	and	may	be	related	either	to	the	strength	of	the	counterion	binding	to	the	surfactant	
ion	or	the	inability	of	that	counterion	to	be	solubilised	in	the	highly	H-bonded	solvent.	This	can	be	
corroborated	 with	 similar	 trends	 seen	 for	 amphiphilic	 ionic	 liquids	 in	 water;	 substituting	 the	
counterion	for	something	more	lyophobic	reduces	the	CMC	of	the	surfactant,	but	the	free	energy	
penalty	 for	 additional	 alkyl	 chain	 units	 in	 the	 counterion	 is	 much	 less	 than	 that	 seen	 for	 the	
surfactant	tail.24,	49	The	CMC	of	ChDS	in	choline-based	DES	was	found	to	be	in-between	the	values	
presented	 for	 the	 inorganic	 and	 organic	 counterions,	 showing	 an	 intermediate	 ion	 binding	 in	
comparison.	Despite	 the	 high	 concentration	 of	 choline	 in	 the	 solvent	 that	 could	 be	 expected	 to	
dominate	 the	 adsorption	 of	 ions	 at	 the	micelle	 interface	 for	 all	 surfactants,	 our	 results	 clearly	
indicate	 that	 the	 native	 counterion	 of	 the	 surfactants	 still	 plays	 a	 role	 in	 the	 limiting	 surface	
tension	of	the	system	and	CMC.	

Micellisation	in	the	diluted	regime	

The	 effect	 of	 counterions	 on	 the	 micellisation	 of	 these	 surfactants	 in	 DES	 was	 studied	 by	
comparing	 the	 aggregation	 of	 lithium,	 caesium,	 magnesium,	 1-ethyl-3-methylimidazolium,	 1-
butyl-3-methylimidazolium,	and	choline	salts	at	different	concentrations	in	choline	chloride:urea	
and	choline	chloride:glycerol.	Samples	at	low	concentration,	in	the	dilute	regime,	were	measured	
and	fitted	to	obtain	information	about	the	form	factor	of	the	micelles,	avoiding	contribution	from	
intermicellar	 interactions.	Previous	 investigations	 in	analogous	 systems	 (sodium	dodecylsulfate	
in	1:2	choline	chloride:urea)	showed	negligible	intermicellar	interactions	up	to	at	least	~45	mM.19	
Therefore	we	assume	that	the	scattering	from	the	concentrations	presented	here	also	contain	no	
or	negligible	structure	factor	contribution.	The	results	from	the	Guinier	analysis	of	the	SANS	data	
of	the	different	surfactants	in	the	dilute	regime	are	included	in	the	ESI.	SANS	data	and	best	fits	of	
these	 surfactants	 in	 choline	 chloride:urea	 and	 choline	 chloride:glycerol	 are	 presented	 in	 Fig.	 2.	
The	results	from	the	fits	are	presented	in	Table	3	and	Table	4.	
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Fig.	2	SANS	data	and	best	fits	of	different	concentrations	of	(a)	h-LiDS,	(b)	h-EmimDS,	(c)	h-ChDS,	(d)	h-	Mg1/2DS,	(e)	h-
CsDS	and	(f)	h-BmimDS	in	d-choline	chloride:d-urea,	and	(g)	h-LiDS,	(h)	h-EmimDS,	(i)	h-	ChDS,	(j)	h-Mg1/2DES,	(k)	h-
CsDS	 and	 (l)	 h-BmimDS	 in	 d-choline	 chloride:d-glycerol.	 The	 average	 concentration	 of	 surfactant	 in	 each	 solvent	 is	
presented	in	the	plots	a	and	g.	Fits	are	represented	as	black-dashed	lines.	

Table	 3	 results	 from	SANS	 fitting	 for	 two	different	 concentrations	 (dilute	 regime)	 of	 different	 surfactants	 in	 choline	
chloride:urea.	 The	 fitted	 volume	 fraction	 corresponds	 to	 the	 value	 obtained	 from	 the	 h-surfactant	 in	 d-solvent.	 The	
calculated	volume	fraction	of	micelles	is	presented	for	comparison	with	the	results.	

Surfactant	 req	/	Å	 AR	 ϕP(q)	/	10-2	 ϕCalc	/	10-2	
25.1±3.0	mM	

LiDS	 16.4±0.3	 8.9±0.5	 0.69±0.14	 0.62±0.04	
EmimDS	 16.1±0.4	 8.8±0.5	 0.58±0.08	 0.60±0.09	
ChDS	 15.8±0.4	 9.4±0.3	 0.68±0.08	 0.69±0.03	
Mg1/2DS	 16.6±0.3	 9.2±0.2	 0.68±0.07	 0.71±0.10	
CsDS	 16.3±0.4	 11.2±0.2	 0.74±0.08	 0.82±0.10	
BmimDS	 15.9±0.4	 11.2±0.3	 0.78±0.08	 0.75±0.07	

39.8±2.5	mM	
LiDS	 16.2±0.2	 11.5±0.4	 1.1±0.2	 1.2±0.2	
EmimDS	 16.6±0.3	 11.7±0.4	 1.3±0.1	 1.3±0.2	
ChDS	 16.5±0.2	 11.3±0.2	 1.4±0.1	 1.4±0.1	
Mg1/2DS	 16.3±0.2	 12.0±0.2	 1.4±0.2	 1.3±0.2	
CsDS	 16.6±0.4	 13.5±0.4	 1.3±0.1	 1.4±0.1	
BmimDS	 16.5±0.2	 13.7±0.3	 1.5±0.1	 1.6±0.2	

Table	 4	 results	 from	SANS	 fitting	 for	 two	different	 concentrations	 (dilute	 regime)	 of	 different	 surfactants	 in	 choline	
chloride:glycerol.	The	fitted	volume	fraction	corresponds	to	the	value	obtained	from	the	h-surfactant	in	d-solvent.	The	
calculated	volume	fraction	of	micelles	is	presented	for	comparison	with	the	results.	

Surfactant	 req	/	Å	 AR	 ϕP(q)	/	10-2	 ϕCalc	/	10-2	
22.5±1.4	mM	

LiDS	 16.4±0.7	 1.87±0.11	 0.15±0.06	 0.26±0.05	
EmimDS	 -	 -	 -	 0.14±0.04	
ChDS	 16.6±0.8	 1.92±0.12	 0.18±0.04	 0.17±0.01	
Mg1/2DS	 19.6±1.8	 1.30±0.31	 0.15±0.04	 0.24±0.03	
CsDS	 17.1±0.4	 1.89±0.07	 0.18±0.06	 0.29±0.08	
BmimDS	 16.9±0.3	 1.93±0.07	 0.22±0.04	 0.28±0.02	

43.3±1.8	mM	
LiDS	 16.8±0.6	 1.80±0.07	 0.64±0.04	 0.80±0.02	
EmimDS	 17.1±0.4	 1.78±0.08	 0.38±0.03	 0.61±0.12	
ChDS	 17.3±0.2	 1.70±0.04	 0.42±0.05	 0.67±0.06	
Mg1/2DS	 17.3±0.2	 1.71±0.08	 0.45±0.03	 0.68±0.05	
CsDS	 17.2±0.3	 1.87±0.05	 0.43±0.03	 0.90±0.13	
BmimDS	 16.9±0.2	 1.90±0.03	 0.43±0.04	 0.63±0.07	
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All	 surfactants	 studied	 here	 were	 found	 to	 form	 micelles	 at	 the	 measured	 concentrations.	 As	
previously	 reported	 for	 SDS	 in	 the	 choline	 chloride:urea	 eutectic	 mixture,	 anionic	 surfactants	
form	elongated	micelles	 in	 this	 solvent	 even	at	 low	concentrations.12	Unlike	micelles	 in	 choline	
chloride:urea,	where	aspect	ratios	vary	between	8.8	and	13.5	(Rg	varies		between	88.5-101	Å)	in	
the	 dilute	 regime,	micelles	 in	 choline	 chloride:glycerol	were	 found	 to	 preferably	 form	 globular	
morphologies,	with	aspect	ratios	around	1.9	(Rg	varies	between	17.1-17.9	Å).	

The	 size	 and	 elongation	 of	 micelles	 in	 choline	 chloride:urea	 DES	 was	 found	 to	 depend	 on	 the	
surfactant	counterion.	While	 the	minor	axis	of	 the	micelles	(equatorial	axis)	remains	practically	
unchanged	in	all	cases,	variations	in	surfactant	counterion	produce	changes	in	the	aspect	ratio	of	
the	micelles.	Between	the	inorganic	counterions,	 lithium	and	magnesium	are	shown	to	form	the	
shorter	micelles,	whereas	caesium	shows	longer	micelles	(~26	%	longer	than	LiDS	micelles	in	the	
same	 solvent	 at	 the	 lowest	 concentration	measured).	 The	 scattering	 of	 EmimDS,	 BmimDS	 and	
ChDS	 micelles	 also	 showed	 the	 presence	 of	 elongated	 micelles	 with	 variable	 elongation	
depending	 on	 the	 counterion.	 In	 this	 case,	 the	 smallest	 micelle	 aspect	 ratio	 at	 the	 lowest	
concentration	is	determined	for	EmimDS,	while	BminDS	showed	larger	micelles	(~27	%	longer).	
Micelles	composed	of	ChDS	seem	to	be	comparable	to	those	of	EmimDS	within	error.	

Surfactant	concentration	also	affects	the	structure	of	the	micelles,	as	previously	shown	for	SDS	in	
choline	chloride:urea.19	In	the	dilute	regime,	increasing	the	concentration	of	surfactant	leads	to	an	
increase	in	the	aspect	ratio	of	the	micelle.	The	average	increase	in	aspect	ratio	for	all	surfactants	
studied	here	is	~24	%	with	an	increase	in	surfactant	concentration	from	25.1±3.0	mM	to	39.8±2.5	
mM.	

It	is	also	observed	that	the	volume	fraction	of	micelles	increases	as	the	counterion	is	varied	from	
Li+	or	Mg2+	to	Cs+.	Given	that	the	size	and	shape	of	the	micelles	are	determined	from	the	shape	of	
the	scattering	curve	and	not	 the	 intensity	of	 the	scattering,	 then	 for	a	given	shape	and	size,	 the	
volume	fraction	reduces	to	the	number	density	of	micelles.	This	variation	in	the	volume	fraction	
of	micelles	 is	observed	between	Emim+	and	Bmim+	counterions	and	can	be	 correlated	with	 the	
CMC	of	those	surfactants	in	the	solvent.	

In	the	case	of	 the	choline	chloride:glycerol	eutectic	mixture,	we	see	that	 the	surfactants	studied	
here	 form	 globular,	 rather	 than	 elongated,	micelles.	 Although	 there	 seems	 to	 be	 an	 underlying	
trend	in	the	results,	the	uncertainties	in	the	fitted	parameters	mean	that	solid	conclusions	cannot	
be	drawn,	except	that	that	the	counterion	has	a	weaker	effect	on	the	micellization	in	this	solvent.	

Micellisation	in	the	concentrated	regime	

A	high	concentration	of	 the	various	surfactants	 in	choline	chloride:urea	was	measured	 to	study	
the	behaviour	of	the	amphiphiles	in	the	concentrated	regime.	As	the	concentration	of	surfactant	
increases,	intermicellar	interactions	begin	to	appear	and	affect	the	scattering.	Although	previous	
investigations	 have	 shown	 that	 the	 structure	 factor	 contribution	 is	 relatively	 low	 at	 these	
concentrations	(ϕS(q)=2.8x10-2	at	81.3	mM	of	SDS	in	choline	chloride:urea),	accounting	for	such	a	
contribution	is	necessary	in	order	to	obtain	reliable	structural	information	about	the	micelles.	In	
order	to	fit	these	data,	we	have	used	a	model	that	combines	the	uniform	ellipsoid	form	factor	and	
the	modified	hard-sphere	 approximation,	 described	previously.19,	28	 SANS	data	 and	best	 fits	 are	
presented	in	Fig.	3.	The	results	from	the	fits	are	included	in	Table	5.	Furthermore,	these	fits	are	
compared	with	the	contribution	from	the	form	factor	to	the	model	(I.e.	S(q)=1).	
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Fig.	3	SANS	data	and	best	fits	for	an	averaged	concentration	of	196±11	mM	of	(a)	h-LiDS,	(b)	h-EmimDS,	(c)	
h-ChDS,	(d)	h-	Mg1/2DS,	(e)	h-CsDS	and	(f)	h-BmimDS	in	d-choline	chloride:d-urea.	Fits	using	the	model	that	
combines	form	factor	and	structure	factor	are	represented	as	black-dashed	lines.	Black-dotted	lines	show	
the	form	factor	contribution	to	the	model.	The	plots	below	zoom	into	the	low-q	region	of	the	data	and	fits.	
Table	5.	Parameters	from	fitting	SANS	data	in	Fig.	3,	for	solutions	of	all	surfactants	in	choline	chloride:urea	
at	an	averaged	concentration	of	196±11	mM.	The	fitted	volume	fraction	corresponds	to	the	value	obtained	
from	the	h-surfactant	in	d-solvent.	The	calculated	volume	fraction	of	micelles,	obtained	from	the	volume	of	
surfactant	in	the	micellar	phase,	is	presented	for	comparison	with	the	results.	

Surfactant	 req	/	Å	 AR	 ϕP(q)	/	10-2	 ϕCalc	/	10-2	 Reff	/	Å	 ϕS(q)	/	10-2	
LiDS	 16.7±0.5	 9.6±0.7	 5.5±0.2	 5.6±0.4	 37.2	 7.4±0.3	
EmimDS	 17.6±0.2	 10.3±0.4	 3.6±0.1	 3.5±0.2	 38.3	 3.7±0.1	
ChDS	 17.5±0.4	 12.4±0.8	 4.1±0.1	 4.9±0.3	 40.5	 6.4±0.1	
Mg1/2DS	 17.8±0.3	 9.3±0.2	 5.6±0.2	 5.8±0.3	 37.5	 7.3±0.2	
CsDS	 17.8±0.4	 10.6±0.2	 5.4±0.2	 5.9±0.5	 39.3	 7.5±0.6	
BmimDS	 18.0±0.4	 10.6±0.3	 5.4±0.2	 6.4±0.7	 39.6	 6.9±0.2	

Our	results	clearly	show	that	the	form	factor	model	is	not	sufficient	to	model	the	scattering	of	the	
more	concentrated	systems,	and	the	disagreement	between	the	data	and	the	fits	is	considerable.	
Thus	a	structure	 factor	must	be	 included	 in	order	 to	account	 for	 the	 intermicellar	contribution.	
Although	 the	 implemented	model	 cannot	 be	 used	 as	 an	 analytic	 approach	 to	 investigate	 those	
interactions,	 the	 intermicellar	 scattering	 can	be	accounted	 for,	 and	 therefore	 the	 form	 factor	of	
the	aggregates	can	be	determined.	

For	all	of	the	surfactants	presented	here,	elongated	micelles	are	found	in	choline	chloride:urea	as	
the	 concentration	 of	 surfactant	 is	 increased	 in	 the	 dilute	 regime.	 As	 shown	 in	 the	 results,	 the	
equatorial	 radius	 of	 the	 micelles	 is	 comparable	 between	 different	 counterions	 at	 this	
concentration.	The	aspect	 ratio,	 however,	 varies	with	 surfactant	 counterion	 in	 a	 similar	way	as	
presented	 above	 for	 the	 low	 concentrations,	 showing	 the	 largest	 values	 for	 CsDS	 and	BmimDS	
(only	values	for	solutions	with	a	similar	volume	fraction	of	micelles	were	compared	here).		

As	concentration	increases	in	choline	chloride:urea,	the	micelles	were	generally	seen	to	elongate	
in	 the	 dilute	 regime.	 When	 the	 concentration	 is	 further	 increased,	 a	 critical	 point	 is	 reached	
whereupon	 the	micelles	begin	 to	 shrink.	 Close	 to	 the	 reversal	 point,	which	occurs	between	 the	
intermediate	concentration	and	the	high	concentration	studied	here,	the	aspect	ratio	for	CsDS,	for	
instance,	 increases	 from	 11.2±0.2	 (at	 25.1±3.0	 mM)	 to	 13.5±0.4	 (at	 39.8±3.5	 mM)	 and	 then	
retracts	to	10.6±0.2	(at	196±11	mM).	This	feature	was	previously	observed	and	reported	for	SDS	
in	choline	chloride:urea.19	

The	results	presented	in	Fig.	3	show	a	considerable	difference	between	the	model	that	uses	only	
the	 form	 factor	 and	 the	 model	 that	 implements	 the	 structure	 factor	 and	 form	 factor.	 The	
difference	in	the	scattering	cross	section	observed	at	 low	q	 is	commonly	attributed	to	repulsive	
interactions	between	aggregates.34	Furthermore,	 the	values	of	 the	volume	 fraction	of	 scatterers	



	 10	

and	 that	one	provided	by	 the	structure	 factor	are	decoupled.	The	values	of	 the	 structure	 factor	
contribution	are	consistently	higher,	showing	that	a	pure	hard	sphere	model,	which	should	have	
the	 form	 and	 structure	 factor	 volume	 fractions	 equal,	 is	 insufficient	 to	 account	 for	 those	
interactions.	 These	 higher	 values	 of	 the	 structure	 factor	 volume	 fraction	 are	 attributed	 to	
repulsive	interactions	that	may	arise	from	electrostatic	forces	between	micelles.	

Discussion	
Counterion	condensation	

The	 aggregation	 of	 dodecylsulfate	 surfactants	 in	 choline	 chloride:urea	 shows	 the	 formation	 of	
elongated	 micelles	 throughout	 the	 range	 of	 concentrations	 investigated.	 Elongated	 micelles	
contain	 surfactant	molecules	 packed	with	 smaller	 headgroup	 areas	 than	 found	 in	 spherical	 or	
globular	micelles.7	It	was	initially	speculated	that	this	was	due	to	surfactant-urea	interactions	at	
the	 micellar	 interface,50	 but	 assuming	 that	 the	 surface	 is	 not	 enriched	 in	 urea	 relative	 to	 the	
bulk,51,	 counterion	 binding	 to	 the	 micelle	 surface	 must	 be	 the	 most	 significant	 factor	 in	 this	
solvent;	 a	 primary	 solvation	 shell	 with	 condensed	 counterions	 is	 sufficient	 to	 rationalise	 the	
observed	 elongation	 behaviour.	 Micelle	 morphology,	 apparent	 fractional	 charge,	 and	
intermicellar	 interactions	 strictly	 depend	 on	 the	 nature	 of	 the	 ionic	 surfactant	 counterion	 and	
electrolytes	in	solution.	The	condensation	of	counterions	onto	an	ionic	micelle	interface	reduces	
the	interfacial	charge	density	and	thus	affects	the	packing	parameter	of	individual	monomers.7,	36,	
48,	 52-55	 The	 nature	 of	 the	 Stern	 layer,	 which	 surrounds	 the	 micelle,	 is	 characterised	 by	 the	
presence	 of	 oppositely	 charged	 counterions	 that	 affect	 the	 charge	 density	 of	 the	 micelle.	 The	
counterions	 located	 in	 this	 layer	 are	 electrostatically	 bound	 to	 the	 micelle,	 affecting	 the	
electrostatic	repulsion	between	headgroups.	This	binding	in	aqueous	solution	is	governed	by	the	
hydrated	 ionic	 size	 of	 the	 counterion	 and	 headgroup,	 which	 are	 in	 turn	 described	 by	 the	
Hofmeister	 series.48,	 56	 In	 particular,	 for	 cations	 in	 the	 presence	 of	 an	 alkylsulfate	 group	 in	
aqueous	solution	the	series	 is	(from	strongly	bound	cations	to	strongly	hydrated	cations):	Cs+	≈	
Ch+	 >	 Na+	 >	 Li+.56-58	 Furthermore,	 the	 co-surfactancy	 of	 organic	 counterions	 with	 lyophobic	
moieties	has	been	investigated,	showing	that	not	only	does	the	charge	screening	produced	by	the	
condensation	 of	 the	 salts	 affect	 the	 micellization,	 but	 there	 is	 also	 a	 contribution	 from	 the	
counterion	acting	as	a	co-surfactant	which	changes	the	monomer	packing	by	penetrating	into	the	
micelle	core.52,	59-62	

Varying	 the	 native	 counterion	 of	 the	 surfactant	 changes	 the	 micellisation	 of	 the	 surfactant,	
forming	 shorter	 aggregates	 for	 lithium	 than	 for	 caesium.	 This	 fact	 is	 suggestive	 of	 caesium	
counterions	 showing	 a	 more	 significant	 condensation	 at	 the	 micelle	 surface	 (tightly	 bound),	
therefore	more	 strongly	modifying	 the	 headgroup	 effective	 area	 and	 allowing	 the	 formation	 of	
more	 elongated	 aggregates	 than	 in	 the	 case	 of	 lithium	 (strongly	 solvated).	 Variations	 in	 the	
micelle	morphology	thus	reflect	the	trends	in	the	CMCs,	and	suggests	that	choline	chloride:urea	is	
not	 a	 good	 solvent	 for	 small	 inorganic	 cations,	 leading	 to	 greater	 counterion	 binding	 on	 the	
micelles	than	observed	in	water.	In	the	case	of	surfactants	in	aqueous	solution	the	solvated	size	of	
the	counterion	plays	a	role	in	micellisation,	contributing	to	both	the	structure	of	the	micelles	and	
the	 interaction	between	 them.	We	propose	 that	 this	 same	mechanism	 is	 at	work	 in	 the	 case	of	
micellisation	 in	 choline	 chloride:urea	DES,	where	 the	 variation	 in	micelle	 elongation	 correlates	
with	 the	 ion-pair	 formation,	as	previously	reported	 for	alkylsulfate	amphiphiles.56,	63	Similar	 ion	
binding	strengths	are	seen	in	aqueous	solutions	of	analogous	systems,22,	48,	56	although	elongated	
micelles	 are	 generally	 only	 found	 for	 dodecylsulfate	 anions	 in	 the	 presence	 of	 added	 salts,53	
suggesting	the	extent	of	counterion	binding	to	the	micelles	is	greater	in	choline	chloride:urea	than	
in	water.		

Similarly,	 the	 ability	 of	 the	 solvent	 to	 solvate	 the	 various	 organic	 counterions	 controls	 the	
adsorption	of	these	species	onto	the	micelle	interface.	This	factor	is	intrinsically	dependent	upon	
the	presence	of	lyophobic	moieties	in	the	counterion.	BmimDS	in	choline	chloride:urea	has	been	
shown	 to	 form	 more	 elongated	 micelles	 than	 EmimDS	 micelles,	 suggesting	 that	 the	 Bmim+	
counterion	has	more	affinity	to	stay	in	the	Stern	layer	than	Emim+	and	therefore	provide	a	more	
efficient	 charge	 screening.	 This	 behaviour	 has	 been	 previously	 reported	 for	 the	 aggregation	 of	
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SDS	 in	 aqueous	 solutions	 containing	 ionic	 liquids,	 where	 longer	 lyophobic	 moieties	 on	 the	
imidazolium	cation	promote	the	growth	of	 the	micelles	by	acting	as	co-surfactants	which	 insert	
into	the	micelle	and	alter	the	average	headgroup	area	and	tail	arrangement.59,	64,	65	Similarly,	the	
lyophobicity	of	the	alkylmethylimidazolium	cation	has	been	also	correlated	to	the	interaction	of	
those	with	proteins	in	hydrated	ionic	liquids.66	Thus	in	the	case	of	organic	counterions,	not	only	
the	charge	neutralisation	plays	a	role	 in	 the	micellisation	 in	choline	chloride:urea	DES,	but	also	
the	 lyophobicity	 of	 such	 counterions.64	 Furthermore,	 the	 validity	 of	 the	Hofmeister	 series	 have	
been	explored	in	ionic	liquids,	and	it	is	suggested	that	Hofmeister	series	may	be	a	good	frame	to	
explore	 ion-affinity	 in	 these	 solvents.67,	 68	 However	 those	 investigations	 also	 remark	 the	 high	
complexity	of	the	ionic	environment	in	these	novel	solvents,	and	further	study	needs	to	be	done	
to	provide	a	unifying	Hofmeister	theory	that	satisfies	water	and	ionic	solvents.66,	67	Similarly,	the	
behaviour	in	DES	appears	to	be	complex	and,	although	the	same	underlying	mechanism	seems	to	
be	 at	 work	 here,	 further	 investigations	 will	 be	 needed	 to	 validate	 the	 applicability	 of	 the	
Hofmeister	series	to	the	behaviour	of	macromolecules	in	DES.	

The	 micellisation	 of	 ChDS	 is	 particularly	 interesting	 because	 it	 demonstrates	 that	 choline	
counterions	also	bind	to	the	micelle	headgroup.	Again,	the	micellisation	in	choline	chloride:urea	is	
characterised	by	the	low	interfacial	charge	density	and	the	formation	of	elongated	micelles.	This	
suggests	 that	 in	 the	 presence	 of	 a	 certain	 concentration	 of	 dissociated	 choline	 in	 any	 system,	
choline	is	adsorbed	to	the	micelle	interface,	whether	it	is	either	the	native	surfactant	counterion	
or	 from	 the	 solvent.	 In	 this	 scenario,	 the	micellisation	 of	 other	 dodecylsulfate	 surfactants	 (e.g.	
LiDS	 or	 CsDS)	 will	 be	 affected	 by	 a	 competition	 between	 dissociated	 choline	 cations	 from	 the	
solvent	and	the	native	counterion	of	the	surfactant.	In	fact,	previous	investigations	hypothesised	
that	 choline	may	 be	 partially	 adsorbed	 to	 the	 surfactant	 headgroups	 and	 participate,	 together	
with	sodium	counterions,	in	the	micellisation	of	SDS	in	choline	chloride:urea.19	

Intermicellar	interactions	

As	 found	 in	 aqueous	 solution,	 increasing	 surfactant	 concentration	 leads	 to	 micelle-micelle	
correlations	 that	 begin	 to	 affect	 the	 scattering.18	 A	 high	 surfactant	 concentration	 in	 choline	
chloride:urea	has	been	found	to	require	the	application	of	a	model	that	accounts	for	a	structure	
factor	contribution.	The	formation	of	elongated	micelles	at	such	concentrations	is	still	observed,	
although	the	results	show	a	reversion	in	the	micelle	growth	above	a	critical	concentration,	with	
the	 formation	of	 shorter	micelles.	 This	 decrease	 is	 correlated	with	 an	 increase	 in	 the	 structure	
factor	 volume	 fraction.	 The	 reversion	 in	 the	micelle	 growth	with	 concentration	was	 previously	
hypothesised	to	arise	from	the	limited	amount	of	choline	available	to	adsorb	at	the	interface	and	
the	 depletion	 of	 counterion	 in	 the	 Stern	 layer.19	 Although	 at	 this	 stage	 we	 show	 that	 such	
behaviour	 is	 also	 counterion-dependent	 (showing	more	 elongated	micelles	 in	 the	 case	 of	 CsDS	
than	for	LiDS	or	Mg1/2DS	at	comparable	micelle	volume	fractions),	 the	underlying	mechanism	is	
still	not	well	understood.	

Counterion	solvation	and	micelle	morphology	

Dodecylsulfate	surfactants	are	commonly	known	to	 form	strongly	repulsive	globular	micelles	 in	
pure	 water	 due	 to	 the	 counterion	 depletion	 at	 the	 interface	 and	 the	 resulting	 high	 charge-
density.36,	 69	 We	 show	 that	 choline	 chloride-based	 DES	 micelles	 appear	 to	 be	 more	 elongated,	
particularly	 in	 choline	 chloride:urea,	 and	 the	 intermicellar	 interactions	 are	 largely	 diminished.	
These	 results	 can	be	 again	 interpreted	as	 a	different	 interaction	between	 the	headgroup	of	 the	
surfactant	 and	 the	 cations	 present	 in	 the	 system.	 Whereas	 water	 would	 provide	 a	 suitable	
environment	 for	 counterion	 dissociation,	 choline	 chloride:urea	may	 show	 a	 lower	 solubility	 of	
cations	 and	 therefore	 those	 will	 favourably	 be	 allocated	 at	 the	 micelle	 interface.	 Choline	
chloride:glycerol	would	be	an	environment	with	intermediate	counterion	affinity	between	water	
and	the	urea-based	DES,	potentially	driven	by	the	solubility	of	the	cation	in	glycerol.70	This	would	
be	 consistent	 with	 recent	 findings	 from	 Faraone	 et	 al.,	 who	 demonstrated	 that	 the	 dynamic	
nanostructure	 of	 the	 choline	 chloride:glycerol	DES	 is	 strongly	 glycerol-dominated,	with	 choline	
merely	occupying	voids	 in	 the	glycerol	network	 rather	 than	being	defined	by	 choline-hydrogen	
bond	 donor,	 and	 choline-halide	 interactions.71	 Considering	 this	 ability	 to	 solubilise	 more	
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counterions,	 the	 glycerol-based	 DES	 would	 be	 more	 prone	 to	 promote	 the	 depletion	 of	
counterions	 from	 the	micelle	 interface	 than	 the	 urea-based	 solvent.	 Therefore,	micelles	 in	 this	
scenario	 appear	 to	 present	 a	 higher	 charge	 density	 at	 the	 Stern	 layer	 and	 adopt	 globular	
morphologies	instead	of	elongated.	

Conclusions	
We	 have	 shown	 that	 the	 behaviour	 of	 a	 series	 of	 anionic	 dodecylsulfate	 surfactants,	 with	
inorganic	 (lithium,	 caesium	 and	 magnesium)	 and	 organic	 (butylmethylimidazolium,	
ethylmethylimidazolium	 and	 choline)	 counterions,	 varies	 considerably	 between	 choline	
chloride:urea,	 choline	 chloride:glycerol	 and	 water.	 The	 general	 trend	 of	 the	 amphiphiles	
investigated	here	shows	that	the	CMCs	in	both	DES	are	below	those	in	water.	Since	the	polarity	of	
the	eutectic	mixtures	is	lower	than	that	of	water,43	the	surfactant	CMCs	would	be	expected	to	be	
higher	in	DES.	However,	our	results	show	otherwise	and	therefore	the	surfactant	monomers	are	
less	 soluble	 in	 DES	 than	 in	 water.	 This	 indicates	 that	 cations	 are	 more	 tightly	 bound	 to	 the	
headgroup	 in	 these	 DES	 than	 in	water,	 where	 the	 strongest	 ion-ion	 interaction	 appears	 in	 the	
urea-based	system.	

These	 results	 also	 correlate	 with	 the	 observations	 in	 micellar	 structure	 and	 intermicellar	
interactions.	The	aggregation	of	those	surfactants	in	the	bulk	phase	is	presented	for	both	eutectic	
solvents.	 Micelle	 morphology	 is	 affected	 by	 the	 surfactant	 counterion	 and	 solvent.	 Whereas	
dodecylsulfate	micelles	 in	 choline	 chloride	 glycerol	 are	 globular,	 urea-based	 DES	 supports	 the	
formation	of	weakly	interacting,	elongated	micelles.	Variations	on	aggregate	morphology	are	also	
found	 with	 varying	 the	 native	 counterion	 of	 surfactant,	 where	 those	 results	 have	 been	
rationalised	through	the	interaction	of	the	headgroup	with	charged	counterparts	at	the	solvation	
shell.	

The	 results	 presented	 here	 demonstrate	 the	 existence	 of	 specific	 charge-based	 interactions	 in	
DES.	 As	 in	 aqueous	 solution,	weakly-solvated	 ions	 are	more	 prone	 to	 interaction	with	weakly-
solvated	 counterparts,	 and	 vice	 versa,	 and	 DES	 interestingly	 show	 a	 similar	 behaviour	 in	 the	
present	case	of	the	surfactant	aggregation.	Overall,	the	conclusions	of	this	study	are	applicable	to	
a	 general	 theory	 on	 the	 behaviour	 of	 surfactants	 and	 proteins	 in	DES,	where	 ion	 condensation	
effects	constitute	a	valid	framework	for	understanding	the	behaviour	of	macromolecules	in	these	
exotic	environments.	
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Chapter 7 
 
 
 
 

7 Into the complexity of zwitterionic surfactants 
Zwitterionic species are ubiquitous in nature and technology. From cell 

membranes to DNA subunits, they are of hugely importance in biological structures and 
processes. Also, zwitterionic amphiphiles are used in a vast variety of industrial 
processes, for example in detergents or in the solubilisation of biological species and drug 
release.226, 227 Zwitterionic surfactants are characterised by the presence of both a positive 
and negative charge in the lyophobic group of the amphiphile.42, 43, 227, 228 Unlike simple 
ionic surfactants, they are not accompanied by counterions and, therefore, the solubility of 
these amphiphiles is not constrained by the counterion dissociation. These surfactants 
form micelles that are relatively stable over a wide pH, temperature and salt concentration 
range, and they are commonly regarded as biocompatible amphiphiles. However these 
systems, due to the amphoteric character of the headgroup, present complex fundamental 
behaviour. Although they are electrically neutral in the long-range, they undergo 
electrostatic interactions with salts in solution.64, 229, 230, 231 Traditionally these amphiphiles 
have been investigated in monolayers at interfaces (e.g. air-liquid interface), deposited 
bilayers or self-assembled structures in the bulk phase (e.g. bilayers, vesicles).61, 232 The 
most commonly investigated zwitterionic amphiphiles are the phosphocholine based 
dichain species found in natural cell membranes. Investigations in surfactant synthesis 
have developed alternatives that involve using single chain surfactants instead the natural 
dichain lipids. These simpler models mimic some features of the natural systems, such as 
the charge behaviour at the surfactant headgroup.43, 226, 227, 228 Other zwitterionic 
amphiphiles include betaines and sulfobetaines.42, 233 In addition, these surfactants can 
also be exploited in the solubilisation of macromolecules, drug delivery and biosensors, 
among other technologies.231, 234, 235, 236 Therefore zwitterionic surfactants are of great 
importance in both science and technology. 

We previously explored the micellisation of simple ionic surfactants in various deep 
eutectic solvents, showing particular characteristics for each of the systems. Chapter 7 is 
focused on the behaviour of two types of single-chain zwitterionic surfactants in choline 
chloride:glycerol: phosphocholine and sulfobetaine surfactants. Phosphocholine 
surfactants have similar headgroups to the phospholipids commonly found in cell 
membranes. These present a phosphate anionic group attached to the lyophobic tail and, 
attached by a short hydrocarbon-linker, a positively charged choline moiety containing a 
positively charged quaternary ammonium group. Sulfobetaine surfactants present an inner 
quaternary, positively charged ammonium group, linked to an outer sulfonate group by a 
hydrocarbon linker. As can be observed, those headgroups present an opposite charge 
distribution at the headgroup, which may influence the physicochemical characteristics of 
the amphiphile. 
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7.1 Paper 6: Micellisation of zwitterionic surfactants in 
choline chloride:glycerol 

The surface behaviour and micellisation of different zwitterionic surfactants in 
choline chloride:glycerol is explored in this chapter. Different surfactants (N-
dodecylphosphocholine and 3-(N,N-alkyldimethylammonio)-propanesulfonate) were 
investigated. The influence of the headgroup upon the behaviour of the surfactant was 
evaluated through comparing differences between C12-phosphocholine and C12-
sulfobetaine. The effect of the tail length was investigated for sulfobetaine surfactants (C12 
and C14). Furthermore, mixtures of the C12 surfactants were studied. The CMC of these 
systems was determined through surface tension measurements. The interfacial 
behaviour of these systems was subsequently evaluated for the C12-phosphocholine and 
C12-sulfobetaine and their mixtures by means of X-ray reflectivity. Finally, the formation of 
micelles was probed using small-angle neutron scattering for all of the systems mentioned 
above. 

The contents of this chapter are presented as a manuscript that has not been yet 
published. The Electronic Supporting Information to this paper is presented in the 
Appendix. 
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Self-assembly	and	surface	behaviour	of	pure	and	mixed	zwitterionic	amphiphiles	in	
a	deep	eutectic	solvent	

A.	Sanchez-Fernandez,a,b	G.L.	Moody,a	L.C.	Murfin,a	T.	Arnold,a,b,c	A.J.	 Jackson,b,d	S.M.	King,e	
S.E.	Lewisa	and	K.J.	Edlera	
aDepartment	of	Chemistry,	University	of	Bath,	Claverton	Down,	Bath,	BA2	7AY,	UK.	
bEuropean	Spallation	Source,	SE-221	00,	Lund,	Sweden.	
cDiamond	Light	Source,	Harwell	Campus,	Didcot	OX11	0DE,	UK.	
dDepartment	of	Physical	Chemistry,	Lund	University,	SE-221	00,	Lund,	Sweden.	

eISIS	Pulsed	Neutron	&	Muon	Source,	Harwell	Campus,	Didcot	OX11	0QX,	UK.	

A.S.-F.,	G.L.M.	and	L.M.	have	equally	contributed	to	the	work	presented	here.	

Recent	 investigations	 have	 shown	 that	 deep	 eutectic	 solvents	 provide	 a	 suitable	
environment	for	self-organisation	of	biomolecules,	in	particular	phospholipids	and	
proteins.	 However,	 the	 solvation	 of	 complex	 lyophilic	 moieties	 by	 deep	 eutectic	
solvents	 still	 remains	 unclear.	 Here	 we	 explore	 the	 behaviour	 of	 zwitterionic	
surfactants	 in	 choline	 chloride:glycerol	 eutectic	 mixture.	 Dodecyl-2-
(trimethylammonio)ethylphosphate	 and	 N-alkyl-N,N-dimethyl-3-ammonio-1-
propanesulfonate	 (alkyl=dodecyl,	 tetradecyl)	 surfactants	 were	 investigated	 by	
means	 of	 surface	 tension,	 X-Ray	 reflectivity	 and	 small-angle	 neutron	 scattering.	
These	surfactants	were	found	to	remain	surface	active	and	form	globular	micelles	in	
deep	 eutectic	 solvents.	 Still,	 the	 surface	 behaviour	 of	 these	 species	 was	 found	 to	
differ	 depending	 on	 the	 headgroup	 and	 tail	 structure.	 The	 morphology	 of	 the	
micelles	also	slightly	varies	between	surfactants,	demonstrating	differences	 in	 the	
packing	 of	 individual	 monomers.	 The	 characteristics	 of	 mixtures	 of	 the	 dodecyl	
surfactants	is	also	reported,	showing	a	deviation	from	ideal	mixing	associated	with	
attractive	interactions	between	sulfobetaine	and	phosphocholine	headgroups.	Such	
non-ideality	results	in	variation	of	the	surface	behaviour	and	self-assembly	of	these	
surfactant	 mixtures.	 The	 results	 presented	 here	 will	 potentially	 lead	 to	 the	
development	 of	 new	 alternatives	 for	 drug-delivery,	 protein	 solubilisation	 and	
biosensing	 through	 a	 better	 fundamental	 understanding	 of	 the	 behaviour	 of	
zwitterionic	surfactants	in	deep	eutectic	solvents.	

Introduction	

Deep	 eutectic	 solvents	 (DES)	 have	 emerged	 as	 an	 alternative	 to	 traditional	 solvents	 in	
many	 applications.1,	 2	 DES	 are	 green	 solvents	 obtained	 through	 the	 complexation	 of	
naturally	occurring	salts	with	compounds,	such	as	sugar,	alcohols,	amines	and	carboxylic	
acids,	 among	 others.1,	3-5	 Furthermore	 through	 different	 combinations	 of	 precursors	 the	
properties	 of	 the	 solvent	 can	 be	 tailored,1	 potentially	 providing	 sustainable	 solvents	
tailored	 for	 particular	 applications.	 Understanding	 the	 microscopic	 structure	 of	 the	
solvent	 and	 dynamics	 represents	 an	 essential	 step	 to	 predict	 and	 understand	 the	
macroscopic	 behaviour	 of	 the	 solvent,	 and	 this	 is	 the	 subject	 of	 considerable	 recent	
effort.6-9	 Such	 investigations	 have	 shown	 that	 an	 extensive	 hydrogen	 bond	 interaction	
between	 the	DES	precursors	 is	 responsible	of	 the	 formation	and	 stability	of	 the	 solvent.	
Thus,	DES	provides	a	H-bonding	environment	analogous	to	that	in	water.	

These	solvents	have	been	suggested	as	a	non-aqueous	environment	where	biomolecules	
may	retain	partial	or	total	activity,2,	10,	11	presumably	due	to	the	existence	of	such	hydrogen	
bond	network	 in	DES.	The	 investigation	of	biomolecules	and	bioprocesses	 involving	DES	
has	 recently	 experienced	 a	 major	 upsurge,	 with	 relevant	 studies	 published	 on	 vesicle	
formation,	 phospholipid	 bilayers,	 DNA	 structuring	 and	 protein	 conformation	 and	
activity.12-20	

Zwitterionic	surfactants	are	molecules	that	contain	both	positively	and	negatively	charged	
chemical	 groups	 within	 their	 headgroup	 structure.	 Such	 moieties	 are	 ubiquitous	 in	
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biological	 systems,	 from	 proteins	 to	 phospholipid	 membranes.	 Naturally	 occurring	 di-
chain	phospholipids	are	the	main	components	of	cell	membranes.	As	such,	these	are	often	
used	 in	 simplified	 model	 systems	 such	 as	 phospholipid	 monolayers	 or	 bilayers,	 to	
investigate	the	properties	of	highly	complex	biological	membranes.21,	22	It	 is	also	possible	
to	synthesise	zwitterionic	surfactants	with	single	chain	architectures	and	such	molecules	
may	 open	 up	 new	 possibilities	 for	 applications	 in	 drug	 delivery,	 biosensors,	 protein	
stabilisation	or	those	that	require	high	degrees	of	biocompatibility.23-25	

In	 this	 work	 we	 have	 investigated	 two	 classes	 of	 single	 chain	 zwitterionic	 surfactants;	
phosphocholine	 and	 sulfobetaine	 surfactants.	 The	 behaviour	 of	 these	 molecules	 is	
relatively	 well	 understood	 in	 water	 and	 as	 such	 they	 are	 good	 model	 systems	 to	
understand	 the	 effects	 of	 the	 DES	 solvent.	 Zwitterionic	 surfactants	 generally	 show	 high	
solubility	in	water,	broad	isoelectric	ranges,	and	high	resistance	to	changes	in	the	pH	and	
ionic	strength	of	the	media,26,	27	and	the	surfactants	studied	here	have	been	shown	to	form	
micelles	in	water.27-30	

DES	have	been	recently	demonstrated	to	support	surfactant	self-assembly	of	cationic	and	
anionic	surfactants,31-33	as	well	as	the	formation	of	thermodynamically	stable	phospholipid	
vesicles.12,	19	 Such	 investigations	 provide	 new	 alternatives	 for	 applications	 in	 surfactant	
templating	 of	 nanostructured	 materials,	 formulations	 and	 drug	 delivery.	 However,	 the	
solvation	of	surfactants	in	DES	is	not	yet	fully	understood.	Our	hope	is	that	this	study	will	
add	to	this	growing	body	of	evidence	to	open	new	prospects	in	tailorable	self-assembled	
systems.	Here	we	examine	three	different	zwitterionic	surfactants	in	the	1:2	DES	choline	
chloride:glycerol.	 These	 are	 dodecyl-2-(trimethylammonio)ethylphosphate	 (C12-PC),	 N-
dodecyl-N,N-dimethyl-3-ammonio-1-propanesulfonate	 (SB3-12)	 and	 N-tetradecyl-N,N-
dimethyl-3-ammonio-1-propanesulfonate	 (SB3-14).	 The	 structure	 of	 these	 surfactants	 is	
presented	in	Fig.	1.	Note	that	these	two	headgroup	types	have	the	opposite	orientation	of	
charge	 separation	 relative	 to	 the	 alkyl	 tail.	 They	have	been	 studied	by	means	of	 surface	
tension,	X-Ray	reflectivity	(XRR)	and	small-angle	neutron	scattering	(SANS).	Furthermore,	
mixtures	of	C12-PC	and	SB3-12	surfactants	were	studied	at	different	molar	ratios	in	order	
to	explore	whether	the	relative	interactions	between	the	ionic	headgroups	synergistically	
influence	aggregate	behaviour.34	

	
Fig.	1	Molecular	structures	of	C12-PC,	SB3-12	and	SB3-14	surfactants.	

Experimental	

Materials	

Choline	chloride	(>98%,	Sigma,	h-ChCl)	and	glycerol	(>99%,	Sigma,	h-Glyc)	were	mixed	in	
a	 1:2	 molar	 ratio	 at	 80	 ˚C	 on	 a	 hotplate	 until	 a	 transparent,	 homogeneous	 liquid	 was	
obtained.	The	deuterated	version	of	the	DES	was	prepared	following	the	same	procedure	
as	above	with	d9-choline	chloride	(99	%,	99.9	%D,	d-ChCl,	Cambridge	Isotope	Laboratory)	
and	 d8-glycerol	 (98	 %,	 99	 %D,	 d-Glyc,	 Cambridge	 Isotope	 Laboratory).	 Solvents	 were	
equilibrated	at	40	˚C	for	24	hours.	In	an	attempt	to	control	and	minimise	the	water	content	
in	the	systems,	solvents	were	freeze-dried	prior	to	surfactant	solution	preparation,	sealed	
and	stored	under	a	dry	atmosphere.	The	purity	of	the	solvents	was	checked	through	NMR	
and	 Karl–Fischer	 titration	 (Mettler	 Toledo	 DL32	 Karl–Fischer	 Coulometer	 Aquiline	
electrolyte	 A	 (Fisher	 Scientific),	 Aqualine	 Catholyte	 CG	A).	Measurements	 on	 aliquots	 of	
pure	 solvent	 stored	 under	 the	 same	 conditions	 as	 the	 samples	 were	 characterized	 and	
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showed	that	the	water	content	of	the	system	was	maintained	below	~3000	ppm	(0.3	wt%)	
during	the	experimental	procedures	presented	here.	

The	 sulfobetaine	 surfactants	 (SB3-12	 and	 SB3-14)	 were	 synthesised	 following	 the	
procedure	 from	 Qu	 et.	 al.28	 After	 synthesis	 the	 surfactants	 were	 purified	 via	
recrystallization	with	hot	methanol/acetone.	The	purity	of	the	final	products	was	assessed	
by	1H	NMR,	13C	NMR	and	High	Resolution	Mass	Spectrometry.	A	detailed	description	of	the	
synthesis	 procedure	 and	 the	 results	 from	 the	 characterisation	 of	 the	 final	 products	 are	
included	in	the	ESI.	Dodecyl-2-(trimethylammonio)ethylphosphate	(>99	%)	was	supplied	
by	Glycon	Biochemicals	GmbH	and	used	without	further	purification.	

Methods	

Surface	tension	

Surface	 tension	was	 determined	 using	 the	 drop	 shape	 analysis	method.	 Surface	 tension	
measurements	were	carried	on	a	Krüss	Drop-Shape	Analyser	(DSA-100)	at	Diamond	Light	
Source,	 UK.	 The	 samples	 were	 equilibrated	 in	 the	 oven	 at	 60	˚C	 prior	 to	measurement.	
Drops	of	different	surfactant	concentrations	were	suspended	using	a	needle	and	allowed	
to	equilibrate.	Pictures	of	various	drops	were	taken	and	the	contours	of	these	were	fitted	
using	 the	 Young-Laplace	 equation.	 The	 interfacial	 tension	 between	 air	 and	 the	 solution	
was	calculated	from	those	fits.	Each	concentration	of	surfactant	was	measured	at	least	five	
times	and	the	 final	value	of	surface	tension	was	obtained	as	 the	average	of	 those	values.	
The	temperature	could	not	be	controlled,	however,	although	this	may	have	an	effect	upon	
the	measurements	 taken,	 our	 results	were	 shown	 to	be	 self-consistent	 throughout	 all	 of	
the	measurements.	

Samples	 for	 surface	 tension	 measurements	 were	 prepared	 by	 dilution	 of	 high	
concentration	stock	solutions.	These	stock	solutions	were	prepared	by	direct	mixing	each	
surfactant	with	DES	and	subsequently	diluted	using	pure	solvent	in	order	to	obtain	lower	
concentrations,	 minimising	 the	 variability	 between	 samples.	 Surfactant	 mixtures	 were	
prepared	at	different	 surfactant	molar	 ratios	 following	 the	same	procedure,	C12-PC/SB3-
12:	0.2/0.8,	0.35/0.65,	0.5/0.5,	0.65/0.35	and	0.8/0.2.	

X-Ray	reflectivity	

The	behaviour	of	the	surfactants	at	the	air-DES	interface	was	characterised	by	means	of	X-
ray	 reflectivity	 (XRR).	 Experimental	 data	 were	 taken	 on	 I07	 beamline	 at	 the	 Diamond	
Light	Source,	UK.35	The	experiment	was	performed	at	a	12.5	keV	photon	energy	using	the	
double-crystal-deflector	system	to	deflect	the	incoming	beam	and	enable	the	investigation	
of	interfaces	by	varying	the	incoming	angle.35	The	reflected	intensity	was	measured	using	
a	Pilatus	100k	detector	with	one	“region-of-interest”	(ROI)	for	the	reflected	intensity	and	
another	ROI	of	the	same	size	displaced	vertically	for	the	background.	Scattering	data	were	
collected	 over	 4	 different	 attenuation	 regimes	 to	 cover	 the	 wide	 dynamic	 range	 of	 a	
reflectivity	 curve	 over	 a	 momentum	 transfer	 (q)	 range	 of	 0.01	 to	 072	 Å-1.	 Data	 were	
reduced	and	normalised	accounting	 for	 the	 incident	 flux,	 attenuation	 factors,	 a	 footprint	
over-illumination	correction	and	a	background	subtraction	using	the	standard	procedures	
of	the	beamline.35	Samples	were	placed	in	a	temperature-controlled	PTFE	trough,	volume	
30	 ml,	 under	 a	 dry	 helium	 atmosphere	 and	 the	 temperature	 was	 maintained	 at	 50	 ˚C	
during	sample	equilibration	(at	least	1	hour)	and	data	collection.	

Samples	for	reflectivity	measurements	of	pure	surfactants	and	surfactant	mixtures	in	DES	
were	 prepared	 at	 the	 CMC	 of	 each	 system.	 Pure	 hydrogenous	 surfactant	 powders	 or	
homogenous	 mixtures	 of	 surfactants	 were	 mixed	 with	 hydrogenous	 solvent	 and	
subsequently	equilibrated	for	24	hours	at	50	˚C	before	measurement.		

XRR	data	were	fitted	using	the	Abelés	formalism	implemented	in	Motofit.36,	37	This	method,	
also	known	as	the	Dynamic	Approximation,	uses	classical	optics	to	simulate	the	reflectivity	
pattern	 from	 a	 given	 electron	 density	 profile.	 A	 two-layer	 plus	 subphase	 geometry	was	
found	 as	 the	 simplest	model	 that	 allowed	 fitting	 of	 the	 data	 from	 pure	 phosphocholine	
surfactant	 solutions,	 whereas	 one	 layer	 was	 enough	 to	 satisfactorily	 fit	 data	 from	 pure	
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sulfobetaine	solutions.	Whilst	the	use	of	a	one-layer	model	for	the	sulfobetaine	systems	in	
water	has	been	previously	validated,38	here,	data	have	been	fitted	using	the	two-layer	plus	
subphase	model	 in	 order	 to	make	 the	 results	 from	all	 of	 the	 systems	presented	directly	
comparable.	 The	 model	 uses	 a	 layer	 to	 describe	 the	 “air-solvated”	 tail-region	 of	 the	
surfactant	and	a	headgroup	 layer	containing	a	certain	amount	of	DES.	An	 infinitely	 thick	
subphase	is	used	to	describe	the	solvent.	The	parameters	used	to	describe	the	layers	are:	
thickness	 (t),	 scattering	 length	 density	 of	 the	 layer	 (SLD)	 and	 roughness	 (σ),	where	 the	
subscripts	s,	t	and	h	stand	for	solvent,	tails	and	headgroup	layers	respectively.	The	SLDs	of	
the	headgroup	and	tail	of	each	surfactant	were	calculated	by	accounting	for	the	scattering	
length	 of	 each	 group	 and	 the	 volume	 it	 occupies	 (See	 ESI	 for	 further	 details).	 The	 SLDs	
used	 in	 the	model	 therefore	account	 for	 the	amount	of	surfactant	 in	each	 layer,	allowing	
calculation	of	the	volume	fraction	of	each	component	in	the	layer:	volume	fraction	of	tails	
(ϕt)	 in	 the	 tail	 layer,	 and	 volume	 fraction	 of	 headgroups	 (ϕh)	 and	 solvent	 (ϕs)	 in	 the	
headgroup	 layer.	The	subphase	 is	described	by	 the	SLD	(SLDs)	and	 the	roughness	of	 the	
solvent	 (σs).	 A	 background	 term	 is	 used	 to	 account	 for	 the	 residual	 background	 that	
remains	after	data	subtraction.	

To	be	physically	realistic,	 the	model	 is	constrained	 to	ensure	 that	surface	excess	of	both	
layers	is	the	same,	i.e.	the	two	layers	contain	the	same	number	of	headgroups	and	tails.39	
This	has	been	done	through	the	introduction	of	the	following	mathematical	constraint.	
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where	 b	 refers	 to	 the	 scattering	 length	 of	 either	 the	 tails	 or	 the	 head,	 and	 ϕs	 is	 the	
fractional	 solvent	 volume	 in	 the	head	 layer.	 The	 surfactant	 area	per	molecule	 (APM,	 Å2)	
and	 surface	 excess	 concentration	 (ΓS)	were	 subsequently	 calculated	 using	 the	 following	
equations:	
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where	NA	is	Avogadro’s	number.	

Small-angle	neutron	scattering	

SANS	 measurements	 were	 performed	 on	 the	 LOQ	 diffractometer	 at	 the	 ISIS	 Pulsed	
Neutron	and	Muon	Facility,	UK.40	LOQ	is	a	time-of-flight	instrument	with	fixed	sample-to-
detector	distances	of	0.5	m	and	4	m.	A	“white”	neutron	beam	of	wavelength	2.2	≤	λ	≤	10.0	
Å	 was	 used	 during	 the	 experiment,	 providing	 a	 simultaneous	 q-range	 of	 0.007	 -	 1	 Å-1.	
Samples	were	 loaded	 in	1	mm	path	 length,	1	cm	width,	quartz	cells	 (Hellma	GmbH)	and	
placed	 in	 an	 automated	 temperature	 controlled	 sample	 changer	 for	 measurement.	 The	
temperature	 was	 kept	 at	 50	 ˚C	 throughout	 the	 measurements,	 in	 order	 to	 maintain	
samples	equilibrated	and	above	the	Kraft	temperature	of	the	surfactants.		

The	 data	 collected	 were	 reduced	 to	 absolute	 units	 (I(q),	 cm-1	 vs	 q,	 Å-1)	 following	 the	
standard	 procedures	 on	 the	 instrument	 using	 the	 Mantid	 framework.41,	 42	 Data	 were	
corrected	 for	 detector	 efficiency,	 background	 noise,	 sample	 transmission	 and	 the	
scattering	from	an	empty	cell,	after	which	the	intensity	was	place	on	an	absolute	scale	by	
reference	 to	 the	 scattering	 from	 a	 partially-deuterated	 polystyrene	 blend	 of	 known	
molecular	 weight.	 The	 contribution	 from	 the	 solvent	 was	 then	 subtracted	 from	 each	
sample	accounting	for	the	 incoherent	contribution	using	SasView	4.1.,	using	a	procedure	
previously	described.43		

Samples	 of	 the	 pure	 surfactants	 for	 SANS	 were	 prepared	 at	 various	 surfactant	
concentrations	 above	 the	 CMC	 at	 three	 different	 contrasts:	 h-surfactant	 in	 d-choline	
chloride:d-glycerol,	h-surfactant	 in	h-choline	chloride:d-glycerol	and	h-surfactant	 in	h/d-
choline	 chloride:h/d-glycerol	 (0.38	 h-choline	 chloride/0.62	 d-choline	 chloride;	 0.56	 h-
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glycerol/0.44	 d-glycerol	 molar	 ratios).	 Equivalent	 mole	 fractions	 of	 each	 system	 were	
prepared	for	the	three	surfactants	(C12-PC,	SB3-12	and	SB3-14)	by	mixing	each	protonated	
surfactant	with	the	solvent.	Samples	of	surfactant	mixtures	were	prepared	at	one	contrast	
following	 the	 same	 procedure.	 A	 homogeneous	 powder	 mixture	 of	 the	 protonated	
surfactants	was	mixed	with	d-choline	chloride:d-glycerol,	at	two	different	concentrations	
and	at	the	aforementioned	surfactant	ratios.	

A	 systematic	 procedure	 was	 used	 to	 analyse	 the	 data	 presented	 here.	 Data	 from	 pure	
surfactant	 systems	were	 simultaneously	 fitted	 to	 all	 three	 contrasts,	whereas	 the	 single	
contrast	 surfactant	 mixture	 data	 was	 fitted	 individually.	 Three	 models	 were	 initially	
compared	 using	 the	 Chi	Square	goodness-of-fit	 parameter	 in	 order	 to	 evaluate	 the	 best	
option	 to	 fit	 the	 intramicellar	 contribution	 to	 the	 scattering	 data:	 monodisperse	 and	
polydisperse	homogeneous	spheres,	and	monodisperse	homogeneous	ellipsoids	models.44	
The	results	from	all	three	models	are	compared	for	one	of	the	systems	(h-C12-PC	in	1:2	d-
choline	chloride:d-glycerol)	in	the	ESI.	The	ellipsoid	model	was	shown	to	provide	the	best	
fits	to	the	data	and	therefore	used	for	the	detailed	analysis	of	the	data.	This	model	uses	the	
following	 parameters:	 equatorial	 radius	 or	 radius	 of	 rotation	 (req),	 aspect	 ratio	 (AR	 =	
rpo/req,	where	rpo	 is	the	polar	radius	of	the	scatterer),	volume	fraction	of	scatterers	(ϕP(q))	
and	 SLD	 of	 the	 solvent	 and	 the	 surfactants.44	 The	 radius	 of	 gyration	 of	 the	 ellipsoidal	
scatterers	was	calculated	as	follows:	

!! =
!!"! + !!"!

2 	

The	 SLD	 of	 the	 solvent	 was	 derived	 from	 the	 results	 obtained	 from	 reflectivity	
measurements.	 In	 terms	of	 surfactant	SLDs,	 the	 contribution	of	 the	headgroup	region	 to	
the	 scattering	 will	 be	 considerably	 reduced	 due	 to	 solvation.	 Thus	 the	 limited	 contrast	
between	 the	 solvent	 and	 the	 headgroups	 did	 not	 permit	 a	 more	 detailed	 model	 of	 the	
micelle	(e.g.	core-shell	structure)	and	so	the	SLD	of	the	micelle	was	considered	to	be	that	
of	 the	 surfactant	 tails.	 A	 full	 record	 of	 these	 values	 is	 included	 in	 the	 ESI.	 No	 size	
polydispersity	was	included	in	the	model-fitting.	The	reasons	for	this	are	discussed	later.	

In	order	to	account	for	any	interaction	between	the	micelles,	a	structure	factor	based	on	a	
rescaled	Percus-Yevick	approximation	was	used.	The	suitability	of	 this	model	 to	account	
for	the	intermicellar	scattering	in	DES	has	been	previously	discussed.32,	33,	45	This	approach	
modifies	 the	 original	 Hard-Sphere	 structure	 factor	 in	 order	 to	 account	 for	 any	 weak	
electrostatic	repulsion	between	anisotropic	interacting	particles.46,	47	The	structure	factor	
model	 is	 built	 using	 two	 parameters:	 the	 volume	 fraction	 of	 interacting	 hard	 spheres	
(ϕS(q))	 and	 the	 radius	 of	 interaction	 (Reff).	 Since	 the	 particles	 slightly	 deviate	 from	
sphericity,	 a	 correction	 for	 the	 radius	 of	 interaction	was	 applied.	 The	 fitting	 procedure	
calculates	 the	Reff	 as	 the	 second	 virial	 coefficient	 of	 the	 particle	 (Reff=(rporeq2)1/3)	 and	 fits	
ϕS(q).33,	48,	49	

The	 SANS	 data	 was	 analysed	 using	 SasView	 4.1.43	 The	 model-fitting	 optimisation	 was	
performed	using	a	Levenberg–Marquardt	algorithm	within	a	q-range	between	0.007	and	
0.5	Å-1.	The	models	were	smeared	using	a	Gaussian	distribution	with	a	constant	dq/q	=	5	
%	in	order	to	account	for	the	instrument	resolution.	

Results	

Behaviour	of	pure	surfactants	

Zwitterionic	 surfactants	 were	 found	 to	 dissolve	 and	 remain	 surface	 active	 in	 choline	
chloride:glycerol.	In	all	the	cases,	the	addition	of	surfactant	initially	produces	a	decrease	of	
the	 surface	 tension	 of	 the	 system,	 indicative	 of	 the	 adsorption	 of	 surfactant	 at	 the	
interface.	 Above	 a	 certain	 concentration,	 the	 surface	 of	 the	 liquid	 is	 saturated	 with	
surfactant	and	 further	reduction	of	 the	surface	 tension	 is	not	observed.	This	point	 is	 the	
critical	micelle	concentration	 (CMC)	and	correlates	with	 the	 formation	of	micelles	 in	 the	
continuous	phase.	The	CMC	of	 the	pure	surfactant	systems	(C12-PC,	SB3-12	and	SB3-14),	
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the	limiting	surface	tension	at	the	CMC	(γCMC)	and	surface	pressure	at	the	CMC	(π=γ0-γCMC)	
are	presented	in	Table	1.	The	surface	tension	of	pure	DES	(γ0=62.9±0.4	mN	m-1)	and	water	
(72.4±0.2	 mN	 m-1)	 at	 room	 temperature	 were	 measured	 as	 controls	 and	 found	 to	 be	
consistent	with	our	previous	measurements.33	
Table	 1	 CMC,	 limiting	 surface	 tension	 and	 surface	 pressure	 at	 the	 CMC	 for	 zwitterionic	 surfactants	 in	 1:2	
choline	 chloride:glycerol.	 The	 values	 for	 those	 surfactants	 in	water	 are	 presented	 for	 comparison	with	 the	
results	in	DES.	

Surfactant	 CMC	/	mM	 γCMC	/	mN	m-1	 π	/mN	m-1	
DES	 Water	 DES	 Water	 DES	 Water	

C12-PC29	 7.9±0.3	 0.91±0.05	 37.3±0.2	 40.5	 25.6±0.6	 31.9	
SB3-1228	 14±2	 1.61	 36.7±0.5	 32.79	 26.2±1.1	 39.61	
SB3-1428	 2.1	±0.2	 0.377	 35.0±0.2	 31.84	 27.9±0.8	 40.56	

Both	 headgroup	 and	 tail	 structure	 were	 found	 to	 affect	 the	 CMC.	 The	 phosphocholine	
surfactant	shows	a	lower	CMC	(7.9±0.3	mM)	than	its	homologous	C12	sulfobetaine,	SB3-12	
(14±2	 mM).	 In	 the	 case	 of	 sulfobetaines,	 increasing	 the	 number	 of	 carbons	 in	 the	
surfactant	tail	from	12	to	14,	decreases	the	CMC	from	14±2	mM	to	2.1±0.2	mM.	

Interestingly,	 this	 behaviour	 is	 very	 similar	 to	 that	 observed	 in	 water	 for	 the	 same	
surfactants,	 where	 the	 CMC	 of	 C12-PC	 is	 lower	 than	 that	 of	 SB3-12.28,	29	 In	 fact,	 in	 both	
solvents	the	CMC	of	C12-PC	is	about	44	%	lower	than	the	CMC	of	SB3-12.	Nonetheless	the	
absolute	 values	 of	 the	 CMC	 were	 found	 to	 be	 consistently	 lower	 in	 water,	 suggesting	
higher	monomer	solubility	in	DES.	An	increase	in	the	CMC	was	previously	observed	with	
the	addition	of	ethylene	glycol	 to	 the	aqueous	solutions	of	 sulfobetaines.50	Those	results	
suggest	 that	 the	 solvophobicity	 of	 non-polar	 moieties	 is	 reduced	 by	 the	 presence	 of	
ethylene	 glycol.	 Similarly,	 depression	 of	 the	 solvophobic	 effect	 has	 also	 been	 previously	
suggested	for	cationic	surfactants	in	the	same	DES.33		

The	limiting	surface	tension	in	DES	also	follows	the	same	trend	as	in	water,	although	the	
extent	 of	 variation	 is	 much	 less	 pronounced.	 The	 system	 reaches	 the	 lowest	 value	 of	
surface	tension	at	the	CMC	for	SB3-14	and	the	highest	for	C12-PC	(see	Table	1).	However,	
the	total	variation	for	these	surfactants	in	DES	is	only	2.3	mN	m-1,	as	opposed	to	nearly	8	
mN	m-1	in	water.	Actually,	this	difference	is	most	significant	between	the	PC	surfactant	and	
the	two	SB	surfactants.	This	suggests	that	the	headgroups	are	affected	by	the	solvent	to	a	
different	extent.	

The	structure	of	surface	adsorbed	layers	of	C12-PC	and	SB3-12	surfactants	were	measured	
at	 the	 CMC	 in	 order	 to	 identify	 any	 difference	 in	 the	 behaviour	 of	 these	 species	 at	 the	
interface.	Fig.	2	shows	the	XRR	data	of	a	pure	subphase,	C12-PC	at	its	CMC	and	SB3-12	at	its	
CMC.	The	results	from	the	best	fits	are	included	in	Table	2.	A	complete	record	of	the	fits	is	
included	in	the	ESI.	

A	bare	choline	chloride:glycerol	surface	was	 initially	measured	 in	order	 to	determine	 its	
characteristics.	 The	 values	 obtained	 from	 the	 fits	 are:	 SLDs=10.8×10-6	 Å-2	 and	 surface	
roughness,	 σs=3.3	 Å,	 in	 good	 agreement	 with	 the	 values	 previously	 reported.33	 These	
values	for	the	subphase	were	held	fixed	during	subsequent	data	fitting	from	the	surfactant	
systems.	

The	reflectivity	results	confirm	the	adsorption	of	the	pure	surfactants	to	the	liquid	surface,	
as	both	surfactants	form	a	monolayer	at	the	air-liquid	interface.	C12-PC	was	found	to	form	
a	thicker	monolayer	(15.0±0.3	Å)	than	SB3-12	(12.4±0.4	Å),	at	a	similar	volume	fraction	of	
monomer	within	error.	The	thicknesses	of	the	surfactant	 layers	 in	DES	were	found	to	be	
thinner	than	those	in	water,	where,	at	the	CMC,	a	C12-PC	monolayer	fits	to	a	total	thickness	
of	 20±2	Å	 and	 a	 SB3-12	monolayer	 shows	 a	 total	 thickness	 of	 14±3	Å.29,	51	Whereas	 the	
thickness	of	the	headgroup	layer	in	DES	in	both	cases	is	comparable	to	that	in	water,38,	52	
thicker	monolayers	in	water	may	indicate	the	presence	of	a	stronger	lyophobic	interaction	
in	water	than	in	DES.	
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Fig.	2	(a)	XRR	data	(markers)	presented	as	Reflectivity	×	q4	vs.	q	with	model	fits	(black-dashed	lines)	and	(b)	
SLD	profiles	of	pure	choline	chloride:glycerol	subphase	C12-PC	at	the	CMC		and	SB3-12	at	the	CMC,	adsorbed	on	
choline	 chloride:glycerol	 DES.	 SANS	 data	 (markers)	 and	 best	 fits	 (black-dashed	 lines)	 of	 different	
concentrations	 of	 (c)	 h-C12-PC,	 (d)	 h-SB3-12	 and	 (e)	 h-SB3-14	 in	 d-choline	 chloride:d-glycerol.	 The	
concentration	of	surfactant	is	quoted	below	each	graph.	The	lowest	concentration	of	SB3-12	could	not	be	fitted	
following	 the	 standard	 approach	 and	 those	 fits	 correspond	 to	 an	 approximation	 of	 the	micelle	morphology	
(obtained	from	fitting	the	higher	concentrations)	at	a	fitted	volume	fraction	of	micelles.	

Table	2.	Parameters	for	the	2-layer	plus	subphase	model	used	to	fit	the	X-ray	reflectivity	data	presented	in	Fig.	
2.	

System	 tt	/	Å	 ϕt	/	10-2	 th	/	Å	 ϕh	/	10-2	 ΓS,CMC	/	×10-6	mol	m-2	 APM	/	Å2	
C12-PC	 8.3±0.4	 72±4	 6.7±0.3	 45±4	 2.8±0.2	 59±4	
SB3-12	 7.0±0.5	 68±4	 5.4±0.4	 48±2	 2.4±0.2	 70±5	

The	surface	excess	concentration	and	area	per	molecule	at	the	interface	of	these	surfactant	
solutions	 at	 the	 CMC	 were	 subsequently	 calculated	 from	 the	 reflectivity	 results.	 The	
calculations	show	that	the	surface	excess	concentration	is	higher	for	the	phosphocholine	
surfactant	 than	 for	 the	dodecyl	 sulfobetaine.	 Interestingly	 this	 is	 the	opposite	behaviour	
found	for	these	amphiphiles	 in	water.	Neutron	reflectivity	results	have	shown	that	 these	
surfactants	on	water,	at	the	CMC,	present	a	surface	excess	concentration	of	3.35×10-6	mol	
m-2	and	3.70×10-6	mol	m-2	for	C12-PC	and	SB3-12	respectively.29,	51	The	higher	values	found	
in	water	are	again	indicative	of	the	greater	affinity	of	the	DES	for	solvated	surfactant	free	
monomers	 which	 thus	 leads	 to	 reduced	 surface	 excess	 concentrations.	 Finally,	 the	
calculated	values	indicate	that	the	area	per	surfactant	monomer	at	the	air-DES	interface	is	
larger	in	the	case	of	SB3-12	than	C12-PC.	This	effect	is,	again,	the	opposite	to	the	behaviour	
seen	in	water,	where	the	area	per	molecule	is	slightly	larger	for	C12-PC	than	for	SB3-12.	

As	 anticipated	 by	 the	 results	 from	 surface	 tension,	 these	 surfactants	 were	 found	 to	
aggregate	in	solution.	The	morphology	and	behaviour	of	those	micelles	were	investigated	
by	means	of	SANS.	Fig.	2	shows	the	scattering	data	at	one	contrast	of	the	three	zwitterionic	
surfactants	in	choline	chloride:glycerol	together	with	the	best	model	fits.	The	results	from	
those	fits	are	presented	in	Fig.	3.	A	full	record	of	the	results	from	the	fits	is	included	in	the	
ESI,	together	with	the	plots	for	all	the	SANS	contrasts.	
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Fig.	3	Fitting	parameters	derived	from	the	SANS	data	at	different	concentrations	of	C12-PC,	SB3-12	and	SB3-14	
in	 choline	 chloride:glycerol:	 (a)	 equatorial	 radius,	 (b)	 aspect	 ratio,	 (c)	 P(q)	 volume	 fraction	 and	 (d)	 S(q)	
volume	fraction.	The	lines	represent	the	linear	trend	of	those	values.	

All	the	surfactants	presented	here	were	found	to	form	globular	micelles	above	the	CMC	in	
DES,	 with	 a	 certain	 amount	 of	 intermicellar	 interaction.	 The	 uniform	 ellipsoid	 with	 a	
prolate	 distribution	 of	 mass	 (AR>1)	 accurately	 represents	 the	 morphology	 of	 those	
micelles,	reflected	in	the	good	agreement	between	the	models	and	the	experimental	data	
(see	 Fig.	 2c,	 d	 and	 e).	 Previous	 investigations	 have	 used	 polydisperse	 spheres	 and	
monodisperse	 ellipsoids	 to	 describe	 the	 structure	 of	 zwitterionic	micelles	 in	 water.26,	30	
However,	 it	 has	 been	 recently	 reported	 that	 surfactant	 aggregates,	 in	 thermodynamic	
equilibrium,	show	little	polydispersity	in	DES.45	Therefore	no	polydispersity	function	was	
implemented	 in	 our	 model,	 as	 a	 suitable	 fit	 could	 be	 obtained	 without	 this	 extra	
parameter.	

Our	 results	 show	 that	 the	 structure	 of	 the	 aggregates	 depends	 on	 the	 tail	 length	 and	
surfactant	headgroup.	As	expected,	SB3-14	shows	bigger	micelles	than	the	SB3-12	driven	
by	the	presence	of	a	larger	hydrophobic	moiety	in	the	surfactant.	SB3-14	micelles	have	a	
similar	size	to	those	in	water	(Rg=19.1±1	Å),53	whereas	C12-PC	micelles	were	found	to	be	
slightly	 smaller	 in	 DES.30	 Both	 C12	 surfactants	 show	 a	 similar	 equatorial	 radius	 and	
differences	 in	 the	 AR	 are	 small.	 Although	 the	 resolution	 of	 the	 experiment	 and	 the	 low	
signal-to-noise	 ratio	 did	 not	 allow	 the	 use	 of	 a	more	 detailed	model	 of	 the	micelles,	 an	
underlying	trend	can	be	found	in	the	AR	of	these	surfactants.	SB3-12	forms	slightly	shorter	
micelles,	 associated	 with	 a	 smaller	 AR,	 potentially	 driven	 by	 the	 interactions	 between	
headgroups	at	the	micelle	interface.	Since	the	hydrophobic	moiety	of	both	C12	surfactants	
is	 identical,	 changes	 in	 the	 packing	 parameter	 (v/a0lc,	 where	 v	 is	 the	 volume	 of	 the	
lyophobic	moiety,	a0	 is	 the	area	at	the	headgroup-tail	 interface	and	 lc	 is	 the	 length	of	the	
fully	 extended	 tail)	 are	 strictly	 driven	 by	 differences	 in	 the	 area	 at	 the	 headgroup-tail	
interface.54	 Assuming	 that	 geometrical	 effects	will	 not	 change	 the	 trend	 in	 the	 area	 per	
monomer	between	the	planar	interface	of	the	monolayer	and	the	curved	micelle	interface,	
larger	APM	would	imply	larger	a0.	Thus,	a	larger	AR	would	be	expected	for	C12-PC	than	for	
SB3-12.	These	results	therefore	correlate	with	those	obtained	from	reflectivity,	where	the	
area	per	monomer	at	the	interface	was	found	to	be	larger	for	SB3-12	than	for	C12-PC.		

Zwitterionic	 surfactants	 in	 pure	 water	 show	 an	 overall	 neutral	 charge,	 thus	 long-range	
electrostatic	 interactions	 between	 micelles	 are	 negligible.30	 Meanwhile,	 intermicellar	
interactions	 in	DES	are	not	 expected	 to	appear	until	high	 surfactant	 concentration	 since	
the	solvent	has	inherently	high	ionic	strength.32,	33	However,	here	we	have	found	that	hard-
sphere	 interactions	 were	 insufficient	 to	 account	 for	 the	 intermicellar	 scattering,	 and	
therefore,	intermicellar	interactions	must	have	a	role	in	these	systems.	Fig.	3	indexes	both	
the	 form	 and	 structure	 factor	 volume	 fractions	 as	 a	 function	 of	 the	 surfactant	
concentration.	 Our	 results	 show	 the	 clear	 decoupling	 between	ϕS(q)	 and	ϕP(q),	where	 the	
contribution	from	micelle-micelle	interactions	consistently	shows	higher	volume	fractions	
than	 those	 from	 the	 intramicellar	 scattering.	 These	 differences	 may	 be	 related	 to	 the	
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excess	 contribution	 arising	 from	 electrostatic	 interactions	 between	 the	 aggregates,	
commonly	 found	 in	 simple	 ionic	 surfactants	 but	 uncommon	 for	 zwitterionics	 in	 pure	
water.		

We	consistently	find	that	the	structure	factor	contribution	from	C12-PC	micelles	is	greater	
than	 those	 for	 SB3-12.	 This	 may	 be	 indicative	 of	 differences	 in	 ion	 binding	 to	 the	
headgroup	with	varying	charge	distribution	in	the	headgroup.	This	would	therefore	create	
a	 surface	 higher	 charge	 density	 by	 unbalancing	 the	 charge	 neutralisation	 within	 the	
headgroup	 and/or	 by	 affecting	 the	 solvent	 structure	 surrounding	 the	 micelle.55,	 56	
Unfortunately,	 due	 to	 the	 limited	 physicochemical	 information	 of	 the	 solvent	 and	
instrument	resolution,	more	information	about	this	 interaction	cannot	be	extracted	from	
the	data	presented	here.	

Surfactant	mixtures	in	choline	chloride:glycerol	

The	 behaviour	 of	 mixtures	 of	 the	 C12	 phosphocholine	 and	 sulfobetaine	 surfactants	 was	
investigated	 at	 different	 molar	 ratios	 of	 surfactant:	 C12-PC/SB3-12:	 0.2/0.8,	 0.35/0.65,	
0.5/0.5,	0.65/0.35	and	0.8/0.2.	Surface	tension	measurements	were	used	to	find	the	CMC	
of	the	systems	and	elucidate	the	nature	of	mixing	of	the	two	surfactants	(C12-PC	and	SB3-
12).	The	surface	tension	plots	of	these	systems	are	included	in	the	ESI	and	the	CMC	results	
are	 presented	 in	 Fig.	 4	 as	 a	 function	 of	 the	 mole	 fraction	 of	 C12-PC	 in	 the	 surfactant	
mixture.	

	
Fig.	4	Experimental,	 ideal	 (calculated	 through	 the	pseudophase	separation	model)	and	non-ideal	 (calculated	
through	the	regular	solution	theory)	values	of	the	CMCs	of	the	mixtures	at	different	mole	ratios	of	surfactant.	

As	 seen	 for	 the	 pure	 surfactant	 systems,	 there	 is	 a	 decrease	 of	 surface	 tension	 with	
increasing	 surfactant	 concentration.	 The	 inflexion	 point	 indicates	 the	 limiting	 surface	
tension	allowing	the	CMC	to	be	identified	for	the	various	mixtures.	When	considering	ideal	
mixing	of	surfactants,	a	theoretical	determination	of	the	CMCs	of	the	mixed	systems	can	be	
obtained	using	the	pseudophase	separation	model:57	
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where	CMCm,	CMC1	and	CMC2	are	the	CMC	of	the	mixture,	component	1	and	2,	respectively.	
x1	 corresponds	 to	 the	mole	 fraction	 of	 the	 component	 1	 in	 the	 surfactant	mixture.	 The	
results	 from	 this	 calculation	 are	 plotted	 together	 with	 the	 experimental	 values	 for	
comparison	(see	Fig.	4).	

Interactions	 between	 the	 two	 surfactants	 when	 mixed	 will	 lead	 to	 deviations	 from	 the	
ideal	 case.	 Attractive	 interactions	 between	 the	 amphiphiles	 lead	 to	 a	 decrease	 in	 the	
experimental	values	of	the	CMC,	whereas	repulsive	interactions	show	higher	CMC	values	
for	 the	mixtures.	 The	 application	of	 the	 regular	 solution	 theory	 approximation	 accounts	
for	the	non-ideality	of	the	mixture	through	modifications	in	the	activity	coefficient	of	each	
surfactant	in	the	mixture.	Following	the	procedure	introduced	by	Holland	and	Rubingh,58	
the	 interaction	 between	 surfactants	 within	 a	 binary	 mixture	 can	 be	 described	 using	 a	
parameter	β,	for	activity	coefficients	f1	and	f2:	
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Solving	 the	 equation	 iteratively,	 a	β	 value	 can	be	 calculated	 for	 the	mixture.	Our	 results	
show	that	the	CMCm	of	the	mixtures	falls	below	the	ideal	value,	with	β=-0.36.	This	suggests	
that	an	electrostatic	attractive	interaction	exists	between	the	surfactant	monomers	in	the	
mixture,	 leading	 to	 deviations	 from	 ideality.	 The	 regular	 solution	 theory	 model	 is	 also	
represented	in	Fig.	4.	

The	 interfacial	behaviour	of	 the	mixtures	of	 zwitterionic	 surfactants	was	 further	probed	
using	X-ray	reflectivity.	Data	and	best	 fits	are	presented	 in	Fig.	5,	and	results	 from	those	
fits	are	summarised	in	Fig.	6.	A	complete	record	of	the	fitting	results	is	included	in	the	ESI.	

	
Fig.	5	(a)	XRR	data	(markers)	presented	as	Reflectivity	×	q4	vs.	q	with	model	fits	(black-dashed	lines)	and	(b)	
SLD	 profiles	 of	 different	 mole	 fractions	 of	 C12-PC/SB3-12	 in	 the	 surfactant	 mixtures	 on	 a	 choline	
chloride:glycerol	subphase.	The	inset	in	(b)	is	a	magnification	of	the	headgroup	region	of	the	SLD	profile.	(c)	
SANS	data	(markers)	and	best	fits	(black-dashed	lines)	of	different	mixtures	of	C12-PC/SB3-12	surfactants	at	a	
total	 surfactant	 concentration	 of	 185±3	 mM.	 The	 mole	 fractions	 of	 C12-PC	 in	 the	 surfactant	 mixture	 are	
presented	in	the	legend	of	the	graph.	The	intensity	of	data	and	fits	has	been	offset	for	clarity.	
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Fig.	6	(a)	monolayer	thickness	and	(b)	area	per	surfactant	molecule	of	mixtures	of	C12-PC	and	SB3-12	at	the	
air-liquid	interface.	The	areas	per	molecule	are	compared	to	the	ideal	values	obtained	from	a	simple	average	of	
the	values	of	pure	surfactants	(black-dotted	lines).	Variation	of	(c)	equatorial	radius	and	(d)	AR	of	the	mixed	
micelles	 in	 choline	 chloride:glycerol	 at	 different	 mole	 fractions	 of	 C12-PC:SB3-12	 at	 the	 total	 surfactant	
concentration	of	185±3	mM.	Values	for	pure	surfactants	are	included	for	comparison	(xC12-PC=0	and	1).	

Mixed	monolayers	at	the	CMC	show	a	similar	structure	to	those	of	pure	surfactants:	a	dry	
tail	 region	and	a	solvated	headgroup	 layer.	The	dimensions	of	 the	various	 layers	change	
with	the	ratio	of	each	surfactant	in	the	mixture.	At	the	CMC,	the	monolayer	total	thickness	
gradually	varies	from	thinner	values	at	low	C12-PC	mole	fractions	to	thicker	monolayers	at	
high	C12-PC	mole	fractions.	These	results	fit	the	trend	established	for	the	pure	surfactants	
at	 the	 interface,	 for	which	the	C12-PC	monolayer	 is	 thicker	than	that	of	pure	SB3-12.	The	
area	 per	molecule	 also	 gradually	 varies,	 showing	 a	 decrease	with	 increasing	 amount	 of	
C12-PC.	 Those	 values	were	 found	 to	 negatively	 deviate	 from	 the	 ideal	 values,	 suggesting	
that	mixed	species	allow	tighter	packing	potentially	due	to	attractive	interactions	between	
monomers.	

The	formation	of	micelles	by	these	surfactant	mixtures	in	DES	was	investigated	by	means	
of	SANS.	Two	different	concentrations	of	the	mixtures	were	measured	above	the	CMC	in	a	
single	contrast	and	fitted	using	the	homogeneous	ellipsoid	model.	Fig.	5	shows	the	SANS	
data	 and	 best	 fits	 of	 the	 different	 h-surfactant	 mixtures	 in	 1:2	 d-choline	 chloride:d-
glycerol.	The	results	 from	the	fits	are	summarised	in	Fig.	6	and	a	full	record	of	the	fitted	
parameters	is	included	in	the	ESI.	

As	 shown	 for	 the	 systems	 containing	 pure	 zwitterionic	 surfactants	 in	 choline	
chloride:glycerol,	the	agreement	between	the	data	and	mathematical	model	demonstrates	
that	prolate	ellipsoid	is	a	suitable	model	to	represent	zwitterionic	mixed	micelles	in	DES.	
The	variation	of	surfactant	mole	fraction	in	the	surfactant	mixture	leads	to	subtle	changes	
in	 the	morphology	 of	 the	 aggregates.	Whereas	 the	 equatorial	 radius	 remains	 practically	
unchanged	as	the	composition	changes,	the	AR	of	the	micelles	gradually	evolves	with	the	
molar	ratio.	These	results	 indicate	a	variation	in	the	area	per	surfactant	monomer	at	the	
micelle	interface	and	match	the	findings	from	XRR:	increasing	the	amount	of	C12-PC	in	the	
mixture	 leads	 to	 a	 smaller	 area	 per	 surfactant	 monomer,	 and	 therefore	 promotes	 the	
formation	of	more	elongated	aggregates	(see	Fig.	6b	and	d).	

The	 volume	 fractions	 of	 the	mixed	micelles	 extracted	 from	 the	 structure	 factor	 and	 the	
form	 factor	 were	 found	 to	 behave	 in	 a	 similar	 manner	 to	 those	 of	 the	 pure	 systems.	
Increasing	the	total	volume	fraction	of	micelles	in	solution	leads	to	a	considerable	increase	
of	the	apparent	S(q)	volume	fraction,	the	latter	being	considerably	higher	than	the	volume	
fraction	 of	 micelles	 (~3	 times	 higher	 at	 185±3	 mM	 surfactant	 concentration).	 Due	 to	
systematic	variability	between	samples	 it	 is	however	difficult	 to	draw	conclusions	about	
the	S(q)	evolution	as	the	composition	of	the	mixture	is	varied.	
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Discussion	

Zwitterionic	surfactants	were	found	to	preserve	their	activity	in	choline	chloride:glycerol	
DES.	The	solvation	of	zwitterionic	moieties	becomes	highly	complex	when	it	occurs	in	DES.	
The	 presence	 of	 charged	 ions	 in	 the	 solvent	 and	 neutral	 compounds	 with	 H-bonding	
capability	 may	 promote	 the	 formation	 of	 solvating	 environments,	 where	 the	 solvent	
components	 are	 segregated.12,	19,	32,	33	 The	 presence	 of	 positively	 charged	 choline	 ions	 in	
close	 proximity	 to	 the	 sulfate	 or	 phosphate	 group	may	 be	 favoured	 due	 to	 electrostatic	
interactions	 and	 H-bonding.	 Moreover,	 the	 choline	 group	 of	 the	 surfactant	 heads	 may	
favour	the	presence	of	glycerol	in	its	local	solvation	environment.19,	33	Such	considerations	
could	 lead	 to	 the	 formation	 of	 solvation	 layers	 that	 would	 affect	 the	 behaviour	 of	 the	
amphiphiles	 and,	 ultimately,	 the	 morphology	 of	 the	 resultant	 aggregates.	 The	 effect	 of	
solvent	 layering	 has	 been	 explored	 and	 confirmed	 for	 the	 nanoparticles	 in	 DES,	 where	
electrostatics	govern	 the	 formation	of	distinct	choline-rich	or	hydrogen	bond	donor-rich	
layers	surrounding	the	particles.56,	59,	60	

Surface	 tension	 results	 have	 shown	 differences	 in	 the	 CMC	 values	 between	 surfactants	
indicating	differences	in	the	solvation	of	the	sulfobetaine	and	phosphocholine	headgroups.	
These	 differences	 were	 corroborated	 by	 our	 XRR	 and	 SANS	 results.	 In	 both	 cases	 the	
micelles	are	globular	and	the	surfactants	show	a	relatively	high	resilience	to	the	high	ionic	
strength	of	the	solvent,	in	that	the	morphologies	are	globular	and	therefore	not	profoundly	
altered	compared	to	the	analogous	systems	in	water.	This	is	in	notable	contrast	to	anionic	
surfactants	 in	 choline	 chloride:urea	 or	 cationic	 surfactants	 in	 choline	 chloride:malonic	
acid.13,	32	

As	 occurs	 in	 water,	 the	 presence	 of	 salts	 at	 the	 interface	 also	 promotes	 changes	 in	 the	
monomer-monomer	 electrostatic	 interactions,	 as	 widely	 seen	 for	 phospholipid	
monolayers	and	bilayers.22,	38,	52,	61,	62	Interestingly,	such	ion-ion	interactions	were	reported	
to	be	more	pronounced	when	counterions	interact	with	the	charged	group	adjacent	to	the	
tail	 than	with	 the	 terminal	 group.38,	61,	62	Although	 the	 surfactants	 investigated	here	both	
have	positive	and	negative	charges,	the	relative	position	of	those	charges	in	the	headgroup	
seem	 to	 alter	 the	 structure	 of	 the	 aggregates,	 presumably	 through	modifications	 to	 the	
monomer	 packing	 or	 solvation	 shell.	 Unfortunately,	 limited	 resolution	 and	 SLD	 contrast	
(due	 to	 solvation)	 in	 the	 scattering	 data	 mean	 we	 cannot	 determine	 a	 more	 detailed	
structure	of	the	headgroup	and	solvation	shell	of	the	micelles	or	monolayers.	

Charge	 screening	 has	 been	 found	 to	 be	 a	 significant	 influence	 on	 the	 intermicellar	
interaction	 of	 anionic	 surfactants	 in	 DES.	 This	 was	 explained	 through	 the	 ion-pair	
formation	 between	 choline	 cations	 from	 the	 solvent	 and	 the	 anionic	 headgroups.32	
However,	cationic	surfactants	in	the	same	solvent	showed	a	stronger	interaction	between	
micelles.	 This	 was	 attributed	 to	 the	 weaker	 effect	 of	 chloride	 anions	 binding	 to	 the	
surfactant	 headgroups.33	 Zwitterionic	 micelles	 also	 show	 intermicellar	 interactions	 that	
depend	 on	 the	 characteristics	 of	 the	 headgroup.	 The	 phosphocholine	 surfactant	
consistently	showed	higher	structure	factor	volume	fractions,	an	indicator	of	intermicellar	
repulsion,	 than	 its	 sulfobetaine	 analogue.	 These	 findings	 imply	 that	 the	 continuous	DES	
phase	may	 somehow	 behave	 as	 a	 relatively	 low	 ionic	 strength	 environment,	 where	 the	
electrostatic	interactions	are	not	totally	screened.	This	correlates	with	results	suggesting	
that	 ionic	 liquids	 behave	 as	 relatively	 dilute	 electrolytes	 and	 long-range	 electrostatic	
interactions	 are	 retained.63,	 64	 The	 excess	 interactions	 observed	 here	 may	 be	 explained	
through	 partial	 adsorption	 of	 ions	 to	 the	 headgroups.	 In	 pure	 water,	 zwitterionic	
headgroups	can	be	considered	as	neutral	moieties,30	so	the	formation	of	ion-pairs	between	
the	solvent	and	one	of	the	charges	in	the	headgroup	in	DES	could	explain	the	differences	
between	 in	 behaviour	 in	 these	 solvents.	 It	 would	 create	 a	 charge	 imbalance	 at	 the	
interface12,	55	 that	 could	 lead	 to	 relatively	 long-range	 electrostatic	 interactions	 between	
micelles	that	are	not	seen	in	water.	

The	 results	 from	 surfactant	 mixtures	 indicate	 that	 ion-ion	 interactions	 between	
sulfobetaine	and	phosphocholine	headgroups	affect	the	surface	and	bulk	behaviour	of	the	
amphiphiles.	 Investigations	 of	 the	 aqueous	 behaviour	 of	 mixed	
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phosphocholine/sulfobetaine	monolayers	showed	a	negative	deviation	from	ideality	of	the	
APM	 values	 using	 the	 additivity	 rule.34	 Similarly,	 surface	 tension	 and	 reflectivity	
demonstrates	 a	 non-ideal	 mixing	 of	 the	 surfactants,	 probably	 influenced	 by	 Coulombic	
attraction	between	different	headgroups,	resulting	in	smaller	CMCs	and	average	molecular	
areas.	Variations	in	the	APM	calculated	through	reflectivity	are	hypothesised	to	be	similar	
to	 those	 at	 the	 micelle	 interface,	 such	 that	 a	 smaller	 APM	 at	 the	 interface	 can	 be	
extrapolated	 to	 smaller	 areas	 at	 the	 micelle	 interface	 and	 therefore	 larger	 ARs	 of	 the	
micelles.	The	SANS	results	indeed	showed	that	variations	in	micelle	AR	are	present	as	the	
composition	of	 the	mixture	was	 varied,	with	 slightly	more	 elongated	micelles	 formed	at	
ratios	which	correlated	to	smaller	APMs.	

Conclusions	

Zwitterionic	 surfactants	 have	 been	 demonstrated	 to	 self-assemble	 in	 choline	
chloride:glycerol.	 The	 surface	 activity	 is	 retained	 as	 shown	 by	 surface	 tension,	 and	 the	
CMC	 of	 the	 system	 depends	 on	 the	 chain	 length	 of	 the	 surfactant	 and	 the	 headgroup.	
Increasing	 the	 chain	 length	 from	 C12	 to	 C14	 in	 the	 case	 of	 the	 sulfobetaine	 results	 in	 a	
decrease	 of	 the	 CMC.	 Furthermore,	 a	 significant	 difference	 in	 the	 CMC	 with	 different	
headgroups	 was	 found,	 showing	 a	 higher	 CMC	 for	 the	 sulfobetaine	 than	 for	 the	
phosphocholine	 surfactant,	 comparable	 to	 that	which	occurs	 in	water.	These	differences	
result	 from	 changes	 in	 the	 headgroup	 structure	 and	 are	 confirmed	 by	 structural	
investigations	 of	 the	 monolayer	 by	 means	 of	 X-ray	 reflectivity.	 The	 reflectivity	 results	
demonstrate	 variations	 in	 the	 monolayer	 structure,	 with	 differences	 in	 the	 area	 per	
molecule	and	thickness	of	 the	 layers.	SB3-12	shows	larger	area	per	molecule	at	 the	CMC	
than	C12-PC.	

Above	 the	CMC,	pure	surfactants	were	 found	 to	 form	micelles	 in	 the	bulk	phase.	SB3-12	
forms	micelles	with	a	smaller	AR	than	those	of	C12-PC.	Unsurprisingly,	SB3-14	was	found	
to	 form	 bigger	 micelles	 than	 its	 C12	 analogue.	 Intermicellar	 interaction	 appears	 to	 be	
stronger	 for	 C12-PC	 surfactant,	 suggesting	 differences	 in	 the	 solvation	 and	 charge	
screening	 at	 this	 surfactant	 headgroup.	 Mixtures	 of	 surfactants	 were	 found	 to	 behave	
similarly	 to	 the	 pure	 surfactants,	 also	 forming	 globular	 micelles.	 Surface	 tension	 and	
reflectivity	results	showed	a	subtle	negative	deviation	from	ideal	behaviour	of	the	mixture.	
Modelling	of	those	results	confirm	that	such	deviations	arise	from	electrostatic	attractive	
interactions	between	neighbouring	headgroups.	

These	investigations	demonstrate	the	activity	and	aggregation	of	zwitterionic	amphiphiles	
in	choline	chloride:glycerol	DES,	with	certain	similarities	to	the	behaviour	already	known	
in	water.	Interestingly,	this	DES	has	been	found	to	effectively	solvate	the	headgroup	of	the	
surfactants,	 although	 the	 solvation	 mechanism	 of	 these	 moieties	 still	 remains	 unclear.	
Future	 investigations	 to	 explore	 such	 phenomena	 could	 include	 isotopic-substitution	
small-angle	neutron	scattering	and	neutron	reflectivity.	These	results	will	potentially	lead	
to	 the	 development	 of	 a	 framework	 to	 facilitate	 new	 methods	 of	 drug-delivery	 and	
biosensing	 technologies,	 as	 well	 as	 to	 better	 understand	 the	 formation	 of	 phospholipid	
membranes	and	the	conformation	of	proteins	in	DES.	

Electronic	supporting	information	

Surfactant	 synthesis	 and	 characterization,	X-ray	 reflectivity	model	 test,	 SANS	model	 test	
and	plots	from	isotopic	mixtures	not	shown	in	the	main	text.	Data	supporting	this	article	
has	been	made	freely	available	via	the	University	of	Bath	Research	Data	Archive	system	at	
DOI:	10.15125/BATH-XXXXX.	

Conflicts	of	interest	

There	are	no	conflicts	of	interest	to	declare.	

Acknowledgments	

The	authors	would	like	to	acknowledge	Diamond	Light	Source	and	the	ISIS	Pulsed	Neutron	
and	Muon	Source	for	the	award	of	beamtime	on	the	I07	and	LOQ	instruments	(experiment	



	 14	

numbers	 SI15584-1	 and	 RB1710047,	 respectively).	 We	 further	 thank	 Diamond	 Light	
Source	for	the	access	to	the	drop-shape	analysis	instrument.	A.S.-F.	would	like	to	thank	the	
University	of	Bath	Alumni	Fund	and	the	European	Spallation	Source	 for	 funding	his	PhD	
studentship.	We	gratefully	acknowledge	the	University	of	Bath	for	supporting	G.M.	L.C.M.	
thanks	 EPSRC	 for	 a	 DTP	 studentship.	 This	work	 benefited	 from	 the	 use	 of	 the	 SasView	
application,	originally	developed	under	NSF	Award	DMR-0520547.	SasView	also	contains	
code	developed	with	funding	from	the	EU	Horizon	2020	programme	under	the	SINE2020	
project	Grant	No	654000.	

References	
1.	 E.	L.	Smith,	A.	P.	Abbott	and	K.	S.	Ryder,	Chem.	Rev.,	2014,	114,	11060-11082.	

2.	 A.	Paiva,	R.	Craveiro,	I.	Aroso,	M.	Martins,	R.	L.	Reis	and	A.	R.	C.	Duarte,	ACS	Sustain.	Chem.	
Eng.,	2014,	2,	1063-1071.	

3.	 Y.	Dai,	 J.	van	Spronsen,	G.	 J.	Witkamp,	R.	Verpoorte	and	Y.	H.	Choi,	Anal.	Chim.	Acta,	2013,	
766,	61-68.	

4.	 A.	Hayyan,	 F.	 S.	Mjalli,	 I.	M.	 AlNashef,	 T.	 Al-Wahaibi,	 Y.	M.	 Al-Wahaibi	 and	M.	 A.	Hashim,	
Thermochim.	Acta,	2012,	541,	70-75.	

5.	 Q.	 Zhang,	 K.	 De	 Oliveira	 Vigier,	 S.	 Royer	 and	 F.	 Jerome,	Chem.	Soc.	Rev.,	 2012,	41,	 7108-
7146.	

6.	 O.	S.	Hammond,	D.	T.	Bowron	and	K.	J.	Edler,	Green	Chem.,	2016,	18,	2736-2744.	

7.	 O.	S.	Hammond,	D.	T.	Bowron	and	K.	 J.	Edler,	Angew.	Chem.	Int.	Ed.	Engl.,	2017,	56,	9782-
9785.	

8.	 D.	V.	Wagle,	G.	A.	Baker	and	E.	Mamontov,	The	Journal	of	Physical	Chemistry	Letters,	2015,	6,	
2924-2928.	

9.	 C.	F.	Araujo,	J.	A.	P.	Coutinho,	M.	M.	Nolasco,	S.	F.	Parker,	P.	J.	A.	Ribeiro-Claro,	S.	Rudic,	B.	I.	
G.	Soares	and	P.	D.	Vaz,	PCCP,	2017,	19,	17998-18009.	

10.	 B.	Tang	and	K.	H.	Row,	Monatshefte	für	Chemie	-	Chemical	Monthly,	2013,	144,	1427-1454.	

11.	 R.	Esquembre,	J.	M.	Sanz,	J.	G.	Wall,	F.	del	Monte,	C.	R.	Mateo	and	M.	L.	Ferrer,	PCCP,	2013,	
15,	11248-11256.	

12.	 S.	J.	Bryant,	R.	Atkin	and	G.	G.	Warr,	Langmuir,	2017,	33,	6878-6884.	

13.	 A.	Sanchez-Fernandez,	K.	 J.	Edler,	T.	Arnold,	D.	Alba	Venero	and	A.	 J.	 Jackson,	Phys.	Chem.	
Chem.	Phys.,	2017,	19,	8667-8670.	

14.	 B.-P.	Wu,	Q.	Wen,	H.	Xu	and	Z.	Yang,	J.	Mol.	Catal.	B:	Enzym.,	2014,	101,	101-107.	

15.	 A.	A.	Papadopoulou,	E.	Efstathiadou,	M.	Patila,	A.	C.	Polydera	and	H.	Stamatis,	Industrial	&	
Engineering	Chemistry	Research,	2016,	55,	5145-5151.	

16.	 A.	R.	Harifi-Mood,	R.	Ghobadi	and	A.	Divsalar,	Int.	J.	Biol.	Macromol.,	2017,	95,	115-120.	

17.	 R.	P.	Xin,	S.	J.	Qi,	C.	X.	Zeng,	F.	I.	Khan,	B.	Yang	and	Y.	H.	Wang,	Food	Chem.,	2017,	217,	560-
567.	

18.	 I.	Mamajanov,	A.	E.	Engelhart,	H.	D.	Bean	and	N.	V.	Hud,	Angew.	Chem.,	 2010,	122,	 6454-
6458.	

19.	 S.	J.	Bryant,	R.	Atkin	and	G.	G.	Warr,	Soft	Matter,	2016,	12,	1645-1648.	

20.	 F.	Milano,	L.	Giotta,	M.	R.	Guascito,	A.	Agostiano,	S.	Sblendorio,	L.	Valli,	F.	M.	Perna,	L.	Cicco,	
M.	Trotta	and	V.	Capriati,	ACS	Sustain.	Chem.	Eng.,	2017,	5,	7768-7776.	

21.	 H.	Mohwald,	Annu.	Rev.	Phys.	Chem.,	1990,	41,	441-476.	

22.	 R.	Ekerdt	and	D.	Papahadjopoulos,	Proceedings	of	the	National	Academy	of	Sciences,	1982,	
79,	2273-2277.	

23.	 O.	 Choksupmanee,	 K.	Hodge,	 G.	 Katzenmeier	 and	 S.	 Chimnaronk,	Biochemistry,	 2012,	51,	
2840-2851.	

24.	 X.	Wang,	K.	Corin,	C.	Rich	and	S.	Zhang,	Scientific	Reports,	2011,	1,	102.	



	 15	

25.	 B.	 L.	 Cook,	 D.	 Steuerwald,	 L.	 Kaiser,	 J.	 Graveland-Bikker,	M.	 Vanberghem,	 A.	 P.	 Berke,	 K.	
Herlihy,	 H.	 Pick,	 H.	 Vogel	 and	 S.	 Zhang,	 Proceedings	 of	 the	National	Academy	of	 Sciences,	
2009,	106,	11925-11930.	

26.	 J.	 Lipfert,	 L.	 Columbus,	 V.	 B.	 Chu,	 S.	 A.	 Lesley	 and	 S.	 Doniach,	 The	 Journal	 of	 Physical	
Chemistry	B,	2007,	111,	12427-12438.	

27.	 J.	P.	Priebe,	M.	L.	Satnami,	D.	W.	Tondo,	B.	S.	Souza,	J.	M.	Priebe,	G.	A.	Micke,	A.	C.	O.	Costa,	H.	
D.	Fiedler,	C.	A.	Bunton	and	F.	Nome,	The	Journal	of	Physical	Chemistry	B,	2008,	112,	14373-
14378.	

28.	 G.	Qu,	J.	Cheng,	J.	Wei,	T.	Yu,	W.	Ding	and	H.	Luan,	J.	Surfactants.	Deterg.,	2011,	14,	31-35.	

29.	 M.	Yaseen,	Y.	Wang,	T.	J.	Su	and	J.	R.	Lu,	J.	Colloid	Interface	Sci.,	2005,	288,	361-370.	

30.	 E.	Pambou,	J.	Crewe,	M.	Yaseen,	F.	N.	Padia,	S.	Rogers,	D.	Wang,	H.	Xu	and	J.	R.	Lu,	Langmuir,	
2015,	31,	9781-9789.	

31.	 T.	 Arnold,	 A.	 J.	 Jackson,	 A.	 Sanchez-Fernandez,	 D.	 Magnone,	 A.	 E.	 Terry	 and	 K.	 J.	 Edler,	
Langmuir,	2015,	31,	12894-12902.	

32.	 A.	Sanchez-Fernandez,	K.	J.	Edler,	T.	Arnold,	R.	K.	Heenan,	L.	Porcar,	N.	J.	Terrill,	A.	E.	Terry	
and	A.	J.	Jackson,	Phys.	Chem.	Chem.	Phys.,	2016,	18,	14063-14073.	

33.	 A.	Sanchez-Fernandez,	T.	Arnold,	A.	J.	Jackson,	S.	L.	Fussell,	R.	K.	Heenan,	R.	A.	Campbell	and	
K.	J.	Edler,	Phys.	Chem.	Chem.	Phys.,	2016,	18,	33240-33249.	

34.	 T.	Aikawa,	K.	Yokota,	T.	Kondo	and	M.	Yuasa,	Langmuir,	2016,	32,	10483-10490.	

35.	 T.	 Arnold,	 C.	 Nicklin,	 J.	 Rawle,	 J.	 Sutter,	 T.	 Bates,	 B.	 Nutter,	 G.	 McIntyre	 and	 M.	 Burt,	 J.	
Synchrotron	Radiat.,	2012,	19,	408-416.	

36.	 A.	Nelson,	J.	Appl.	Crystallogr.,	2006,	39,	273-276.	

37.	 F.	Abelès,	J.	Phys.	Radium,	1950,	11,	307-309.	

38.	 G.	Hazell,	A.	P.	Gee,	T.	Arnold,	K.	J.	Edler	and	S.	E.	Lewis,	J.	Colloid	Interface	Sci.,	2016,	474,	
190-198.	

39.	 L.	Braun,	M.	Uhlig,	R.	von	Klitzing	and	R.	A.	Campbell,	Adv.	Colloid	Interface	Sci.,	2017,	247,	
130-148.	

40.	 R.	K.	Heenan,	J.	Penfold	and	S.	M.	King,	J.	Appl.	Crystallogr.,	1997,	30,	1140-1147.	

41.	 O.	Arnold,	 J.	 C.	Bilheux,	 J.	M.	Borreguero,	A.	Buts,	 S.	 I.	 Campbell,	 L.	 Chapon,	M.	Doucet,	N.	
Draper,	 R.	 Ferraz	 Leal,	 M.	 A.	 Gigg,	 V.	 E.	 Lynch,	 A.	 Markvardsen,	 D.	 J.	 Mikkelson,	 R.	 L.	
Mikkelson,	R.	Miller,	K.	Palmen,	P.	Parker,	G.	Passos,	T.	G.	Perring,	P.	F.	Peterson,	S.	Ren,	M.	
A.	 Reuter,	 A.	 T.	 Savici,	 J.	 W.	 Taylor,	 R.	 J.	 Taylor,	 R.	 Tolchenov,	W.	 Zhou	 and	 J.	 Zikovsky,	
Nuclear	 Instruments	 and	 Methods	 in	 Physics	 Research,	 Section	 A:	 Accelerators,	
Spectrometers,	Detectors	and	Associated	Equipment,	2014,	764,	156-166.	

42.	 G.	D.	Wignall	and	F.	S.	Bates,	J.	Appl.	Crystallogr.,	1987,	20,	28-40.	

43.	 M.	Doucet,	J.	H.	Cho,	G.	Alina,	J.	Bakker,	W.	Bouwman,	P.	Butler,	K.	Campbell,	M.	Gonzales,	R.	
Heenan,	A.	 Jackson,	P.	 Juhas,	S.	King,	P.	Kienzle,	 J.	Krzywon,	A.	Markvardsen,	T.	Nielsen,	L.	
O'Driscoll,	W.	Potrzebowski,	R.	Ferraz	Leal,	T.	Richter,	P.	Rozycko	and	A.	Washington,	2017,	
DOI:	10.5281/zenodo.438138.	

44.	 J.	S.	Pedersen,	Adv.	Colloid	Interface	Sci.,	1997,	70,	171-210.	

45.	 A.	 Sanchez-Fernandez,	 O.	 S.	 Hammond,	 A.	 J.	 Jackson,	 T.	 Arnold,	 J.	 Doutch	 and	K.	 J.	 Edler,	
Langmuir,	2017,	33,	14304-14314.	

46.	 J.	A.	Barker	and	D.	Henderson,	Rev.	Mod.	Phys.,	1976,	48,	587-671.	

47.	 D.	J.	Kinning	and	E.	L.	Thomas,	Macromolecules,	1984,	17,	1712-1718.	

48.	 Y.	C.	Liu,	S.	H.	Chen	and	R.	Itri,	Journal	of	Physics-Condensed	Matter,	1996,	8,	A169-A187.	

49.	 V.	K.	Aswal	and	P.	S.	Goyal,	Chem.	Phys.	Lett.,	2003,	368,	59-65.	

50.	 M.	del	Mar	Graciani,	A.	Rodríguez,	M.	Muñoz	 and	M.	 L.	Moyá,	Langmuir,	 2005,	21,	 7161-
7169.	



	 16	

51.	 P.	 Li,	 K.	Ma,	 R.	 K.	 Thomas	 and	 J.	 Penfold,	The	 Journal	of	Physical	Chemistry	B,	 2016,	120,	
3677-3691.	

52.	 M.	Yaseen,	J.	R.	Lu,	J.	R.	P.	Webster	and	J.	Penfold,	Biophys.	Chem.,	2005,	117,	263-273.	

53.	 J.	A.	Holdaway,	University	of	Bath,	2013,	PhD	thesis.	

54.	 J.	N.	 Israelachvili,	D.	 J.	Mitchell	and	B.	W.	Ninham,	Journal	of	the	Chemical	Society,	Faraday	
Transactions	2,	1976,	72,	1525.	

55.	 M.	d.	S.	Baptista,	I.	Cuccovia,	H.	Chaimovich,	M.	J.	Politi	and	W.	F.	Reed,	J.	Phys.	Chem.,	1992,	
96,	6442-6449.	

56.	 J.	A.	Hammons,	F.	Zhang	and	J.	Ilavsky,	J.	Colloid	Interface	Sci.,	2018,	520,	81-90.	

57.	 J.	 H.	 Clint,	 Journal	 of	 the	 Chemical	 Society,	 Faraday	 Transactions	 1:	 Physical	 Chemistry	 in	
Condensed	Phases,	1975,	71,	1327-1334.	

58.	 P.	M.	Holland	and	D.	N.	Rubingh,	J.	Phys.	Chem.,	1983,	87,	1984-1990.	

59.	 J.	 A.	Hammons,	 T.	Muselle,	 J.	 Ustarroz,	M.	 Tzedaki,	M.	 Raes,	 A.	Hubin	 and	H.	 Terryn,	The	
Journal	of	Physical	Chemistry	C,	2013,	117,	14381-14389.	

60.	 O.	S.	Hammond,	K.	J.	Edler,	D.	T.	Bowron	and	L.	Torrente-Murciano,	Nat	Commun,	2017,	8,	
14150.	

61.	 S.	Kewalramani,	H.	Hlaing,	B.	M.	Ocko,	I.	Kuzmenko	and	M.	Fukuto,	The	Journal	of	Physical	
Chemistry	Letters,	2010,	1,	489-495.	

62.	 E.	K.	Perttu	and	F.	C.	Szoka,	Chem.	Commun.,	2011,	47,	12613-12615.	

63.	 M.	A.	Gebbie,	A.	M.	Smith,	H.	A.	Dobbs,	A.	A.	Lee,	G.	G.	Warr,	X.	Banquy,	M.	Valtiner,	M.	W.	
Rutland,	 J.	N.	 Israelachvili,	S.	Perkin	and	R.	Atkin,	Chem	Commun	(Camb),	2017,	53,	1214-
1224.	

64.	 M.	 A.	 Gebbie,	 M.	 Valtiner,	 X.	 Banquy,	 E.	 T.	 Fox,	 W.	 A.	 Henderson	 and	 J.	 N.	 Israelachvili,	
Proceedings	of	the	National	Academy	of	Sciences,	2013,	110,	9674-9679.	

	



 141 

 
 
 
 
 

Chapter 8 
 
 
 
 

8 Lipid monolayers in the absence of water: fiction 
or reality? 

Amphiphilic biomolecules are known to self-assemble into a variety of structures 
that enclose and define the units of living organisms. Lipids are essential constituents of 
living organisms, as they are the main constituents of cell membranes. Biological 
membranes are the self-aggregated boundaries of living cells and separate the interior of 
these cells from the surrounding environment. Other compounds co-exist in the cell 
membrane, such as proteins and carbohydrates, providing the membrane with specific 
functions and also high complexity. Myriad investigations have been focused on 
understanding the structure and functions of cell membranes. In order to develop suitable 
models for investigation, avoiding the extreme complexity of natural systems, phospholipid 
monolayers and bilayers have been widely used to disentangle the secrets of 
biomembranes in aqueous environments. 

The previous chapters have explored surfactant self-assembly in DES. From 
simple cationic and anionic amphiphiles to zwitterionic surfactants, the ability of DES to 
support the self-aggregation of those simple amphiphiles into micelles has been 
demonstrated. The aim of this chapter is to present investigations performed on the 
formation of phospholipid monolayers at the air-deep eutectic solvent interface. This 
investigation pioneers, to the best of our knowledge, the study of stable phospholipid 
monolayers at the air-liquid interface in the absence of water. In Chapter 7 the 
micellisation and interfacial behaviour of zwitterionic surfactants was explored, showing 
the ability of choline chloride:glycerol to solvate these complex headgroups in solution 
aggregates. Here we further develop these investigations to understand the solvation of 
phospholipid headgroups, both zwitterionic and anionic, and the ability of this DES to 
support the formation of phospholipid monolayers. 

8.1 Paper 7: Phospholipid monolayers and deep eutectic 
solvents 

Various phospholipids were investigated at the air-deep eutectic solvent interface. 
DLPC, DMPC, DPPC and DMPG monolayers were studied on a 1:2 choline 
chloride:glycerol subphase at room temperature. The structure of these surfactants can be 
found in Fig. 8.1. DLPC, DMPC and DPPC provided an insight on the effect of tail length 
on the structure of the monolayers, whereas DMPC and DMPG allowed the comparison 
between zwitterionic and anionic headgroups. 
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Fig. 8.1 Molecular structures of the different phospholipids investigated here: DLPC, DMPC, DPPC 

and DMPG. 

X-ray and neutron reflectivity were used to determine the structures of the lipid 
monolayers, spread on a Langmuir trough and compressed to obtain different areas per 
molecule. Two different approaches were used to fit the data of the studied systems. Data 
were initially fitted using a traditional approach: the optical matrix method, implemented in 
Motofit,189, 190 and, following on those results, a statistical analysis, performed using a 
Markov chain Monte Carlo method. The results provided structural information about the 
monolayers and allowed the extraction of information regarding the volume of the lipid in a 
DES environment. The results were subsequently compared to the water analogue 
monolayer systems. 

The results included in this chapter are presented as an unpublished manuscript. 
The Electronic Supporting Information relevant to this investigation can be found in the 
Appendix.  
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A Markov chain Monte Carlo-based analysis method has been applied to X-ray and neutron 
reflectometry measurements of phospholipid monolayers at the air-deep eutectic solvent 
interface. This has shown, for the first time, the ability for phospholipid monolayers to form 
on a non-aqueous solvent. Further, it was determined that the structure of the monolayer 
shows some similarity to those at the air-water interface, and any differences can be 
attributed to the selective interactions of the solvent phase with the phospholipid head 
groups. This work may shed a new light on the preservation of biomolecules in extreme 
environments, and enable studies of drug delivery or protein-membrane interactions in the 
absence of water. 

Introduction 
 Deep eutectic solvents (DES) have emerged as alternatives to traditional solvents in many 
applications.1 DES are green, sustainable solvents obtained through the complexation of naturally 
occurring compounds, such as sugar, alcohols, amines and carboxylic acids, among others.2 An 
extensive hydrogen bond network between precursors allows the mixture to remain liquid at room 
temperature due to the mixture’s high-entropy state.3, 4, 5 Furthermore, through different 
combinations of precursors, the physicochemical properties of the solvent (such as polarity,6 
viscosity and surface tension, 2 network charge,7 and hydrophobicity8) can be tailored to provide a 
solvent that is suited to a particular application. Therefore, DES may provide an alternative H-
bonding environment to water, where traditional aqueous processes can be mimicked but with 
greater control over the solvent properties.2, 9 
 These solvents have recently been postulated as a suitable environment for amphiphilic 
molecules to preserve their activity. DES have shown the ability to support the self-assembly of 
cationic and anionic surfactants10, 11 and to stabilise non-ionic polymer conformation.12, 13 Recent 
investigations have also shown that DES allow the formation of thermodynamically stable 
phospholipid bilayers with a similar characteristics to those in water.14, 15 Further, the behaviour and 
conformation of proteins and enzymes have been widely studied in these solvents, showing the 
preservation of partial or total activity in both pure and hydrated DES.16, 17, 18, 19, 20, 21, 22 Recently, it 
has been suggested that these solvents may be involved in processes occurring during cell 
metabolism. Such a hypothesis supports the idea that DES may provide a metabolic medium in 
extreme environments, such high dehydration or low temperatures.23, 24 The behaviour of 
biomolecules in DES has therefore seen an increase in interest, showing potential applications on 
the preservation of biomolecules, drug delivery, formulations and as possible environments for 
enzymatic reactions. 
 The formation of phospholipid monolayers plays a key role in many biological and 
technological processes. These amphiphiles commonly show low solubility in the subphase, 
leading to the formation of stable monolayers at the air-liquid interface.25 Phospholipids contain 
charged headgroups –anionic or zwitterionic– and investigations in water have revealed the 
importance of the lipid-ion interactions on the structure, monomer packing and stability of the 
monolayer.25, 26 Despite the broad interest of these systems, the presence of stable phospholipid 
monolayers in non-aqueous media has not been yet reported, to the best of our knowledge. 

Here we present the first investigation of the behaviour of phospholipid monolayers at the 
air-DES interface. The structure of these monolayers on a 1:2 choline chloride:glycerol subphase 
has been investigated by means of X-ray and neutron reflectivity (XRR & NR). To understand the 
role played by the length of the lyophobic tail on the structure of the monolayer we have examined 
three dichain saturated phosphatidylcholine (PC) lipids, 1,2-dipalmitoyl-sn-glycero-3-



phosphocholine (DPPC), 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) and 1,2-dilauroyl-
sn-glycero-3-phosphocholine (DLPC) which have alkyl tail lengths of 16, 14 and 12 carbon atoms 
respectively. We expect that the headgroup solvation will remain similar in these systems and so 
any changes observed will be due to the changing lyophobicity of the tails. It is also notable that 
phosphatidylcholine lipids contain a choline moiety, which is also present in the solvent. We 
therefore expect that this interaction between the solvent and the choline group will be similar to the 
interactions within the solvent itself. We have also examined an additional lipid with the same alkyl 
tail length as DMPC, but with a phosphoglycerol head group: 1,2-dimyristoyl-sn-glycero-3-phospho-
(1'-rac-glycerol) sodium salt (DMPG). The phosphoglycerol (PG) head group is anionic rather than 
zwitterionic and therefore may show a different lyophilic response. It also contains a glycerol 
moiety, which is the same as the other component of the solvent. Comparison of DMPC and DMPG 
will hence provide an insight on how differences in the headgroup affect the structure of the 
monolayer.  

The data has been analysed using a Markov chain Monte Carlo (MCMC)-based approach, 
where the model is constrained to ensure that it is chemically relevant by having the same number 
density of lipid head and tail groups. The use of MCMC has allowed for a rationalisation of the 
interactions and correlations between the fitting parameters and for each parameter to be 
described in a Bayesian framework; as a probability density function. The formation of well-defined, 
stable monolayers at the air-liquid interface is reported for these phospholipids. Their structure has 
been compared and the results and rationalised in terms of solvation, lyophobicity and specific ion-
ion interactions. Furthermore, information from the fits was subsequently used to determine the 
molecular volumes of the various lipids at the monolayer and those were compared with literature 
values. 

Experimental 
Materials 

 Choline chloride (99 %, Sigma-Aldrich), glycerol (99 %, Sigma-Aldrich), d9-choline chloride 
(99 %, 98 % D, CK Isotopes) and d8-glycerol (99 %, 98 % D, CK Isotopes) were purchased and 
used without further purification. The deep eutectic solvent was prepared by mixing the precursors 
at the appropriate mole ratio, and heating at 80 ˚C until a homogeneous, transparent liquid was 
formed. 1 The solvent was equilibrated overnight at 40 ˚C and subsequently stored under a dry 
atmosphere. Due to the limited availability of deuterated precursors, a fully protonated subphase 
(h-solvent) and a partially deuterated subphase (hd-solvent) were prepared and used during the 
neutron experiment. The partially deuterated subphase was prepared using the following mixtures 
of precursors: 1 mole of 0.38 mole fraction of h-choline chloride/0.62 mole fraction of d-choline 
chloride; and 2 moles of 0.56 mole fraction of h-glycerol/0.44 mole fraction of d-glycerol. The 
solvent was subsequently prepared following the procedure briefly introduced above. 

 The water content on the deep eutectic solvent was determined before and after each 
experiment by Karl-Fischer titration (Mettler Toledo DL32 Karl-Fischer Coulometer, Aqualine 
Electrolyte A, Aqualine Catholyte CG A) in order to keep track of any effect of the presence of water 
on our results. Those measurements showed that the water content of the solvent was kept below 
0.3 wt% during all the experimental procedures presented here, which we assume to be negligible 
and have little impact on the characteristics of the DES.3, 27 

 DPPC (> 99%), DMPC (> 99%), and DMPG (> 99%) were supplied by Avanti Polar Lipids 
and used as received. DLPC (> 99%) was supplied by Sigma-Aldrich and used as received. 
Deuterated versions of DPPC (d62-DPPC, > 99%, deuterated tails-only) and DMPC (d54-DPPC, > 
99%, deuterated tails-only) were supplied by Avanti Polar Lipids and used without further 
purification. These phospholipids were dissolved in chloroform (0.5 mg/mL) at room temperature. 

 Sample preparation was performed in situ using the standard method for the spreading of 
insoluble monolayers on water: A certain amount of the phospholipid solution was spread onto the 
liquid surface in order to provide a given surface concentration. After the evaporation of the 
chloroform, it is assumed that the resulting system is a solvent subphase with a monolayer of 
phospholipid at the interface. Surface concentration was modified through either closing and 
opening the PTFE barriers of the Langmuir trough (XRR) or adding more phospholipid solution to 
the surface (NR). Note that in order to minimise volumes in the NR experiment (to keep the cost of 
deuterated compounds to a manageable level) it was not possible to use a Langmuir trough for 
these experiments. This meant that control over the surface pressure was limited and as such the 
measurements cannot be assumed to be absolutely at the same surface pressure. 



Methods 

 X-ray reflectivity measurements were taken on I07 at Diamond Light Source, at 12.5 keV 
photon energy using the double-crystal-deflector.28 The reflected intensity was measured in a 
momentum transfer range from 0.018 to 0.7 Å-1. The data was normalised to the incident beam and 
background was measured from off-specular reflection and subsequently subtracted. The sample 
environment consisted of a PTFE Langmuir trough. Samples were equilibrated for at least one hour 
and preserved under helium atmosphere to minimise the adsorption of water by the subphase. 
Surface concentration was controlled through opening and closing the barriers of the Langmuir 
trough and measured using aluminium Wilhelmy plate. 
 The neutron reflectivity experiments were performed on FIGARO at Institute Laue-Langevin 
using the time-of-flight method.29 Two angle regimes were measured to provide a momentum 
transfer range from 0.005 to 0.18 Å-1. Small-volume Delrin adsorption troughs were used to support 
the sample. In this case, the surface concentration was varied by adding more phospholipid 
solution to the sample after each measurement. Similar to the X-ray procedure, samples were 
given enough time to equilibrate (at least two hours) and kept under inert atmosphere. 
 X-ray reflectivity data were collected for each of the lipids, DMPC, DPPC, DLPC and 
DMPG and all measurements were made at 22 °C. Since both the amount of neutron beamtime 
and the quantity of deuterated DES was limited, we were only able to measure neutron reflectivity 
data for DMPC and DPPC. As mentioned above, the small quantity of DES used for the neutron 
measurements meant that it was not possible to use a large Langmuir trough, and as such we 
could not reliably ensure that individual measurements with different techniques were exactly 
comparable. Instead we adopted an approach whereby X-ray data was fitted in isolation and then 
the results were used to inform the starting point for a further refinement of the neutron data. Since 
the X-rays are more sensitive to the relatively electron dense headgroup layer, the parameters for 
this layer were fixed while fitting the neutron data. Two neutron contrasts were obtained; both using 
lipids with deuterated tails and protonated heads on either a fully hydrogenous or partially 
deuterated DES (as described above). 
Data analysis 

 The use of reflectometry to analyse the structure of phospholipids on the surface of water 
has a history extending over many years.25, 26, 30, 31, 32, 33, 34, 35 This has led to some variation in the 
models used to fit the experimental data (see Table 1). In general terms, most of the models in the 
literature consist of two slabs of discrete thickness and scattering length density corresponding to 
the “head” and “tail” groups of the phospholipid molecules. Each layer may also have additional 
parameters associated with the interfacial roughness and solvation. These models are based on 
certain assumptions that are derived from other experimental evidence or constraints designed to 
ensure consistency with physical reality. One such assumption is the molecular volume, which is 
essentially used to derive the scattering length density. However, while the molecular volume of a 
bulk material in its natural state is fairly easy to determine from physical measurement, this is not 
the case for a molecule (or even part of a molecule) in solution. As a result, molecular dynamics 
simulations have often been used to calculate the volume of lipid molecules and their constituent 
parts.36 In water, such a simulation is (debatably) reliable, but in a DES it may not be so 
straightforward.  
Table 1. Lipid component volumes extracted from different literature sources. Vl corresponds to the total lipid 
volume, and Vhg and Vt to the headgroup and tails respectively. X-ray SLD (×10-6 Å-2) were subsequently 
calculated using the various component volumes. 

 DPPC DMPC 

Reference Armen et 
al., 199837 

Petrache et 
al., 199736 

Sun et al., 
199438 

Tardieu et 
al., 197339 

Kučerka et 
al., 200440 

Nagle et 
al., 197841 

Schmidt, 
198542 

Vl 1216.96 1219 1148 1224 1101 1061 1094 
Vhg 326.00 324 319 360 319 344 - 
Vt 890.96 895 829 864 782 717 - 

Method MD 
simulations 

MD 
simulations 

Wide-
angle X-

ray 
scattering 

Neutral 
buoyancy 

Neutral 
buoyancy 

Neutral 
buoyancy 

Differential 
vibrating 

tube 
densimeter 

T / ˚C 25 50 24 25 30 30 30 
X-ray SLDhg 14.34 14.34 14.65 12.98 14.65 13.58 - 
X-ray SLDt 7.74 7.71 8.31 7.98 7.65 8.34 - 

 The absolute volume occupied by a molecule is dependent on the temperature and its 
interactions with its surroundings. Since these interactions in a DES are less well understood, it is 



not obvious that an MD simulation of a molecule in water or vacuum will give an appropriate 
molecular volume for the lipid-DES system. We would therefore like to remove the molecular 
volume from our assumptions during fitting of the experimental data, but this is not simple as this 
would conflict with another fundamental principle of fitting reflectometry data; namely that the 
number of fitted variables should be kept to a minimum, especially where the number of different 
contrasts available is limited. An alternative approach is to add additional constraints to the fitting 
process.  
 It is possible to calculate the surface excess of lipid molecules at an interface from the 
parameters of the model used to fit reflectometry data. Specifically: 
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!!!!

 

where NA is Avagadro’s number, SLDt  is the scattering length density of species t, bt is the is the 
sum of the coherent scattering cross sections of each of the constituent atoms in this species, and 
dt is the thickness of the layer. It is possible to subdivide species according to the number of layers 
used in a model. Thus, for a two-layer model, as we use in this work, this equation is valid for either 
the tails (t) or the heads (h) layer respectively. However, it is important to remember that for a layer 
that includes other species (such as the solvent) the equation is modified: 
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where ϕt is the volume fraction of tails (or species) t. Note that the surface excess is simply related 
to the area per molecule (APM). 
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 We can then use the fundamental principle that the surface excess of lipid molecules at an 
interface must be the same whether it is calculated from the layer corresponding to the lipid tails or 
from the layer corresponding to the lipid heads 43. In other words, for a given model, the number 
density of the head groups must be kept equal to the number density of (pairs of) tail groups. We 
can explicitly apply this constraint to the fitting procedure by using the following relation; 
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where, t and h refer to the tail and head layers respectively and ϕs is the fractional solvent volume 
in the head layer.  

 By applying this constraint, we effectively remove one of the fitting variables. We can then 
relax the constraint of fixed SLD (which is inherently linked to our guess of the molecular volume) 
for each of the layers. Thus, we allow the freedom to vary the SLD values within ranges that are 
consistent with the range of possible molecular volumes that are physically meaningful (based on 
our assumption that the total volume of a lipid will be similar to that quoted in the literature). Overall 
then, this does not increase the total number of variables and should give an improved fit to the 
experimental data. 

Our approach, then, is to first use the literature values in water to provide a starting point 
for fitting the data. This is a reasonable assumption since we can expect that the molecular volume 
of a lipid molecule is rather similar (at a given temperature) irrespective of the solvent. We will then 
refine these initial fits by relaxing the constraints on the SLD values and applying the additional 
constraints described above.  

We have carried out an initial structural determination of the monolayer using the 
parameters shown in Table 2. The properties of the subphase, also shown in Table 2, were 
obtained from a measurement of the pure liquid11. The subphase roughness from the fit (σsolvent = 
3.3 Å) and all other subphase parameters were kept constant while fitting the lipid monolayers. 

An initial fit to the experimental data was obtained using Motofit45, 46, 47 which uses the 
Abelès matrix method to simulate the reflectivity data. The model uses the following variables to 
form two layers (where the subscripts t correspond to the tail region and h to the headgroup region) 
and an infinitely thick subphase: scattering length density (SLD), layer thickness (d), layer 
roughness (σ) and background level (B). Solvent penetration was allowed to the headgroup region, 
meaning its SLD (SLDsh) could vary with composition. The results of these initial fits are given in the 
ESI. 



Table 2. Molecular volume, scattering length and scattering length density of the different components present 
in the current system. aThese values were extracted from Sanchez-Fernandez et al.11 bThe molecular volume 
of DMPC and DPPC were obtained from Armen et al.37 cThe molecular volumes of the deuterated tails were 
assumed to be the same as those of the protonated versions. dThe volume of the PG headgroup was obtained 
from Pan et al.44 

Unit Vm / Å3 X-ray b / fm Neutron b / fm X-Ray SLD / 
×10-6 Å-2 

Neutron SLD / 
×10-6 Å-2 

hh solv 453±8a 496 20.5 10.8±0.1 0.45±0.03 
hd-solv 453±8a - 140 - 3.15±0.02 
h-DL 667b 5073 - 7.6 - 
h-DM 779b 5985 -292 7.7 -0.39 
d-DM 779c - 6129 - 7.2 
h-DP 891b 6897 -325 7.7 -0.38 
d-DP 891c - 5330 - 7.2 
h-PC 326b 4674 603 14.3 1.85 
h-PG 291d 4731 - 16.2 - 

 The second step involved refining the initial structural fits of the model monolayer using a 
python package “refnx”.45, 46, 48 This packages allows for the use of the custom structure class 
SurfMono (full details of this class are in the ESI). This implements the constraints discussed above 
resulting in the lipid monolayer structure with the number density of head groups and (pairs of) tail 
groups is kept constant throughout the fitting procedure. Additionally the use of refnx allows the 
application of probability theory through the use of Markov chain Monte Carlo (MCMC) sampling 
from the probability density functions (PDFs) of each of the fitting variables. refnx utilises the 
emcee python package,49 which implements Goodman & Weare’s Affine Invariant MCMC 
ensemble sampling.50 The data analysis presented here was performed with 5000 steps and 200 
Markov chain walkers, in order to ensure sufficient sampling of the variable PDFs, which in turn 
enables the assessment of correlations present between the parameters. Many of the PDFs were 
found to be Gaussian in shape, allowing the uncertainties to be expressed symmetrically as the 
variance of the normal distribution.  

Correlations were rationalised using 2-dimensional plots of the PDFs for each of the pairs 
of parameters and the Pearson correlation coefficient was used to quantify these relationships. The 
Pearson correlation coefficient (r) indicates a linear-positive correlation between variables for 
values greater than zero, while values less than zero indicates a linear-negative correlation. It is 
important that these correlations are understood as they have fundamental impact on the 
uncertainties associated with the derived values. 

 To account for the significant correlation found between the head-layer thickness and the 
fractional solvent volume in the head layer (see ESI), the head scattering length (SLDh) density was 
converted to a scattering length density (SLDsh) that integrates the effect of the solvation of the 
head layer as follows: 

!"#!! =
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Results and discussion 
X-ray reflectivity: Probability density functions and covariant parameters 

 The probability density functions (PDFs), which show the likelihood that particular value of 
a parameter is sampled by the MCMC algorithm, alongside the fitted reflectometry profile for the 
most likely set of parameters are shown for each lipid at the highest lipid surface pressure 
(nominally 30 mNm-1) in Fig 1. The equivalent data for all the other lipid concentrations are 
provided in the ESI. 



 
Fig. 1 The probability density functions for each of the fitting parameters in the MCMC analysis of the fitting 
process for each of the lipids studied, with the fitted reflectometry data shown in the inset; (a) DLPC (73.9±0.3 
Å2), (b) DMPC (69.7±0.1 Å2), (c) DPPC (65.1±0.1 Å2), and (d) DMPG (57.4±0.1 Å2). 

The magnitude of the sum of the Pearson correlation coefficients ( !!! ) appears to vary 
with the ratio of interfacial roughness and thickness of the layers, with the sum of the Pearson 
correlation coefficients increasing with an increase in the ratio of the head roughness to the mean 
head thickness (Table 3). This relationship can be understood as when there is a smaller difference 
between the interfacial roughness between the head and tail layers and the thickness of the tail 
layer, there is less layer definition. This can be observed clearly in Fig 2 where the scattering length 
density profiles of each of the each phosphocholine lipids are compared at the highest 
concentration of lipid. A significant result of these correlations is that it is not possible to comment 
on the volume of the head layer and the volume of the tail layer separately; due to their intrinsic 
correlation. Instead it is only possible to quantify their sum, the total lipid volume. 
Table 3 Variation of the sum of the Pearson correlation coefficients for all of the parameters in the MCMC 
sample with the roughness/thickness ratio for each of the lipids.  

Lipid 
!!
!!

 !!
!

 

DLPC 0.45 4.25 

DMPC 0.35 2.13 

DPPC 0.31 2.05 

DMPG 0.36 1.80 



 
Fig. 2 (a) SLD profiles for each of the three phosphocholine lipids; DLPC (73.9±0.3 Å2, solid line), DMPC 
(69.7±0.1 Å2, dashed line), DPPC (65.1±0.1 Å2, dotted line), clearly showing the loss of definition between the 
two layers. (b) SLD profiles for DMPC (69.7±0.1 Å2, dashed line) and DMPG (57.4±0.1 Å2, solid line). 

 The form of all of the parameters was assumed to be Gaussian, although this is not strictly 
representative for the lowest concentration of DLPC (see Fig. S7(a)). This allowed the parameters 
of area per molecule (APM), total lipid volume (Vl), fractional solvent volume in the head layer (ϕs), 
and head layer and tail layer thicknesses (dh and dt) to be defined by fitting with a Gaussian 
function; where the most likely value is the mean and the variance of the Gaussian is the symmetric 
statistical uncertainty. The APM was found to decrease with increasing lipid added to the surface, 
therefore allowing APM to be used as a measure of surface concentration. This allowed total lipid 
volume, fractional solvent volume in the head layer and the tail and head layer thicknesses to be 
plotted with decreasing APM, as shown in Fig. 3 and 4.  

Phosphocholine lipids 

Fig. 3 compares the change of Vl, ϕs, dh, and dt with APM for DLPC, DMPC and DPPC; 
where the phosphocholine head group is the same, however the hydrophobic carbon chain 
increases from 11 to 15 carbon atoms. From these figures, it is clear that a well-packed monolayer 
is not formed until the APM is below ca. 90 Å2 (the two highest concentration samples for DLPC 
and DMPC and the three highest concentration samples for DPPC). Due to the nature of the model 
applied, specifically the assumption that there is no air condensed in the tail region, the samples 
with low concentration give less reliable results. 

 
Fig. 3 The variation of (a) the total lipid volume (Vl,), (b) fractional solvent volume in the head layer (ϕs,) and (c) 
the tail and (d) head layer thicknesses (dh, and dt,) with APM for DLPC (triangles), DMPC (crosses), and 
DPPC (filled circles).  

 Fig. 3(c) shows that with increasing number of carbon atoms in the tail there is a noticeable 
increase in the fitted tail layer thickness, as would be expected.25, 51 Also, the values corresponding 
to the condensed phase were found to be comparable to phospholipid monolayers at the air-water 
interface (DMPC: dh= 10.7 Å, dt= 15.8 Å @ APM= 61 Å2; DPPC: dh= 9.3 Å, dt= 16.0 Å @ APM= 
49.1 Å2).30, 51 Additionally as anticipated, at the highest lipid concentrations the magnitudes of the 
head group thicknesses and solvent fractions are very similar between the lipids (Fig. 3(b) and (d)), 
as they consist of the same phosphocholine functional group. This indicates that the variation in the 
total lipid volume that is observed (Fig. 3(a)) can be mainly attributed to the tail volume, despite the 
previously discussed difficulty in commenting on either the head or tail volume individually due to 
their correlation. 



Phosphoglycerol lipids 

Fig. 4 compares the change of Vl, ϕs, dh, and dt with APM for DMPC and DMPG; where the 
length of the hydrophobic carbon chain is the same however the lyophilic head group is changed 
from phosphocholine to phosphoglycerol. Again, it is clear that a well-packed monolayer is not 
formed until APM falls bellow ca. 90 Å2 (the two highest concentration samples for DMPC and the 
three highest concentration samples for DMPG), due to the same reasons as previously 
mentioned. 

 
Fig. 4 The variation of the total lipid volume (Vl, a), fractional solvent volume in the head layer (ϕs, b) and the 
tail and head layer thicknesses (dh, c and dt, d) with APM for DMPC (crosses) and DMPG (triangles).  

 There is no difference in the composition of the carbon tails, therefore very similar 
behaviour is observed with increasing concentration for the thickness of the tail layer, as the lipids 
go from an expanded, sparsely-packed phase to a dense, well-packed, and thicker monolayer. 
These results are also similar to the behaviour observed in the aqueous analogue system (DMPG: 
dh= 10.3 Å, dt= 15.8 Å @ APM= 58.8 Å2).35 Despite the inability to comment directly on the volume 
of either the heads or the tails due to their correlation, the fact that the tail thicknesses are relatively 
similar indicates that the difference observed in the total lipid volume is due to a difference in the 
head volume. Fig. 4(a) shows the total lipid volume to be greater for the DMPC lipid at a similar 
APM at the concentrated region, also in agreement with previously reported molecular volumes 
(See Table 1). 

These subtle differences in the headgroup structure arise from the different composition of 
the lipid head and, subsequently, from the solvation effects. It has been previously suggested that 
DES may provide segregated environments when in contact with phospholipid headgroups.14, 15 
The solvation of the choline terminal moiety of the PC group would favour the presence of glycerol, 
whereas the glycerol moiety of the PG group would be favourably surrounded by choline. This 
headgroup-solvent interaction may ultimately influence the arrangement of the headgroup 
backbone and, hence, on the structure of the monolayer. Therefore, the solvent would be capable 
of providing a suitable environment for the solvation of both headgroups, while maintaining a high 
level of structural resilience without drastic differences between systems. 

Molecular volume comparison 

 The mean molecular volume determined from the MCMC sampling is compared with the 
values found in the literature in Table 3. These show a noticeable decrease in the molecular 
volume (although some are within the margin of error) when the lipids are at the DES-air interface 
compared to the literature values of those in an aqueous environment. In order to ensure that this 
difference was not an anomaly of the MCMC sampling process, three datasets of DPPC at the 
water-air interface were analysed using the same MCMC sampling method (given in full in the ESI). 
These analyses found a total lipid volume of 1184.5±38.4 Å3, in good agreement with the literature 
values for the water-air interface.  
Table 3. Comparison of the literature molecular volume values and those determined from the reflectometry 
measurements, where the value is the average from the measurements consider to has a well-formed 
monolayer and the uncertainty is the standard deviation.  

Lipid Vl on water37 / Å3 Vl on DES / Å3 Difference 

DLPC 993 868.0±24.2 -13	% 

DMPC 1105 1074.3±41.0 -3	% 

DPPC 1217 1098.3±22.3 -10	% 

DMPG 1070 1034.9±140.1 -3	% 



 Table 3 shows that there is a significant difference in the molecular volume for DLPC and 
DPPC determined from these X-ray reflectometry measurements on DES, and those in the 
literature. This suggests that the solvation of the lipid head groups is different in DES to that in 
water. We can speculate that the presence of charged molecular components in the DES are 
capable of screening the repulsive forces between the lipid head groups resulting in a smaller 
molecular volume for the total lipid. Such charge screening effects have been previously reported 
for the micellisation of ionic surfactants in DES, where ion-ion interactions between charged 
components of the solvent and the headgroup of the surfactants modify the charge interactions at 
the micelle interface.52, 53 

Neutron reflectivity 

 It was hoped that the use of multiple contrast neutron reflectometry would reduce the 
magnitude of the correlations observed. Two isotopic contrasts were studied (with full analysis 
given in the ESI), where the composition of the solvent was changed while the lipid was kept the 
same (hydrogenated lipid heads with deuterated lipid tails in either protonated or partially 
deuterated solvent). However, due to the limited variation in contrast for the system the total 
correlation in the model was still very large (4.78 for DMPC and 3.89 for DPPC, both at the highest 
surface concentration) and it was not possible to accurately decorrelate the head and tail volumes. 
However, the datasets analysed were found to be in good agreement with the X-ray analysis. 
Details on the neutron reflectivity can be found in the ESI. 

Conclusions 

 Phosphocholine and phosphoglycerol lipids have been demonstrated to form stable 
monolayers at the air-DES interface. To our knowledge, this is the first observation of such 
behaviour on non-aqueous liquids. 

X-ray reflectivity and neutron reflectivity have shown structural dependence on the tail size 
and headgroup components of the phospholipid. Interestingly, the monolayers are structurally very 
similar to the structures observed on water. Tail thicknesses and volume fractions for the lipids 
investigated here are comparable to those in water. Upon surface compression, the monolayer 
evolves from expanded, thinner layers to more condensed and thicker layers with increasing 
surface concentration. Changes in the lyophobic moiety or headgroup results in expected structural 
variations, by analogy to the behaviour on water. However, there are some effects potentially 
associated with the electrostatic screening ability of the deep eutectic solvent. 

We have used a novel data fitting strategy to remove assumptions about the molecular 
volume of the lipids from the constraints on the model. This approach was able to provide 
consistent fits to all data collected and suggests that the molecular volumes of the lipids studied 
here are slightly smaller on the surface of DES than they are on the surface of water. The results 
may be rationalised through solvation effects, where specific ion-ion interactions modify the charge 
density of the layer and the conformation of the headgroup backbone. However, insufficient 
instrumental resolution and neutron contrasts did not allow detailed analysis of such effects. 

 The use of Markov chain Monte Carlo sampling showed the necessity of the accurate 
evaluation of the molecular volumes used in the structural determination of the monolayer 
characteristics. The correlations between parameters also suggest that the contribution from 
various contrasts (X-ray and neutron) is needed to constrain the system and subsequently provide 
a more realistic and accurate model of the monolayer. 

 Until the emergence of ionic liquids and DES, only a limited number of molecular solvents 
exhibit the ability to promote self-assembly and, to the best of our knowledge, only water among 
those had been demonstrated to allow the formation of phospholipid monolayers at the air-liquid 
interface. Therefore choline chloride:glycerol DES constitutes a novel environment where 
phospholipid membranes may be investigated. These possibilities include fundamental 
investigations of phospholipid monolayers in extreme environments (total or partial absence of 
water, cryogenic temperatures), protein membrane interactions and development of new 
technologies for drug delivery. 
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Chapter 9 
 
 
 
 

9 Protein conformation in deep eutectic solvents: 
Can a protein remain active in the absence of 
water? 

The emergence of DES have provided a novel and interesting field to explore for of 
biochemistry and biocatalysis.140 The environment provided by some DES, with similarities 
to water (such as H-bond interactions, presence of the lyophobic effect, solubility of polar 
species, low H+ concentration), has instigated a set of investigations on protein and 
enzyme activity by a number of authors. Research has been recently performed in order 
to investigate the preservation and activity of proteins and enzymes in pure and hydrated 
DES.123, 135, 140, 145, 147, 154, 155, 159, 237 

In these studies, special emphasis has been put on the ability of DES – both pure 
and hydrated – to sustain biocatalysis.134, 135, 154, 156, 238, 239 Recent developments suggest 
that the activity of various enzymes is retained in these environments, providing a suitable 
alternative to traditional aqueous buffers. Although a diverse set of biomolecules have 
been recently investigated, little effort has been made in understanding the underlying 
fundamental interactions between DES and proteins and thus the effect of DES on the 
activity and functions of these molecules. 

We have, therefore, started a systematic investigation in order to elucidate such 
links, by relating the structure of simple protein molecules with their conformation in DES 
and their previously reported activities in these solvents. In the present chapter, we 
introduce the first reported investigation on the conformation of proteins in pure and 
hydrated DES. The structure in solution of bovine serum albumin (BSA) and lysozyme 
from hen egg-white were studied and compare to that in water. BSA achieves a globular 
conformation in aqueous buffer, with a radius of gyration of 29.8 Å.240 Also, this protein 
presents a net negative charge in water.241 The conformation of lysozyme in aqueous 
solution is also globular, with a radius of gyration of 14.2 Å.242 Unlike BSA, lysozyme 
presents a positive charge in water.243 These results will be the starting points for the 
comparison of the behaviour of the two proteins in the pure and hydrated solvents 
investigated here. 

9.1 Paper 8: Protein conformation in pure and hydrated 
deep eutectic solvents 

The remarkable complexity of biological systems led us to select widely studied 
and well-characterised proteins in order to make the first attempt to understand the 
behaviour of those biomolecules in DES. Bovine serum albumin, lysozyme from hen egg-
white and human haemoglobin were investigated in 1:2 choline chloride:glycerol and 1:2 
choline chloride:urea, with different levels of hydration: 0 wt% (pure DES), 25 wt% and 50 
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wt% of water. Furthermore, to determine whether temperature-driven protein denaturation 
is reversible or irreversible, we have performed a temperature dependent investigation of 
the structure and conformation of the proteins. Data here presented show the results from 
BSA and lysozyme. Haemoglobin was found to quickly aggregate and precipitate out of 
solution in the solvents investigated here. Although this fact is interesting by itself – due to 
the results gathered for other proteins that did not show aggregation – we did not 
investigate this further due to time constraints. Therefore we leave this open to future 
investigations that may aim to understand protein/enzyme stability for particular species in 
these media. 

Circular dichroism and small-angle neutron scattering have been used to 
investigate the structure and conformation of these proteins. Our results show a clear 
correlation with previous investigations on protein activity and set the basis for the 
understanding of the protein conformation in DES. Also in the following communication, 
we propose different hypothesis to explain the activity or lack of it for proteins in pure and 
hydrated DES. 

The contents presented in this chapter are reproduced with the permission of the 
Royal Society of Chemistry under the Creative Commons License.244 Electronic 
Supporting Information for the paper presented here can be found in the Appendix. 
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Deep eutectic solvents (DES) have recently been postulated as possible

environments where protein structure may be preserved in the

absence of water. Here we present our results towards understanding

protein conformation in choline chloride-based DES and mixtures with

water. Lysozyme and bovine serum albumin have been investigated by

means of circular dichroism and small-angle neutron scattering.

The investigation of proteins and enzymes in the absence of water
has experienced a recent upsurge with the emergence of neoteric
solvents, mainly deep eutectic solvents.1 The green character of
the latter has attracted attention for possible applications in
biochemistry and biocatalysis as an alternative to organic solvents
used in traditional processes.2 Deep eutectic solvents have also
been postulated as a matrix where cell metabolism may occur
in extreme environments (e.g. cryogenic temperatures or total
absence of water).3 Therefore understanding the behaviour of
proteins in these solvents not only provides a new alternative to
aqueous solvents, but may also help to elucidate information on
protein activity in extreme environments.

Deep eutectic solvents are formed through the complexation
of an ionic species (e.g. choline chloride) and a hydrogen bond
donor (e.g. glycerol).1 The interaction between these com-
pounds produces a large depression of the freezing point which
allows the formation of a stable solvent at room temperature.4

DES have been demonstrated to promote amphiphile self-
assembly of surfactants and phospholipids, both essential for
the formation of biological membranes.5–9 Protein stability
has been investigated in various DES,10–13 and enzymatic
activity has been explored as an alternative to water for

enzyme-catalysed reactions.14–16 Bacterial preservation has also
been demonstrated in DES.17

Unlike in organic solvents, where it has been shown that
enzymatic activity is dramatically reduced,18 DES and DES/water
mixtures have been shown to partially preserve such activity.12 The
structure of proteins in these media has been previously studied by
means of circular dichroism (CD).10 Although such studies provide
an insight on the secondary structure of proteins, information on
the overall conformation of the proteins in solution is yet missing
and not fully understood. In this communication we present the
first investigation on protein conformation and structure in pure
and hydrated DES. The extent to which these proteins remain
folded in the total or partial absence of water is explored here for
two model proteins: Hen egg white lysozyme and bovine serum
albumin (BSA). Circular dichroism was used to study changes in
the secondary and tertiary structure of the proteins, whilst protein
conformation in solution was investigated by means of small-angle
neutron scattering (SANS).‡ Protein characteristics have been
investigated and compared in terms of protein environment (pure
DES, DES/water mixtures and buffer) and thermal stability.

BSA structure has been investigated in choline chloride:glycerol,
and choline chloride:glycerol/water mixtures (two solvents: 75 wt%
and 50 wt% of DES) and buffer (phosphate buffered saline, 0.01 M,
pH = 7.4).§ Further investigations on conformational changes of
BSA with temperature are also presented here. Lysozyme has
been studied in choline chloride:urea, choline chloride:glycerol,
choline chloride:urea/water mixtures and buffer (same as above).
The systems investigated in the present study are summarised
in Table 1.

The CD spectra for BSA in these solvents is shown in Fig. 1. The
far-UV CD region is sensitive to changes in the secondary structure
of the protein while the near-UV CD region is sensitive to the
tertiary structure.19 Our measurements show that the secondary
structure of BSA does not vary between solvent environments.

The shape of the spectra in the far-UV region indicates the
presence of an alpha helix. The near-UV CD spectra of BSA in
buffer and in the DES/water mixtures appear to be similar,
indicating minimal differences between the tertiary structure of
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the protein in these solvents. However, the spectrum of BSA in
pure choline chloride:glycerol is considerably different from
those solvents that contain water, indicating a difference in the
tertiary structure of the protein. Whilst CD is also sensitive to
small changes in the tertiary structure, it is not possible to
extract a detailed model from the data. However this technique
can be applied to follow changes in the protein folding while
varying the protein environment or temperature.19–21

On heating the BSA samples to 80 1C with equilibration for at
least 1 hour before measurement, the CD spectra show a clear
decrease in the signal and therefore in the degree of secondary
structure of the protein. Also the near-UV region spectra showed a
significant loss of intensity and flattening of the signal, indicating
unfolding of the protein (Fig. 1c and d). These samples were
afterwards re-equilibrated at room temperature and remeasured
demonstrating that the change was not reversible and therefore
indicative of denaturation.22

Lysozyme secondary structure gives a CD signal arising
from a combination of alpha helices and beta sheets in buffer
solution.23 The secondary structure of lysozyme in DES has
been previously investigated by Esquembre et al. and Xin et al.
using CD.10,12 Our results were found to be in agreement with
those previously published, showing a minimal change of the
alpha helices and beta sheets in choline chloride:glycerol, and
choline chloride:urea.10 Lysozyme has also been studied using
CD in a choline chloride:trehalose:water buffer, showing an
increase in the thermostability of the protein.12

Small-angle neutron scattering data were analysed following
a well-established procedure for proteins in solution, using the
Indirect Fourier Transformation approach.24,25 Examining the
data using this technique provides a good way to follow con-
formational changes in the protein. Guinier analysis was used
to obtain the extrapolated intensity at zero scattering angle,
I(0), and the radius of gyration, Rg, of the protein (see ESI†).
These parameters were subsequently used to plot the data and
use a normalised Kratky analysis.26,27 This dimensionless plot
provides an assessment of protein conformation, showing peak
maxima at O3 for globular particles regardless of concentration,
composition and size. Deviations from this condition suggest
asymmetry or flexibility in the protein structure.

The pair distance distribution function, p(r), shows that the
maximum dimension of the scatterer (Dmax), and therefore the
protein conformation, vary between pure DES and DES/water
mixtures. In the case of BSA in pure D-choline chloride:D-glycerol,
Dmax was found to be larger than in buffer but significantly
shorter that the denatured protein (131 ! 4 Å vs. 314 ! 12 Å)
(Fig. 2b), indicating a partially folded structure with a Rg of
42.2 ! 0.4 Å (see ESI†). The Dmax of BSA was fitted to 98 ! 3 Å in
75/25 DES/water mixture and 94! 5 Å in 50/50 DES/water, whilst
they showed a Rg of 28.4 ! 0.2 and 28.2 ! 0.3 Å, respectively.
These values are close to those seen in the buffered solution
where Dmax = 93 ! 3 Å and Rg = 28.1 ! 0.3 Å.

The addition of water appears to allow a more efficient
folding into a globular shape, with the normalised Kratky plot
showing how the protein changes from globular in DES/water
systems to a less symmetric conformation in pure choline
chloride:glycerol (Fig. 2c). This suggests that this difference is
related to changes in the local environment of the functional
groups that promote the folding of the protein. As has been
previously demonstrated, despite the presence of the hydro-
phobic effect and specific ion–ion interactions on surfactant–
DES systems,6,7 the solvation ability of DES differs from water
and therefore the mechanism of solvation still remains unclear.

The hydrated systems however do not follow the same beha-
viour. The fits indicate that BSA conformation is maintained,
even at high concentration of DES acting as a co-solvent. This
observation would support the hypothesis which argues that DES
structure is maintained even at high water concentration, with
discrete strongly bonded DES clusters remaining in solution,
which do not directly interact with the protein.28 Thus, water
could form a shell protecting the protein and providing a favour-
able environment for the protein.

In agreement with our CD results, BSA was found to undergo
hot denaturation above 80 1C, irreversibly losing its conforma-
tion. Cold denaturation was not observed, with the protein
remaining folded after cooling down to "80 1C (see ESI†).

In the case of lysozyme, choline chloride:urea and choline
chloride:glycerol DES were tested as solvents for the protein. As in
the BSA/DES systems, lysozyme was found to remain partially folded
in both of the pure DES (Fig. 2d). The scattering from the protein in
choline chloride:glycerol indicates that the protein folding is similar
to that in choline chloride:urea (Dmax = 57.3 ! 1.1 Å, Rg = 17.2 !
0.8 Å and 58.0 ! 0.8 Å, Rg = 17.8 ! 1.0 Å, respectively) (Fig. 2e).

Table 1 Systems compared in the present study

Solvent Protein

Choline chloride:glycerol Bovine serum albumin
Choline chloride:glycerol/water
Phosphate buffered saline

Choline chloride:glycerol Lysozyme
Choline chloride:urea
Choline chloride:glycerol/water
Phosphate buffered saline

Fig. 1 CD spectra of BSA: (a) far-UV region and (c) near-UV region of BSA
in pure choline chloride:glycerol, choline chloride:glycerol/water mixtures
(50 and 75 wt% of DES) and phosphate buffer; (b) far-UV region and (d)
near-UV region of BSA in pure choline chloride:glycerol at different
temperatures.
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This is surprising given that urea has been widely used as a
natural agent to cause denaturation of proteins,11 and yet here
lysozyme retains its structure in a solvent with a high content of
urea. Lysozyme in mixtures of choline chloride:glycerol and water
showed a similar structure. The protein seems to retain its
structure in these mixtures, with small differences in conformation
compared with that seen in the pure buffer. However these
differences in the structure can be appreciated in the normalised
Kratky plot (Fig. 2f), where the peak diverges from the position of
the completely folded lysozyme structure in buffer.

Esquembre et al. presented investigations on lysozyme activity
in pure and hydrated solvents.10 These results showed a decrease
of the protein activity with increasing concentration of DES in the
solvent. Although the conformation of lysozyme does not vary
between hydrated DES and buffer, the activity of the protein
decreases in the presence of the DES. Similar observations have
been also reported for lysozyme in different ionic liquids, where
the structure of the protein is maintained but the activity is
reduced.29,30 We believe that although the protein structure is
not affected, the high ionic strength and slower diffusion, arising
from higher viscosity of the DES solution, hinder the interaction
of the interaction sites with the bacteria used in the assay.

Conclusions
DES and mixtures of those with water have been investigated as
media to support protein folding. Circular dichroism has
shown that the secondary structure of the proteins examined
is minimally affected as the solvent varies from phosphate
buffer to pure DES. Near-UV measurements have provided
information regarding the change of the tertiary structure of
the protein. These results showed that the protein folding was
similar in buffer and DES/water mixtures (75/25 and 50/50).

However a considerable change was found for the protein
solubilised in pure DES. BSA was found to irreversibly denature
once heated up to 80 1C, showing that the DES provided no
improvement in thermostability for this protein in the present
systems. As shown by CD, this transition affects both the
secondary and tertiary structure of the protein.

Small-angle neutron scattering studies provided information
about the structure of two proteins in DES. The structure of BSA
and lysozyme in pure DES was found to be partially folded, as
can be seen through the pair distance-distribution function. Our
fits situate the structure of BSA in pure choline chloride:glycerol
between the optimal conformation in buffer and the denatured
elongated structure. In the case of glycerol and urea, these
different hydrogen bond donors were found to promote a similar
partially-folded conformation of lysozyme in the pure DES.

Interestingly the proteins in DES/water mixtures showed
minimal differences from the proteins in buffer, despite the
concentrations of DES being rather high (50 and 75 wt% of DES).
Further investigations will be needed to determine whether this
high concentration of DES is acting as a co-solvent, and therefore
retaining its solvent structure regardless the presence of water,
or the components are found dissociated in such media.

Based on our results on protein conformation in DES, we
hypothesize the conformation–activity relationship as follows:
protein conformation is dependent on the local environments
of the amino acids that promote protein folding – these amino
acids may also be part of the active site of the protein which is
responsible for its enzymatic activity. The presence of pure DES,
replacing water around the amino acids in the active site
therefore promotes partially folded conformations and reduces
the activity via a combination of specific binding and reduction
of solvophobic effects. In the case of hydrated DES, water may
form a shell around those active sites, allowing the folding
of the protein as in buffer. However, the presence of DES

Fig. 2 SANS data from (a) BSA and (d) lysozyme in different solvents. The black dashed lines correspond to the best fits using the Inverse Fourier
Transformation approach. Pair distance distribution function of (b) BSA and (e) lysozyme in different solvents. Normalised Kratky plot of (c) BSA
and (f) lysozyme in different solvents. The grey lines correspond to the position of the maximum, which is indicative the presence of globular structures
in solution.
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molecules in the system still decreases the activity by limiting
the diffusion of components and limiting the binding between
protein and the bacteria used in the standard lysozyme assay.

Overall, the results presented here provide a new insight
into protein folding in deep eutectic solvents and their mixtures
with water. The decrease of enzyme activity observed by others
in pure DES12,14,31,32 can likely be explained through the more
unfolded conformation seen in pure DES compared to buffer
solutions. However, the addition of water allows the protein
to adopt a more normal conformation and could restore
enzyme activity.
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Chapter 10 
 
 
 
 

10 Self-assembly in deep eutectic solvents: 
Conclusions and future work 

The aim of this chapter is to present the general conclusions and ideas that have 
been gathered in the work presented herein, as well as possible paths to be followed in 
the future. 

10.1 Where do we stand? 
Deep eutectic solvents have been demonstrated to support self-assembly of 

surfactants into micelles, the formation of stable phospholipid monolayers, and supply a 
suitable environment for protein solvation. 

Surfactants have been shown to self-assemble into micelles at concentrations 
between the CMC and 100 to 400 times the CMC, depending on the characteristics of the 
surfactant. The micellisation is controlled by the solvophobic interaction between the 
surfactant tails and the solvent, leading to the formation of aggregates where the 
lyophobic tails are situated at the core and those, surrounded by solvated headgroups. 
Although some similarities to self-assembly in water may be raised, these systems have 
shown unprecedented results for self-assembly in pure solvents. In this sense, two 
different types of self-assembly have been identified: non-interacting and interacting self-
assembly. Non-interacting self-assembly is characterised by the formation of aggregates 
with similarities to those in water, where the morphology of the micelle is purely driven by 
the tail length and the interaction between headgroups, and no salts participate in the 
micellisation. The formation of globular aggregates following this mechanism has been 
identified for alkyltrimethylammonium bromides in choline chloride:glycerol, as seen in 
Chapter 4. The micellisation of those surfactants is characterised by the absence of strong 
attractive interactions between the headgroup and bulky ions from the solvent, since the 
Stern layer is hypothesised to be mainly occupied by glycerol, chloride and bromide 
anions. Choline was thus hypothesised to be displaced from the micelle interface due to 
electrostatic repulsion. 

Interacting self-assembly has been found to be remarkably interesting. This 
approach is characterised by a strong ion-ion interaction between large ions in the solvent 
and the surfactant at the micelle interface. In this scenario, charged headgroups interact 
through electrostatic attraction with bulky oppositely charged ions from the solvent. This 
interaction modifies the charge density and molecular packing at the micelle interface and 
thus provokes considerable modifications of the micelle morphology in comparison to 
those in a neutral solvent, such as water. This kind of behaviour was firstly reported for 
the anionic surfactants MDS in choline chloride:urea (Chapter 3 and 6) and subsequently 
demonstrated for cationic alkyltrimethylammonium bromide in choline chloride:malonic 
acid (Chapter 5). In the case of anionic surfactants in choline chloride:urea, positively 
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charged choline groups from the solvent adsorb to the micelle interface in competition with 
the native counterion of the surfactant. The obviously preferential binding of choline over 
sodium brings a higher density of positive counterparts to the headgroup and along with 
the steric bulk of the choline ion reduces the charge density of the headgroup region 
which promotes the formation of elongated micelles. These phenomena were also found 
to depend on the native counterion of the surfactant and hence although choline cations 
dominate the adsorption, the native counterions are also present in the solvated 
headgroup layer. 

In the case of cationic surfactants in choline chloride:malonic acid, the 
investigation not only probed the interacting phenomena in cationic systems, unlike those 
in choline chloride:glycerol, but also the designability of the systems. Those investigations 
highlight the importance of a deeper understanding of the nature of DES and the potential 
outcomes of rationalising interactions in these solvents. The use of a malonic acid-based 
DES was justified by seeking an environment that would provide a distributed negative 
charge, where a bulky negatively charged ion may be capable of interacting with the 
cationic headgroups (Chapter 5). The observed formation of elongated micelles 
demonstrated that binding of a bulky anionic solvent component to a cationic surfactant 
occurred, providing further evidence towards the interacting self-assembly model. 
Ultimately, these investigations illustrated a remarkable point; the designability of DES 
and the ability to change from a non-interacting environment to an interacting solvent 
through changes in the solvent characteristics. These changes allow surfactant 
aggregation in the DES to be tuned opening new possibilities in potential applications, 
since this enables control over properties such as viscosity and encapsulation. 

Those two types of surfactant aggregation in DES, although some differences can 
be observed in the characteristics of the ion binding, may have something in common: the 
ability of the solvent to segregate and form solvation environments with different local 
characteristics to the bulk characteristics of the DES. On one hand, the presence of a 
positively charged headgroup will favour the presence of neutral or anionic entities in the 
solvation layer, therefore producing a depletion of cations coming from the solvent. The 
solvation layer, for instance in the case of choline chloride:glycerol, would be crowded with 
glycerol molecules. Thus this would provide a glycerol-like environment that will drive the 
headgroup solvation and the interaction between headgroups. The counterion adsorption 
will be divided between chloride, from the solvent, and bromide, the native counterion of 
the surfactant. On the other hand, anionic headgroups may selectively interact with 
neutral and positively charged moieties. In this case, the interaction of the headgroup with 
choline ions through hydrogen-bonding will be reinforced with the electrostatic attractions. 
Thus the counterion adsorption will be controlled by a competition between the bulky 
cation from the solvent and the native counterion of the surfactant at the micelle interface, 
as presented in Chapter 6. Such a hypothesis would also explain the inability of choline 
chloride:urea to solvate cationic headgroups, since the displacement of the choline 
cations from the solvation layer may break the hydrogen bonding network, thus forming an 
environment which excludes headgroup solvation. 

Those scenarios may help to explain the micellisation behaviour of simple cationic 
and anionic surfactants in DES. However many biological and industrial processes involve 
the presence of zwitterionic moieties. In order to probe the solvation effects of those 
moieties by DES, we investigated the micellisation of sulfobetaine and phosphocholine 
surfactants in choline chloride:glycerol DES (Chapter 7). This DES showed the ability to 
dissolve both cationic and anionic surfactants, and therefore became a suitable candidate 
in which zwitterionic surfactants may dissolve. Our results showed the adsorption of 
surfactant at the interface and the formation of micelles in the bulk phase of this solvent, 
with different characteristics with varying the headgroup or the tail of the amphiphiles. 
Differences in the headgroup between phosphocholine and sulfobetaine headgroups lead 
to subtle differences in the behaviour of the amphiphiles and in the morphology of the 
micelles. Working on our previous hypothesis, those results may be explained through the 
formation of selective solvation environments at the surfactant headgroup. In the 
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headgroup region, the choline will be favourably located nearby anionic parts due to 
electrostatic interactions, whereas glycerol would be distributed between anionic and 
cationic groups due to h-bonding. Although zwitterionic surfactants are characterised by 
having both cationic and anionic moieties, the position of those in the headgroup (either 
terminal group or link with the hydrophobic chain) may play a role in the interaction with 
the solvent. Therefore this would produce a different distribution of solvent components 
depending on the position of the charges in the headgroup and, subsequently, it would 
influence on the interaction between headgroups and micelle morphology. Our 
experimental procedure could not demonstrate those points due to the limited resolution of 
the techniques used and the limited amount of SANS contrasts. However it has been 
demonstrated that the behaviour of phosphocholine and sulfobetaine moieties are 
different to each other in choline chloride:glycerol DES, seen as differences in micelle 
morphology, and the solvent segregation hypothesis supports the conclusions of that 
study. 

Throughout this thesis, the compatibility of DES with water has been noted, 
providing even more possible environments to tailor amphiphile self-assembly. 
Micellisation in hydrated DES has been investigated and compared with that in pure DES 
and water. The presence of water has been shown to alter the morphology of the 
aggregates by, potentially, modifying the composition of the headgroup layer. The 
formation of elongated micelles was reported for interacting systems (Chapter 3 and 5), 
and the size of the micelles was found to vary upon the addition of water. Those results 
showed a gradual variation between the maximum length (in a pure DES environment) 
and globular aggregates (in water), as the amount of water in the system was increased. 
Although it was speculated that water may replace DES components at the interface and, 
subsequently, increase the charge interaction between headgroups by reducing 
electrostatic screening, such a hypothesis could not be proved. The presence of water, as 
a 4th component of the DES mixture, considerably complicates the scenario and hinders 
elucidation of the underlying mechanism. Limited resolution and contrast variation in our 
system, as well as time constraints, did not allow further investigations on these systems. 
However, it has been demonstrated that the inclusion of water in these systems adds an 
extra degree of freedom, allowing to play with both the macroscopic characteristics of the 
system (e.g. viscosity) and the morphology of the micelles, therefore advancing one step 
further towards the elegant design of self-assembled systems. 

These previous investigations explored the self-assembly of surfactants in DES 
and have provided a starting point to understand the behaviour of amphiphiles in DES. 
Side investigations to the main body of this thesis explored the fundamental 
characteristics of more complex amphiphiles in DES: phospholipids and proteins. The 
formation of stable phospholipid monolayers was demonstrated in Chapter 8. This study 
comprised the first report, to our knowledge, on the formation of insoluble lipid monolayers 
at the air-liquid interface on a non-aqueous environment. The monolayers formed by 
phosphocholine and phosphoglycerol lipids showed differences in their structures 
depending on the tail length and headgroup structure. Once again, the hypothesis of the 
segregated solvation environments allowed an explanation of the characteristics observed 
in these systems. Furthermore, it was concluded that the formation of those lipid 
monolayers shares similarities with those formed on water. 

Finally the solvation and conformation of two proteins in pure and hydrated choline 
chloride:glycerol and choline chloride:urea were investigated: hen’s egg white lysozyme 
and bovine serum albumin. Our results showed that these DES provide a suitable 
environment for protein solubilisation, where the conformation (related to the activity) of 
the protein is partially retained in pure DES. Interestingly, choline chloride:urea supports 
such a partial protein folding, despite the fact that urea/aqueous mixtures are well-known 
to act as a protein denaturant.158 Upon hydration, the conformation of the protein is 
recovered and the protein folding was found to be similar to that in aqueous buffer. 
Differences here were again explained through the formations of local solvation 
environments. Water molecules in the hydrated DES may favourably be found in the 
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surroundings of the active site of the protein, therefore providing a suitable environment 
for the optimum folding of the proteins. Also, the effect of temperature was briefly 
explored, showing that these DES constitute a suitable environment to retain protein 
structure in cryogenic temperatures (maybe due to their glassy character) but high 
temperatures lead to an irreversible unfolding of these proteins. 

10.2 Where do we go? 
The section above highlighted the achievements of this project. However, these 

accomplishments open new paths to follow. In other words, solving our initial questions 
further leads to the formulation of many others that will need to be answered, opening new 
fields of fundamental and applied research. The following section has been intentionally 
divided into two sections. Firstly, we will explore future plans and experiments that will 
lead to a better understanding of the fundamental interactions governing amphiphile 
behaviour in DES. Secondly, the development of applications for these systems in the 
near future is discussed, together with the science that will lead to those. 

10.2.1 From fundamentals… 
Regarding surfactant behaviour, probably the most relevant open question is how 

the DES interacts with the headgroup of the surfactant. Further investigations on this 
matter will be needed to fully understand the micellisation behaviour and, potentially, 
predict the performance and even the solubility, of surfactants in a given environment. 
Small-angle neutron and X-ray scattering were here demonstrated as a useful tool to 
investigate micelle morphology in DES. However, atomistic information of the solvation 
layer is beyond the resolution of those techniques. The combination of NMR, wide-angle 
neutron scattering and computational simulations will definitely help to study these 
phenomena.49 Also, the development of suitable and accurate force fields for DES may in 
the future help to use simulations to investigate the structures and dynamics of these 
systems.245, 246 Furthermore, the implementation of spectroscopy techniques or chemical 
trapping may help to reveal the role of interacting ions and neutral species from the 
solvent, as well as the native counterions of the surfactant.247, 248 

Another relevant open question that will remain unanswered after the conclusion of 
this thesis is the nature of the micelle-micelle interactions in these solvents. A better 
understanding of such interactions will help to unveil inherent characteristics of the self-
assembly of surfactants, for instance counterion binding and charge neutralisation. 
However, we have not been able to find a suitable analytical structure factor that allows 
extraction of this information. Therefore, future investigations on these particular 
phenomena are crucial for a final understanding of electrostatic interactions in DES, 
counterion adsorption and colloidal stability. The complexity of the micellar systems 
studied here (particle anisotropy and segregated solvation environments), together with 
the limited information that can be obtained from the current experimental approaches, 
hinders those ideas. Future investigations could use colloidal particles (with a known form 
factor) to investigate the interaction between these when dispersed in pure and hydrated 
DES. Furthermore, the utilisation of particles with different surface characteristics (e.g. 
surface charge) and volume fractions will lead to more consistent investigations of 
interparticle interactions in these highly ionic environments.249 

The behaviour of anionic, cationic and zwitterionic surfactants in DES has been 
presented here. However, there is still an important field to explore: the micellisation of 
non-ionic surfactants. The formation of non-ionic micelles would be interesting from a 
fundamental point of view since solubilisation of such surfactants is dependent on the 
hydrogen-bonding capabilities of the continuous environment. This could finally lead to 
comparisons between hydrogen bond and electrostatic contributions to the solvation of 
the headgroup by different solvents. The solubility of non-ionic surfactants in DES was 
tested for a range of surfactants and most of them did not show significant solubility above 
the CMC. Investigations on polymer conformation in DES showed that non-ionic polymers 
are soluble in some DES.160 This suggests that some non-ionics would also be soluble 
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although none of those investigations was further pursued due to time constraints. Future 
investigations should be centred on the systematic study of the behaviour of 
polyoxyethylene surfactants (CnEm) through variations on the size of the headgroup 
(therefore the hydrogen bonding ability) and the size of the tail (therefore the hydrophobic 
effect). 

The studies presented here have been focused on the micellar phase of the 
surfactants. There is nonetheless a broad range of investigations on the phase behaviour 
of surfactants at intermediate and high concentrations. The formation of hexagonal, 
lamellar and other phases has been identified in ionic liquids, whereas the formation of 
surfactant lyotropic phases within DES remains unexplored. Preliminary work during this 
period demonstrates the formation of surfactant microphase separation (Fig. 10.1), which 
through a preliminary analysis differ from those in water. Future investigations may hence 
be aimed to elucidate the phase diagrams of surfactant-DES systems in a broader range 
of concentrations. 

 
Fig. 10.1 SAXS data from (a) different concentrations (5, 20, 40, 60 wt%) of C12TAB, and (b) 40 wt% of 

C12TAB, C14TAB or C16TAB in 1:2 choline chloride:glycerol at 30 ˚C.  

Recent investigations have been focused on the development of hydrophobic 
DES, as presented in the introduction. Those solvents are characterised by negligible 
water miscibility, unlike the ones studied here. Such systems vary from strong, non-
coordinating networks to combinations of precursors with large hydrophobic moieties. 
Some wide-angle X-ray scattering measurements during the last months of the PhD 
revealed different structures of these solvents depending on the presence or absence of 
those large hydrophobes. Further investigations will be needed to understand the 
formation of sponge-like phases, as previously seen for ionic liquids, or continuous high 
entropy phases with a strong hydrophobic character, and how those affect the behaviour 
of the DES. Also, the formation of self-assembled micelles (or inverse micelles) in these 
solvents would definitely be of high interest. 

Regarding the formation of phospholipid monolayers, considerable limitations have 
been found during the performance of some of these experiments. The determination of 
the surface pressure-area per molecule isotherms by means of the Langmuir trough 
method was difficult and showed low reproducibility. Those problems were attributed to 
the slow diffusion of the phospholipids at the interface of these viscous fluids. The 
determination of the characteristics of a dynamic process at the interface, as the surface 
continuously changes with compression, is a difficult matter and further investigations will 
be needed to find a suitable technique for this. Furthermore, the formation of phospholipid 
domains at the DES surface, as reported at the air-water interface, could be identified 
using Brewster-angle microscopy. Finally, the use of a more elaborate set of contrasts in 
neutron reflectivity experiments (ignoring financial limitations) would definitely help to 
unveil the solvation of the headgroup layer and selective headgroup-solvent interactions. 

Probably the most complicated scenario that the future of these investigations will 
face is to elucidate the stabilisation/solvation mechanism of proteins and enzymes by 
DES. Our investigation set the basis of the structural investigations of proteins in these 
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solvents. However many open questions remain unsolved. From a fundamental point of 
view, the combination of experimental techniques with simulations will surely help to 
understand the characteristics of these systems on a molecular level. Future 
investigations should certainly study more proteins in a wide range of solvents, maybe 
also including hydrophobic DES and water-insoluble macromolecules. Moreover, the 
thermal behaviour of the proteins in DES should be studied, with the aim of looking at the 
conformation and activity of proteins/enzymes in extreme environments. 

10.2.2 … to applications 
The investigations conducted in the present thesis have been focused on the 

fundamental science of amphiphiles in DES and little attention has been paid to 
possible/potential applications of these systems. However, this space constitutes a perfect 
place to speculate about a few possible applications of the current systems and the 
investigations that may lead to these. 

Self-assembly of amphiphiles has been widely used in drug-delivery technologies. 
Surfactant-DES systems (either in the micellar or lyotropic phases) may be used in the 
future as sustainable drug delivery technologies. The ability to tailor the characteristics of 
the aggregates through changes in the solvent would provide a great variety of 
possibilities. For this purpose, the main goal will be to identify the formation of 
microemulsions in surfactant-DES systems, capable of encapsulating non-polar moieties 
and preserving their activity. 

The synthesis of nanostructured materials using self-assembled structures as a 
template is open to a wide range of modifications in DES. DES, liquids with particularly 
good characteristics as solvents, can be used to dissolve a large variety of inorganic 
precursors that may not be soluble in water. Furthermore, the possibility of finely 
controlling the micellar phase structure opens possibilities in terms of synthesis of 
structure with very precise characteristics, such as particle morphology or pore size and 
shape. As highly stable solvents, DES can be also used over a wider range of 
temperatures than water, thus allowing exploration of different synthesis environments 
where the enthalpy-entropy balance may vary with temperature. This will ultimately lead to 
new approaches to synthesise nanostructures with potential applications in catalysis, 
sustainable processes and technology. 

The interest in DES as continuous media for organic and inorganic synthesis has 
recently increased. The systems studied here may be applicable in synthesis in micellar 
environments. The added interest would be that, using designer solvents, parameters 
such as selectivity or yield might be enhanced. 

The stability of proteins in these solvents leads to new possibilities in terms of 
preservation of biomolecules in extreme environments. Those will require further studies 
on behaviour and thermal stability of proteins and enzymes. The possibility of maintaining 
DES in liquid/glass state at cryogenic temperatures may contribute to the protection of 
biomolecules and help to understand the metabolism of organisms that survive in those 
conditions. Furthermore, the some DES environment may improve the stability at high 
temperatures and therefore assist biomolecules to preserve activities above the hot 
denaturation-temperature in water.134 
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Fits for SANS data 

The cylindrical model used to fit the SANS data is well established and so we have not 

reported the theory of this model. For each mole fraction the data for each contrast was fitted 

simultaneously with the length and radius fixed between the contrasts. The exception was the 

lowest concentration, for which case the h-SDS in d-ChCl / d-Urea contrast was fitted and then 

the parameters for length and radius were fixed for fits of the other two contrasts since their 

weak contrast resulted in significantly noisier data. These fits were therefore constrained by 
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fixing the length and radius parameters to those obtained from the other two contrasts. SLDs 

were fixed to calculated values shown in Table 2. 

During fitting the volume fraction was allowed to vary to recognize the fact that there were 

different concentrations of surfactant in the different solutions but that they were not so different 

as to expect differences in size of micelle. Thus the variation in these parameters is a direct 

consequence of this sample variation and the uncertainty in the fixed SLD used in the fits (see 

table 2).  

We believe that the co-refinement approach used is the best way to increase our confidence in 

the validity of the results by minimizing the number of variables used in fitting. The alternative 

approach is to independently fit the data and then average the results. To illustrate this we have 

included in Table S1 a comparison of the fits obtained by this method with those obtained by 

simultaneous fitting for the highest concentration. Although there are some clear differences in 

the results, these are not large by comparison to the overall trend so we conclude that the 

variability between contrasts is not significant enough to discredit our conclusions. 
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Figure S1: A plot of all the SANS data and co-refined fits for (a) h-SDS in d-ChCl/d-urea, (b) h-

SDS in h-ChCl/d-urea and (c) d-SDS in h-ChCl/h-urea. The average (over three contrasts) mole 

fractions are 3.5 x 10-4 (blue squares), 6.8 x 10-4 (black downward triangles), 1.0 x 10-3 (green 

circles) and 1.7 x 10-3 (red upward triangles). The parameters used for each fit are shown in 

Table 3.  

 

Table S1: A comparison of the fit parameters for the highest concentration system (XSDS = 

1.7x10-3) obtained by fitting each contrast independently or by co-refining all three contrasts. 

Contrast Mole Fraction of 
SDS x 10-4 

Length /Å Radius /Å Volume fraction 
of micelles x10-4 

h-SDS in d-ChCl 
/ d-Urea 

17.6 276 ± 12 14.8 ± 0.2 69.7 ± 1.1 

h-SDS in h-ChCl 
/ d-Urea 

17.7 244 ± 21 16.6 ± 0.5 64.2 ± 3.0 

d-SDS in h-ChCl 
/ h-Urea 

16.3 195 ± 12 14.8 ± 0.5 59.9 ± 3.4 

Average of 
independent fits 

17.2 ± 0.8§ 238 ± 41 15.4 ± 1.1 64.6 ± 5.1 

Simultaneous fit 
of all contrasts 

17.2 ± 0.8§ 268 ± 12 15.1 ± 0.1 68.2 ± 16.9* 

§ Mole fraction shown is the average (and standard deviation) of the three contrasts 

* Average of volume fractions for the three contrasts from Table 3 
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Fits for XRR data 

The XRR fits shown in Figure 4 were calculated from a two-layer model of the surfactant at 

the interface. Without the constraint of additional neutron contrasts, this model is not the only 

one that can simulate the data to give a qualitatively good fit to the experimental data. To 

illustrate this Figures S2 and S3 shows comparable fits for XSDS = 6x10-5 and 4x10-5 using both 

one layer and two layer models and the parameters used for these simulations are shown in Table 

S2. Importantly, in terms of the SLD profile the plots differ minimally, indicating that the 

electron density over the interface is very likely to vary in a manner close to that shown. Thus, 

although the total thickness of the surfactant layer is approximately equal for both models, we 

have not explicitly quoted model parameters due to the uncertainties in these specifics. Despite 

the cost of deuterated materials imposing significant experimental complications, we are 

planning to obtain additional neutron contrasts for this system which should enable us to refine 

these models substantially. 

Table S2 Fitting parameters for I07 XRR data shown in Figures 5, S1 & S2. The SLD’s of air 

(0Å-2) and the Urea / Choline Chloride solution (10.8 x10-6 Å-2), and the residual background 

level (3 x 10-10) were common for all fits. 

XSDS Model Parameter Model A (two-layer) Model B (one-layer) 

5.95x10-5 ± 
3.7x10-8

 

Bulk roughness /Å 3.2 3.2 

Layer 1 thickness /Å 16.1 14.3 

Layer 1 roughness /Å 4.1 4.3 

Layer 1 SLD / x10-6 Å-2 7.86 7.86 

Layer 2 thickness /Å 5.2 n/a 

Layer 2 roughness /Å 4.9 n/a 
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Layer 2 SLD / x10-6 Å-2 12.6 n/a 

3.97x10-5 ± 
3.7x10-8  

Bulk roughness /Å 3.0 3.7 

Layer 1 thickness /Å 7.3 7.5 

Layer 1 roughness /Å 5.3 4.2 

Layer 1 SLD / x10-6 Å-2 7.86 7.86 

Layer 2 thickness /Å 6.1 n/a 

Layer 2 roughness /Å 5.0 n/a 

Layer 2 SLD / x10-6 Å-2 12.6 n/a 
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Figure S2. (a) Fits and (b) SLD profiles for XSDS =  6x10-5 using both one layer (black) and 

two layer (red – also shown in Figure 5) models. For clarity on the difference between these 

models, the dashed lines show the equivalent SLD profiles with the roughness parameter set to 

zero. 
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Figure S3. (a) Fits and (b) SLD profiles for XSDS =  4x10-5 using both one layer (black) and 

two layer (purple – also shown in Figure 5) models. For clarity on the difference between these 

models, the dashed lines show the equivalent SLD profiles with the roughness parameter set to 

zero. 
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Small-angle	scattering	model	test	
Different	models	were	tested	to	 find	the	optimal	choice.	Our	 first	selection	of	models	was	based	 in	
previous	 study	of	 self-aggregation	of	 SDS	 in	water	and	other	 solvents.	 Therefore	 sphere,	ellipsoidal	
and	cylindrical	models	with	a	core-shell	cross	section	were	tested	for	a	micelle	and	a	reverse	micelle.	
A	 simple	 cylinder	 model	 was	 included	 in	 the	 test	 since	 it	 was	 the	 model	 used	 in	 our	 previously	
reported	 work.	 Also	 a	 custom	 model	 composed	 of	 a	 core-shell	 cylinder	 form	 factor	 with	 a	 non-
constrained	 hard-sphere	 structure	 factor	 was	 developed	 in	 order	 to	 fit	 the	 patterns	 in	 which	 the	
structure	factor	was	appreciable.	The	Fig.	S1	shows	a	SAXS	pattern	with	the	different	models	and	the	
Table	S1	includes	the	chi-square	parameters	for	each	fit.	

	
Fig.	S1	Comparison	of	the	best	possible	fits	for	different	models	for	the	41.2	mM	of	SDS	in	choline	chloride/urea	
DES.	

Table	 S1	 Chi-square	 values	 for	 the	 different	 models	 fitted	 to	 the	 data	 presented	 in	 Fig.	 S1.	 The	 chi-square	
corresponding	the	reverse	core-shell	structure	was	the	best	fit	with	positive	values.	

Model	 Chi-square	

Core-Shell	cylinder	 6.3	

Cylinder	 74.8	

Reverse	core-shell	cylinder	 1211	

Core-shell	ellipsoid	 2115	

Core-shell	sphere	 9637	

After	 several	 tests	 at	 different	 concentrations	 and	water	 contents,	 two	 different	 shape-dependent	
models	were	chosen	to	provide	the	best	fits	for	the	data	across	the	concentration	range	measured.	
The	 core-shell	 cylinder	model	 was	 used	 to	 fit	 the	 concentrations	 up	 to	 42	mM.	 The	 samples	 with	
concentrations	above	this	value	were	fitted	to	the	custom	model	that	 includes	the	structure	factor.	
The	samples	with	water	content	were	also	fitted	to	this	custom	model.	
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Scattering	length	densities	
The	 scattering	 length	densities	 (SLD)	 of	 each	 solvent	were	 calculated	 and	 kept	 constant	 during	 the	
fitting	 (Table	 S2).	 The	 SLDs	 of	 the	 micelle	 core,	 containing	 the	 surfactant	 tails,	 were	 calculated	
considering	non-solvent	penetration	and	a	12-carbon	tail.	The	SLDs	were	calculated	as	the	sum	of	the	
scattering	 lengths	 of	 each	 atom	 present	 in	 the	 system	 divided	 by	 the	 molecular	 volume	 of	 such	
molecule.	 These	 values	 were	 separately	 calculated	 for	 X-Rays	 and	 neutrons	 and	 afterwards	 kept	
constant	during	the	fitting	procedure	in	order	to	follow	the	changes	in	the	structural	parameters.	

The	 shell	 SLD	 for	 X-Rays	 was	 fixed	 to	 a	 value	 which	 considers	 an	 arbitrary	 amount	 of	 solvent	
penetration,	 in	agreement	with	our	previous	study.1	Variations	 in	this	parameter	were	found	to	not	
affect	 the	 dimensions	 of	 the	micelle	 core.	 Thus	 we	 believe	 that	 this	 approach	 provided	 a	 reliable	
approximation	of	the	micelle	core	which	was	afterwards	used	during	the	analysis	of	neutron	data.	The	
surfactant	counterion	was	considered	to	be	solvated	in	the	solvent,	therefore	non-contributing	to	the	
SLD	of	the	shell.	The	neutron	scattering	length	for	the	shell	was	included	as	a	fitting	parameter	since	
the	solvent	adsorption	would	lead	to	different	values	depending	on	the	contrast.	

Table	S2	X-Ray	and	neutron	scattering	length	densities	of	each	part	in	the	system	used	in	X-Ray	and	Neutron	fits	

	 Neutron	SLD	/	×10-6	Å-2	 X-Ray	SLD	/	×10-6	Å-2	

h-choline	chloride/h-urea	 1.11	 11.5	

d-choline	chloride/d-urea	 6.56	 -	

h-choline	chloride/d-urea	 3.52	 -	

h-choline	chloride/h-urea/H2O	 0.97	 11.3	

d-choline	chloride/d-urea/D2O	 6.65	 	

h-choline	chloride/h-urea/2H2O	 0.86	 11.2	

d-choline	chloride/d-urea/2D2O	 6.71	 	

h-choline	chloride/h-urea/4H2O	 0.68	 11.0	

d-choline	chloride/d-urea/4D2O	 6.79	 	

SDS	head	group	 -	 12.6	

h-C12	 -0.39	 7.2	

d-C12	 7.09	 -	

	

Small-angle	X-ray	scattering	
For	 the	 X-Ray	 data,	 the	 patterns	 were	 fitted	 individually	 allowing	 the	 length,	 core-radius,	 shell-
thickness,	 scale	 factor	 and	 S(q)	 volume	 fraction	 to	 vary.	 The	 background	 was	 considered	 as	 zero	
because	 the	 background	 contribution	 was	 proportionally	 subtracted	 from	 each	 pattern.	 Although	
small	 contributions	 may	 remain	 present,	 the	 addition	 of	 this	 extra	 variable	 did	 not	 produce	 any	
improvement	in	the	fits.	

The	amount	of	information	obtained	from	the	X-Ray	data	was	limited	due	the	rather	narrow	q-range	
where	the	data	was	found	to	be	acceptable.	Scattering	from	the	beamstop	affected	the	measurement	
during	the	data	acquisition	(Fig.	S2).	This	feature	produces	a	pronounced	increment	on	the	scattering	
intensity	 at	 low	q,	 and	we	were	unable	 to	 reliably	 subtract	 this	 contribution	or	neglect	 it.	 Thus	we	
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decide	 to	 crop	 the	 data	 and	 limit	 our	 analysis	 to	 a	 small	 range	 of	 q.	 This	 issue	 clearly	 affects	 our	
analysis	 and	 does	 not	 allow	us	 to	 draw	 conclusions	 about	 the	 largest	 dimensions	 of	 our	 scatterers	
from	the	SAXS	data	alone.	Nevertheless	we	believe	that	the	scattering	at	high	q	remains	unaffected	
and	successfully	fitted	the	cross-section	of	the	micelles.	

	
Fig.	S2	High	intensity	signal	in	the	SAXS	pattern.	The	scattering	from	the	beamstop	was	found	to	affect	the	signal	
between	3×10-3	and	~4×10-2.	

Small-angle	neutron	scattering	
The	small-angle	neutron	scattering	data	was	fitted	using	the	parameters	obtained	from	the	SAXS	data	
as	 the	 first	approach	 to	 the	optimal	 fit.	The	scattered	 intensity	 in	 the	SANS	data	was	normalised	 in	
order	to	obtain	it	on	an	absolute	scale.	Hence	the	scale	factor	of	the	fitted	curve	actually	corresponds	
to	the	volume	fraction	of	the	micelles.	

Three	different	isotopic	mixtures	were	simultaneously	fitted	to	the	two	models	explained	above.	The	
structure	 factor	 effect	 was	 found	 to	 be	 negligible	 below	 42	 mM	 of	 SDS	 in	 pure	 DES.	 Below	 this	
concentration	the	core-shell	cylinder	model	was	used	to	fit	the	SANS	data.	Above	this	concentration	
the	model	with	the	non-constrained	structure	factor	was	used	to	optimise	the	fits.	In	those	cases,	the	
value	of	the	radius	effect	of	the	S(q)	was	held	to	35	Å	and	the	S(q)	volume	fraction	fitted.	The	value	of	
35	 Å	 was	 found	 to	 be	 an	 average	 of	 the	 interaction	 range	 when	 both	 parameters	 were	 fitted	 for	
different	 concentrations.	 Therefore	 we	 consider	 that	 it	 may	 be	 the	 best	 approach	 towards	 the	
analysis.	

For	 the	 whole	 set,	 the	 core-radius,	 shell-thickness,	 length	 and	 S(q)	 volume	 fraction	 were	 fitted	
simultaneously	as	parameters	that	were	identical	between	the	three	different	contrasts.	The	volume	
fraction	included	in	the	form	factor	of	the	model	was	not	constrained	during	the	simultaneous	fit.	The	
slight	 differences	 between	 the	 concentrations	 of	 the	 contrasts	 appear	 in	 differences	 in	 this	 scale	
factor.	Also	SLD	deviations,	arising	from	the	calculation	of	SLD	due	to	the	variability	of	this	value	with	
density,	 influence	 the	 discrepancy	 between	 these	 values.	 In	 order	 to	 validate	 this	 data	 all	 of	 the	
contrasts	were	individually	fitted	and	averaged.	Table	SIII	includes	one	of	the	concentrations	with	the	
three	 different	 fits,	 one	 for	 each	 contrast	 plus	 the	 simultaneous	 fit	 for	 comparison	 between	 these	
different	methods	of	fitting.	Both	fitting	approaches	have	shown	to	be	in	good	agreement.	
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Table	S3	Comparison	between	the	individual	fits,	averaged	fit	and	simultaneous	fit	of	these	three	contrasts	for	an	

intermediate	of	concentration	of	SDS	in	1:2	Choline	chloride:Urea	

Fit	 Length	(Å)	 Shell-
thickness	(Å)	

Shell	SLD	
(×10-6	Å-2)	

Volume	fraction	of	
micelles	(×10-2)	

S(q)	volume	
fraction	

Individual	 hh-
solvent	 +	 70.9	mM	
d-SDS	

810±50	 11.3±3.8	 1.7±0.3	 3.3±1.1	 4.6±0.4	

Individual	 dd-
solvent	 +	 93.2	mM	
h-SDS	

323±1	 9.5±0.3	 6.0±0.3	 3.0±0.1	 2.9±0.1	

Individual	 hd-
solvent	 +	 79.8	mM	
h-SDS	

338±4	 9.1±0.4	 3.0±0.2	 3.4±0.2	 2.3±0.1	

Average	 of	
individual	fits	 490±22	 10±2	 10±2	 3.2±0.5	 3.3±0.2	

Simultaneous	fit	 328±12	 10±1	

hh-d	1.6±0.1	

dd-h	6.1±0.1	

hd-h	3.1±0.1	

3.5±0.1	 2.8±0.1	

SANS	data	were	therefore	simultaneously	fitted	using	the	three	contrasts.	The	Fig.	S3	shows	the	plots	

for	the	3	contrasts	with	the	corresponding	best	fit	for	each	concentration.	

The	Fig.	S3	shows	the	SANS	data	and	best	fits	for	the	three	contrasts	of	the	surfactant	in	the	dry	DES.	

The	parameters	used	for	each	fit	are	contained	in	Table	S4.	

For	the	samples	which	contain	water,	the	data	was	simultaneously	fitted	using	two	contrasts,	d-SDS	in	

1:2:n	h-Choline	chloride:h-Urea:H2O	and	h-SDS	in	1:2:n	d-Choline	chloride:d-Urea:D2O,	with	n=1,	2,	4.	

Table	S5	includes	the	parameters	of	the	best	fit	for	each	concentration	of	surfactant	in	the	DES/water	

mixture
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Fig.	S3	SANS	data	and	co-refined	fits	of	different	concentrations	of	SDS	for	the	three	contrasts:	(left)	d-SDS	in	1:2	h-Choline	chloride:h-Urea,	(middle)	h-SDS	in	1:2	d-Choline	chloride:d-Urea,	
and	(right)	h-SDS	in	1:2	h-Choline	chloride:d-Urea.	The	average	concentrations	are	shown	in	the	plot	in	the	left	plots.	The	black-dashed	lines	correspond	to	the	best	fits	obtained	through	the	
simultaneous	fit	of	the	three	contrasts.	 	
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Table	S4	Fitted	parameters	of	the	SANS	data	of	different	concentrations	of	SDS	in	the	three	contrasts	of	dry	DES.	

Contrast	 Concentration	
(mM)	 Length	(Å)	 Shell-thickness	

(Å)	
Shell	SLD	
(×10-6	Å-2)	 øfit	(×10

-2)	 S(q)	Volume	Fraction	
(×10-2)	

hh-d	
8.71±1.16	 414±39	 5.6±0.4	

1.4±0.1	
0.10±0.04	 0.1±0.5	dd-h	 6.0±0.1	

hd-h	 3.0±0.1	
hh-d	

20.8±0.7	 568±81	 6.1±0.8	
2.0±0.1	

0.43±0.02	 0.1±0.5	dd-h	 5.3±0.1	
hd-h	 2.6±0.1	
hh-d	

42.5±1.7	 668±28	 7.4±0.4	
2.2±0.1	

1.3±0.1	 0.2±0.5	dd-h	 5.0±0.1	
hd-h	 2.30±0.1	
hh-d	

81.3±9.2	 328±12	 10±1	
1.6±0.1	

3.5±0.1	 2.8±0.1	dd-h	 6.1±0.1	
hd-h	 3.1±0.1	
hh-d	

194±10	 176±4	 8.4±0.2	
2.5±0.1	

6.7±0.1	 5.1±0.1	dd-h	 5.8±0.1	
hd-h	 3.0±0.1	
hh-d	

315±24	 119±1	 6.5±0.1	
2.9±0.1	

8.2±0.1	 8.1±0.2	dd-h	 5.6±0.1	
hd-h	 2.6±0.1	
hh-d	

424±21	 108±1	 4.7±0.1	
3.2±0.1	

9.6±0.1	 12±1	dd-h	 5.4±0.1	
hd-h	 1.9±0.1	
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Table	S5	Best-fit	parameters	for	the	SANS	data	of	SDS	in	solvents	containing	water.	The	data	and	fits	are	included	in	Fig.	7	of	the	main	text.	

Contrast	 Water	mole	
equivalents	

Length	
(Å)	

Shell	
Thickness	(Å)	

Shell	SLD	
(×10-6	Å

-2)	 øfit	(×10
-2)	 S(q)	Volume	fraction	

(×10-2)	
81.4	±	10.8	mM	

hhh-d	
1	 270±1	 5.3±0.2	

2.9±0.1	
2.1±0.1	 2.3±0.1	

ddd-h	 5.7±0.1	
hhh-d	

2	 219±4	 7.4±0.1	
2.1±0.1	

2.1±0.1	 4.2±0.1	
ddd-h	 5.8±0.1	
hhh-d	

4	 117±1	 6.7±0.1	
2.1±0.1	

2.1±0.1	 8.7±0.1	
ddd-h	 5.7±0.1	

204	±	15	mM	
hhh-d	

1	 174±1	 8.4±0.1	
1.6±0.1	

7.7±0.1	 5.5±0.1	
ddd-h	 6.0±0.1	
hhh-d	

2	 143±1	 10±1	
2.1±0.1	

6.5±0.1	 6.8±0.1	
ddd-h	 5.9±0.1	
hhh-d	

4	 121±1	 6.9±0.1	
2.2±0.1	

6.0±0.1	 8.7±0.1	
ddd-h	 5.6±0.1	

319	±	22	mM	
hhh-d	

1	 121±1	 6.6±0.1	
2.1±0.1	

10±1	 8.7±0.1	
ddd-h	 5.6±0.1	
hhh-d	

2	 114±1	 8.7±0.1	
2.3±0.1	

8.8±0.1	 8.7±0.1	
ddd-h	 5.8±0.1	
hhh-d	

4	 116±1	 7.0±0.1	
2.1±0.1	

9.1±0.2	 10±1	
ddd-h	 5.8±0.1	
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TOC	
Choline	chloride:urea	deep	eutectic	solvent	provides	a	novel	media	for	surfactant	self-assembly	with	highly	tuneable	micelle	morphology.	
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Surface tension

The diffusion of surfactant to the air liquid interface drives the equilibration of the system. In order to 

evaluate the validity of our data we have measured changes in the surface tension with the passing of 

time. The surface tension of pure solvent and different concentrations below the critical micelle 

concentration (CMC) for C12TAB and C16TAB were measured until the equilibrium was achieved. Fig. 

S1 shows the evolution of the surface tension with time for those samples.

Fig. S1 Contains the evolution of surface tension with time for the (yellow circles) pure solvent and different 

concentrations of C12TAB and C16TAB: (green squares) 4.2 mM and (blue triangles) 32 mM of C12TAB, and (red 

rhombus) 0.38 mM and (black squares) 1.0 mM of C16TAB.

Those concentrations close to the CMC have reached the equilibrium state after a few seconds. 

However, the lowest concentration needed longer to equilibrate. Also, larger surfactant tails needed 

longer equilibration times. Accounting for this, we have determined the surface tension of the 

different surfactants in choline chloride:glycerol.

Small-angle neutron scattering model test

Different reciprocal-space models were tested to find the most suitable option to fit the present SANS 

data. An intermediate concentration of each surfactant was therefore fitted to different models to 

evaluate the deviations of the fits through the Chi square statistical parameter, which is inversely 

related to the quality of the fit. A spherical model (Schulz radius distribution), ellipsoidal model, 

cylindrical model and a core-shell ellipsoidal model (micelle and reverse-micelle cross section) were 

tested. Fig. S2 includes the best possible fits of each model to data involved C16TAB and Table S1 

shows the Chi square parameters of the best fits.

Fig. S2 Different reciprocal-space models tested for 38.8 mM h-C16TAB in d-choline chloride-glycerol. The 

reverse-micelle ellipsoid model was shown to reduce the core size to a minimum value, ~0, and adjustment of 

the particle structure by expanding the shell, instead suggesting that a particle with this configuration does not 

give a physically realistic interpretation of the data.

Model Chi square/Number of points
Prolate core-shell ellipsoid 1.32

Oblate core-shell ellipsoid 6.45

Polydisperse spheres 11.4

Ellipsoid 11.7



Cylinder 10.8
Reverse core-shell ellipsoid 132

Table S1 Chi square parameters obtained through the fitting using reciprocal-space models shown in Fig. S2.
Subtle differences were found between the three simple models: ellipsoid, sphere and cylinder. These 
models have provided a similar fit quality. However, due to the apparent size of the aggregate (L/D 
ratio of ~1.6), the cylinder model was found not to be the best picture of the micelle. Also, the 
ellipsoid model allows direct comparison our results with previous studies in water.
Co-refinement of all the contrasts allowed to build a more detailed picture of the micelle using a core-
shell ellipsoid model. A prolate core-shell ellipsoid model was selected as the best model to fit these 
data. Since morphology transitions appear to not happen in the present systems, this form factor 
model was used to fit the data from the whole range of surfactant concentrations. This model was 
found to provide similar results to the oblate distribution of mass, but considering previous studies in 
water1, 2, we have decided to use the prolate distribution in order to directly compare our results.
A rather big deviation to a possible reverse-micelle structure was found when testing the model. The 
first attempt drove to a physically unrealistic model where the headgroups were occupying a non-
existing volume at the centre of the micelle. Therefore this model was rejected. 
Samples with high surfactant concentrations were found to contain an intramicellar contribution. We 
therefore used the model which contains the hard-sphere structure factor combined with the 
ellipsoidal form factor in order to fit the data, as explained in the main text.

Small-angle neutron scattering results

The size and shape of the micelle core was determined through individual fits of intermediate 
concentrations of the systems: h-choline chloride:h-glycerol + d-Cn-h-TAB, where the scattering is 
entirely dominated by the contrasts between the deuterated tails and the solvent. Fig. S3 shows these 
intermediate concentrations with the best fits for the three surfactants. The results of these fits were 
subsequently used to fix the size of the micelle core and simultaneously fit all the contrasts.

Fig. S3 Intermediate concentrations of the contrast h-choline chloride:h-glycerol + d-Cn-h-TAB (n=12, 14 and 16) 
with the best fits (black dashed lines).

Data in different isotopic contrasts were measured and simultaneously analysed in order to resolve 
the micelle structure. Due to the lack of availability of fully deuterated C12TAB (d-C12-d-TAB), three 
contrasts were used following the same approach. Here we present data and model fits of all the 
contrasts for each surfactant-deep eutectic solvent system: (Fig. S3 and Table S2) C12TAB, (Fig. S4 and 
Table S3) C14TAB and (Fig. S5 and Table S4) C16TAB.



Fig. S4 Isotopic mixtures used to resolve the structure of C12TAB micelles in choline chloride:glycerol: (a) h-C12-h-
TAB in d-choline chloride:d-glycerol, (b) h-C12-h-TAB in d-choline chloride:h-glycerol and (c) d-C12-h-TAB in h-
choline chloride:h-glycerol.

Conc. / mM req / Å Xcore Teq / Å Xshell øfit øS(q)
Shell SLD / 

×10-6 Å2

d-choline chloride:d-glycerol + h-C12-h-TAB

47.2 14.8±0.3 1.64±0.01 4.4±1.8 1.81±0.49 0.85±0.15 1.8±0.3 5.1±0.8

81.7 14.8±0.3 1.64±0.01 3.8±1.5 1.50±0.42 1.6±0.4 2.1±0.2 4.6±1.1

220 14.8±0.3 1.64±0.01 4.6±0.4 1.13±0.1 5.4±0.4 7.4±0.1 4.2±0.3

455 14.8±0.3 1.64±0.01 4.4±0.2 1.43±0.16 11±1 15±1 3.6±0.2

1019 14.8±0.3 1.64±0.01 4.9±0.1 1.82±0.1 24±1 27±1 4.3±0.1

d-choline chloride:h-glycerol + h-C12-h-TAB

43.2 14.8±0.3 1.64±0.01 4.4±1.8 1.81±0.49 0.78±0.21 1.8±0.3 1.2±0.4

82.2 14.8±0.3 1.64±0.01 3.8±1.5 1.50±0.42 2±0.7 2.1±0.2 0.6±1.2

190 14.8±0.3 1.64±0.01 4.6±0.4 1.13±0.28 4.5±0.5 7.4±0.1 0.0±0.4

450 14.8±0.3 1.64±0.01 4.4±0.2 1.43±0.16 12±1 15±1 0.1±0.1

997 14.8±0.3 1.64±0.01 4.9±0.1 1.82±0.1 23±1 27±1 0.1±0.2

h-choline chloride:h-glycerol + d-C12-h-TAB

40.0 14.8±0.3 1.64±0.01 4.4±1.8 1.81±0.49 0.32±0.26 1.8±0.3 0.5±0.3

75.4 14.8±0.3 1.64±0.01 3.8±1.5 1.50±0.42 1.2±0.3 2.1±0.2 0.6±0.1

203 14.8±0.3 1.64±0.01 4.6±0.4 1.13±0.28 4.5±0.3 7.4±0.1 1.1±0.1

360 14.8±0.3 1.64±0.01 4.4±0.2 1.43±0.16 9.4±0.1 15±1 1.0±0.1

813 14.8±0.3 1.64±0.01 4.9±0.1 1.82±0.1 20±1 27±1 2.1±0.1

Table S2 Fitting results of each contrast of C12TAB in choline chloride:glycerol, from Fig. S4.



Fig. S5 Isotopic mixtures used to resolve the structure of C14TAB micelles in choline chloride:glycerol: (a) h-C14-h-
TAB in d-choline chloride:d-glycerol, (b) d-C14-d-TAB in h-choline chloride:h-glycerol, (c) h-C14-h-TAB in d-choline 
chloride:h-glycerol and (d) d-C14-h-TAB in h-choline chloride:h-glycerol.

Conc. / mM req / Å Xcore Teq / Å Xshell øfit øS(q)
Shell SLD / 

×10-6 Å2

d-choline chloride:d-glycerol + h-C14-h-TAB

42.5 18.9±0.1 1.71±0.04 4.2±2.3 1.11±0.95 1.2±0.2 2.9±0.4 4.5±1.2

87.6 18.9±0.1 1.71±0.04 5.3±1.1 1.25±0.38 2.8±0.3 5.2±0.3 4.6±0.5

191 18.9±0.1 1.71±0.04 4.4±0.2 1.56±0.09 5.5±0.2 11±1 4.1±0.2

429 18.9±0.1 1.71±0.04 4.7±0.1 1.62±0.10 4.7±0.1 18±1 3.3±0.1

h-choline chloride:h-glycerol + d-C14-d-TAB

37.9 18.9±0.1 1.71±0.04 4.2±2.3 1.11±0.95 1±0.2 2.9±0.4 2.9±1.6

67.9 18.9±0.1 1.71±0.04 5.3±1.1 1.25±0.38 1.9±0.2 5.2±0.3 3.1±0.7

173 18.9±0.1 1.71±0.04 4.4±0.2 1.56±0.09 5.7±0.3 11±1 3.2±0.3

363 18.9±0.1 1.71±0.04 4.7±0.1 1.62±0.10 11±1 18±1 4.8±0.1

d-choline chloride:h-glycerol + h-C14-h-TAB

44.7 18.9±0.1 1.71±0.04 4.2±2.3 1.11±0.95 1.2±0.1 2.9±0.4 0.1±0.2

80.0 18.9±0.1 1.71±0.04 5.3±1.1 1.25±0.38 3.1±0.1 5.2±0.4 0.8±0.6

193 18.9±0.1 1.71±0.04 4.4±0.2 1.56±0.09 6.7±0.1 11±1 0.5±0.3

422.66 18.9±0.1 1.71±0.04 4.7±0.2 1.62±0.10 13±1 18±1 0.2±0.1

h-choline chloride:h-glycerol + d-C14-h-TAB

36.14 18.9±0.1 1.71±0.04 4.2±2.3 1.11±0.95 0.79±0.16 2.9±0.4 0.5±0.3

76.07 18.9±0.1 1.71±0.04 5.3±1.1 1.25±0.38 2.2±0.2 5.2±0.3 0.6±0.1

173 18.9±0.1 1.71±0.04 4.4±0.2 1.56±0.09 5.2±0.2 11±1 1.3±0.1

347 18.9±0.1 1.71±0.04 4.7±0.1 1.62±0.10 11±1 18±1 1.6±0.1

Table S3 Fitting results of each contrast of C14TAB in choline chloride:glycerol, from Fig. S5.



Fig. S6 Isotopic mixtures used to resolve the structure of C16TAB micelles in choline chloride:glycerol: (a) h-C16-h-
TAB in d-choline chloride:d-glycerol, (b) d-C16-d-TAB in h-choline chloride:h-glycerol, (c) h-C16-h-TAB in d-choline 
chloride:h-glycerol and (d) d-C16-h-TAB in h-choline chloride:h-glycerol.

Conc. / mM req / Å Xcore Teq / Å Xshell øfit / ×10-2 øS(q) / ×10-2 Shell SLD / 
×10-6 Å2

d-choline chloride:d-glycerol + h-C16-h-TAB

38.8 19.6±0.1 1.82±0.05 5.6±1.5 1.84±0.20 1.2±0.2 0±0.2 4.0±0.6

75.0 19.6±0.1 1.82±0.05 5.4±0.5 1.85±0.12 2.7±0.2 0±0.1 4.0±0.3

182 19.6±0.1 1.82±0.05 5.7±0.5 1.72±0.12 4.2±0.1 0.7±0.1 4.8±0.2

378 19.6±0.1 1.82±0.05 6.1±0.2 1.74±0.03 11±1 8.9±0.1 3.6±0.1

h-choline chloride:h-glycerol + d-C16-d-TAB

35.2 19.6±0.1 1.82±0.05 5.6±1.5 1.84±0.20 1.2±0.2 0±0.2 2.4±0.5

65.1 19.6±0.1 1.82±0.05 5.4±0.5 1.85±0.12 2.2±0.2 0±0.1 2.3±0.3

160 19.6±0.1 1.82±0.05 5.7±0.5 1.72±0.12 5.9±0.1 0.7±0.1 2.4±0.2

340 19.6±0.1 1.82±0.05 6.1±0.2 1.74±0.03 12±1 8.9±0.1 2.6±0.1

d-choline chloride:h-glycerol + h-C16-h-TAB

39.3 19.6±0.1 1.82±0.05 5.6±1.5 1.84±0.20 1.5±0.1 0±0.22 0.4±0.2

70.7 19.6±0.1 1.82±0.05 5.4±0.5 1.85±0.12 2.7±0.2 0±0.1 0.2±0.1

174 19.6±0.1 1.82±0.05 5.7±0.5 1.72±0.12 5.5±0.1 0.7±0.1 0.8±0.1

359 19.6±0.1 1.82±0.05 6.1±0.2 1.74±0.03 12±1 8.9±0.1 0.3±0.1

h-choline chloride:h-glycerol + d-C16-h-TAB

31.9 19.6±0.1 1.82±0.05 5.6±1.5 1.84±0.20 1.1±0.1 0±0.2 1.3±0.2

62.5 19.6±0.1 1.82±0.05 5.4±0.5 1.85±0.12 2.2±0.2 0±0.1 1.6±0.2

172 19.6±0.1 1.82±0.05 5.7±0.5 1.72±0.12 5.7±0.1 0.7±0.1 1.2±0.2

333 19.6±0.1 1.82±0.05 6.1±0.2 1.74±0.03 10±1 8.9±0.1 1.8±0.1

Table S4 Fitting results of each contrast of C16TAB in choline chloride:glycerol, from Fig. S6.
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The scattering length density (SLD) of each component present in the system 
has been calculated accounting for the scattering length and the volume occupied by 
each unit. The density of the solvents, the unit volume, the scattering lengths and the 
SLDs of the various units are presented in Table S1. 

Table S1 Densities, molecular volumes and scattering lengths of each unit within the 
system. 

Unit 
Density 
(±0.8 %) 
/g cm-3 

Volume 
(±0.8 %) 

/Å3 

Neutron scattering length 
/ fmb 

Neutron 
scattering length 
density (±0.8 %) 

/ × 10-6 Å-2 
1:1 h-ChCl:h-MalAc 1.2274 330 33.8 1.03 
1:1 d-ChCl:d-MalAc 1.2702 336 169 5.04 
1:1 h-ChCl:d-MalAc 1.2433 331 75.5 2.28 
1:1:2 h-ChCl:h-MalAc:H2O 1.1970 388 30.5 0.79 
1:1:2 d-ChCl:d-MalAc:D2O 1.2571 394 207 5.25 
1:1:5 h-ChCl:h-MalAc:H2O 1.1677 475 25.4 0.54 
1:1:5 d-ChCl:d-MalAc:D2O 1.2344 482 265 5.50 
1:1:10 h-ChCl:h-MalAc:H2O 1.1498 612 17.1 0.28 
1:1:10 d-ChCl:d-MalAc:D2O 1.2172 627 361 5.76 
1:1:20 h-ChCl:h-MalAc:H2O 1.0983 913 0.32 0.0035 
1:1:20 d-ChCl:d-MalAc:D2O 1.2083 909 552. 6.07 
C3H9NBr - 1351 2.4 0.18 
C12H25 - 350a -13.7 -0.39 
C12D25 - 350a 246 7.03 
C14H29 - 404a -15.4 -0.38 
C14D29 - 404a 286 7.08 
C16H33 - 458a -17.1 -0.37 
C16D33 - 458a 326 7.12 
aThe molecular volumes of the surfactant tails were obtained from Tanford equation.2 
bScattering lengths were calculated as the contribution of the atomic scattering lengths 
and the frequency of each atom.  



In order to evaluate the effect of the solvent decomposition on the 
micellization of surfactant, we have tracked the morphology variation of the 
aggregates as a function of time in a decomposing DES. In order to perform this 
experiment, small-angle neutron scattering (SANS) data were collected after heating 
the sample to 80 ˚C, which corresponded with the evolution of small bubbles in the 
liquid by direct observation. The sample stage was held at 80 ˚C in order to thermally 
induce the decomposition of the solvent, and SANS measurements were made at 
regular intervals. The data is shown in Fig. S1. 

 

Fig. S1 Effect of solvent decomposition on the micellization of C16TAB in choline 
chloride:malonic acid. The temperature was kept at 80 ˚C in order to accelerate the 
decomposition of the solvent. Data were subsequently collected with one hour wait 
between measurements. 

These results show that the short-term decomposition of the solvent does not 
have a strong influence on the micellization of the surfactant. Although the formation 
of bubbles and emission of gas could be observed during the experiment, it can be 
appreciated from the SANS data that the different measurements perfectly overlap in 
the whole q-range, therefore confirming that micelle morphology is preserved during 
the duration of the experiment.  



As indicated in the main text, we have decided to use a uniform ellipsoid 

model that does not include a polydispersity function. Our justification was based on 

the quality of the fits and on the assumption that micelles, in thermodynamic 

equilibrium, would show a low polydispersity index. In order to choose the best 

model to fit the data included in this paper, a comparison between mathematical 

models have been performed for one concentration of each surfactant investigated. 

This comparison evaluates the quality of the fit for various mathematical models: 

monodisperse and polydisperse spheres, ellipsoids and cylinders. The comparison of 

the models for each dataset is presented in Fig. S2 and the Chi Square statistic of each 

fit are listed in Table S2. 

 

Fig. S2 (a) Comparison of the best possible fits using different mathematical models, 

as indicated in the legend of the graph, for the three surfactants investigated here. (b) 

Zoom in the high-q region of the data and fits. 

Table S2 Chi Square values of each of the fits for each of the surfactants in choline 

chloride:malonic acid. The corresponding plots are presented in Fig. S2. The lower 

the value of Chi Square, the better the quality of the fit. 

Model 
Chi Square 

C12TAB C14TAB C16TAB 

Monodisperse spheres 1.57 30.9 149 

Polydisperse sphere 1.15 14.4 125 

Monodisperse ellipsoid 1.13 2.17 1.87 

Polydisperse ellipsoids 1.17 2.16 1.86 

Cylinders 2.47 3.89 1.68 

The quality of fit for polydisperse spheres and uniform ellipsoids for C12TAB 

micelles in malonic acid DES, was indistinguishable. However, the difference in 

goodness of fit considerably increases for larger surfactant tails, as can be seen in Fig. 

S2. In a similar fashion, the fits using the cylindrical and ellipsoidal models seem to 

be more adequate for longer surfactant tails (C14 and C16). The ellipsoid model was 

however found to be suitable to fit all the systems presented here with a high 

agreement between data and model. Therefore the ellipsoid model could be used to 

reliably fit all datasets presented here and allowed direct comparison between the 

results. 



The implementation of polydispersity function in the ellipsoid model did not 
lead to any significant improvement in the quality of the fits (see Table S2). Therefore 
we believe that the monodisperse distribution of uniform ellipsoids was the best 
possible choice with the current levels of instrument resolution and the datasets 
collected.  



The following figures include the SANS data together with the best fits for the 

different contrasts of CnTAB in choline chloride:malonic acid (Fig. S3, S4 and S5). 

C12TAB in choline chloride:malonic acid 

 

Fig. S3 SANS data and best fits (black-dashed lines) of C12TAB in 1:1 choline 

chloride:malonic acid; (a) d-C12–h-TAB in h-choline chloride:h-malonic acid, (b) h-

C12–h-TAB in d-choline chloride:d-malonic acid and (c) d-C12–h-TAB in h-choline 

chloride:d-malonic acid. 

C14TAB in choline chloride:malonic acid 

 

Fig. S4 SANS data and best fits (black-dashed lines) of C14TAB in 1:1 choline 

chloride:malonic acid; (a) d-C14–h-TAB in h-choline chloride:h-malonic acid, (b) h-

C14–h-TAB in d-choline chloride:d-malonic acid and (c) d-C14–h-TAB in h-choline 

chloride:d-malonic acid. 

C16TAB in choline chloride:malonic acid 

 

Fig. S5 SANS data and best fits (black-dashed lines) of C16TAB in 1:1 choline 

chloride:malonic acid; (a) d-C16–h-TAB in h-choline chloride:h-malonic acid, (b) h-

C16–h-TAB in d-choline chloride:d-malonic acid and (c) d-C16–h-TAB in h-choline 

chloride:d-malonic acid. 

 

 The results from those fits are listed in Table S3, S4 and S5. 



Table S3 Parameters of the best fits for SANS data from difference concentrations of 
C12TAB in choline chloride:malonic acid. Concentrations were averaged from the 
three contrasts and the results were obtained through the co-refinement of all the 
contrasts. 
Conc./ 
mM 

req,core/ Å Xcore Teq,shell/
Å 

Xshell Nagg ϕfit/ 
×10-2 

ϕcalc/ 
×10-2 

rS(q)/ Å ϕS(q)/ 
×10-2 

156±2 14.6±0.6 1.9±0.1 4.1±0.8 2.0±0.2 72±6 1.7±0.8 3.9±0.2 22.0±0.4 3.2±0.3 
322±8 14.4±0.2 2.1±0.2 5.8±0.5 2.2±0.2 75±8 7.1±0.5 9.9±0.3 22.1±0.4 8.1±0.2 
497±3 14.6±0.1 2.0±0.2 5.4±0.4 2.1±0.2 76±6 11±1 14±1 22.4±0.3 13±1 

909±15 14.4±0.1 1.9±0.1 5.1±0.2 1.9±0.1 66±2 23±1 26±2 22.1±0.3 20±1 

Table S5 Parameters of the best fits for SANS data from difference concentrations of 
C14TAB in choline chloride:malonic acid. Concentrations were averaged from the 
three contrasts and the results were obtained through the co-refinement of all the 
contrasts. 

Conc./ 
mM 

req,core/ Å Xcore Teq,shell/
Å 

Xshell Nagg ϕfit/ ×10-2 ϕcalc/ 
×10-2 

rS(q)/ Å ϕS(q)/ 
×10-2 

35.3±5.1 17.9±0.9 2.7±0.8 5.8±3.7 2.7±0.3 158±21 0.72±0.38 1.2±0.3 26.2±0.6 4.3±1.6 
129±3 17.5±0.2 3.4±0.1 8.8±0.6 3.5±0.1 187±5 4.7±0.2 4.6±0.3 26.6±0.5 6.8±1.2 
270±6 17.6±0.1 3.3±0.1 8.4±0.4 3.4±0.2 184±3 9.5±0.4 9.7±0.4 26.5±0.4 7.9±0.7 
420±7 17.7±0.1 2.8±0.1 6.5±0.2 2.9±0.1 162±3 14±1 13±2 26.3±0.4 9.3±0.2 

Table S6 Parameters of the best fits for SANS data from difference concentrations of 
C16TAB in choline chloride:malonic acid. Concentrations were averaged from the 
three contrasts and the results were obtained through the co-refinement of all the 
contrasts. 

Conc./ 
mM 

req,core/ Å Xcore Teq,shell/Å Xshell Nagg ϕfit/ ×10-2 ϕcalc/ 
×10-2 

rS(q)/ 
Å 

ϕS(q)/ 
×10-2 

38.1±2.3 19.4±0.3 12.5±0.8 12.1±1.6 13.1±0.8 835±58 0.86±0.12 1.2±0.1 49±3 3.5±3.7 
146±5 20.1±0.2 15.4±0.6 14.2±0.8 16.0±1.1 1144±81 2.3±0.3 3.6±0.4 51±3 4.2±0.7 

296±10 19.9±0.1 12.8±0.5 10.1±0.8 13.2±0.4 923±24 4.5±0.4 6.2±0.6 44±2 4.9±0.4 
450±2 20.1±0.1 8.1±0.3 9.1±0.6 9.3±0.3 602±13 12±1 13±1 36±1 7.5±0.3 

  



The plots of the extra contrasts used during the simultaneous fit of CnTAB in 
hydrated DES data can be found below. 

C12TAB in 1:1:n choline chloride:malonic acid:water 

 

Fig. S6 SANS data and best fits (black-dashed lines) of C12TAB in 1:1:n choline 
chloride:malonic acid:water (n=2, 5, 10 and 20, as indicated in the graph); (top) d-
C12–h-TAB in h-choline chloride:h-malonic acid:H2O and (bottom) h-C12–h-TAB in 
d-choline chloride:d-malonic acid:D2O. 

C14TAB in 1:1:n choline chloride:malonic acid:water 

 

Fig. S7 SANS data and best fits (black-dashed lines) of C14TAB in 1:1:n choline 
chloride:malonic acid:water (n=2, 5, 10 and 20, as indicated in the graph); (top) d-
C14–h-TAB in h-choline chloride:h-malonic acid:H2O and (bottom) h-C14–h-TAB in 
d-choline chloride:d-malonic acid:D2O. 

  



C16TAB in 1:1:n choline chloride:malonic acid:water 

 
Fig. S8 SANS data and best fits (black-dashed lines) of C16TAB in 1:1:n choline 
chloride:malonic acid:water (n=2, 5, 10 and 20, as indicated in the graph); (top) d-
C16–h-TAB in h-choline chloride:h-malonic acid:H2O and (bottom) h-C16–h-TAB in 
d-choline chloride:d-malonic acid:D2O. 

References 
1. Lu, J. R.; Hromadova, M.; Simister, E. A.; Thomas, R. K.; Penfold, J. 
NEUTRON REFLECTION FROM HEXADECYLTRIMETHYLAMMONIUM 
BROMIDE ADSORBED AT THE AIR/LIQUID INTERFACE - THE VARIATION 
OF THE HYDROCARBON CHAIN DISTRIBUTION WITH SURFACE 
CONCENTRATION. J. Phys. Chem. 1994, 98 (44), 11519-11526. 

2. Tanford, C. MICELLE SHAPE AND SIZE. J. Phys. Chem. 1972, 76 (21), 
3020-3024. 

 





 1 

 
 
 
 
 
 
 
 

Electronic supporting information for: 

Counterion binding alters surfactant self-assembly                                  
in deep eutectic solvents 

 
A. Sanchez-Fernandez,a,b O.S. Hammond,c K.J. Edler,a T. Arnold,b,d J. Doutch,e R.M. Dalgliesh,e P. Li,e K. 
Ma,e A.J. Jacksonb,f 

aDepartment of Chemistry, University of Bath, Claverton Down, Bath, BA2 7AY, UK. 
bEuropean Spallation Source, Lund, SE-221 00, Sweden. 
cCentre for Sustainable Chemical Technologies, University of Bath, Claverton Down, Bath BA2 7AY, U.K.  
dDiamond Light Source, Harwell Campus, Didcot, OX11 0DE, UK. 
eISIS Neutron and Muon Source, Science and Technology Facilities Council, Rutherford Appleton 
Laboratory, Didcot OX11 0QX, U.K. 
 fDepartment of Physical Chemistry, Lund University, SE-221 00, Lund, Sweden. 
*Corresponding authors: a.sanchez.fernandez@bath.ac.uk, k.edler@bath.ac.uk 
  



 2 

Synthesis and characterisation of the counterion-exchanged surfactant 
Protonated sodium dodecylsulfate (SDS, 99 %, Sigma) and lithium dodecylsulfate (LiDS, 99 %, Alfa Aesar) 
were purchased and used without further purification. Cesium dodecylsulfate (CsDS) and choline 
dodecylsulfate (ChDS) were prepared by counterion exchanging SDS and neutralisation of hydrogen 
dodecylsulfate with the corresponding hydroxide, caesium hydroxide (99.9 %, Alfa Aesar) and choline 
hydroxide (45 wt % aq. solution, Acros Organics). The organic acid hydrogen dodecylsulfate was prepared 
by exchanging the sodium counterion using ion exchange resin Amberlite IR120 (hydrogen form, Acros 
Organics) following the procedure explained by Lu et al.1 
Magnesium didodecylsulfate (Mg1/2DS) was prepared by direct mixing and precipitation from SDS and 
magnesium chloride anhydrous (>98 %, Sigma-Aldrich). 1 mole equivalent of magnesium chloride was 
dissolved at 60 ˚C and mixed with 2 mole equivalents sodium dodecylsulfate. After 2 hours the solution was 
removed from the heat and allow to cold down to 23 ˚C, thus Mg1/2DS selectively crystallised below its Krafft 
point.2 The resulting solution was filtered and the white powder recovered. The product was subsequently 
recrystallized from Mili-Q water. 
BmimDS and EmimDS were prepared according to the previously-described literature route.3 Under stirring 
at room temperature in methanol, salt formation was performed by mixing equimolar sodium dodecylsulfate 
and either 1-butyl-3-methylimidazolium chloride or 1-ethyl-3-methylimidazolium chloride. The precipitate was 
filtered under gravity and the solvent removed in vacuo. The surfactant ionic liquid was purified by repeated 
centrifugation (3x20 minutes) in dry ethyl acetate with gravity filtration to remove remnant NaCl. Finally, the 
solvent was removed in vacuo, the surfactant dried, and the 1:1 ratio between cation and anion confirmed by 
NMR spectroscopy.  
Deuterated versions of sodium dodecylsulfate (d-SDS), lithium dodecylsulfate (d-LiDS) and magnesium 
didodecylsulfate (d-Mg1/2DS) were supplied by ISIS Deuteration Facility. Deuterated caesium dodecylsulfate 
was prepared from d-SDS following the same procedure as described above. 
With the exception of the surfactant ionic liquids BmimDS and EmimDS which form polymorphic solids, all 
surfactants were purified following the procedure outlined by Weil.4 Mg1/2DS, CsDS and d-CsDS were triple-
recrystallised from water and ethanol, and ChDS was recrystallised three times from ethanol/diethyl ether.  
The purity of the surfactants was assessed by 1H-NMR and sodium atomic absorption spectroscopy. An 
ionisation suppressant was added to the samples in order to minimise interferences within the sodium 
absorption spectrum. The purity of the counterion-exchanged surfactants was better than 98 % in all cases. 
Samples for surface tension measurements of these surfactants in DES were prepared by dilution of stock 
solutions to reduce variability. A high concentration stock solution was prepared by direct mixing of each 
surfactant in the corresponding solvent. The solutions were equilibrated for at least 24 h at 50 ˚C and 
subsequently diluted down using the pure solvent to obtain a range of various concentrations below and 
above the CMC. These samples were sealed and stored under a dry atmosphere to prevent the adsorption 
of water from the environment.  
Different concentrations above the CMC of each surfactant were prepared for SANS experiments by direct 
mixing of the DES with the surfactants. These samples were sealed and equilibrated in an oven at 40 ˚C 
overnight. After equilibration, samples were sealed and stored until the experiments were performed. 

Surface tension of dodecylsulfate surfactants in choline chloride based DES 
The surface tension of the various systems investigated here was measured using the pendant-drop method 
in order to find the CMC of those. Fig. S2 presents the surface tension data of the surfactants in choline 
chloride:urea and choline chloride:glycerol. The CMC values are included in the main text. 
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Fig. S1 Surface tension plots of different surfactants in choline chloride:urea and choline chloride:glycerol, as indicated in 
the graph. The black dashed lines represent the trends pre- and post-micellar regions and assist to find the CMC value. 

Although sodium dodecylsulfate is not a part of this investigation, the ubiquity of such surfactant makes an 
excellent system for comparison with our results. The CMC of SDS in choline chloride:urea has been 
previously reported, however such value in choline chloride:glycerol has not been presented, to the best of 
our knowledge. Therefore we have measured the CMC of SDS in choline chloride:glycerol. The surface 
tension results vs. the concentration of SDS in choline chloride:glycerol is presented in Fig. S2. 

 
Fig. S2 surface tension of SDS in choline chloride:glycerol versus the concentration of surfactant. The CMC is obtained 
from the intersection of the two lines that describe the pre- and post-micellar regions. 

The CMC of this system was found to be 3.9±0.1 mM, higher than the CMC of SDS in choline chloride:urea 
(CMC=2±1 mM)5 but still lower than that in water (8.1 mM).6 
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Model test 
Surfactant micelles may present various morphologies in solution. In order to find out the most likely micelle 
morphology, we have used different mathematical models to fit the experimental data. A comparison 
between different models was carried out for a low concentration of CsDS surfactant in the two different 
solvents (choline chloride:urea or choline chloride:glycerol). The model test includes the following 
mathematical models: monodisperse and polydisperse spheres, monodisperse ellipsoids and monodisperse 
cylinders. The results from the comparison are presented in Fig. S3 and the Chi Square statistic of each fit 
are listed in Table S1. 

 
Fig. S3 comparison of best possible fits to CsDS micelles in (a) choline chloride:urea and (b) choline chloride:glycerol 
using different mathematical models. 

Table S1 list of Chi Square statistics corresponding to the models presented in Fig. S2. *This value provides a very low 
aspect ratio (~ 1.6) and therefore we consider that a cylinder is not the best description of such body. 

Model CsDS in 
choline chloride:urea 

CsDS in 
choline chloride:glycerol 

Monodisperse spheres 142 1.4 
Polydisperse spheres 121 1.1 

Monodisperse ellipsoids 3.2 0.9 
Monodisperse cylinders 2.1 1.0* 

The lower the value of the Chi Square statistic, the better the quality of the fit. From the results it can be 
observed that, in the case of the elongated aggregates, both ellipsoids and cylinders describe the scatterers 
satisfactorily. Also it was found that the morphology of the scatterers represented by those fits are the same. 
In the case of globular micelles, both spheres and ellipsoids are suitable options to fit the data. Thus we have 
selected an ellipsoid model to fit all the data presented here. Such model provides a suitable option to fit all 
the systems and compare the results obtained. Monodisperse bodies were selected, as this is the most likely 
scenario considering that micelles are in thermodynamic equilibrium. 

SANS results  
The Guinier plot was used to determine the radius of gyration (Rg) of the micelles in the dilute regime. This 
model free approach provides an insight on the size of the aggregates without assuming any particular 
morphology. The results from the Guinier approach are presented in Fig. S4. 
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Fig. S4 Guinier approximation and radius of gyration of different micelles in (left) choline chloride:urea and (right) choline 
chloride:glycerol. The averaged concentration of surfactant corresponds to 39.8±2.5 mM in urea-based DES and 
43.3±1.8 mM in glycerol-based DES. 

It can be appreciated from these results that changes in the surfactant counterion modifies the size of the 
aggregates. Further discussion and comparison with model-based fitting is presented in the main text. 
Fitting of the highest concentration of surfactants presented here was attempted without accounting for the 
structure factor. The disagreement is clear from the plot and therefore the implementation of a modified 
Hard-Sphere structure factor model was needed (See main text for results and description). Here are 
included the results from both approaches: model with structure factor not included (Table S2) and model 
with structure factor included (Table S3), both included in Fig. S4. 
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Fig. S4 SANS data and best fits for an averaged concentration of 196±11 mM of (a) h-LiDS, (b) h-CsDS, (c) h-Mg1/2DS, 
(d) h-EmimDS, (e) h-BmimDS and (f) h-ChDS in d-choline chloride:d-urea. Fits using the model that combines form factor 
and structure factor are represented as black-dashed lines. Black-dotted lines represent the best fits when attempted to 
fit using the ellipsoid form factor (No S(q) included). The plots below zoom into the low-q region of the data and fits. 

Table S2 results from SANS fitting for scattering data from a solution of an averaged concentration of 196±11 mM of 
different surfactants in choline chloride: urea (best fits with structure factor not included). 

Surfactant req / Å AR ϕP(q) / 10-2 ϕCalc / 10-2 Reff / Å ϕS(q) / 10-2 
LiDS 16.5±0.2 4.0±0.2 5.6±0.2 5.6±0.4 - - 
CsDS 16.5±0.3 4.8±0.2 5.5±0.2 5.9±0.5 - - 

Mg(DS)2 16.4±0.2 4.0±0.1 5.3±0.2 5.8±0.3 - - 
EmimDS 16.3±0.3 4.4±0.1 3.3±0.2 3.5±0.2 - - 
BmimDS 16.7±0.2 4.3±0.2 5.4±0.3 6.4±0.7 - - 

ChDS 16.1±0.3 5.3±0.3 4.3±0.2 4.9±0.3 - - 
Table S3 results from SANS fitting for scattering data from a solution of an averaged concentration of 196±11 mM of 
different surfactants in choline chloride:urea (best fits with structure factor included). 

Surfactant req / Å AR ϕP(q) / 10-2 ϕCalc / 10-2 Reff / Å ϕS(q) / 10-2 
LiDS 16.7±0.5 9.6±0.7 5.5±0.2 5.6±0.4 37.2 7.4±0.3 
CsDS 17.8±0.4 10.6±0.2 5.4±0.2 5.9±0.5 39.3 7.5±0.6 

Mg(DS)2 17.8±0.3 9.3±0.2 5.6±0.2 5.8±0.3 37.5 7.3±0.2 
EmimDS 17.6±0.2 10.3±0.4 3.6±0.1 3.5±0.2 38.3 3.7±0.1 
BmimDS 18.0±0.4 10.6±0.3 5.4±0.2 6.4±0.7 39.6 6.9±0.2 

ChDS 17.5±0.4 12.4±0.8 4.1±0.1 4.9±0.3 40.5 6.4±0.1 

The results obtained from both approaches show that ignoring the structure factor contribution to the 
scattering leads to an under evaluation of the aspect ratio of the micelles of c.a. 56 %. Therefore the 
implementation of the structure factor can lead to a considerably better evaluation of micelle morphology. 
Following, the plots for all the contrast for the systems are included. Fig. S5 and S6 include those for LiDS, 
CsDS and Mg1/2DS in choline chloride:urea and glycerol, respectively. 

 
Fig. S5 SANS data and best fits of (a) h-LiDS, (b) h-CsDS and (c) h-Mg1/2DS in d-choline chloride:d-urea; and (a) d-LiDS, 
(b) d-CsDS and (c) d-Mg1/2DS in h-choline chloride:h-urea at different surfactant concentration (as quoted in plot a). 
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Fig. S6 SANS data and best fits of (a) h-LiDS, (b) h-CsDS and (c) h-Mg1/2DS in d-choline chloride:d-glycerol; and (a) d-
LiDS, (b) d-CsDS and (c) d-Mg1/2DS in h-choline chloride:h-glycerol at different surfactant concentration (as quoted in 
plot a). 
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Synthesis and characterisation of surfactants 
All chemicals and solvents used were reagent grade purchased from the following commercial 

suppliers: Sigma Aldrich, VWR Chemicals and Fischer Scientific. All chemicals and solvents purchased, 
unless otherwise stated, were used without further purification.  

Unless stated otherwise, ambient conditions were used for each reaction. Inert conditions were 
achieved by using anhydrous solvents and by allowing the reaction to proceed under an atmosphere of 
nitrogen or argon.  

All thin layer chromatography was performed using commercially available silica plates (pre-
coated, aluminium backed). Visualisation was achieved through staining the plate with ammonium 
molybdate before gently heating.  

All 1H NMR and 13C{1H} NMR spectra were acquired on a Bruker 300 MHz spectrometer using 
chloroform-d as the reference (δH = 7.26 ppm, δC = 77.0 ppm). Chemical shifts (δ) are reported in parts 
per million. Coupling constants, J (Hz), are given where calculable.  

High Resolution Mass Spectrometry (HRMS) was performed using a microTOF spectrometer with 
electrospray ionisation (ESI) used as the ionisation method. 

N,N-dimethyldodecan-1-amine 

 
Under an atmosphere of nitrogen, 1-bromododecane (0.65 mL, 2.7 mmol, 1.0 eq) in ethanol (30 

mL) was added dropwise to dimethylamine in an ethanolic solution (5.60 M, 4.80 mL, 27.0 mmol, 10.0 eq). 
The mixture was heated to 75°C for 21 hours. The excess solvent was evaporated under reduced 
pressure affording a creamy white solid which was diluted with NaOH (1 M, 60 mL) and extracted with 
hexane (3 × 60 mL). The combined organic extracts were dried over MgSO4, filtered, and the solvent 
removed under reduced pressure to give N,N-dimethyldodecan-1-amine as a pale yellow oil (0.47 g, 83%), 
used without purification. 

1H NMR (300 MHz, CDCl3): δH = 2.31-2.18 (8H, m, H1, H13), 1.52-1.36 (2H, m, H2), 1.37-1.16 
(18H, m, H3 – H11), 0.85 (3H, t, J = 6.9 Hz, H12); 13C NMR (300 MHZ, CDCl3): δC = 60.1, 45.6, 32.0, 29.80, 
29.76, 29.7, 29.5, 27.9, 27.6, 22.8, 14.2; HRMS (ES): m/z = 214.2516; C14H32N [M+H]+ requires 214.2529. 
13C data1 and 1H NMR data2 in agreement with those previously reported. 

3-(dodecyldimethylammonio)propane-1-sulfonate 

 
N,N-dimethyldodecan-1-amine (2.5 mL, 9.4 mmol, 1.0 eq) in acetone (15 mL) was added to a 

solution of 1,3-propanesultone (4.2 mL, 47 mmol, 5.0 eq) in acetone (20 mL) and refluxed for 5 hours. This 
afforded a white solid which was filtered at room temperature, washed with acetone and purified via 
recrystallisation with methanol and acetone to give 3-(dodecyldimethylammonio)propane-1-sulfonate as a 
white solid (2.50 g, 80%). 

1H NMR (300 MHz, CDCl3): δH = 3.82-3.69 (2H, m, H3),  3.38-3.07 (8H, m, H4, H16), 2.94 (2H, t, J 
= 6.7 Hz, H1), 2.30-2.18 (2H, m, H2), 1.79-1.63 (2H, m, H5), 1.45-1.09 (18H, m, H6 – H14), 0.87 (3H, t, J = 
6.0 Hz, H15); 13C NMR (300 MHz, CDCl3): 64.7, 63.6, 51.0, 47.9, 32.0, 31.1, 29.7, 29.62, 29.57, 29.5, 29.3, 
26.5, 22.8, 19.6, 14.3; HRMS (ES): m/z = 358.2409; C17H37NO3SNa [M+Na]+ requires 358.2386. 1H and 
13C NMR data in agreement with those previously reported.3 

 
 
 
 



N,N-dimethyltetradecan-1-amine 

 
Under an atmosphere of nitrogen, an ethanolic solution of dimethylamine (5.60 M, 48.0 mL, 270 

mmol, 10.0 eq) was added dropwise to a solution of 1-bromotetradecane (8.0 mL, 27 mmol, 1.0 eq) in 
ethanol (30 mL). The reaction mixture was then heated to 75 °C for 21 hours. After cooling, the reaction 
solvent was removed under pressure to give a creamy white solid. NaOH (1 M, 60 mL) and hexane (60 
mL) were then added, and the aqueous layer further extracted with hexane (3 x 60mL). The combined 
organic extracts were dried over MgSO4, filtered, and concentrated down under reduced pressure. This 
afforded N,N-dimethyl-tetradecyl-1-amine as a peach-coloured opaque liquid (5.54 g, 85%). 

1H NMR (300 MHz, CDCl3): δH = 2.27-2.13 (8H, m, H1, H15), 1.53-1.35 (2H, m, H2), 1.34-1.15 
(22H, m, H3 – H13), 0.85 (3H, t, J = 6.6 Hz, H14); 13C NMR (300 MHz, CDCl3): δC = 60.1, 45.6, 32.1, 29.82, 
29.77, 29.5, 28.0, 27.6, 22.8, 14.2; HRMS (ES): m/z = 242.2880; C16H36N (M+H)+ requires 242.2842.1H 
NMR data in agreement with those previously reported.2 

3-(dimethyl(tetradecyl)ammonio)propane-1-sulfonate  

 
N,N-dimethyl-tetradecyl-1-amine (2.5 mL, 8.3 mmol, 1.0 eq) in acetone (15 mL) was added to a 

solution of 1,3-propansultone (3.6 mL, 41 mmol, 5.0 eq) in acetone (20 mL) refluxed for 5 hours. This 
afforded a white solid which was filtered at room temperature, washed with acetone and purified via 
recrystallisation with methanol and acetone. This afforded 3-(dimethyl(tetradecyl)ammonio)propane-1-
sulfonate as an off-white solid (2.73 g, 92%). 

1H NMR (300 MHz, CDCl3): δH = 3.84-3.70 (2H, m, H3), 3.33-3.09 (8H, m, H4, H18), 2.92 (2H, t, J = 
6.7 Hz, H1), 2.34-2.19 (2H, m, H2), 1.81-1.63 (2H, m, H5), 1.39-1.17 (22H, m, H6 – H16), 0.86 (3H, t, J = 6.0 
Hz, H17); 13C NMR (300 MHz, CDCl3): 64.7, 63.6, 50.9, 47.9, 32.1, 31.1, 29.82, 29.79, 29.7, 29.64, 29.58, 
29.5, 29.4, 26.5, 22.8, 19.6, 14.3; HRMS (ES): m/z = 386.2711; C19H41NO3SNa (M+Na)+ requires 
386.2699.1H NMR data in agreement with those previously reported.4 

Molecular volumes, scattering lengths and scattering length densities 
The scattering length density (SLD) of each component of the system has been calculated using 

the scattering length (b) of each unit and the volume that it occupies (Vm). The scattering lengths have 
been calculated as the atomic contribution to the scattering and the frequency of each atom in the unit: 1:2 
choline chloride:glycerol (ChCl:glyc), dodecyl tail (C12H25), tetradecyl tail (C14H29), sulfobetaine headgroup 
(C5H12NO3S) and phosphocholine headgroup (C5H13NO4P). The values used in our fitting are presented in 
Table S1. 
Table S1 Molecular volumes, scattering lengths and scattering length densities for X-ray and neutrons of each unit 
within the system. 

Unit Vm / Å3 X-ray b / fm Neutron b / fm X-ray SLD / 
×10-6 Å-2 

Neutron SLD / 
×10-6 Å-2 

1:2 h-ChCl:h-glyc 4535 496 20.5 10.9 0.45 
1:2 h-ChCl:d-glyc 4535 - 187 - 4.1 

1:2 h/d-ChCl:h/d-glyc 4535 - 169 - 3.7 
1:2 d-ChCl:d-glyc 4535 - 281 - 6.2 

C12H25 350a 273 -13.7 7.8 -0.39 
C14H29 404a 318 -15.4 7.9 -0.38 

C5H12NO3S 1816 251 18.0 13.9 0.93 
C5H13NO4P 1747 273 22.3 15.8 1.3 

aThe molecular volumes of the surfactant tails were calculated using the Tanford equation.8 
The molecular volumes used for the surfactant tails have been derived from the Tanford 

equation.8 These values have been chosen for the sake of consistency with our previous investigations of 



surfactant self-assembly in DES,5, 9, 10 but they are not the only possible values. In fact these values were 
derived from measurements “near room temperature” so their validity at different temperatures is limited. 
There are now many studies in the literature that quote various values for the molecular volumes of 
aliphatic chains and surfactant headgroups, and some of these include a quantification of the effect of 
temperature. However, the differences in the molecular volume generally deviate by up to 6 % from 
Tanford’s value and we consider this to be a minor effect on our fitting, especially since we cannot be sure 
about the magnitude of the influence that the DES solvent itself has on these values. To show this we 
have repeated our fitting using some alternative literature values for the molecular volume. Fits for C12-PC 
using values derived from Tanford (VC12=350 Å3),8 Nagle et al. (VC12=370.3 Å3),11 and Armen et al. 
(VC12=361.6 Å3),7 are compared in Fig. S2. 

 
Fig. S1 C12-PC data at the CMC on choline chloride:glycerol and comparison of fits obtained from different SLDs 
derived from the following molecular volumes of the surfactant tail: 350 Å3,8 370.3 Å3,11 and 361.6 Å3.7 

The main differences in the fits, as expected, appear in the volume fraction of tails in the tail layer, 
whereas the structural characteristics of the monolayer remain practically unchanged. As the volume of 
individual tails increase, the SLD decreases, and therefore the volume fraction of tails increases, as they 
occupy more space without violating any of the physical constraints mentioned in the main text. As those 
differences are around 2 % at most (See Table S2), we can conclude that the fits using Tanford’s values 
are as valid in this case as any other choice of volume. Nonetheless, there is undoubtedly some 
uncertainty in the molecular volume so we have used the variation shown here to define the error in the 
values quoted in the main article. A similar consideration is in principle applicable to the head-group 
volumes with different possible literature values. But to our knowledge, there is no published molecular 
volume for the phosphocholine head-group in these surfactants. We have therefore used the values from 
Armen et al. obtained from an MD simulation of a lipid bilayer in water, as these allow the calculation of 
the individual parts of the head-group. i.e. the volume of choline and phosphate can be included but the 
carboxylic and glycerol groups present in common lipids ignored.7 The volume for the sulfobetaine head-
group derives from the accurate determination of component volumes of a sulfobetaine micelle in water 
using contrast-variation SANS.6 
Table S2 Comparison of tail volume fraction parameter (ϕt) when fitted with different tail molecular volumes (VC12). 

VC12 / Å3 ϕt / 10-2 
350.08 72.0 
370.311 75.8 
361.67 74.1 

Modelling small-angle neutron scattering data 
As introduced in the main text, we have decided to use a homogeneous ellipsoid model to fit the 

SANS data. This was decided based on the assumption that micelles are in a thermodynamic equilibrium, 
as previously proposed for other micelles in DES,5, 10 and on the goodness of fit using such a model. In 
order to find the most likely conformation of micelles in solution we have compared the quality of the fits 
through the statistic (Chi2 / Npts, where Npts is the number of data points), which decreases when the 



quality of the fit improves. Three different mathematical models have been compared here: monodisperse 
spheres, polydisperse spheres and monodisperse ellipsoids. Fig. S2 presents the SANS data for C12-PC 
micelles in choline chloride:glycerol DES at different surfactant concentrations, together with the fits using 
different models. Table S3 shows the Chi square values for each of the models. 

 
Fig. S2 SANS data and best fits of C12-PC micelles in choline chloride:glycerol at different surfactant concentrations. 
Those concentrations are quoted in the main text and in Table S3. The fits, represented by black-dashed lines, 
correspond to the following models: (a) monodisperse spheres, (b) polydisperse spheres and (c) monodisperse 
ellipsoids. 

Table S3 Chi2 / Npts statistic for the different models used to fit the data presented in Fig. S2. 

C12-PC concentration / mM Monodisperse spheres Polydisperse spheres Monodisperse ellipsoids 
31.5±1.2 0.63 0.61 0.50 
68.1±2.4 0.90 0.8 0.77 

134±3 2.7 1.4 0.82 
308±2 9.8 2.3 0.93 

Although improvements can be hardly observed by visual inspection, Chi Square statistics 
indicate differences between the models. In that sense, the monodisperse ellipsoids model was found to 
be the best model to fit these data, particularly at high surfactant concentrations. 

X-ray reflectivity results of surfactant mixtures 
The characteristics of the adsorbed layer of mixed surfactants were determined by means of X-ray 

reflectivity. The results from those fits are presented in Table S4 and the plots from those fits can be found 
in the main text. The interfacial roughnesses associated to the models were fitted to values between 3.5 Å 
and 5.0 Å. 
Table S4 X-ray reflectivity results of zwitterionic mixtures at the CMC. A 2-layer and subphase model was used to fit 
the data as presented in Fig. 7. The error bars were obtained from the Motofit fits by individually varying each 
parameter to produce a substantial increase in the Chi Square parameter of the fit. Such variation was used as the 
error associated to the parameter. 

C12-PC/SB3-12 tt / Å ϕt th / Å ϕh ΓS,CMC / ×10-6 mol m-2 APM / Å2 
0.2/0.8 7.8±0.3 0.73±0.04 5.7±0.3 0.50±0.04 2.6±0.2 63±4 

0.35/0.65 7.8±0.3 0.78±0.03 5.8±0.2 0.52±0.02 2.8±0.1 59±3 
0.5/0.5 8.0±0.2 0.79±0.03 5.9±0.2 0.53±0.03 2.8±0.1 57±3 

0.65/0.35 8.6±0.3 0.77±0.03 6.3±0.2 0.52±0.03 2.9±0.1 54±3 
0.8/0.2 8.5±0.2 0.77±0.04 6.5±0.2 0.49±0.02 2.9±0.2 55±4 

Surface tension of pure and mixed surfactants 
The surface tension of the pure surfactants and different mixtures of C12-PC:SB3-12 in choline 

chloride:glycerol were measured using the procedure presented in the main text. The results of those 
measurements are presented in Fig. S3 and Fig. S4 for the pure surfactants and mixtures, respectively. 



 
Fig. S3 Surface tension vs. concentration plots of (a) C12-PC, (b) SB3-12 and (c) SB3-14 in choline chloride:glycerol. 
The error bars are the standard deviation of 5 individual measurements. The black-dashed lines represent the pre- 
and post-CMC trends used to find the CMC. 

 
Fig. S4 Surface tension plots of surfactant mixtures at various mole fractions of C12-PC in the surfactant mixture: (a) 
0.2, (b) 0.35, (c) 0.5, (d) 0.65 and (e) 0.8. The black-dashed lines represent the pre- and post-CMC trends used to find 
the CMC. 

At low concentrations, the surface tension of the different systems decreases with increasing 
surfactant concentration. Above a certain concentration the surface tension of the system remains 
constant upon addition of more surfactant. Such a sharp change in the behaviour of the system is the 
CMC. 

Small-angle neutron scattering results 
The plots for all the SANS contrasts used to determine the structure of pure surfactant micelles in 

choline chloride:glycerol are presented bellow: C12-PC – Fig. S5, SB3-12 – Fig. S6 and SB3-14 – Fig. S7. 
The results from the simultaneous fit of those contrasts are presented in Table S5, S6 and S7. 



 
Fig. S5 SANS data and best fits of h-C12-PC in (a) d-choline chloride:d-glycerol, (b) h/d-choline chloride:h/d-glycerol 
and h-choline chloride:d-glycerol at different surfactant concentration (as shown in the legend).  

 
Fig. S6 SANS data and best fits of h-SB3-12 in (a) d-choline chloride:d-glycerol, (b) h/d-choline chloride:h/d-glycerol 
and h-choline chloride:d-glycerol at different surfactant concentration (as shown in the legend). 

 
Fig. S7 SANS data and best fits of h-SB3-14 in (a) d-choline chloride:d-glycerol, (b) h/d-choline chloride:h/d-glycerol 
and h-choline chloride:d-glycerol at different surfactant concentration (as shown in the legend). 

Table S5 Fitting parameters derived from the SANS data at different concentrations of C12-PC in choline 
chloride:glycerol. 

Conc / mM req / Å AR Rg / Å ϕfit / 10-2 ϕS(q) / 10-2 Reff / Å 
31.5±1.2 16±2 2.3±0.3 19±2 0.27±0.02 1.6±1.4 21±1 
68.1±2.4 16±1 1.9±0.2 17±1 0.90±0.05 7.3±1.8 20±1 

134±3 16±1 1.9±0.1 17±1 2.6±0.4 12±2 19±1 
308±2 15±1 1.9±0.1 17±1 4.4±0.2 15±1 19±1 

Table S6 Fitting parameters derived from the SANS data at different concentrations of SB3-12 in choline 
chloride:glycerol. 

Conc / mM req / Å AR Rg / Å ϕfit / 10-2
 ϕS(q) / 10-2 Reff / Å 

28.8±0.9 14±2 1.7±0.6 15±2 0.03±0.02 0.9±0.8 18±1 
64.3±1.8 14±1 1.8±0.2 15±1 0.40±0.02 2.8±1.1 18±1 

151±5 15±1 1.7±0.1 16±1 2.2±0.2 8.3±4.3 19±1 
312±6 15±1 1.7±0.1 15±1 5.7±0.1 14±1 18±1 



Table S7 Fitting parameters derived from the SANS data at different concentrations of SB3-14 in choline 
chloride:glycerol. 

Conc / mM req / Å AR Rg / Å ϕfit / 10-2
 ϕS(q) / 10-2 Reff / Å 

13.6±1.1 18±1 1.9±0.6 19±4 0.09±0.02 3.7±2.5 22±1 
30.0±3.1 20±1 1.6±0.1 19±1 0.7±0.2 5.8±5.5 23±1 
63.1±1.6 19±1 1.7±0.1 19±1 1.6±0.1 7.1±2.4 23±1 

166±4 19±1 1.6±0.1 19±1 3.2±0.1 9.7±1.5 23±1 

SANS data of the surfactant mixtures (C12-PC/SB3-12) at two total surfactant concentrations 
(72.3±1.2 and 185±3) were fitted using one contrast, following the procedure presented in the main text. 
Fig. S8 shows the SANS data and best fits of different surfactant ratios at a total surfactant concentration 
of 72.3±1.2, whereas the second dataset is included in the main text. 

 
Fig. S8 SANS data and best fits (black-dashed lines) of different mole fractions of surfactant in a C12-PC/SB3-12 
mixture at a total surfactant concentration of 72.3±1.2 mM. The mole fractions of C12-PC in the surfactant mixture are 
presented in the legend of the graph. The intensity of data and fits has been offset for clarity. 

The results from those fits are included in Table S8. 
Table S8. Results from the individual fits of two concentrations of different surfactant mixtures of C12-PC and SB3-12. 

C12-PC/SB3-12 req / Å AR ϕfit / 10-2 ϕS(q) / 10-2 Reff / Å 
72.3±1.2 

0.2/0.8 16±1 1.7±0.2 0.5±0.2 6.7±1.7 19±1 
0.35/0.65 16±1 1.8±0.2 0.8±0.1 7.3±1.2 20±1 

0.5/0.5 16±1 1.9±0.1 0.9±0.1 6.6±0.9 20±1 
0.65/0.35 16±1 2.1±0.4 1.0±0.1 7.6±1.1 21±1 

0.8/0.2 16±1 2.0±0.2 0.8±0.1 6.2±1.1 20±1 



185±3 
0.2/0.8 16±1 1.7±0.1 3.3±0.1 11±1 19±1 

0.35/0.65 16±1 1.8±0.1 3.2±0.1 10±1 19±1 
0.5/0.5 16±1 1.8±0.1 3.4±0.1 10±1 20±1 

0.65/0.35 16±1 1.9±0.1 3.2±0.1 9.8±0.8 20±1 
0.8/0.2 16±1 1.9±0.1 3.5±0.1 9.9±0.9 20±1 
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Monolayer stability 
The isotherms of the different phospholipids on choline chloride:glycerol could not be 

reliably determined. High results variability was found between different runs. We believe that this 
is due to the high viscosity of the solvent, which hinders the diffusion of phospholipid monomers at 
the interface. 

The formation of a stable monolayer was confirmed using the Langmuir trough technique. 
The evolution of surface pressure with time was measured for a DPPC monolayer on a 1:2 choline 
chloride:glycerol subphase. A given amount of DPPC/chloroform solution was spread onto the 
surface of a choline chloride:glycerol. This raised the surface pressure up to 8 mN m-1. The position 
of the barriers was kept fixed and the evolution of the surface pressure was determined using a 
Wilhelmy plate and a surface pressure microbalance. The results from the experiment are included 
in Fig. S1. 

 
Fig. S1 stability test of a DPPC monolayer on 1:2 choline chloride:glycerol. 

The results from the stability test show that the surface pressure of the system is stabilised 
after ca. 10 minutes. This indicates that the diffusion and packing of the phospholipids reaches the 
equilibrium for this concentration. Concentrations above such value are expected to reach the 
equilibrium in shorter terms, as experienced for the surfactant diffusion at the air-DES.1 

Reflectivity results 
As introduced in the main text, two different approaches were followed to fit reflectometry 

data. A first approach involved fitting through the traditional optical matrix implemented in Motofit.2, 3 
A full record of the reflectivity parameters obtained from those fits is included here. Thickness (d), 
scattering length density (SLD), roughness (σ) and solvation (ϕs) are listed in the tables below. For 
notation purposes, layer t is considered to be the tail region of the monolayer while layer sh 
corresponds to the solvated headgroup region. 

In order to evaluate the characteristics of the pure solvent, a bare solvent subphase was 
measured in the different contrasts used. The data from all contrasts was co-refined using a 
subphase model. Those values were subsequently held during fitting of the lipid-solvent systems. 
The data and the fits are presented in Fig. S2 and the fitted parameters are included in Table S1. 

 
Fig. S2 (a) X-ray (red circles) and neutron reflectometry (blue triangles - hydrogenated subphase, green 
squares – partially deuterated subphase) data and best fits (black-dashed lines) for a pure subphase of 1:2 
choline chloride:glycerol. (b) SLD profiles of those fits. 



Table S1 Fixed parameters used during fitting. 

Parameter X-Ray Neutron – h-h Neutron – hd-hd 
Background 2×10-10 4×10-6 2×10-6 

SLDsolvent /×10-6 Å2 10.8 3.15 0.43 
σsolvent / Å 3.3 3.3 3.3 

SLDheadgroup,PC /×10-6 Å2 16.5 2.1 2.1 
SLDheadgroup,PG /×10-6 Å2 16.2 - - 

X-Ray fits 
The fitted results from the X-ray and neutron contrasts are presented below for the different 

lipids on a choline chloride:glycerol: DLPC (Fig. S3, Table S2), DMPC (Fig. S4, Table S3, S6 and 
S7), DPPC (Fig. S5, Table S4, S8 and S9) and DMPG (Fig. S6, Table S5). 

 
Fig. S3 (a) XRR data (circles), fits (black-dashed lines) and (b) SLD profile of the monolayer of different 
surface concentrations of DLPC at the air-liquid interface. The dashed lines in the SLD plot indicate the 
approximate boundaries between layers (t=tails, h=headgroup and s=solvent). The area per molecule of each 
concentration is shown. The different reflectivity profiles and fits have been offset in the y-axis for clarity. 

Table S2 X-ray reflectivity fitting values from DLPC on 1:2 choline chloride:glycerol. 

APM / Å2 dt / Å SLDt /×10-6 Å2 σt / Å dsh / Å ϕs / ×10-2 σsh / Å 
178±26 7.1±0.9 4.0±0.3 3.4±0.3 8.6±0.4 81±8 3.6±0.5 
111±12 7.9±0.7 5.8±0.3 3.9±0.3 9.0±0.3 72±4 3.9±0.3 

86.1±4.6 9.0±0.4 6.6±0.2 4.1±0.2 9.1±0.2 64±3 4.2±0.3 
73.7±3.1 9.8±0.3 7.0±0.2 4.2±0.2 9.6±0.1 60±2 4.4±0.2 
66.7±1.6 10.5±0.2 7.3±0.1 4.6±0.1 9.8±0.1 57±1 5.0±0.2 



 
Fig. S4 (a) XRR data (upward triangles), fits (black-dashed lines) and (b) SLD profile of the monolayer of 
different surface concentrations of DMPC at the air-liquid interface. Neutron data of d-DMPC on (c) hd-DES 
and (d) h-DES; and (e) SLD profile of the monolayer at different surface concentrations. The dashed lines in 
the SLD plot indicate the approximate boundaries between layers (t=tails, h=headgroup and s=solvent). The 
area per molecule of each concentration is shown. The different reflectivity profiles and fits have been offset in 
the y-axis for clarity. 

Table S3 X-ray reflectivity fitting values from DMPC on 1:2 choline chloride:glycerol. 

APM / Å2 ttl / Å SLDtl /×10-6 Å2 σtl / Å thl / Å ϕs / ×10-2 σhl / Å 
334±81 6.5±1.4 2.7±0.3 3.6±0.4 8.3±0.6 90±8 3.7±0.6 
206±23 8.1±0.6 3.6±0.3 3.6±0.2 8.1±0.4 84±6 3.9±0.5 
126±11 9.3±0.6 5.1±0.2 3.9±0.2 8.7±0.3 74±5 3.9±0.5 

86.4±3.7 12.3±0.3 5.6±0.2 4.1±0.2 10.1±0.2 67±5 4.1±0.4 
66.7±2.3 13.8±0.2 6.5±0.2 4.1±0.1 11.2±0.2 62±2 4.1±0.2 



 
Fig. S5 (a) XRR data (downwards triangles), fits (black-dashed lines) and (b) SLD profile of the monolayer of 
different surface concentrations of DPPC at the air-liquid interface. Neutron data of d-DPPC on (c) hd-DES 
and (d) h-DES; and (e) SLD profile of the monolayer at different surface concentrations. The dashed lines in 
the SLD plot indicate the approximate boundaries between layers (t=tails, h=headgroup and s=solvent). The 
area per molecule of each concentration is shown in the graph. The different reflectivity profiles and fits have 
been offset in the y-axis for clarity. The highest surface concentration of d-DPPC in hd-choline chloride:hd-
glycerol was fitted individually. 

Table S4 X-ray reflectivity fitting values from DPPC on 1:2 choline chloride:glycerol. 

APM / Å2 ttl / Å SLDtl /×10-6 Å2 σtl / Å thl / Å ϕs / ×10-2 σhl / Å 
298±137 5.8±2.6 4.0±0.4 3.0±0.4 7.9±0.7 89±9 3.1±0.4 

116±6 12.6±0.4 4.8±0.2 3.5±0.3 9.6±0.5 70±5 3.2±0.4 
72±3 15.3±0.3 6.2±0.2 4.0±0.3 10.8±0.4 63±4 3.3±0.2 
61±1 16.6±0.3 6.8±0.1 4.3±0.2 11.5±0.3 58±4 3.9±0.2 
56±1 17.0±0.1 7.2±0.1 4.8±0.2 11.2±0.3 54±2 3.9±0.1 



 
Fig. S6 (a) XRR data (squares), fits (black-dashed lines) and (b) SLD profile of the monolayer of different 
surface concentrations of DMPG at the air-liquid interface. The dashed lines in the SLD plot indicate the 
approximate boundaries between layers (t=tails, h=headgroup and s=solvent). The area per molecule of each 
concentration is shown in the graph. The different reflectivity profiles and fits have been offset in the y-axis for 
clarity. 

Table S5 X-ray reflectivity fitting values from DMPG on 1:2 choline chloride:glycerol. 

APM / Å2 ttl / Å SLDtl /×10-6 Å2 σtl / Å thl / Å ϕs / ×10-2 σhl / Å 
220±43 7.5±1.2 3.6±0.4 3.5±0.5 9.2±0.4 86±11 3.8±0.2 
167±17 8.4±0.6 4.2±0.3 3.8±0.3 10.2±0.3 81±5 3.8±0.2 
106±6 11.1±0.4 5.1±0.2 4.1±0.2 11.0±0.2 74±5 4.0±0.2 
77.6±3 12.7±0.3 6.0±0.2 4.2±0.2 11.6±0.2 67±3 4.0±0.1 
63.8±2 14.1±0.3 6.6±0.1 4.3±0.1 11.6±0.1 60±3 4.7±0.1 

Neutron fits 
Table S6 Neutron reflectivity fitting values from d-DMPC on 1:2 h/d-choline chloride:h/d-glycerol. 

APM / Å2 ttl / Å SLDtl /×10-6 Å2 σtl / Å thl / Å ϕs / ×10-2 σhl / Å 
142 7.4 5.1 3.5 8.4 76 3.6 
96.4 10.2 5.4 3.6 8.8 66 3.7 
79.4 11.0 6.1 3.9 9.4 62 3.9 
56.0 14.0 6.8 4.1 11.4 55 4.1 

Table S7 Neutron reflectivity fitting values from d-DMPC on 1:2 h-choline chloride:h-glycerol. 

APM / Å2 ttl / Å SLDtl /×10-6 Å2 σtl / Å thl / Å ϕs / ×10-2 σhl / Å 
142 7.4 5.1 3.5 8.4 76 3.6 
96.4 10.2 5.4 3.6 8.8 66 3.7 
79.4 11.0 6.1 3.9 9.4 62 3.9 
56.0 14.0 6.8 4.1 11.4 55 4.1 

Table S8 Neutron reflectivity fitting values from d-DPPC on 1:2 h/d-choline chloride:h/d-glycerol. aThese 
parameters were obtained through individual fitting. 

APM / Å2 ttl / Å SLDtl /×10-6 Å2 σtl / Å thl / Å ϕs / ×10-2 σhl / Å 
188 6.5 5.0 3.2 8.2 82 3.5 
88.4 11.0 6.3 3.6 9.0 64 3.6 
67.8 13.3 6.8 3.8 10.7 61 3.8 
52.4a 16.1 7.2 3.7 11.2 38 4.0 

Table S9 Neutron reflectivity fitting values from d-DPPC on 1:2 h-choline chloride:h-glycerol. 

APM / Å2 ttl / Å SLDtl /×10-6 Å2 σtl / Å thl / Å ϕs / ×10-2 σhl / Å 
188 6.5 5.0 3.2 8.2 82 3.5 
88.4 11.0 6.3 3.6 9.0 64 3.6 
67.8 13.3 6.8 3.8 10.7 61 3.8 



SurfMono class 
The SurfMono class is a custom class for use with refnx. The source code for this class, 

along with an example Jupyter notebook showing its use, is currently available at: 

https://github.com/arm61/refnx/tree/surf_monolayer/examples/analytical_profiles/surf_mon
olayer 

Correlation between head thickness and fractional head solvation 
The strong positive correlation between the head thickness and the fractional head 

solvation can be seen clearly in the initial 2D PDF plots found in the analysis Jupyter notebooks.  

MCMC X-ray reflectometry fit 
In the interest of creating reproducible science, we have included a series of Jupyter notebooks detailing the 

analysis workflow that was used. These can be found in the MCMC folder and run using Jupyter (available for 
free here: https://www.anaconda.com/download/). Note that the large values of dh obtained for the lowest 
surface pressures are due to a lack of definition between the solvent and the head group due to the head 

group begin more than 95 % solvent at these sparsely packed coverages.  

Fig. S7 The probability density functions for each of the fitting parameters in the MCMC analysis of the fitting 
process for each of the lipids studied, with the fitted X-ray reflectometry data shown in the inset; (a) DLPC 
(228.1±10.4 Å2), (b) DMPC (393.8±2.0 Å2), (c) DPPC (351.5±2.1 Å2), and (d) DMPG (277.0±0.5 Å2). 



Fig. S8 The probability density functions for each of the fitting parameters in the MCMC analysis of the fitting 
process for each of the lipids studied, with the fitted X-ray reflectometry data shown in the inset; (a) DLPC 
(129.0±0.7 Å2), (b) DMPC (302.2±1.2 Å2), (c) DPPC (112.2±0.2 Å2), and (d) DMPG (211.8±1.2 Å2). 



Fig. S9 The probability density functions for each of the fitting parameters in the MCMC analysis of the fitting 
process for each of the lipids studied, with the fitted X-ray reflectometry data shown in the inset; (a) DLPC 
(101.0±0.4 Å2), (b) DMPC (199.4±0.3 Å2), (c) DPPC (66.9±0.1 Å2), and (d) DMPG (107.8±0.2 Å2). 



Fig. S10 The probability density functions for each of the fitting parameters in the MCMC analysis of the fitting 
process for each of the lipids studied, with the fitted X-ray reflectometry data shown in the inset; (a) DLPC 
(84.8±0.3 Å2), (b) DMPC (86.7±0.1 Å2), (c) DPPC (68.5±0.1 Å2), and (d) DMPG (74.0±0.1 Å2). 



MCMC Neutron reflectometry fit 

Fig. S11 The probability density functions for each of the fitting parameters in the MCMC analysis of the fitting 
process for DMPC (APM=96.9±1.6 Å2), with the fitted neutron reflectometry data shown in the inset; (a) fully 
hydrogenated DES, (b) mixed deuterated and hydrogenated DES. 

Fig. S12 The probability density functions for each of the fitting parameters in the MCMC analysis of the fitting 
process for DMPC (APM=79.8±2.3 Å2), with the fitted neutron reflectometry data shown in the inset; (a) fully 
hydrogenated DES, (b) mixed deuterated and hydrogenated DES. 



Fig. S13 The probability density functions for each of the fitting parameters in the MCMC analysis of the fitting 
process for DMPC (APM=51.3±1.2 Å2), with the fitted neutron reflectometry data shown in the inset; (a) fully 
hydrogenated DES, (b) mixed deuterated and hydrogenated DES. 

Fig. S14 The probability density functions for each of the fitting parameters in the MCMC analysis of the fitting 
process for DPPC (APM=175.6±3.0 Å2), with the fitted neutron reflectometry data shown in the inset; (a) fully 
hydrogenated DES, (b) mixed deuterated and hydrogenated DES. 



Fig. S15 The probability density functions for each of the fitting parameters in the MCMC analysis of the fitting 
process for DPPC (APM=79.8±2.3 Å2), with the fitted neutron reflectometry data shown in the inset; (a) fully 
hydrogenated DES, (b) mixed deuterated and hydrogenated DES. 

Fig. S16 The probability density functions for each of the fitting parameters in the MCMC analysis of the fitting 
process for DPPC (APM=51.3±1.0 Å2), with the fitted neutron reflectometry data shown in the inset; (a) fully 
hydrogenated DES, (b) mixed deuterated and hydrogenated DES. 
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Experimental

Materials

Choline chloride:urea and choline chloride:glycerol were prepared by mixing and heating at 
80 ˚C one mole equivalent of choline chloride ( >98 %, Sigma) and two mole equivalents of 
hydrogen bond donor (urea, >99.5 %, Sigma or glycerol, >99 %, Sigma) until an 
homogeneous and transparent liquid was obtained. After the synthesis the liquid was 
equilibrated for at least for 24 h in an oven at 40 ˚C. The deuterated versions of the deep 
eutectic solvent (DES) were prepared following the same procedure. d9-choline chloride 
(N,N,N-trimethyl-d9, 99 % atom D, 99 % purity), d4-urea (98 % atom D, 99 % purity) and d8-
glycerol (99 % atom D, 98.5 % purity) were supplied by QMX Laboratories and manufactured 
by CDN Isotopes. Samples containing water were prepared using ultrapure water (18.2 Ω, 
Elga) and D2O (99.9 atom % D, Sigma).

Bovine serum albumin (BSA, >98 %) and lysozyme from chicken egg white (Lysozyme, 
~70,000 U/mg) were supplied by Sigma and used without further purification. Samples were 
prepared through freeze-drying, following the procedure explained by Guiterrez et al.1, 2 A 
small volume of DES was mixed with water in order to reduce the viscosity and facilitate the 
solvation of the proteins. Afterwards DES was added to adjust the concentration of protein, 
DES and water. For the protein samples in pure DES, the same procedure was followed but 
the resulting solutions were freeze-dried to remove water from the sample. Samples were 
stored at 4 ˚C and measured within 5 days after preparation.

An aliquot of pure DES was included in the procedure of addition and removal of water in 
order to determine the water content in the pure DES samples. Water content was 
determined through Karl-Fischer titration (Mettler Toledo DL32 Karl-Fischer Coulometer 
Aquiline electrolyte A (Fisher Scientific), Aqualine Catholyte CG A)). The water content was 
maintained below 0.6 wt% for choline chloride:glycerol and 0.4 wt% for choline 
chloride:urea during the experimental procedure explained here.

Samples were prepared in different concentrations and isotopic mixtures in order to fulfil 
the different requirements of each experiment. Circular dichroism required two different 
concentrations. A low concentration (~18 µM) was measured in a 1 mm path length, 1 cm 
wide, quartz cell for both proteins on the far-UV region. Near-UV region measurements 
required a higher concentration of protein (~82 µM) for all solvents. These samples were 
measured in a 1 cm path length, 1 cm wide, quartz cell.

Small-angle neutron scattering required isotopically substituted solvents in order to improve 
the contrast between solvent and proteins. Samples were prepared in one isotopic mixture 
combining deuterated solvent (d9-choline chloride:d8-glycerol or d9-choline chloride:d4-urea) 
and protonated proteins (750 µM for lysozyme and 400 µM for BSA).

Methods

Circular dichroism

The determination of the CD spectra was done using a Jasco CD J-815 spectrometer (Jasco 
Coorp., Tokyo, Japan) with a Peltier cell holder for temperature control. Two different 
ranges were investigated in terms of wavelength. The far-UV region (200-250 nm) provided 
information regarding the secondary structure of the proteins, and the near-UV region (250-
310 nm), showed information about the conformation of the protein. Spectra at different 
temperatures were collected with a scan rate of 50 nm min-1, a bandwidth of 1 nm and a 
response time of 2 s. Measurements were repeated 7 times and averaged in order to 
improve the statistics and check repeatability.



Data collected were corrected for the different solvents, and subsequently normalised to the 
concentration and converted to molecular ellipticity (mdeg cm2 dmol-1) in order to facilitate 
comparison between the different samples.

Small-angle neutron scattering

Small-angle neutron scattering (SANS) measurements were performed on Sans2d at ISIS 
Pulsed Neutron Source.3 SANS2D is a time-of-flight instrument with two movable detectors. 
The rear detector was placed at 4 m distance from the sample giving, together with the front 
detector, a momentum transfer range of 0.004-1.40 Å-1. Samples were loaded into a 
modified Linkam DSC stage using 1 mm path length, 1 cm wide, quartz Hellma cells. 
Lysozyme samples were measured at room temperature. BSA samples were cycled between 
-80 ˚C and 80 ˚C (Set point). A first measurement was taken at 25 ˚C and then gradually 
decreased at 2 ˚C/min rate and measured at -40 ˚C and -80 ˚C. After cooling, samples were 
heated at the same rate and measured at 25 ˚C and 80 ˚C. Finally samples were gradually 
cooled down and measured again at 25 ˚C to check the structure after the cycle.

Data were reduced using the routines within Mantid.4 The data were normalised to the 
sample transmission, and corrected for detector efficiencies, then scattering from the empty 
cell was subtracted. The output data were the absolute scattered intensity, I(q) in cm-1, 
versus the momentum transfer, q in Å-1. The scattering of the pure solvents were afterwards 
subtracted accounting for the incoherent contribution to each sample and data were 
normalised to the concentration using SasView.5 Instrument resolution was accounted for by 
smearing of the model functions using a Gaussian function at a constant 8% dq/q.

Data analysis

Small-angle neutron scattering

Indirect Fourier Transformation (IFT) was used to analyse the conformation of the proteins 
in the different solvents. IFT is a model-free numerical method to analyse SANS data.6 This 
technique uses a real-space distance distribution function to describe the structure, the 
maximum dimension (Dmax) and the radius of gyration of the scatterer (Rg). IFT is limited to 
non-periodic centrosymmetric structures, where the interparticle interaction, and therefore 
the structure factor, is negligible. The pair distance distribution function (p(r)) differs from 0 
in a limited region of real space, between 0 and Dmax, and changes in the shape of the curve 
can be directly related to the conformation of the particle in solution. The resulting curve 
can be used to calculate the Rg as the second moment of the p(r).

Results

Here we include the log-log plots of the scattering data with the fits obtained through IFT 
(Fig. S1 a and b).

The Guinier plot allows a rapid estimation of the extrapolated intensity at momentum 
transfer zero (I(0)) and the radius of gyration (Rg) of the scatterers (Fig. S1 c and d). These 
values were subsequently used to obtain the normalised-to-Rg Kratky plot.



Fig. S1 Log-log plot of the SANS data of (a) BSA and (b) lysozyme in different solvents. The black-dashed lines 
correspond to the best fits obtained through the IFT analysis. Guinier plots of SANS data used to calculate the 
radius of gyration and the intensity at q = 0: (c) BSA and (d) lysozyme. The black-dashed lines correspond to the 
linear fits of the data.

The evolution of the protein conformation with temperature was also investigated. Fig. S2 
includes the results from the temperature scan of the BSA in choline chloride:glycerol 
system. Samples were first equilibrated at 25 ˚C and cooled gradually down to -80 ˚C (2 
˚C/min), allowing equilibration at each temperature of interest for 20 minutes. Samples 
were heated up to 80 ˚C and measured upon denaturation. Finally, samples were re-
equilibrated at 25 ˚C and measured at the end of the cycle to check reversibility in the 
system.

                  
Fig. S2 SANS data from the temperature scan of BSA in d9-choline chloride:d8-glycerol at different temperatures: 
25 ˚C, 0 ˚C, -30 ˚C, -80 ˚C, 25 ˚C (after cooling), 40 ˚C, 80 ˚C and 25 ˚C (after heating).
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