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Abstract

Surfactants are chemicals that increase solubility and dispersion of hydrocarbons and oils,
and they are widely used in detergents and other cleaning products. After use they are
discharged into sewage systems or directly into surface waters, ending up dispersed in the
environment polluting the water, the soil and other sediments. The toxic effects of surfactants
on various aquatic organisms are known. The vital role surfactants play in modern society
means there is no option to stop using them. Thus, non-toxic and biodegradable surfactants
are required to decrease their final impact on current water resources.

In this thesis, the approach chosen to discover novel surfactants is to create a computational
method, which could act as a screening stage to ensure only the most promising non-toxic
and/or biodegradable product formulations make it to experimental testing. This would have
the effect of reducing the number of necessary experiments, leading to savings in associated
time and costs. Molecular Dynamics (MD) simulations underline the computational method,
which represent the system as a collection of particles interacting by mathematical relations
termed force fields. This permits the calculation of structural, thermodynamic, and dynamical
properties. Therefore, it is an ideal tool for the study of surfactant-water-oil ternary mixtures
because the molecular structure is known to strongly influence the surfactant behaviour. Whilst
this concept is not new, there has been little progress in applying it to the discovery of non-
toxic and biodegradable surfactants.

To simulate surfactants at the molecular scale requires large system sizes that must be run
for long durations of time. This demand will be difficult to meet by accounting for all atoms in
a molecule. It is for this reason it is chosen to work with models of lower resolution, termed
‘coarse-grained’ (CG) models. Here multiple atoms are grouped into one bead which interacts
via an effective force field. The parameterisation of a CG model is an important step, impacting
the model accuracy. In this work recent incarnations of the Statistical Associating Fluid Theory
(SAFT) were used to develop the CG force fields used in MD simulations. Here the versatile
Mie force field is used to represent the intermolecular interactions with a Coulombic relation
used to account for electrostatic interactions in explicitly charged beads. The SAFT approach
is a top-down CG method where the force field parameters are determined via a molecular-
based equation-of-state. In this thesis a corresponding states version of the equation-of-state
was used to find force field parameters for the like-like interactions of the uncharged beads.
The SAFT approach allows for faster model parameterisation compared to solely optimising
parameters via iterative simulation. There has also been extensive progress in extending
SAFT force fields to surfactant-water systems. Despite this, CG MD simulations of surfactant
ternary mixtures have not yet been performed using force fields obtained by the SAFT route.
Therefore, another key challenge of this thesis is to move the research line forward.

In this thesis SAFT-derived force fields were used to study two different ternary ionic surfactant
mixtures: sodium bis (2-ethylhexyl) sulphosuccinate (AOT) in water and cyclohexane, and
sodium bis (3-(trimethylsilyl)-1-propanol) sulphosuccinate (AOTSIC) in water and supercritical
(sc) CO.. Derivation of the surfactant models required the study of a variety of fluid systems,
including pure esters and binary mixtures comprising methyl acetate and water, AOT and
water, and scCO; and water. The described systems contain sufficient experimental data to
test the SAFT approach. This is a necessary preliminary step which would give more
confidence in using SAFT to study properties of promising novel environmentally friendly
surfactants for which data may be limited. This could shed light on the impact of structure on
product/process performance whilst reducing the number of necessary experiments.

The development of a SAFT model for AOT and its aqueous mixtures was the first objective
of this thesis, since a previous one did not exist. The surfactant model is represented in a
group contribution manner, where each chemical moiety is represented by a unique bead. By
optimising the surfactant-surfactant and surfactant-water intermolecular interactions this
allowed the study of phase behaviour and structural properties. MD simulations using these
force field parameters showed the formation of a lamellar phase at ambient conditions. At high



temperature a transition to an isotropic phase occurs. The MD simulations do not indicate a
structural transition in the middle of the lamellar phase region, instead there is a transition from
flexible to rigid bilayers. These observations, as well as the calculated bilayer thickness at
room temperature, are in agreement with experimental data. This is encouraging, since only
thermodynamic data was included in the force field parameterisation.

Studying the AOT-water-cyclohexane system allowed for the assessment of the SAFT force
field to model ternary surfactant mixtures. Due to the group contribution nature of SAFT-y Mie,
many of the intermolecular interactions were simply transferred from the AOT-water model.
This model is able to capture both phase morphologies and structural properties. The MD
simulations reveal a transition from phase-separated systems to isotropic reversed micelle
(RM) phases at low water content. The calculated average cluster size is in good agreement
with experimental findings. The relationship between water content and RM morphology was
studied. The reduction of water content results in a sharp reduction in average cluster size,
highlighting its importance when considering RM stability. When considering the relationship
between water content and RM shape, there appears to be little impact since a predominant
spherical shape exists for all systems investigated. This has implications for RM experimental
investigations, where there are still many differing views regarding the shape of RMs, and
where incorrect shape assumptions can affect the accuracy of the results. The advantage of
this MD methodology is that no such assumptions about the RM shape must be made for
analysis.

Preliminary steps have been completed to study the AOTSiC-water-scCO; system using the
SAFT-based MD methodology. Due to the similarity in structure to AOT, many of the force
field parameters were carried over from the previous model. A model for the water — scCO
binary mixture has been created. A single binary interaction parameter was used to optimise
the fit to the liquid-liquid equilibrium. These interactions can be transferred to create a
preliminary AOTSiC-water-scCO; model, which can be tested by comparing to experimental
data. Once validated, this would allow the study of the effect of surfactant tail structure and
functional groups on the resultant properties of the water-in-scCO, RMs. The results of this
investigation could then guide the discovery of alternative surfactants to replace expensive
and environmentally unfriendly fluorinated surfactants.

Despite their simplicity, the CG models created in this work possess a level of transferability,
robustness, and representability. They can be used to predict properties not included in the
original parameterisation strategy, with good levels of accuracy. The SAFT theory is hence a
suitable approach to parameterise the force fields that could be used in a computational
screening method. As has been shown in this work, the methodology requires the prior
knowledge of experimental data in order to assess the surfactant structure-performance
relationship. This could be obtained from literature or via collaborations with experimentalists
both in industry and academia. This approach can be used for the discovery of non-toxic
surfactants for a wide range of applications, including drug delivery, food, cleaning products
and enhanced oil recovery.
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Introduction

Chapter 1 Introduction

1.1 Project motivation

Surfactants are used in a variety of products, spanning from everyday consumer usage
encompassing household cleaning (e.g. laundry detergents, hard surface cleaners and
window cleaners) and personal care (e.g. shampoo, shaving creams and toothpaste) to
various industries including pulp and paper, oil and gas, agrochemicals and pharmaceuticals
@D, Indeed, many products mankind takes for granted would not exist if not for the presence of
surfactants. Even products necessary for human development such as milk exist due to
surfactants, in this case the surfactant is the milk protein casein @. The necessity of
surfactants is further proved by the global market size which was estimated to be $41.3 billion
in 2019. The market is expected to grow to $58.5 billion by 2027, and the main factors cited
include low prices and easy availability of surfactants @, It should be noted that the ongoing
Covid-19 Pandemic has had significant impact on the market. Whilst hygiene products have
been performing well due to public information campaigns, industrial sectors have been
negatively affected due to restrictions such as national lockdowns. However, as the economy
recovers, it is expected these sectors will rebound strongly @,

After use, surfactants are sent to wastewater treatment plants, where the removal efficiency
can vary. One study ® reported average values of 95-99 % based on removal of alcohol
ethoxysulphates, alkyl sulphates, and alcohol ethoxylates in various sites within the EU.
However, another study © carried out in Poland found that removal efficiencies ranged from
88-98 % and 56-76 %, dependent on the type of surfactant. Despite the disparities it is
guaranteed that a fraction of surfactants, due to their high volume of consumption, will enter
the natural environment including surface waters and sludge disposals. A consequence of
further unrestricted market growth could be significant concentrations of surfactants in aquatic
environments in the future. Many surfactants are toxic to aquatic organisms above a certain
concentration. For example, linear alkyl benzene sulphonate surfactants, commonly used in
detergent formulation and personal care products, can cause biochemical, pathological and
physiological effects on aquatic and terrestrial environments () ® ©)_ This has caused a shift
in global regulations to favour more environmentally friendly surfactant formulations, with the
environmental profile of surfactant chemistries at the forefront of product formulation and
design @9, Indeed, recognition of the economic and ecological importance of the marine
environment and its sensitivity toward anthropogenic impacts is growing, which further
increases the emphasis being placed on their protection. This is particularly relevant to
surfactants, as the marine environments are considered the ultimate disposal sites of
surfactants ®. It is for this reason that the design of new environmentally friendly surfactants
is the key goal of this work.

An accurate understanding of how the surfactant structure is related to properties including
binary and ternary phase behaviour is a pre-requisite for the design of new products and
processes. If a new non-toxic surfactant structure is found or proposed, it is important to
investigate the phase behaviour as this will have an effect on the product/process
performance. This is a non-trivial activity. Experimental techniques used to study the structure-
performance relationship include small angle neutron scattering (SANS) @V, nuclear magnetic
resonance (NMR) @2 and tensiometry 1. These methods may yield useful information, but
they are not without complications nor limitations. A purely experimental route can become
time-consuming and expensive and may be limited by safety and feasibility aspects. This can
be due to the product/process containing toxic chemicals or requiring extreme operating
temperatures/pressure. An approach that has established itself alongside theory ¥ and
experiment @ and is popular in the field of soft matter is molecular dynamics (MD) simulation
(8)_In this technique molecules are described as particles which interact via a mathematical
equation to model the underlying physics which in MD is called a force field. This work aims
to use MD simulations as the basis of a screening stage so that only the most promising
surfactant mixtures make it to experimental testing. The improvements in intermolecular force
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fields, increases in computer speed and memory, and more efficient algorithms are some of
the reasons molecular simulations have become widespread ®”. Furthermore, MD simulations
can be used to calculate structural, interfacial, and dynamic properties which can then be
compared to experimental findings for further analysis 8. The application of MD simulations
to surfactant structure analysis studies is a logical step, as the structure can be altered by
simply changing the number of the specific groups in the molecule. The investigation of new
functional groups in the surfactant molecular structure can also be achieved in a trivial manner
in molecular modelling. Whilst MD simulations on ternary surfactant-water-oil mixtures are not
new @9, there is not much direct work on the discovery of non-toxic surfactants.

To gain insight into the molecular-scale behaviour of surfactants via simulation, large time and
length scales need to be explored. Should the atomistic detail of the molecules be fully
represented, system sizes and simulation times are limited % 21, The alternative is to work
on the coarse-grained (CG) scale, where multiple heavy atoms are incorporated into one
super-atom or ‘bead’. The next big decision is about how the force field parameters are
assigned, to ensure the model is accurate and can represent the underlying physics. This can
be a challenging task, especially if the required data is not available or complex interactions
are present e.g. hydrogen bonding present in water which results in it's unique behaviour @2,
One approach is to start with a more detailed atomistic model, and integrate out irrelevant
degrees of freedom, termed ‘bottom up’ CG methods 3. The main issue with these methods
is the lack of transferability to other state points. The force field parameters can instead be
found by fitting to macroscopically observed thermophysical properties in a ‘top-down’
approach. This can be achieved by employing an equation of state (EoS), an analytical
representation of the free energy, to link the intermolecular potential and macroscopic
experimental data ®?. These methods are limited by the strength of the link between the EoS
and intermolecular potential.

In this work the Statistical associating fluid theory (SAFT) @9, in particular the SAFT-y Mie
group contribution ©?® and the SAFT VRE Mie version ¢”) which extends to electrolytes, is the
parameterisation method. This is a top-down CG route which uses a free energy perturbation
method to provide a strong link between force field parameters and macroscopic data. This
allows for a fast model parameterisation where the CG force field can be fit to multiple state
points and properties simultaneously. The SAFT-y Mie equation of state has been expressed
in a reduced form using a corresponding states correlation. This approach is called the M&M
correlation @®, and it has been ported to an online webpage called Bottled SAFT @9, This
streamlines the model parameterisation process further, as only three parameters of the target
molecule need to be specified: the critical temperature, a characteristic liquid density and the
acentric factor. More detail is provided on the relevant SAFT theory, the M&M correlation and
Bottled SAFT in section 2.3.

Despite SAFT force fields showing an ability to capture binary surfactant-water properties ©°
(15 (1) they have not yet been extended to ternary surfactant mixtures. It is hence important to
assess the capability which is accomplished by studying a system for which there exists
experimental data to parameterise the model. The sodium bis (2-ethylhexyl) sulphosuccinate
(AOT)-water-cyclohexane system at ambient conditions is chosen as a case study. This
system is of relevance in applications such as nanoparticle synthesis ©?, where controlling
phase morphology can influence particle size and shape.

The second ternary system considered in this work was that of sodium bis (3-(trimethylsilyl)-
1-propanol) sulphosuccinate (AOTSIC) in water and supercritical (sc) CO». This system has
been investigated as an approach to improve the physicochemical properties of scCO, ©3),
without having to resort to expensive and environmentally unfriendly fluorinated surfactants.
A valid model could assist the discovery process by acting as a screening step to identify
promising surfactant structures.
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Surfactant phase behaviour is due to a delicate interplay between attractive and repulsive
interactions. Before studying these ternary mixtures, it is important to ensure the force field
parameters are fine-tuned. In this work this is achieved by simulating the constituent binary
mixtures and comparing against available macroscopic data.

1.2 Fundamentals of surfactants

1.2.1 Definition of a surfactant

The term surfactant is an abbreviation of ‘surface-active agent’. Surfactants represent a
diverse range of amphiphilic molecules, meaning they contain both a hydrophilic and
hydrophobic moiety. These are usually referred to as the surfactant ‘head’ and ‘tail’
respectively 4, and an example is shown in Figure 1.1. The simplest classification of
surfactants is based on the nature of the hydrophilic head. Surfactants with ionic heads belong
to either the anionic or cationic group if the head group is negatively or positively charged
respectively. Surfactants with non-charged heads are simply termed nonionic, and those that
contain both a negative and positively charged group in the main surfactant structure are
Zwitterionic.

- -

O
hydrophilic head hydrophobic tail

Figure 1.1 General structure of a surfactant.

1.2.2 Agueous phase behaviour of surfactants

Surfactants when dissolved at dilute concentrations in a solvent will adsorb at the interface
altering the physical properties of that interface. The term interface refers to the boundary
between liquid/liquid, liquid/solid and liquid/gas systems. In the latter case, the term surface
can be used instead. If the air-water surface is considered, this adsorption behaviour can be
attributed to the nature of the water and the amphiphilic nature of the surfactant. Water
molecules interact with each other via hydrogen bonding, the distortion of this solvent structure
by hydrophobic groups in dissolved surfactants is believed to increase the free energy of the
system @, despite the dipolar attraction between the headgroup and water. Less work is
required to bring a surfactant molecule to the surface than a water molecule, so the migration
of the surfactant to the surface is a spontaneous process, i.e. it results in a reduction in free
energy. Surfactants will therefore ‘sit’ at interfaces so the hydrophilic part is in contact with the
water, and the hydrophobic part is in contact with the non-aqueous phase. The surfactants will
self-assemble at the interface in the form of a monolayer, which will be in equilibrium with
single surfactants (termed ‘unimers’ ©9) in the bulk solution.

Adsorption is associated with significant energetic changes since the free energy of a
surfactant molecule located at the interface is lower than that of a molecule solubilised in either
bulk phase. Accumulation of amphiphiles at the interface is therefore a spontaneous process
and results in a reduction of interfacial tension. Whilst this definition may apply to other
chemicals that are surface active, such as medium or long-chain alcohols ¢, they are not
considered true surfactants. In addition to forming oriented interfacial monolayers, true
surfactants aggregate to form micelles, provided their concentration is above a critical
concentration, termed the CMC.
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At a certain concentration of free unimers in solution, when all the interfaces are saturated
with surfactant, surfactant molecules will self-assemble in the bulk forming aggregates of a
specific size. These aggregates are called micelles ®®, and the self-assembly process is called
micellisation. The CMC is the concentration at which the first micelle is formed. Further
addition of surfactant beyond the CMC will result in more micellisation. The concentration of
unimers will remain approximately close to the value of the CMC ©9),

The shape of micelles can vary from spherical (Figure 1.2 A) to rod-like (Figure 1.2 B). Another
classification is whether they are of ‘normal’ or ‘reverse’ type. If the micelle is of the former
type (Figure 1.2 A and B), then the hydrophilic headgroups form the outer layer of the structure,
in contact with water. For a reverse micelle (Figure 1.2 C), the headgroups form the inner
layer, in contact with a water core. The number of surfactants constituting a micelle is termed
the aggregation number. For a normal spherical micelle, a typical aggregation number is 60-
70 @9, The micelles formed by the surfactant are a function of the geometry “, which can be
described using the critical packing parameter P,:

aol, (1.1)

where qa, is the minimum interfacial area occupied by the head group, v is the volume of the
hydrophobic tail(s), and L. is the maximum extended chain length of the tail in the micelle core.
The parameter v is a function of the number of hydrophobic groups, chain branching, and
chain penetration by other compatible hydrophobic groups. The parameter a, is a function of
the electrostatic interactions and head group hydration. For example, reverse micelles are
formed by surfactants where the tail volume is larger than the headgroup volume, which is
usually the case with double-tail surfactants. The surfactant concentration is also a
determining factor, normally at low concentrations spherical micelles form which grow and
extend as surfactant concentration increases, resulting in an increase of viscosity.

Figure 1.2 Images of various micelle shapes: A) Spherical micelle, B) Rod-like micelle, C)
Reverse micelle. Taken from G9

Surfactants with two hydrophobic tails will not tend to form micelles, instead self-assembling
to form vesicles (also called liposomes) in agueous solution. These are spherical bilayer
structures with two distinct compartments, one forming the core and the other the surrounding
medium, as illustrated in Figure 1.3.

The CMC yields important information about the surfactant: a low value indicates that micelles
self-assemble in bulk at low concentration, which is relevant because less surfactant will be
required for a specific task, for example emulsification, compared to a surfactant with a higher
CMC. The CMC is dependent on structure of the surfactant, for example anionic and cationic
surfactants will have CMCs about two orders of magnitude higher than those of nonionic or
zwitterionic surfactants. This is related to the presence of counter-ions, for which the

4
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accumulation just below the surface involves a non-favourable entropy penalty. lon-water
interactions will lead to counter-ion solvation, which will attract surfactants via Coulombic
interactions away from the surface layer. Hence the accumulation of ionic surfactants on the
air-water surface is less favourable compared to nonionics.

Figure 1.3 Image of a vesicle formed by surfactants. Taken from @9

The CMC of a surfactant occurs at concentrations >1 wt % surfactant. Further addition of
surfactant far beyond the CMC, usually at 15-20 wt % surfactant 9, will eventually result in
the formation of liquid crystalline phases. These systems consist of extended aggregation of
surfactant molecules into large, organised structures. The formation of liquid crystalline
phases is due to the repulsive interactions between micellar surfaces, either due to
electrostatic or hydration forces. There will also be an entropic contribution, as close contact
will lead to limitations in rotational and translational motion. These factors are in addition to
avoiding contacts between hydrophobic groups and water. The increase in number of
aggregates will mean micelles will become closer to each other, and the subsequent changes
in size and shape are thus to maximise the separation. Liquid crystals are characterised by
having physical properties between crystalline and fluid structures: the degree of molecular
ordering is between that of a liquid and a crystal. In terms of rheology the systems are neither
simple viscous liquids nor crystalline elastic solids. Liquid crystals will have at least one
direction that is highly ordered, and hence show birefringence. This allows the study of these
systems by using scattering techniques such as SANS 4, Liquid crystals can be divided into
two different types: lyotropic and thermotropic. In the former class the structure and properties
are influenced by temperature, whereas in the latter the main influencing factor is
concentration. Most surfactants will typically fall into the lyotropic category.

There are three main types of structures associated with surfactant-water systems: hexagonal,
lamellar and cubic. lllustrations of these are provided in Figure 1.4. The hexagonal phase is
described as a close-packed array of long cylindrical micelles, arranged in a hexagonal
pattern. If the surfactant hydrophilic head groups are located at the outer surface of the
cylinder, the term normal hexagonal phase (H.) is used. If the head groups form the interior,
then itis a reverse hexagonal phase (Hz). The lamellar phase (L) consists of alternating water-
surfactant bilayers. The hydrophobic chains possess a significant degree of randomness and
mobility, and the bilayer can range from being stiff and planar to being very flexible and
undulating ®¥. Dependent on the system, the level of disorder may vary strongly or not at all,
so that several distinct lamellar phases may occur as the surfactant concentration is varied.
The cubic phase consists of a variety of structures, and two examples of these are the micellar
cubic phase and the bicontinuous cubic phase. The former is built up of regular packing of
small micelles (I1) or reverse micelles (I,). The latter are formed by either connected rod-like

5
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micelles or bilayer structures, as before there is a distinction between normal (V1) and reverse
(V2) structures.

Hexagonal phase (H,) Inverse hexagonal phase (H,)

Lamellar phase (L)

Cubic phase (I,) Bicontinuous cubic phase (V,)

Figure 4.8 Common surfactant liquid crystalline phases. See Table 1.4 for identification.

Figure 1.4 Common surfactant liquid crystalline phases. Taken from ¢4

Water + L,

60 +

Temperature (°C)

30 T

0 25 50 75 100
Composition (wt% C;;EQg)

Figure 1.5 Phase diagram of the C16EOg — water binary system. L1 and L. refer to the normal
and reverse micelle phase respectively. Taken from G4

The sequence of mesophases of a surfactant-water system is described via a phase diagram.
An example is given in Figure 1.5 for the nonionic surfactant C16EQOs (octaethylene glycol
monohexadecyl ether). Boundaries are denoted by either solid or dotted lines, where the latter
indicates boundaries not determined accurately “Y. A phase diagram is usually created from
experiments where a polarising microscope is used to identify the different phases via an
isothermal technigque called a phase cut “?. Starting from a small amount of surfactant, a
concentration gradient is created by adding water. There will hence be a region of pure
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surfactant, and a region of pure water. It is because some liquid crystalline phases are
birefringent that they can be identified by polar microscopy. The boundaries between the
different mesophases are controlled by the molecular geometry and the inter-aggregate
forces, hence the nature and amount of solvent plays an important role. Typically, the phase
diagram is reported as a binary temperature-composition diagram.

1.2.3 Surfactant microemulsion behaviour

A microemulsion is defined as a system of water, oil and an amphiphile which is a single
optically isotropic and thermodynamically stable liquid solution “®. They can be considered,
to some extent, small-scale emulsions because they consist of droplet type dispersions either
of oil-in-water or water-in-oil with a size range of 5-50 nm in droplet radius “4. However, as
opposed to emulsions, microemulsion droplets form spontaneously. The surfactant will reduce
the interfacial tension between the oil and water phases to a sufficiently low level, lowering the
energy required to increase the interfacial area. This allows spontaneous dispersion of either
water or oil droplets and ensures the system is thermodynamically stable. Microemulsions are
typically classified using the notation of Windsor “%, who identified four general types of phase
equilibria: Type |, Type I, Type lll and Type IV. The first three are shown in Figure 1.6.

2 phases 2 phases 3 phasas
BXCASS 0
oil

WD

M
oW

BNCBES
water w
Winsor I 11 m

Figure 1.6 Winsor classification of microemulsions. Taken from “4

In Type | microemulsions, the surfactant is preferentially soluble in water and oil-in-water
microemulsions form. The surfactant-rich phase co-exists with the oil phase where the
surfactant is only present as monomers at small concentration. In Type Il microemulsions the
surfactant is mainly in the oil phase and water-in-oil microemulsions form. The surfactant-rich
oil phase coexists with the surfactant-poor water phase. In Type Ill microemulsions a three-
phase system is present where a surfactant-rich middle phase co-exists with both excess
water and oil phases where the surfactant is present at low concentrations. In Type IV
microemulsions a single-phase isotropic micellar solution is present that forms upon addition
of sufficient quantity of amphiphiles. As with aqueous systems, the surfactant type and
structure will determine the microemulsion formation. The packing parameter P, “® can also
be used to predict microemulsion type by comparing the relative areas of the headgroup (a,)
and the tail group (v/l.). For example, double tail ionic surfactants such as AOT, where a, <

v/l will preferentially stabilise water-oil microemulsions without the need for co-surfactants
(46)

The phase behaviour of microemulsions depends on the pressure, temperature as well as the
nature and concentration of the components. As with binary systems, the determination of
phase diagrams and location of the different structures is very important when characterising
a system. Several types of phase diagram can be created depending on the number of
variables involved ©. If the temperature and pressure are held constant, the ternary phase
diagram of a three-component microemulsion can be divided into two or four regions and is
represented by a triangle as shown in Figure 1.7:
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Figure 1.7 Ternary diagram representations of two- and three-phase regions formed by simple
water-oil-surfactant systems at constant temperature and pressure. Taken from ¢4

Every composition point within the single phase region above the demixing line corresponds
to a microemulsion. Composition points below this line refer to multi-phase regions containing
general microemulsions in equilibrium with either an aqueous or organic phase, or both,
corresponding to Winsor systems. Any system with composition lying within the two-phase
region (e.g. point o in (a) and (c) of Figure 1.7) will exist as two phases whose compositions
are represented by the ends of ‘the tie-line’ (points m and n in the case of point 0). Every point
on a tie line will have the identical corresponding phases m and n but of different relative
volumes. When these two conjugate phases have the same relative volume, this is called the
plait (or critical point) p.

1.2.4 Environmental aspects of surfactants

There are four potential factors that can be considered to describe the environmental profile
of a surfactant: the biodegradability, aquatic toxicity, the bioaccumulation, and the source of
the surfactant raw material. The latter factor can be described in two ways: surfactants
synthesised via a renewable route are termed ‘bio-based’ or ‘green’ surfactants. Raw materials
are from plant-based triglycerides, such as palm, coconut, soy bean, sunflower and rapeseed
@7, The other, more common type of raw materials are derived from petroleum, for example
ethylene obtained from naptha cracking. There is no guarantee however that a green
surfactant will necessarily be non-toxic or biodegrade readily, the preference for these mostly
lies in the lower CO; emissions related to production. Indeed, green surfactants can also be
viewed more preferably by domestic product customers “7,

Most surfactants will be sent to a wastewater treatment plant after use, where the surfactant
concentration in the water is reduced by a process called biodegradation. Microorganisms are
employed to treat the surfactants by biological action, which can involve metabolism of the
complex organic substances, converting them to less complex structures via a series of
enzymatic reactions 9. The products of these reactions vary depending on whether it is
performed under aerobic or anaerobic conditions. In the former case CO», water and biomass
are produced. On the other hand, anaerobic reactions can proceed through a variety of routes.
A substance that will not biodegrade readily in the environment will persist, resulting in
concerns about pollution.
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Biodegradability of a surfactant can be classified in two ways: primary degradation, which
results in the loss of surface activity, and ultimate degradation, defined as the level of
degradation achieved when the test compound is totally utilised by microorganisms. The latter
can be measured via the closed bottle test. Two bottles are used to which a small amount of
sludge has been added. The surfactant to be tested is added into one of the bottles and the
difference in amount of CO; gas evolved in the bottles is recorded as a function of time. If 60
% of the theoretical amount of CO, evolves within 28 days under aerobic conditions, it is
considered readily biodegradable according to OECD standards “®).

The surfactant tail structure is reported to influence biodegradability, however the relationship
is still not understood well. A common case study considered is that of linear alkylbenzene
sulphonate surfactants which replaced their branched isomers as it was discovered that the
latter did not biodegrade readily . However, an emerging view is that the biodegradability is
likely to be more determined by the enzyme in question “9. To improve biodegradability a
cleaveable bond can be incorporated in the surfactant structure. This bond consists of a group
that is susceptible to enzymatic hydrolysis, for example an ester bond is catalysed by lipases
®0), Particular branching patterns have been found to be less harmful than others, for example
it is claimed that positioning of the branched groups can affect whether or not the resultant
surfactant is more biodegradable or not 9,

The aquatic toxicity of a surfactant relates to the dose that enacts a certain effect on a target
organism. The effect can range from death, in which case the metric is the lethal dose, or an
inactivation of a function of the species, for example the reproduction rate ©? termed the
effective dose. The organisms studied in toxicity tests can include fish, algae and daphnia ¢,
Typically, a surfactant is considered environmentally benign if the toxic dose is above 10 mg
L' after 96 hours testing on fish and 48 hours testing on algae or daphnia ©%. Toxic
compounds are usually defined as those with values below 1 mg L™ ¢4,

For a homologous series of surfactants there exists a correlation between aquatic toxicity and
the expression AGQ;;/Amin, Where AGY,. is the Gibbs free energy of adsorption of the
surfactant and A,,;, is the minimum area the surfactant occupies when adsorbed at a surface
@9, Surfactants adsorb at cell membranes due to their amphiphilic nature, affecting their
function due to the presence of xenobiotics ®®. So, a surfactant with a strong driving force for
adsorption (high AGY,,) and that packs tightly at an interface (low 4,,;,) will be toxic to aquatic
organisms. Therefore, the more efficiently the surfactant packs at an interface, the higher the
aquatic toxicity will be. It is noted however that attempts to create structure-toxicity
relationships are still in early stages, with issues arising due to limited data, wide variation in
readings across different testing sites, and technical difficulties associated with analytical
measurements ©).

The bioaccumulation of a surfactant refers to how it accumulates in a living organism over
time. It is commonly assumed that most surfactants have enough water solubility not to
accumulate in lipid compartments of living organisms. The exceptions to this rule include
certain hydrophobic fluorocarbon and silicone surfactants as well as regular hydrocarbon
surfactants with exceptionally strongly hydrophobic tails and weak polar headgroups ©9.
Bioaccumulation is commonly determined using a partitioning experiment. The most common
procedure is to use octanol and water, and the logarithm of the partition coefficient, log K, is
calculated. A surfactant is considered to be bioaccumulate if , logK,, > 3 ©®. There are
concerns recently about the applicability of logK,, methods that they have not been fully
validated for surfactants and they may not be applicable for due to surfactant phase behaviour
®7. Hodges et al. recommended in their report that new alternative experimental methods
should be sought to avoid these issues ©7,

It is a common practice to use a matrix, such as in Figure 1.8, where the biodegradability is
on one axis and the aquatic toxicity on the other. This allows definition of the minimum criteria
for desired properties of new surfactants.
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Figure 1.8 Example of a matrix showing the environmental impact of surfactants. An approved
surfactant should lie in the dashed areas. Taken from ¢9

1.3 Research objectives
The specific objectives of this thesis are:

1. Create a SAFT force field for the AOT-water system that is accurate and can capture
the underlying physics, as this does not currently exist. The surfactant AOT has been
found in an experimental study to be toxic toward aquatic organisms ©2. A model that
can capture the underlying physics could be used to evaluate the performance of less
toxic AOT-derived surfactants. The phase diagram for this system is well established
8 and provides target data to reproduce for the SAFT model.

2. By establishing the AOT-water interactions, this will give more confidence to study the
more complex ternary system AOT-water-cyclohexane. This system is well-
characterised, and this section will assess the ability of the SAFT force fields to study
microemulsions at ambient conditions. In particular the phase diagram ©9 and effect
of water contents on reverse micelle morphology @V will be investigated.

3. Once this SAFT MD methodology has been validated for microemulsions, it can be
applied to another industrially relevant ternary system, AOTSiC-water-supercritical
CO, . This will assess the ability of SAFT force fields to study microemulsions at
high pressure. Whilst toxicity data could not be found for AOTSIC, it has been
considered in the replacement of fluorinated surfactants which are associated with
high costs and negative environmental impacts ©9. The ability of the model to
reproduce the reported phase behaviour ® will be assessed.

4. The method can then be used to study the effect of varying the AOTSIC structure on
the effectiveness of stabilising water-in-supercritical CO, microemulsions. This could
lead to the discovery of effective non-fluorinated CO»-philic surfactants.

1.4 Thesis outline

The layout of the thesis is organised as such: first a background of the methodology is given
in Chapter 2. The molecular simulation methods are covered, including intermolecular force
fields, and how they are linked to macroscopic properties via statistical mechanics. The
different simulation ensembles are then described, followed by an overview of the SAFT theory
and in particular the M&M correlation used to find most of the force field parameters. The
various analysis methods are described afterwards, including the surface tension, nematic
phase order parameter and relative shape anisotropy. A discussion on coarse-graining
techniques then follows, highlighting the advantages of using equation-of-state theory to
obtain force field parameters in a top-down way. The following chapters cover the
development of the MD simulation method and its application to industrial microemulsion

10
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systems, in Chapter 3 the outcomes of objective 1 are presented, namely the development of
the SAFT force field for the AOT-water system, including the simulation of pure ester vapour-
liquid equilibria and binary ester-water liquid-liquid equilibria. The resultant force fields are
then combined with existing force fields in a heteronuclear fashion to simulate the aqueous
surfactant mixtures and the simulation results are compared to both phase diagram and bilayer
properties to assess how well they match. The results of objective 2 are reported in Chapter
4: the AOT-water-cyclohexane SAFT model predictions are compared to the experimental
ternary phase diagram and reverse micelle properties. It is then used to study the effect of
water content on the microemulsion properties at the molecular scale, allowing for a
comparison to be made with current experimental understanding. The main conclusions of the
thesis and recommended future work are presented in Chapter 5. In Chapter 6 the preliminary
progress achieved with objectives 3 and 4 are given: the established methodology is used to
create a SAFT model that can be used to study surfactant structure effects on the
effectiveness of stabilising water-in-supercritical CO> microemulsions, as well as the future
work required to develop it as a surfactant screening method.

11
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Chapter 2 Methodology

2.1 Chapter overview

The purpose of this chapter is to cover the underlying theory behind the various methodologies
encountered in this study. To accomplish this, first an overview of molecular simulations is
given which highlights the relationship between simulation, theory, and experiment, and then
the theory behind molecular simulation methods is described. This is followed by the basics
of statistical mechanics, which provides the link between molecular simulation and
macroscopic properties. The statistical associating fluid theory (SAFT) provides the route to
obtain the force fields in this study, and so a quick history of SAFT and specifically the M&M
corresponding states correlation method is covered. The theory behind the various analysis
methods is then presented, including the nematic phase order parameter and the relative
shape anisotropy. Since coarse-grained (CG) scale simulations are used in this study, this
chapter ends with a section covering the philosophy and various CG procedures employed by
researchers.

2.2 Molecular simulations and modelling

2.2.1 Intermolecular force fields

The macroscopically observed thermophysical properties of a system are determined by the
intermolecular forces between the constituent molecules ©Y. In molecular modelling the
purpose of a force field, which is a series of mathematical expressions, is to represent a
molecule and its interactions with other molecules ©?. The development of a model is a pre-
requisite for any molecular simulation and is usually done by using data obtained from
experiment or theory. Experiments are measurements of nature which quantify the behaviour
of the system. Assuming they are carried out carefully, experiments are considered free of
significant error. Theories are mathematical models of the underlying physics which relates
the force field parameters to macroscopic thermodynamic properties. There is a link between
these three concepts which is visualised in Figure 2.1.:

Theory

Simulaton <€ ———» Experiment

Figure 2.1 The connection between simulation, experiment and theory.

Molecular simulations enable calculation of thermodynamic properties as well as dynamic and
structural properties. A molecular model developed from theory can be tested using molecular
simulations, and if the theory is accurate the results of both approaches should be consistent.
If results from the simulation and theory are not consistent, the theory may not fully capture
the underlying physics which can suggest areas for improvement. Simulations can also be
used to predict properties not obtainable from the theory, providing further validation of the
model by comparison to experiment. Whilst it is possible to fine-tune a molecular model
directly to experimental data, this is more time-consuming and expensive due to computational
costs of running simulations; it is only a resort when a theoretical approach is not easily
available. A simulation with a validated model can then be used to guide experiments, by
studying phenomena at the molecular scale experimental phenomena can be interpreted,
expanding the research knowledge base.

12
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Understanding the nature of intermolecular force fields is important when interpreting a
system’s phase behaviour and choosing a molecular model. In simulation methods molecules
are described as a set of particles and the Hamiltonian mathematical formulation is used to
describe the system ©2):

H(g,p) =K() +V(q) (2.1)

where H is the Hamiltonian of the system, K is the kinetic energy, V is the potential energy, q
is the set of co-ordinates of all particlesi =1 to N, and p is the set of momenta for all particles.
Usually, the kinetic energy is evaluated by the following ©:

K= Z Z ZPZL- 2.2)

where « is an index that includes the different Cartesian (x, y, z) components of momentum p
of particle i, m; is the mass of particle i. It is important to note that equation (2.2) is valid only
for point particles, and so does not take into account rotational or vibrational contributions. It
is written in this form for illustrative properties. The potential energy V contains information
about the intermolecular interactions and is usually the function that must be specified by the
user in a molecular simulation. By doing this, the Hamiltonian of the system is fully defined.
The full expression of V includes multiple terms including pairs and triplets ¢%:

V= z U, (ry) + zz U, (ri, ;) + ZZ Z Us (ri,1,7%) (2.3)

i j>i i j>ik>j>i

where r; is the three-dimensional position of particle i; i, j, k refer to different particles. No pair
is counted twice (i.e. ij and ji), and triplets are treated the same way. U, represents the effect
of an external field, such as the container walls on the system. The remaining terms represent
the particle interactions, where U,, the pair potential, is the most important and is dependent
on the magnitude of pair separation ¢:

Tij = |Tl' - T]| (24)

The term U; involves triplets of molecules but is only rarely included in computational studies
due to it being very time-consuming to compute. It is usually included as average three-body
effects in pairwise approximation. This is done by defining an effective pair potential and so

equation (2.3) becomes ©2):
V= Z Uy (ry) + Z Z Users (7i)) (2.5)

i j>i

The above terms model the non-bonded interactions, so termed because they are not
associated with the internal bonding of the molecule. These interactions encompass the short-
range repulsive, short-range attractive dispersion and electrostatic interactions. The bonded
interactions are the ones that constrain the internal structure of the molecule: the bond
stretching, bending and torsion. Whilst effective pair potentials are used for the non-bonded
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potentials, the bonded potentials can include up to four-body effects. The bonded potentials
are usually expressed in terms of a single variable: the bond length, bond angle, or dihedral
angle. The total potential energy is then a sum of the bonded and non-bonded terms:

V=Vy+V, (2.6)

If the potentials due to an external field are negligible, the non-bonded part of equation (2.6)

is then represented as:
Vap = Z Z Uzerr (1i)) 2.7)

T >

There are multiple ways to express the effective pair potentials for the non-bonded interactions
and the two-body to four-body bonded potentials. These are described in the remainder of this
section.

Non-bonded interactions

The non-bonded interactions describe the force field to capture the short-range repulsive,
short-range dispersion and electrostatic interactions between atoms (or CG beads in the case
of this study). Common examples of these effective pair potentials are shown in Figure 2.2
and described below ©4 (9,

The Hard-Sphere potential (Figure 2.2a) is described below ©4:

Uns,ij = o if 155 <oy
2.8)
Uns,ij = 0 if 1ij > 0y

where Uy ,;; is the non-bonded potential energy between particles i and j. The hard-sphere
potential consists of a purely repulsive core of size g;;. The square-well potential (Figure 2.2b)
expands on this by adding a uniform short-range attractive region as shown below: ©¢4:

Usw,ij = if 135 <0y

Usw,ij = —¢ij if 0ij < 155 < Aoy 2.9)

Usw,ij = 0 if 1ij = Aij0y;

where ¢;; is the depth of the square-well and 4;; determines the square-well attractive range
relative to g;;. The discontinuous nature of equations (2.8) and (2.9) makes these potentials

difficult to implement in molecular dynamics simulations. As such it is more common to use

continuous potentials such as the Mie potential ®® (Figure 2.2d) as put forward by Gustav Mie
67)
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Figure 2.2 Common effective pair potentials used in molecular simulations: (a) the Hard-

Sphere (HS), (b) Square-well (SW), (c) Lennard-Jones (LJ) and (d) Mie potentials. Taken
from ©9),

o\ (o \ P
UMie,ij = Cijgij <T_> - <T_> (210)
ij ij

where 4;; controls the softness/hardness of the sphere, and 17; controls the attractive range.
Cij is a parameter that depends on 17; and 7; and is defined as:

7
- M <’1_lrf)lirf‘1% (2.11)
YA = A\

The value of 27; is typically set at 6 as this gives a good representation of London dispersion
forces. Indeed, it was the work of London and Eisenschitz ©® which confirmed that, when
treated at the quantum mechanical level, the attractive interactions between two non-polar
spherical molecules are the result of fluctuating electric dipoles, and give rise to a contribution
proportional to r~¢. The repulsive exponent value is set to reflect the behaviour of the
atom/pair of atoms. Note that if 2j; is set to 12, equation (2.10) then becomes the Lennard

Jones potential ¢ (Figure 2.2c).
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The potentials described in equations (2.8)-(2.10) represent short-range interactions, and as
such are not sufficient to represent long-range interactions which are important when
modelling ions. Instead, the approach is to supplement with the Coulomb charge-charge
interaction 9

qi4q;

Ucoul,ij(rif) - m

(2.12)

where g; and q; are charges on particles i and j respectively. By definition g = ze where z is
the ionic valence and e is the elementary charge. g, is the permittivity of free space, and ¢, is
the dielectric constant of the medium. In this work, only the electrostatic contribution of the
solvent intermolecular potential is treated implicitly. Mie potentials are used to represent the
remaining intermolecular interactions. The total non-bonded potential energy for a Mie fluid
with point charges can then be described using the following:

QLQJ Oij Airj 0ij AU
ZZ Cijgij — —|— (213)
47'[50 Srrl] Tij rij

Bonded interactions

The bonded interactions refer to those of an atom (or CG bead in this study) in a molecule
with its closest neighbours (up to three bonds apart) that constrain the internal structure of the
molecule. The bonded terms include two-body bond stretching (as a function of inter-particle
distance r), three-body bond bending (as a function of the bond angle 6), and four-body torsion
(as a function of dihedral angle ¢), as shown in Figure 2.3.

Figure 2.3 lllustration of the types of bonded interactions. Taken from ©5

The relative energy (or stiffness) of different types of bonded interactions 7 is shown below:
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Ubona,ij > Uangie,ijk > Udinedratijit (2.14)

where Upongq,ij is the bond stretching potential, Ugpgeijx iS the bond bending potential and
Ugineararijki 1S the torsion potential. The bond stretching is typically the most rigid and the
torsion is the most flexible of the terms. There are a variety of functional forms to represent
bonded terms. In this work the bond stretching is approximated using a harmonic potential:

kpona,ij 2
Upona,ij(1ij) = O; L (rij — 710,47) (2.15)

where kponq,i; is the bond constant and r ;; is the equilibrium bond length. The bond bending
is approximated as a harmonic oscillator, but as a function of the bond angle 6, :

kangie,iji 2
Uangte,ij (8ijx) = % (6ijx — Bo,ijx) (2.16)

where kg, g6,k IS the angle constant, 6, is the angle between particles i, j and k, and 6 ;.

is the equilibrium bond angle. In this work the dihedral potential is approximated using a
periodic function:

Udinearasijkl (@) = kaineararijki (1 + cos(nyjxr — Poiji)) (2.17)

where kgineararijii 1S the dihedral angle constant, ¢,y is the dihedral angle between particles
[, j, k, 1, ¢o,ijri is the equilibrium dihedral angle, and n is the multiplicity. The total potential

energy contribution due to the bonded interactions is then the sum of the individual two-body,
three-body, and four-body interactions:

kbond,ij 2 kangle,ijk 2
Vp = Z > (rij = 1o4j)" + Z T(eijk_go,ijk)

i,j€Iponds i,jk€langles

+ Z kainearavijir (1 + cos(n@ijr — o ijki)
iLj.k 1€l ginedrals

(2.18)

where 4,45 is the set of all pairs of ij involved in the bonds, 4,45 i the set of all triplets of
ijk involved in the bond angles, and I;xe4ra1s 1S the set of all quartets of ijkl involved in the
dihedral angles. The MD simulation code Gromacs 2019.2 ? is used in this study, where the
above bonded potentials, equations (2.15)-(2.17) are all available.

2.2.2 Statistical mechanics

An output of molecular simulations is the calculation of the intermolecular potential using the
equations listed in section 2.2.1. This gives information of the system at the microscopic level
e.g. positions and momenta. In this work the macroscopic description of the system, for
example the pressure and temperature, is of interest. This can be obtained by using the
concepts of statistical mechanics, as developed by Gibbs, Maxwell, and Boltzmann. These
principles are covered in the work of Frenkel and Smit (™. Statistical mechanics is the bridge
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between intermolecular potentials calculated by molecular simulation and the macroscopic
properties that are measured in experiments.

Core to the understanding of statistical mechanics is the concept of the ‘ensemble’ 2. This is
defined as a virtual collection of systems, each one under the same thermodynamic
conditions, yet not necessarily the same microscopic properties. The Ergodic hypothesis
postulates that a system in thermodynamic equilibrium has visited all the accessible micro-
states. Under this assumption, the average of a property X,,,i-r, Over a big number of systems
(an ensemble) with all the possible micro-states is identical to the time average X,,icro 7

< Xomicro > = Xmicro (2_19)

where the angular brackets represent an ensemble average, and the horizontal upper line
represents a time average.

For an isolated system, one that does not exchange heat or material with its surroundings,
statistical mechanics also postulates that there is no information to consider any of the micro-
states to be more important than any other, so the ensemble can be restricted to follow the
principle of equal a priori probabilities. This implies the system can be found in any one of its
micro-states with the same probability.

The type of ensembile is differentiated by the thermodynamic conditions that are kept constant.
If the number of molecules N, the volume of the system IV and the total energy E are chosen
then the ensemble is a microcanonical one. The canonical ensemble is described by constant
N, V and temperature T. The isobaric-isothermal ensemble is described by constant N,
pressure P,and T.

The bridge to macroscopic properties is established by postulating that the average
mechanical property corresponds to an average thermodynamic property. For a given
ensemble, the average mechanical property M is defined 7 as:

<M>= Z M;P; (2.20)
i

Where P; is the probability that a system is in the ith micro state, given as the fraction of
members of the ensemble in the ith state. The entropy of the system S from this point of view
is defined ™ as:

= —szPilnPi (2.21)
i

where kg is the Boltzmann constant. Explicit expressions for the probability can be obtained
by entropy maximisation subject to the constraints in each ensemble using the Lagrange
method with non-linear constraints. This probability can be written in terms of the partition
function, which is expressed differently for each ensemble 3. In practice, thermodynamic
potentials and the mechanical properties derived from them are given in terms of the partition
function. The expressions for the canonical and isothermal-isobaric ensembles are given in
Sections 2.2.3 and 2.2.4 respectively, as these were the ensembles used in this study.
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2.2.3 NVT ensemble

If the number of states is large enough, the partition function in the canonical ensemble
Q(N,V,T) can be written in continuous variables as a function of the particles positions rV 3):

1
Q(N, v, T) = W[ drV exp[—ﬁU(rN)] (222)

where A = \/h?/(2mmkgT) is the thermal de Broglie wavelength, h is Planck’s constant, m is

the mass of a particle, g is defined as ﬁ , and U(rN) is the potential energy of the system.
B

In equation (2.22), the 31, term accounts for the ideal gas contribution, this is the energy
ASNN!

distribution due to absence of interactions i.e translational, rotational and vibrational
contributions. The remaining integral takes into account the presence of interactions in the
system. The average mechanical property can then be represented as:

<M>= de'NM(rN)pNVT(rN) (2.23)

where pyyr IS the probability density of the NVT ensemble, and is defined as:

_ exp[-pU@EM)]
PNVT = T 4N exp[—BU (V)] (2.24)

The entropy in the NVT ensemble is defined in terms of Q = Q(N,V,T) as:

dInQ

S =kylnQ + kT (—)
N,V

oT (2.25)

The Helmholtz free energy A(N, V, T) is the potential whose natural independent variables are
those of the canonical ensemble, and is proportional to In Q:

A=—kzTInQ (2.26)

This represents the connection between thermodynamics and the canonical partition function.
From the purely thermodynamic relation 4:

dA = —SdT — PdV + udN 2.27)

it is possible to obtain the thermodynamic properties, including pressure, chemical potential
and internal energy ¥ as described in equations (2.28)-(2.30):

P_kT(aan)
“ BV v I

(2.28)
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oN (2.29)
dInQ
— 2
U=kgT ( et >N,V (2.30)

2.2.4 NPT ensemble
The isothermal-isotropic ensemble is characterised by the partition function A(N, P, T) ®:

BP
ASNN!

A(N,P,T) = dvvN exp(—BPV) f dsN exp[—pU(sV, L)]

(2.31)

where the positions are scaled as s = r/L, where V = L3 assuming a cubic system. The
average of a variable M:

<M>= fdsNM(sN,L)prT(sN,V)

(2.32)
where pypr is the probability density of the NPT ensemble expressed as:
B VN exp{—B[U(s",V) + PV]}
PNpT = [ dVVN exp(—BPV) [ dsN exp[—BU(s", L)] (2.33)
The entropy in the NPT ensemble in terms of A = A(N, P, T) is defined as:
S =kyInA+ kyT (alnA)
B MATEET T )y, (2.34)

The Gibbs free energy G(N, P,T) is the potential whose natural independent variables are
those of the NPT ensemble, and is proportional to In A:

G = —kzTInA (2.35)

This is the connection between thermodynamics and the isothermal-isobaric partition function.
From the purely thermodynamic relation 4:

dG = —SdT + VdP + udN (2.36)

The volume and chemical potential of the system can then be obtained from ¥ equations
(2.37) and (2.38) respectively:

V= —k T(@ lnA)
I ) i (2.37)
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dlnA
u= —kBT< — )PT (2.38)

2.2.5 Molecular simulations

The background to molecular simulations has been covered from sections 2.2.1 to 2.2.4, and
in this section the more practical elements are described. In the application of molecular
simulations, a series of molecular configurations are generated under constant conditions
such as temperature, pressure or total number of molecules, which are known as ‘ensembles’.
The average properties of this ensemble are then calculated. There are two techniques
associated with molecular simulations: Molecular Dynamics (MD) and Monte Carlo (MC). Both
methods originated in the 1950s ™ 62 and in both techniques the configuration space is
sampled to observe molecular behaviour and calculation of average properties. As is the case
in experiments, molecular simulation data contains statistical uncertainties and require time to
equilibrate when starting from an initial metastable configuration ©2. In the MC method new
configurations are generated from a starting configuration using probabilistic rules 3. Unlike
MD, there is no concept of time so dynamical properties cannot be calculated. It is for this
reason MD techniques are used in this study. In MD Newton’s Equations of Motion are
numerically solved with specified particle interactions and at set conditions ©2:

r; =71(t)

(2.39)
dri
ViTar (2.40)
F: =m:a: = @ = V. V(N
i=ma; =m; dt2 T (1‘ ) (2_41)

where F; is the force vector acting on particle i, v; is the velocity vector of particle i, m; is the
mass of particle i, and a; is the acceleration vector of particle i. It should be noted that
equations (2.39)-(2.41) are valid for point particles only. It is written this way for illustrative
purposes. The simulation can start from a random or ordered configuration, where a
configuration close to the equilibrated state is preferable. The initial particle velocities are
usually assigned by a Maxwell-Boltzmann distribution set at the desired temperature. The
equations of motion are solved numerically using finite difference methods: a small step 6t is
used which is usually of the order 0.001-0.01 ps, dependent on the force field used ©?. In this
work the numerical algorithm used is the leap-frog algorithm ®, which is described below ®:

ri(t+6t) =71i(t) +v; (t + %&) ot (2.42)

vi(t+66) = v, (t - %&) + a;(t)5t (2.43)
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where a; is obtained by evaluating equation (2.41), knowing that the forces are the derivative
of the potential energy. The velocity at time t is expressed as:

v; (t +%6t) +v; (t —%&)
2

v(t) = (2.44)

In a molecular simulation, a few computational techniques are employed to deal with the
practical issues of running a simulation program. The first refers to the use of periodic
boundary conditions, where the simulation box is replicated throughout space to form an
infinite lattice. As a molecule moves in the original box, it's periodic image in each of the
neighbouring boxes moves in the same way. As a molecule leaves one box, it's periodic image
will enter through the opposite side. There are no walls at the boundary of the box and no
surface molecules. This mimics the presence of an infinite bulk surrounding the system of
interest, without having to resort to system sizes that are unpractically large ©2. It is important
to note that the simulation box must be a specific size, as the periodic boundary conditions
may artificially stabilise certain phase behaviour leading to results not representative of bulk
phase behaviour 63,

It is the knowledge of all the velocities and positions in the system that allows the Hamiltonian
to be evaluated, and subsequently the properties of the system. The evaluation of the forces
from the potential is the most computationally expensive step. If one considers the force
calculation of a single molecule in a N molecule system, one will need to include the
interactions between this molecule and every other molecule in the system. The summation
would include (N-1) terms, but when taking into account all the interactions between this
molecule and it’s periodic images in the surrounding boxes this results in an infinite number of
terms, and the calculation becomes impractical. In practice, this summation is restricted by
making the minimum image convention approximation %, This states that if a single molecule
lies at the centre of a region with same size and shape as the basic simulation box, then it
interacts with all molecules whose centres lie within this region, including the closest periodic
images of the (N -1) molecules.

Even with the minimum image convention, the calculation of potential energy due to pairwise-
additive interactions involves ¥2 N (N -1) terms, which is still a very substantial calculation for
systems of even 1000 particles. To improve this situation, a molecular cut-off radius is
implemented . The largest contribution to the potential energy and force comes from
neighbours close to the molecule of interest. For short-range forces a spherical cut-off is
normally applied where the U(r) is equal to O when r is greater than r,, hence all interaction
beyond the cut-off is ignored. The cut-off must be no greater than ¥ the simulation box length
to ensure consistency with the minimum image convention ©2,

As mentioned in Section 2.2.1, a Coulombic expression, equation (2.12), is used in molecular
simulations to model long range ionic interactions. The long-range nature means these
interactions decay very slowly with distance as r~!. This adds two complications to the
calculation of non-bonded interactions. First, to calculate all Coulomb interactions over a
periodic system results in needing to compute a sum which is conditionally convergent .
This means the value of the sum depends on the order in which it is evaluated, otherwise the
result will be ambiguous. The second issue is that determining pairwise distances is an
expensive computation that grows with the square of the number of atoms involved, despite
the importance of long-range interactions. A simple truncation at a particular cut-off radius
cannot be applied to electrostatic interactions, as this neglects long-range interaction and can
create artificial boundary problems ©%. In this work the Particle Mesh Ewald (PME) method "
is used to handle long-range electrostatic interactions. In this method the charges are
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interpolated onto a grid, then a Fast Fourier Transform is used to convert the charges on the
grid to their equivalent Fourier space structure factors. The reciprocal space potential is
calculated by solving the Poisson equation in Fourier space:

Vp() = —— p(x) (2.45)
& p '

where ¢ (x) is the potential at point x, and p(x) is the charge density at point x. The reciprocal
space potential is then stored on the grid. An inverse Fast Fourier Transform is used to convert
the reciprocal space potential back to the real space. The force is then calculated from the
gradient of the potential. The PME algorithm computational cost increases with N log N, where
N is the number of charge sites. This makes it suitable for medium to large systems (2, In
these methods a cut-off is still applied, except in this case it relates only to direct space
calculations. It is typically kept at the same value as the short-range cut-off ®2. The grid
dimensions can be specified by the user, where a finer grid can improve accuracy but increase
simulation time. Despite this it is usually recommended to use default settings, and only
deviate after extensive performance testing ©2.

In this work the Gromacs 2019.2 (/? simulation package is used for all simulations. During the
simulation, the state variables of the desired ensemble must be maintained at the specified
values in a manner that correctly samples the ensemble by capturing the underlying physics.
The NVT and NPT ensembles are the ones studied using MD simulations in this work.
Variables such as the particle number N and the volume V are trivial to constrain, but variables
such as temperature and pressure must be controlled dynamically because they are
dependent on the interactions between the system and the surroundings. It is also non-trivial
to set the initial velocities and positions to produce a particular temperature or pressure. This
necessitates the use of a thermostat and barostat, not to just maintain the desired temperature
and pressure, but to bring the system to these desired conditions at the beginning of the
simulation. The time necessary to bring the system from its metastable initial state to a stable
state is called the equilibration period. In this work, the V-rescale ® (9 thermostat is used in
the first simulation where the initial configuration is random, to relax the system and assign
velocities. This thermostat brings the system to the desired temperature by rescaling the
particle velocities to ensure a correct kinetic energy distribution:

dt KK dW
dK = (Ky —K)— + 2

_ 2.46
e AN (2.49)

where K is the kinetic energy, K, the kinetic energy corresponding to the set temperature, t is
the time, 77 is the temperature coupling time constant, Ny is the number of degrees of freedom,
and dW is a Wiener process. The Nosé-Hoover ) @ thermostat is then used for the rest of
the equilibration and then the production run. This thermostat extends the system Hamiltonian
by adding a thermal reservoir and a friction term in the equations of motion. The friction force
is proportional to the product of each particle’s velocity and a friction parameter ¢. This friction
parameter can be referred to as the heat bath parameter and is a fully dynamic quantity with
its own momentum (p;) and equation of motion. The particle equation of motion is then

expressed as:

d*r;  pgdr; (2.47)
Fi=m (? “Ba
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where the equation of motion for the heat bath parameter ¢ is expressed as:

dps
= =T =Ty (2.48)

where T, is the reference temperature, T is the instantaneous temperature and B is the mass
parameter of the reservoir which is used to determine the strength of the temperature coupling.
In practice, a more intuitive way is to specify t which describes the period of oscillations of
kinetic energy between the system and the reservoir. Unlike B, it is not dependent on system
size and temperature either. It is directly related to B and T:

_ 77T,

- (2.49)

The barostat used for the NPT sampling was Parrinello-Rahman ®2 and was implemented
after the temperature had been equilibrated in a previous NVT run. This barostat can capture
the true NPT ensemble and works in a similar fashion to the Nosé-Hoover thermostat. The
simulation box vectors as represented by a matrix obeying the matrix equation of motion:

db? P
Tz =VW'b (P—Py) (2.50)

where V is the box volume, W is a matrix parameter that determines the strength of the
coupling, b is a matrix that represents the three basis vectors of the periodic box. The matrix
P,.; refers to the reference pressure, and the other matrices are at the instantaneous
pressure. The particle equation of motion is then expressed as:

dzri dri
Fi=m; W-i_ME (251)
M=b"1b db’ + db b'| bt 2.52
B dt = dt (2.52)

The extra term is an effect of the Parrinello-Rahman equations of motion being defined with
all particle co-ordinates represented relative to the box vectors. The inverse mass parameter
matrix determines the strength of the coupling and how the box can be deformed:

42 By

Wy, =
( Jij 373L

(2.53)
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where B is the isothermal compressibility which in most cases will be a diagonal matrix with
equal elements across the diagonal, the value of which is usually not known. It is common to
use the value for water at 300 K and 1 atm so that g = 4.6 x 10° bar? (2, L is the largest box
matrix element, and 7, is the pressure time constant. For simplitude, the values of 7, and 8
are the necessary inputs. Both isotropic and semi-isotropic NPT simulations are employed in
this work. In the latter the pressure coupling is isotropic in the x and y directions, but different
in the z direction. Hence two different values of # and t, each are required. Another variation
used in this work is the isothermal-isobaric constant area ensemble NP, ,AT. In this ensemble
only the z dimension fluctuates to maintain the target pressure, hence the value of g for the
x/y coupling will be equal to zero.

Once the system has equilibrated, the particle positions and momenta reflect the ensemble
conditions, allowing collection of meaningful data and ensemble averages to be calculated.
Like with experiments, taking averages over longer time periods will improve the accuracy of
the results. In this study, the averages are collected over a time period that is equal to the
equilibration period to ensure accuracy, i.e. the production simulation run time is twice the time
it takes for the simulation to equilibrate.

2.3 Statistical associating fluid theory (SAFT)
2.3.1 A brief history of SAFT

The SAFT equation of state (EoS) is based on the first order thermodynamic perturbation
theory (TPT1) proposed by Wertheim ®, who developed TPT1 to model molecules with
strongly anisotropic interactions. Thermodynamic perturbation theories are an approximate
solution to the physical description of the system. Perturbation theories take the dominant
contribution, the reference state, from a simpler system with an exact solution, such as a hard
sphere equation of state. Other behaviour is then captured by adding small perturbations, such
as attractive interactions. The SAFT EoS is one such perturbation theory and is firmly rooted
in statistical mechanics. Development of the SAFT EoS involved performing molecular
simulations to verify the theoretical results %. The development of SAFT theory can be
described in three generations: the first used the purely repulsive hard-sphere model as the
reference system ©4, the second generation looked at adding more realistic reference systems
including square-well ®®, Lennard-Jones ©® and Mie potentials ®". See section 2.2.1, ‘non-
bonded interactions’, for a description of these potentials. The third generation is distinguished
by employing a group-contribution approach with the continuous Mie potential, called SAFT-y
Mie @9, This has expanded the modelling capacity to more complex systems, including
refrigerant gases ©®, fluoroalkanes © and non-ionic surfactants ©®. The general form for the
SAFT-y Mie EoS is given in terms of the Helmholtz free energy A ?®:

A _ Ajgear + Amono + Achain + Agssoc (2'54)

NkgT NkgT NkgT NkgT = NkgT

where A;4.4 i the free energy contribution from an ideal gas system, A,,,n, refers to the free
energy due to the short-range repulsion and dispersion attractive interactions, and A.pgin
refers to the free energy of the monomers bonding into chain molecules. The A, term refers
to the contribution from short-range anisotropic interactions, for example hydrogen bonding.
Force field parameters are estimated to macroscopic properties of the underlying chemicals
via the SAFT EoS using an optimisation procedure, for example minimisation of the squares
of the residuals via an objective function ©9. This process can be streamlined by expressing
the EoS in reduced units @®, This procedure is sometimes light-heartedly referred to as the
‘M&M’ correlation due to the names of the authors. It is described in the next section.

25



Methodology

2.3.2 The M&M correlation

The corresponding states principle postulates that the behaviour of most common fluids may
be described in a general way if the variables that describe their thermodynamic states are
scaled accordingly. This principle is used in engineering, for example in EoS modelling where
the fluid phase properties can be described in terms of the critical properties, such as the
critical temperature and the critical pressure ©?. This allows for the development of EoS that
can be applied to multiple fluids.

The SAFT formalism permits the modelling of chain fluids as a series of tangentially bonded
spherical segments. This introduces another parameter, m, which quantifies the number of
segments in a chain molecule ?¥. The first step of the M&M correlation is to decide the number
of CG beads per molecule m, dependent on the desired level of representation. It should be
noted that in the SAFT formalism m can be a non-integer, but in CG modelling it is constrained
to be an integer. Hence m is the number of tangential CG beads of a molecular model. In
SAFT typically a mapping of 3:1 heavy atoms per CG bead is employed. A proportional
relationship was noted to exist between the acentric factor w and the repulsive exponent A",
by using a Padé series:

= D=0 40"

_ _, 255
1+ Xi—obiw? (2:53)

where a; and b; are fitting coefficients, which are unique for each value of m. The van-der-
Waals constant a is a function of the Mie exponents ©9:

o6 [(h-3)-(3-3)

Upon fixing A", a value for the van-der-Waals constant can be determined through the relation:

6

~(7=5)(5) " 16-G=)] @

Note that in this case, 1* = 6, which takes into account the dispersion scaling of most fluids. It
should be noted that other values for 1% have led to satisfactory reproduction of macroscopic
properties, for example with the CO, model found in ¥, 1¢ = 6.66. Nevertheless, the resulting
fluid with (A" — 6) representation will have a unique critical point, if expressed in reduced units.
This reduced critical temperature T, and the van-der-Waals constant a are also related in a
linear fashion, and so a Padé expression can be made:

;
Z. [
T i=0C; @
C

— =0t 2.58
1+ Zi:O dia‘ ( )

where c¢; and d; are fitting coefficients which are unique for each value of m. This relation
allows the calculation of the corresponding energy scale ¢ through the knowledge of the critical
temperature of the real chemical T, which are related by the following:
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(2.59)

where kg is the Boltzmann constant. A similar correlation can be determined for the length

scale ¢ and the saturated liquid density at a reduced temperature T, = Tl = 0.7. This property
is chosen because the o values obtained from other critical properties either underestimate
(in the case of critical pressure) or overestimate (in the case of critical density) the saturated

liquid densities. The size parameter has a relationship to the liquid density in reduced terms:

p* = po*Ng, (2.60)

where N, represents the Avogadro number. As before, the reduced density p* follows a
relationship with the van-der-Waals constant @ which can be expressed in terms of a Padé
expression:

Yicojiat

1oy = 2.61
P*Ir=0.7 1+ Yo ka ( )

where j; and k; are the fitting coefficients and p*|t -, ; refers to the saturated liquid density at
T, =0.7.

The macroscopic properties required for this method, w, T, and p*|1, - ; are reported for many
chemicals in common databases for example Yaws book of thermodynamical properties ©4.
This has allowed for the method to be applied to over 7800 chemicals @9, It should be noted
that the correlation so far has only been developed for non-ionic species, so in this case the
SAFT-y Mie EoS is the underlying theory. Nevertheless, force field parameters obtained from
this correlation have been employed in molecular simulation, and quantitative accuracy in the
prediction of vapour-liquid and interfacial properties has been reported ¢ (5 (6),

The main advantage of this approach is that the correlation has been ported to an online
database called ‘Bottled SAFT’ @9, This database contains force field parameters for over
6000 chemicals, and so it is just a case of entering the details of the desired chemical. In this
database the value of m is constrained to be an integer. No simulations nor trial and error
procedures are required to obtain parameters for pure fluids. This strategy therefore offers a
way to further streamline the force field parameterisation process.

It should be noted that Bottled SAFT only provides the pure fluid interactions. The final step in
creating a CG model is to ensure the interactions between beads of different identity are valid.
These are often called the cross-interactions. The SAFT formalism includes combining rules
shown in equations (2.62)-(2.64) ©" to act as a first approximation for interactions between
two different Mie fluids, denoted as ii and jj. The unlike size parameters are obtained from a
Lorentz combining rule ©7;

o + 0j;
oy = (z—”) (2.62)
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The combining rule for repulsive exponent of the unlike interactions is obtained by invoking
the geometric mean for the integrated van der Waals energy of a fluid with Sutherland potential
26 and by imposing the Berthelot condition ©®:

(A5 —3) = J 5 — 3) (AL, — 3) (2.63)

To satisfy these conditions, a specific geometric relation for the unlike dispersion energy is
used, which also accounts for the asymmetry in size:

3.3
%ii 9jj
3
ij

gij = (1 — kU) O_—\/ giigjj (264)

where k;; is the binary interaction parameter used to fine-tune the cross-interactions of a
mixture. The form of equation (2.64) is a Berthelot ©® form relation. This can be obtained by
relating the London dispersion potential ©® to the Lennard-Jones potential 2%, invoking the
Lorentz combining rule ©¢” and assuming that the sizes and ionisation potentials of molecules
ii and jj are the same. This is justified by the assertion that this is commonly true, at least of
the ionisation potentials. More details on this topic can be found in the work of Haslam et al
(101 and Hudson and McCoubrey (02,

If data for the mixture does not exist, an alternative is to model the two different beads as one
whole molecule and match the simulation results to the relevant experimental data. An
example of this can be found for the parameterisation of a n-dodecylbenzene model %), In
this case because not only the energetic parameters are varied, k;; is not an appropriate
indicator of how non-ideal the system is and is not used to describe the interactions. In this
work all cross-interaction parameterisation is carried out by MD simulations, unless a previous
study has already been carried out.

2.3.3 SAFT VRE Mie

When representing ionic systems at the CG scale one of the most difficult tasks is accounting
for the electrostatic interactions. In the SAFT-y Mie approach, Mie potentials are found that
represent the effective interaction between CG beads, including the net Coulombic interaction.
This is not so straightforward for ionic species such as electrolytes and ionic surfactants.
Therefore, in many CG approaches the ion-ion interactions are considered separately.
Examples include the MARTINI force field % and that of Klein et al 1%, The SAFT-VRE Mie
EoS @7 109 was created to model aqueous electrolyte solutions. This EoS adds two additional
terms: A;,, and Ag,n to equation (2.54). The first term takes into account the Coulombic
interactions between ions, calculated using the primitive implementation of the mean spherical
approximation @09 (198 Here ions are treated as spherical charged particles which have a
distinct size, as the unrestricted model is used. The primitive implementation means the
solvent is represented by a continuous medium with a dielectric constant ¢,.. In this work, only
the electrostatic contribution of the solvent intermolecular potentials are treated implicitly. This
treatment simplifies the description of the Coulomb potential between charged ions, while still
retaining an accurate description of electrolytes. The Ag,, term accounts for the
thermodynamic effects of ion solvation via the Born model % for the free energy of the
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solvation of ions, which describes the change in the free energy of the system due to the
transfer of ions into a continuous dielectric medium at infinite dilution.

By imposing certain conditions (detailed in Section 2.5.2 ‘Optimisation by SAFT theory’), the
EoS parameters can be related to a corresponding intermolecular potential that can be used
in an MD simulation. Taking into consideration the SAFT VRE Mie EoS, the intermolecular
potential contains both a Mie, equation (2.10), and a Coulombic, equation (2.12), contribution:

qiq;

Uijtot(1ij) = Untiej (i) + m (2.65)

To determine the dielectric constant, the SAFT VRE Mie theory ?” (199 yses the following
relationship to take into account the change with temperature and density of the solvent, which
follows the work of Uemetsu and Frank 19

& =1+ psorwd (2.66)

where d is a solvent-dependent parameter and pg,;, iS the density of the solvent. The
parameter d can be expressed as a function of temperature, an accurate description is then
expressed as @7

d=dy (% -1) (2.67)

where d, and d; are component specific parameters in units of dm® mol* and K respectively.

For a mixed solvent, as in the case of a microemulsion, mixing rules are employed to calculate
the d parameter. This is accomplished by using a van-der-Waals one-fluid mixing rule @7:

Nsolv Nsolv

d(%;) = Z Z fiodydy; (2.68)

i=1 j=1

. . , N; . s
where the prime refers to salt-free mole fractions, x; = N—‘ i and j refer to the solvent
total

molecules, N is the number of molecules, ng,;, is the number of different types of solvent
present, and d;; refers to the unlike parameter. The latter can be calculated using the

arithmetic mean of the pure component parameters d; and d;; @n;
di+d;;
= L S— ) > 2l (2.69)

This definition of d;; then allows the simplification of equation (2.68) to a one summation %
expression:

Nsoly

i

Calculation of d(x;) allows determination of ¢, using equation (2.66). This relation requires
knowledge of the density of the mixed solvent. Whilst this can be accomplished by using the
equation of state, in this work MD simulations are used to calculate the mixed solvent density.

29



Methodology

The work of Schreckenberg et al ?” and Eriksen et al 1% sets out the approach to obtain the
Mie force field parameters. It should be noted that this procedure was not carried for the
systems studied in the thesis but it is covered here for the sake of completion. The like-like ion
segment diameters can be selected from the experimentally derived ionic diameters 112 (13,
These values usually correspond to the ions with a co-ordination number of six in a crystal
lattice. The unlike ion-ion and ion-water diameters g;; are calculated using equation (2.62).

The dispersion energy ¢;; between any two unlike ions, and ¢; between two identical ions, is
obtained by analogy to the work of Hudson and McCoubrey @2 and Haslam et al %, It is
obtained by relating the London dispersion interaction potential ®® with the Mie potential
model, which was found by following Haslam et al %), The value for the cross-interaction
parameter for any pair of interacting ions can be obtained using:

3 1 ILI] aoliaojj

Ei: = —
Jo2 205-(/153 —1) Ii + I; (4m€p)?

(2.71)

where [ is the ionisation potential, and «, is the electronic polarizability of the ionic species.
These values can be obtained from the literature (for example references 14 (19 (118)) = The
remaining interactions to parameterise are the energetic cross-interactions ¢;; between the
ions and water. This can be accomplished by optimising the fit to relevant macroscopic data
using the SAFT VRE Mie EoS with a least squares objective function.

2.4 Analysis methods

2.4.1 Surfactant synthesis

The aim of this section is to give a contrast between the experimental and simulation approach
to making a surfactant. First the experimental approach is described, where the example
surfactant is AOT (Aerosol OT). It's full chemical name is sodium (bis-2-ethylhexyl)
sulphosuccinate, and it is synthesised via two reactions. The first is an esterification reaction
between 2-ethyl hexanol and maleic anhydride in a 2:1 molar ratio:

e S

2-ethylhexanol Maleic anhydride Bis(2-ethylhexyl) maleate

The double bond of this intermediate is then sulphonated by reacting with sodium
metabisulfite:
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Na®

Sodium metabisulfite  Bis(2-ethylhexyl)  maleate Sodium bis(2-ethylhexyl)
sulphosuccinate

After the two reactions, the product must be purified which can involve Soxhlet extraction,
washing, recrystallisation and foam fractionation . By contrast, the creation of a molecule in
a CG simulation simply involves creating a structure file. The positions of each CG bead and
the box vectors are specified, taking into account the overall structure. To explore variation in
structure (e.g. hydrocarbon tail length) this is simply a case of adding another line in the
structure file. The impact of different functional groups is achieved by changing the identity of
the specific bead. To do this by experiment would require a separate set of reactions for each
structural variant. The more time-consuming activity in CG molecular simulation is assigning
the force field parameters so that the model captures the desired phenomena. The relevant
techniques are discussed in detail in section 2.5.

2.4.2 Density

The density of a substance is conventionally defined as the amount of that substance divided
by it's volume. This amount can be in terms of mass, number of moles, number of electrons,
or number of particles. The mass density is used in this work to parameterise force fields. An
example of an experimental technique to measure the density of a liquid is the use of a
pycnometer, which is a glass beaker of defined volume. The pycnometer, pictured in Figure
2.4, is first weighed empty and then again full of the liquid sample. The difference in mass
divided by the pycnometer volume is the density of the sample:

_ mpyc+sam - mpyc
psam ]/pyc (2'72)

where pg.m is the sample density, myyc,5qam IS the total mass of the sample and the
pycnometer, m,,,. is the mass of the pycnometer and V},,,. is the volume of the pycnometer. In
Gromacs 2, there are two ways to calculate density. To calculate the density of a bead/
molecule as a function of box length (the density profile) the sub-routine gmx density can be
used. The simulation box is divided into equidistant sections, and the density is calculated in
each section:

<X;>
Vi
where X; refers to the amount of component i, which in Gromacs can be in terms of mass,
electron, particle number or charge. The mass, charge and the number of electrons of an
atom can be defined by the user. If using particle number, the number of CG beads per
molecule must be accounted for when reporting density of a molecule. p; is the density, and
V; is the volume of slab j. This approach is adopted in this work to determine density of
components in either vapour-liquid or liquid-liquid systems. The density can be determined
from the values of the corresponding bulk regions.

pi = (2.73)
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The other option is to calculate the whole box density via the subroutine gmx energy, which
will report the time-averaged mass density. This route is used in this work for calculating
density of a fluid mixture.

Figure 2.4 Image of a pycnometer. Taken from 17

2.4.3 Surface tension

The surface tension is relevant in this work as again it is another parameter used to develop
force fields in this work. To understand surface tension a few concepts need to be described
first. The term ‘interface’ is commonly employed to describe the boundary in liquid/liquid,
solid/liquid, and gas/liquid systems, although in the latter case the term ‘surface’ (hence
surface tension) can also be used ®°. Molecules located at an interface experience an
imbalance of forces compared to those in bulk solution, and so an interface is associated with
a surface free energy 18, Taking the air-water surface as an example, the imbalance of forces
is because water is polar, and air is non-polar. Water molecules at the surface are thus
subjected to unequal short-range attraction forces, and undergo a net inward pull to the bulk
phase 9, Minimisation of the contact area with the gas phase is therefore a spontaneous
process, which is why drops and bubbles are round ¢18,

The surface energy per unit area, defined as surface tension (y) is then the minimum amount
of work, W, required to create new unit area, A, of that interface @'®. Another definition of
surface tension is given as the force F acting normal to the liquid-gas interface per unit length
L of the resulting thin film on the surface @8, This can be expressed as:

F =vyL (2.74)

An illustration of this concept is given in Figure 2.5. The work done by the force F in moving
the liquid by distance dx can be calculated as dW = Fdx, and the total area of the film
increases by dA; = Ldx, and so by multiplying both sides of equation (2.74) by dx, the following
relation is derived:

dW = ydA, (2.75)
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Figure 2.5 lllustration of the liquid-air surface and the force necessary to increase the
surface area. This force is proportional to the surface tension.

The surface tension is related to the Helmholtz free energy of the system A 129, The Helmholtz
free energy is defined as the maximum amount of work that can be performed by a closed
system. Therefore, the system is one that can exchange heat and work energy with its
surroundings, but not matter, as shown in Figure 2.6.

At constant temperature, volume and number of molecules, the surface tension is the variation
in Helmholtz free energy per variation in surface area *29:

(o2) 2.76
= ‘)/ .
0As/ yyr ( )

Surroundings

energy

Figure 2.6 lllustrative description of a closed system

In experiments surface tension can be determined by a variety of methods, such as Drop
Volume tensiometry. In this method, a liquid (the light phase) is introduced into a bulk phase
(the heavy phase) through a capillary. A drop, which tries to move upwards due to buoyancy,
forms at the tip of the capillary. As a result of the interfacial tension the drop tries to keep the
interface with the bulk phase as small as possible. As a new interface comes into being when
the drop detaches from the capillary outlet, it is necessary to overcome the corresponding
interfacial tension. The drop does not detach until the lifting force or weight compensates for
the force resulting from the interfacial tension on the wetted length of the capillary, which is
the circumference. The formula for this relationship is:

_ VDrop(pH - pL)g
14 d (2.77)

where g is the acceleration due to gravity, V is the drop volume, d is the inside diameter of
the capillary, py and p; represent the density of the heavy phase and the light phase
respectively. This concept is summarised in Figure 2.7, and a picture of an apparatus is given
in Figure 2.8.
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Figure 2.7 Schematic diagram of the Drop Volume method. Taken from @23
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Figure 2.8 Image of a Drop Volume tensiometer. Taken from (22

“

The vapour-liquid surface tension is a direct output of an NVT MD simulation. The Gromacs
sub-routine gmx energy employs the mechanical method ®%®, which requires knowledge of
the Cartesian components of the pressure tensor:

1% P_+P
y = _f (pzz - W) dz (2.78)
0

where the pre-factor with L = 2 refers to the presence of two interfaces in these simulations.
The surface tension of a pure fluid is an ideal property to include in model parameterisation,
as surface tension reduction is a key description of surfactant behaviour ¢,

The capacity of surfactants for lowering the surface tensions of aqueous solutions can be
described in two ways: the concentration required to produce a given reduction in surface
tension (surfactant efficiency) and the maximum reduction in surface tension that can be
achieved regardless of concentration (surfactant effectiveness). A good measure of the
efficiency is the concentration required to produce a reduction of 20 mN m. At this value, the
surfactant concentration is close to the minimum concentration required to produce maximum
adsorption at the interface. The surfactant effectiveness is typically measured by either the
minimum surface tension or the maximum surface excess (see Section 2.4.4). The
effectiveness is determined by the relative size of the surfactant head and tail, therefore
surfactant films can either be loosely or tightly packed resulting in different interfacial
properties.
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2.4.4 Surface excess

A description of the oriented surfactant monolayer at the air-water interface can be obtained
by calculating the surface excess, allowing for more in-depth study of the surfactant structure-
property relationship @ 24 This is defined as the concentration of surfactant molecules in a
surface plane, relative to a similar plane in the bulk. It was Gibbs who derived a thermodynamic
treatment of the variation of surface tension with composition ¢8),

An important approximation in the Gibbs adsorption isotherm is the exact location of the
interface. If a surfactant aqueous phase « in equilibrium with a vapour phase f is considered,
then the interface o is a region of indeterminate thickness 1 across which the properties of the
system vary from values specific to phase a to those characteristic of phase . Since
properties within this interface cannot be well defined, a convenient assumption is to consider
a mathematical plane with zero thickness so that the properties of both phases apply right up
to that dividing plane positioned at some specific value X @29, The definition of the Gibbs
dividing surface X X'is arbitrarily chosen such that the surface excess adsorption of the solvent
is zero. This concept is illustrated in Figure 2.9, the Gibbs dividing surface is defined as the
plane in which the solvent excess becomes zero i.e. the shaded area on each side of the plane
is equal as in (a). The surface excess of component i will then be the difference in the
concentrations of that component on either side of that plane (b).

The surface excess concentration of component i is given by 118):

n?
o= 2.79
7 =% (2.79)

where n{ is the amount of component i in the surface phase ¢ over and above that which
would have been in the phase if the bulk phases a and g had extended to the dividing surface.
Depending on the position of the dividing surface XX/, the value of I;° can either be positive or
negative.

If the internal energy U of the total system consisting of bulk phases a and g is considered:

U=U*+UP +U°

(2.80)
U*=TS*—-PV« +Zuinf‘
l. (2.81)
UP =TSP — pVP + Z un? (2.82)
i
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Figure 2.9 The Gibbs approach to defining surface excess I'. Taken from G4,

In thermodynamics, the internal energy U is the total energy of a system, in particular the total
kinetic and potential energy of the molecules in the system @29, |t is related to the Gibbs free
energy via the following equation **8):

G=U+PV-TS (2.83)

In the case of the bulk phases a and B in equation (2.81) and (2.82) respectively, the first
terms (from left to right) is the energy change due to heat transfer. The second term is work
done on the bulk volume V of the phase. The energy change due to change in chemical
composition of the phase is the third term, where y; is the energy that can be absorbed or
released due to a change in particle number during phase transition (the chemical potential)
of component i. The chemical potential is related to the Gibbs free energy for an isothermal-
isobaric system (18):

(%) =W (2.84)

VTP

The corresponding expression for the thermodynamic energy of the interfacial region o is:

U’ =TS +yA; + Z wing (2.85)

L
The interfacial region is considered infinitely thin compared to either bulk phase, so the PV
term can be considered negligible. However, it is replaced by the work required to expand the
interface, which is expressed in equation (2.75)

For any infinitesimal change in T, S, Aq, u, n, differentiation of the interfacial region U equation
(2.85) gives:
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dU° = TdS® + S°dT + ydA, + Agdy + Z n?du; + Z pidnf (2.86)
i i

For a small, isobaric, isothermal, reversible change the differential total internal energy in any
bulk phase is:

dU = TdS — PdV + Z wdn, (2.87)

The equivalent for the interfacial region becomes:

dU° = TdS® + ydA, + Z pidni (2.88)
i

Subtracting equations (2.86) and (2.88) leads to:

SdT + Asdy + Z nidu; =0 (2.89)
i

At constant temperature, and considering the definition of the surface excess of component i
as in equation (2.79) the general form of the Gibbs equation is:

dy = —Z ridu; (2.90)

L

If a simple system consisting of a solvent and surfactant is considered, denoted by subscripts
1 and 2 respectively, then equation (2.90) reduces to:

dy = —I'fduy —I'3du, (2.91)

Assuming the choice of the Gibbs dividing surface is such that I;? = 0, then equation (2.91)
further simplifies to:

dy = —TI'9du, (2.92)

where I is the surfactant surface excess concentration. The chemical potential is given by
t; = 1P + RT In a; so at constant temperature 19

du; = const + RT d1Ina; (2.93)

where u is the standard chemical potential of component i, and a; is the chemical activity of
component i. Applying this relation to the surface excess equation gives the common form of
the Gibbs equation for non-ionic surfactants, which are non-dissociating in solution:

dy = —-L° RT dIna, (2.94)

Or:
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rp oL 4 (2.95)
RT dlna,

For ionic surfactants, which are fully dissociating solutes of the form R~ M*, and assuming
ideal behaviour below the CMC, the equation takes the form:

dy = —Ig dug — )i duy (2.96)

If no electrolyte is added, electroneutrality of the interface requires that Iy = I,7. Using the

1
mean ionic activities so that a, = (aga,)z and substituting in equation (2.93) gives the Gibbs
equation for 1:1 dissociating compounds *2%);
1 dy

I =——— 2.97
2 2RT dIna, (2.97)

If swamping electrolyte is introduced (i.e. enough salt to make electrostatic effects
unimportant) and the same counter-ion M* is present, then the activity of M* is constant and
the pre-factor becomes unity, so equation (2.95) becomes valid ®¥. For materials that are
strongly adsorbed at an interface, e.g. surfactants, a dramatic reduction in interfacial (surface)
tension is observed with small changes in bulk phase concentration %, The practical
applicability of this relationship is that the relative adsorption of a material at an interface, its
surface activity, can be determined from the measurement of the interfacial tension as a
function of solute concentration. It is important to note that for dilute surfactant systems, the
concentration can be substituted for activity in equations (2.95) and (2.97) without loss of
generality.

A molecular simulation method was developed by Herdes et al *® in which the surface excess
— surface tension relationship is modelled to study the pre-CMC region of aqueous surfactant
mixtures. It follows from the relationship between surface tension and surface excess, as
illustrated in Figure 2.10. The direct study of the pre-CMC region is unfeasible for the
foreseeable future, as the dilute surfactant concentrations involved mean prohibitively large
numbers of water molecules, and hence system sizes, would be needed. A key assumption
of the method, which is referred to as the I' — y method, is that the contribution to the system
energetics by the surfactants in the bulk phase are negligible compared to the surfactants
accumulated at the free surface. The method was of interest in this work as a potential way to
parameterise the molecular models developed more quickly. Whilst this method is applicable
to non-ionic surfactants ©® (27 it is currently not for ionic surfactants as the presence of
counterions results in an entropy penalty, meaning there is significant surfactant concentration
in the bulk phase even at pre-CMC conditions. Indeed, an effort during this project was made
to adapt the method but more work still needs to be carried out, as discussed in Section 5.2.
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Figure 2.10 Schematic representation of a surface tension-concentration plot and its
transformation into a surface tension-surface excess plot. Taken from ¢9),

2.4.5 Liquid-liguid equilibrium

This property is used to parameterise the cross-interactions between binary fluid mixtures.
When two liquids are mixed together, the equilibrated state is dependent on the miscibility
between them. If they are partially miscible, the result will be two co-existing liquid mixtures of
different compositions (termed conjugate phases). This difference is referred to as the
solubility gap. Despite some liquid mixtures described as such, the state of complete
immiscibility is never truly obtained. As an example, if cyclohexane and water are mixed at
room temperature, there will be residual amounts of one component in the other phase.
Specifically, the mole fraction of cyclohexane in the water-rich phase will be 1.25 x 10, and
the mole fraction of water in the cyclohexane-rich phase will be 3.50 x 104 128),

The Gibbs phase rule is expressed below (74:

Ny =2+ N, — N, (2.98)
where N is the number of degrees of freedom, N, is the number of components in the mixture,
and N, is the number of different phases. For a two-component, two-phase system the above

rule shows that there are only two degrees of freedom. Thus, when the temperature and
pressure are fixed, the compositions (usually expressed in mole fraction) are fixed as well.

Experimentally, the liquid-liquid equilibrium can be determined by preparing mixtures of known
overall compositions via intense stirring. The phases are then allowed to settle to achieve
separation at constant temperature. Samples are then taken from both phases and analytical
techniques, for example gas chromatography 2%, can be used to determine the composition
of each phase.

For an MD simulation of the liquid-liquid equilibrium, the initial configuration is a phase-
separated one, and when the system reaches equilibrium, the composition of both phases are
calculated using the Gromacs ("? subroutine gmx density to obtain the density profiles. This
then allows the determination of mutual solubility, which in this work is reported in terms of
mole fraction.

2.4.6 Nematic order parameter

When a system comprises molecules with one axis of rotational symmetry, an orientational
ordered phase can emerge ©3. A nematic phase is characterised by a preferred direction for
the system alignment. An order parameter is thus the quantification of such organisation,
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allowing it to characterise a phase transition. In this work the nematic order parameter is used
to determine phase transitions that are observed in surfactant binary and ternary mixtures. To
calculate the nematic order parameter, the first step is to define the Saupe order tensor 30

N
1 3 1
Qup =7 ) 3te- g = 5 es (2.99)
i=1

where u; is the unit vector that points along the axis of symmetry of the molecule i. In this
work u; is defined as the end-to-end vector, i.e. the one connecting the hydrophilic head and
the end of the hydrophaobic tail. N is the nhumber of molecules and § is the Kronecker delta
function. @« and g can be equal to x, y, or z positions. Diagonalisation of @,z gives three
eigenvalues 1., 1, and A_ which sum to zero, with 1, > 1, = A_, and the corresponding
eigenvectors. For a uniaxial system the eigenvalues are related by:

1
Ao=2o=—52 (2.100)

The largest eigenvalue A1, is the nematic order parameter, termed as S,. The corresponding
eigenvector is n, the system director, which denotes the preferred direction of the molecules.
In this work, the python package MDtraj ‘Y is used to calculate S, using the
compute_nematic_order subroutine. The required input files are the trajectory and structure
files of the CG beads that represent the unit vector, which are obtained from Gromacs ?
using the gmx trjconv subroutine.

An alternative definition of S, is given in terms of the second Legendre’s polynomial as:

Sy = (Pr(n.u)) (2.101)

= (P, (cos 0)) (2.102)
3 1

= <§ cos? 8 — E) (2.103)

where 8 = n.u is the angle between the molecular axis and the director and P,(x) is the
second Legendre polynomial:

Py(x) =3x* -1 (2.104)

From equation (2.103) it is seen that, with the condition cos? 8 can vary from 0 to 1, the nematic
order parameter can vary from -1/2 to 1. A value of -1/2 indicates anti-alignment with the
director. If the nematic order parameter is 1, this is indicative of perfect alignment with the
director. A value of 0 indicates an isotropic system. An example of such a system is a liquid
e.g. pure water, where the molecules have no preferred orientation.

Experimental techniques exist to calculate nematic order parameters; however, they are
defined differently from the simulation-based method used in this study. Deuterium order
parameters are calculated using deuterium Nuclear Magnetic Resonance (?*H NMR), which is
a spectroscopic technique used to observe magnetic fields around atomic nuclei. Certain
sections of a molecule can be studied by replacing hydrogen atoms with the isotope
deuterium. In this case the order parameter values reflect the average orientations of
internuclear carbon-deuterium vectors with respect to an external magnetic field 32, This is
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not to say that other simulation studies do not use this definition, for example simulations of
lipid membranes ‘04,

2.4.7 Relative shape anisotropy

Flexible-chain molecules can assume a large number of conformations and shapes due to the
many internal degrees of freedom @33, The average shape of a molecule/aggregate is of
importance to understand a variety of phenomena. In this work the surfactant micelle
morphology, which has been shown to vary with solvent concentration @34, is of interest. In
this work the principal moments of inertia are used to determine micelle shape. The inertia
tensor is defined in this work by:

N
1
I ?rﬁ = MZ m;(r} 8ap — TiaTip) (2.105)
i=1

where r; is the position relative to the center of molecular mass, m; is the mass of atom i, and
M is the total mass. Transformation to a principal axis system diagonalises the inertia tensor
and the principal axis system is chosen so that #3%:

I = diag (I%,12,1%) (2.106)

These diagonal elements are the principal moments of inertia. In this work the eigenvalues of
I are sorted in descending order, so that I? > 17 > I2. Knowing these values permits the
calculation of the radius of gyration ¢33

RE=1F+1+13 (2.107)

which is a measure of the average size of the particular conformation. The asphericity, b, can
be calculated *32):

1
b=1I?— 5(122 +15),b =0 (2.108)

As well as the acylindricity ¢, defined as *3:

c=12-12c>0 (2.109)

These quantities are useful for characterisation of shape: for shapes of tetrahedral or higher
symmetry b = ¢ = 0, and for shapes of cylindrical shape ¢ = 0. An overall measure of shape
anisotropy is the relative shape anisotropy x? 133:
3
2 2.2
(b* +3¢?)
R

K2 = (2.110)

The relative shape anisotropy can assume values between 0 and 1. A linear array of skeletal
atoms (i.e. a rigid rod molecule) is characterised by x? = 1; for a regular planar array such as
masses at the vertices of a regular polygon or a homogeneously filled polygon x? = 0.25; for
structures of tetrahedral or higher symmetry x? = 0.

In Gromacs 2 the principle moments of inertia can be calculated as a function of time from
the trajectory by using the gmx gyrate sub-routine. In this case the routine is used to analyse
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single aggregate systems. These values can be used to calculate the various shape factors
described above via the relevant equations.

2.4.8 Small angle scattering technigues

These methods are important in this study as some of the experimental data included in
analysis is generated using these methods. Therefore, a brief description of these techniques
will be provided. Scattering techniques in general are based on interactions between incident
radiations (e.g. light, X-ray or neutrons) and particles. The desired output of scattering
techniques is to determine molecular organisation which allows the relationship between
physical properties (size, shape and structure) and molecular structure to be studied. The size
range of micelles, microemulsions and liquid crystals is approximately 1 — 10° nm, so valuable
information can be obtained if the incident wavelength, A, falls within this range %, As such,
X-rays (1 = 0.05 — 0.23 nm) and neutrons (4 = 0.01 — 0.3 nm) can characterise these systems.
The Bragg equation defines the angle of diffraction 6 of radiation of wavelength A for a
separation of lattice planes d 39

A =2dsin6 (2.111)

It is clear that small particles, such as microemulsion droplets, will scatter at small angles,
which is why small-angle scattering techniques are appropriate @37,

Scattering events arise from radiation-matter interactions and produce interference patterns
that give information about the spatial and/or temporal correlations within the sample. In small
angle neutron scattering (SANS) experiments, a beam of neutrons is directed at a sample.
These neutrons interact with the atomic radius via strong nuclear forces operating at very short
range (ca. 10 m) which is much shorter than the incident neutron wavelength (ca. 102° m).
Different nuclei will show different neutron scattering patterns, which allows the identification
of the different structural regions. The aggregation number of a surfactant micelle can then be
approximated using SANS results by estimating the micellar volume @ @3 This can be
accomplished by treating the micelle as monodisperse geometric objects, for example a
sphere. The shape itself can be approximated by fitting the neutron scattering pattern to a
geometric model.

Small angle x-ray scattering (SAXS) experiments involve a beam of x-rays interacting with the
sample, causing scattering of x-rays due to differences in electron density. A fraction of the x-
rays will pass through the sample, and a fraction are absorbed and transmitted into other forms
of energy such as heat or fluorescence, and a fraction will be scattered in other directions. As
observed scattering patterns are due to inhomogeneities in the distribution of electrons in the
sample and these differences can be between types of atoms, individual molecules or
molecular assemblies, the ability of SAXS to probe distances in the nm range makes it suitable
for the analysis of order within the liquid crystal microstructure, for example bilayer repeat
distances in surfactant lamellar phases 3. This permits the calculation of bilayer thickness,
which can be calculated from normalised electron density profiles, obtained from Fourier
transformation of scattering amplitudes (39 (140,

2.5 Coarse-graining

In CG models multiple atoms are grouped into one super-atom or ‘bead’ modelled by an
effective force field to capture the behaviour of this group. The opposite approach is to fully
model the atomistic detail of a molecule, these models are termed ‘all-atomistic’ (AA).
Examples of such approaches include CHARMM @41 142 AMBER (143) (144 and OPLS-AA 149
(146 There also exist united atom (UA) models, where hydrogen atoms are grouped with the
heavy atom they are bonded to, examples include AMBER UA ) and CHARMM36 UA (48
and GROMOS @49 yet these are still considered to be at the atomistic scale. With atomistic-
scale modelling, system sizes can be up to the nm length scale and simulation times on the
order of 10 ns ¥, The level of information included in these models means they are of limited
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use when it comes to simulation of self-assembly processes @59 which can occur on the us
scale and require on the order of 10 nm @5V, Replacing multiple atoms with a single effective
potential is a solution to access the required spatio-temporal scales.

When writing about CG techniques, it is important to acknowledge the dissipative particle
dynamics (DPD) ®*2 technique, which can be viewed as a more aggressive approach to CG.
In this case droplets or clusters of fluid molecules are regarded as soft particles interacting via
Newton’s Equations of motion (see equation (2.41)). The force between each pair of particles
contains three terms: conservative, dissipative and random. The main advantage over MD is
that larger time scales (ms) and length scales (100 nm) @ can be accessed. However, such
aggressive techniques will ultimately run the risk of losing the connection to the microscopic
scale, indeed it has been reported that DPD is appropriate for qualitative studies, but as a
predictive tool requires significant refinement %, It is for this reason that the standard CG
scale is used in this work.

For a true CG representation, multiple heavy atoms must be grouped into a bead. The level
of detail is referred to as the CG mapping and is represented as the heavy atoms:bead ratio.
In this work, the mapping is set so that is no more than 3:1. Small solvent molecules can also
be represented in the CG scale, usually as a single bead.

The advantages of CG models are numerous, for example the computational costs to run
simulations of systems are reduced. This can be related to the reduction in resolution: fewer
interaction sites mean fewer positions and momenta need to be calculated, and so the number
of degrees of freedom of the system are reduced @%¥. CG models reduce the stiffest degrees
of freedom, for example the hydrogen-carbon bonds, which allows for the use of larger time
steps %), In the case of non-ionic CG models, the long-range electrostatic interactions are
neglected, leaving only simplified short-range potentials to calculate 59, In contrast, AA
models will include all of this detail **¥. By integrating out the atomistic detail, the potential
energy surface is smoothed @59, which accelerates dynamics allowing for larger time steps to
be used and shorter equilibration times.

The potential benefit of CG simulation is that simulation speed may be increased by two orders
of magnitude compared to AA simulation @5, This should mean that longer time scales can
be explored with the same computational resources. The actual gains in simulation speed will
be system dependent, with the simulation conditions, CG models, and settings playing a role
(159 Another option to reduce simulation time is using implicit solvent models, where the force
fields of the solute represent the effective presence of the solvent 59, This can be especially
beneficial for systems where the solvent makes up the bulk of the system (as can be the case
in surfactant-water binary mixtures). However, implicit solvent models are disadvantaged in
that they cannot be transferred to multicomponent systems 57,

CG models are not without their limitations and disadvantages. Integrating out atomistic detail
inevitably leads to loss of information, rendering CG models unable to capture certain
behaviour or properties 5. The smoothing of the potential landscape can result in properties
such as the diffusion coefficient being orders of magnitude higher than AA or experimental
determination ®, As such, CG models are a compromise between reducing simulation time
and reduction in accuracy in prediction of system properties or behaviour ?3. The method
used to parameterise the CG model will also play a big role in how accurate it will be. Overall,
the model must capture the underlying physics, otherwise any results obtained will lack
meaning and will not provide insight into the physical nature of the system. Indeed, CG models
can be used as a research tool to assess how much molecular information must be kept in
order to observe certain properties 59,

There are three attributes to judge the quality of CG models: representability, robustness, and
transferability ?¥. Representability is a measure of how well the model describes state points
outside the range used in the model development. Robustness is the force field’s ability to
predict structural, thermodynamical and transport properties not usually included in
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parameterisation with high accuracy. Transferability is used within a group contribution force
field to describe the ability to use a single group in different molecules and maintain accuracy.
Therefore, the goal of CG models is to design ones that are accurate over a wide range of
state points (representable), for a wide range of properties (robust), and whose groups can be
applied to a wide range of molecules (transferable).

Multiple methods exist to obtain CG potentials, and they are categorised into two groups:
bottom-up and top-down approaches. The former uses atomistic simulations %9 as the input
and the latter requires macroscopic data.

2.5.1 Bottom-up approaches
The bottom-up approaches can sub-divided into two main groups, structure-based and force-
based methods 9.

Structure-based methods

These methods use potentials that are constructed to reproduce the structural characteristics
in a CG simulation. The target functions are usually obtained from atomistic simulations but
can also be experimentally derived 59, A common structure-based method is the iterative
Boltzmann inversion (IBI) ®°% where the radial distribution function (RDF) is the target
reference function. It is commonly used because of the straightforward implementation and
the robustness of the algorithm. This method uses a tabulated potential that is able to
reproduce a target radial distribution function g,..r(r) from an atomistic simulation through a
simple Boltzmann inversion 59

Vemrp(r) = kgT ln[gref (7")] (2.112)

where Vp (1) is the potential of mean force (PMF) between pairs of CG beads which can be
obtained as a function of their distance r. However, the PMF cannot be obtained by using a
pair potential for a CG model, as there are multi-body contributions from all the particles in the
system. An iterative procedure is thus used to extract the inter-molecular potential VV¢¢ (54

9i(r)
gref (T)

ViedS“(r) = VES(r) + kgTn [ (2.113)

The procedure is initiated and the V,yr is extracted from the simple Boltzmann inversion. The
subscript i refers to the iteration number. This method relies on the Henderson unigueness
theorem @69 which states there is only one pair potential that can exactly reproduce a given
RDF, thus the IBI method guarantees the theoretical uniqueness of the two-body CG
interaction potential for the given g,..

There exist a number of other structure-based approaches, including the Inverse Monte Carlo
(IMC) method @9, This method again involves an iterative procedure to reproduce the RDF.
However, IMC is non-local i.e. by updating the pair potential at the given distance, one
considers the RDF at all distances, hence the number of iterative steps can be reduced.
Compared to the IBI method, each step in IMC is more computationally demanding. The
structure-based methods can be computationally demanding since they require a simulation
at every iteration. Since atomistic simulations are used as the target functions, the accuracy
of the resultant model will only be up to this level. The range of properties that can be obtained
may only be limited to the radial distribution function that was used to determine the potential.
These methods are therefore state dependent and will also suffer from transferability to other
molecules and representability across different states unless many states and molecules are
optimised together. This will inevitably lead to higher computational cost.
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Force-based methods

These methods do not rely on pair-correlation functions, but instead on matching the forces at
the atomistic level to the CG interaction sites as closely as possible 62, The aim is then to
reproduce the many-body PMF with a set of CG interaction functions. The reference forces

F/*’ on the CG beads need to be calculated as a sum of the associated atomistic forces fy
(154).

Fi* = ny (2.114)
Y

A model is then constructed in which the CG force field depends linearly on a number of fitting
parameters. The fitting procedure is performed by calculating solutions to the following set of
N X L equations ®59:

FS0(gy - gm) = F” (2.115)

wherei=1,..,N,l=1,...,L, g; .. gnm are thefitting parameters, N is the number of CG beads,
and L is the number of reference frames used for CG. This calculation is repeated for a number
of smaller parts of the trajectory and the final result is constructed as an average over the set
of solutions.

Relative entropy

In this approach, put forward by Shell et al 6 the relative entropy S,.; is obtained by
minimising the discrepancy between the atomistic and CG distribution functions. S,.; can be
considered as the amount of information lost in the CG procedure 14;

Pya(r)

mdr + Smap (2116)

Srel = f Pya(r)In

where P4, and P are probability distributions in AA and CG ensembles respectively, M is the
coordinate mapping which determines the configuration of the CG model (R) as a linear
combination of coordinates of the underlying atomistic model (r) along with constants
corresponding to the centre of mass c;:

R; = M;(r) = z Cil (2.117)

i

Smap 1S @ measure of the degeneracy of mapping and is given as a logarithm of the average
number of AA configurations that can be mapped into a single CG configuration. S,..; is either
positive or 0, the latter of which would imply the CG model perfectly reproduces the target
model. A high value of S,,; would indicate a poor correspondence between the CG and AA
models. If S,.; is at a minimum, then the CG model optimally (but not exactly) represents the
underlying model. The IBI and IMC methods described previously can be considered as a
subset of this framework.

2.5.2 Top-down approaches

Methods in this category rely on the availability of macroscopic data. There are multiple ways
to obtain the necessary data, commonly experimental measurements, equations of state 69,
and atomistic simulations ¢ are employed to this end. Thermodynamic data such as density
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(165 vapour pressure 9, surface tension *®, and free energy of transfer between two different
solvents %) can be used as reference data to match the force field parameters to. Top-down
approaches are usually employed to parameterise the non-bonded interactions, as they do
not usually yield information on the bonded interactions. To obtain the intramolecular
interactions, a bottom-up method is used in conjunction with a top-down method 7)., The top-
down methods can be grouped into two types: methods that optimise the force field
parameters via iterative simulation, and optimisation by using theories that directly relate the
force field parameters to the free energy or macroscopic properties of the system.

Optimisation through iterative simulation

This methodology can be used for both atomistic and CG potentials, and because it requires
manual iterative adjustment of force field parameters it can become computationally intensive.
In terms of CG potentials, the most common examples that use this method are the MARTINI
force field “%® and those of Klein et al 5", The former method employs a 4:1 mapping and the
non-bonded interactions are matched to partitioning free energies in water and organic
phases. The estimation is performed systematically by varying the LJ ¢;; and ¢;; through a set
of pre-determined combinations %, which drastically reduces the parameter space. The
bonded parameters were obtained from matching the CG structure to the all-atomistic
simulations using a bottom-up approach @4,

In a similar fashion, the models of Klein et al are parameterised using a top-down method for
the non-bonded interactions and a bottom-up method for the bonded interactions. In their
models a mapping of 3:1 is often used. Experimental density, surface tension, compressibility,
free energy of hydration, and/or free energy of transfer data were used to parameterise the
non-bonded interactions. These parameters were further optimised by running single phase
and vapour-liquid equilibrium simulations %", The bonded interactions were matched to the
bond length and angle distributions obtained from atomistic simulations 6%, Klein et al use
Mie potentials in various forms (9-6, 8-4, 10-4, and 12-4) and the ¢;; and o;; were optimised
after selecting the exponent pair 1¢”, The form of the potential was validated by comparing
CG radial distributions to those from atomistic simulations.

The above methods suffer from high computational cost since each trial set of parameters
requires a simulation. The MARTINI model only allows several combinations of the LJ ¢;; and
&;j, Which can reduce the parameter precision. Despite the simplicity of the MARTINI model,
it has been shown to capture biologically important structures like lipid bilayers and membrane
protein assemblies @79, The focus of the MARTINI model is in the transferability of groups to
other compounds, and this leads to limited robustness of the model: only the liquid phase
properties are captured, the accurate simulation of liquid-vapour interfaces is not possible 79,
The models of Klein et al are found to be transferable, and the ability to reproduce protein
structural data not included in model parameterisation shows some degree of robustness ¢,
However, whilst the water model is parameterised to be in the liquid state between 273 K and
373 K, the surface tension and density are fit to a single temperature point of 303.15 K @72,
The representability of this model is therefore not guaranteed. The general advantage of the
iterative simulation approach is that it allows flexibility of the form of potential. This contrasts
with theory-based approaches, which typically are designed to work with one form only.
Despite this, the MARTINI and Klein et al models limit themselves to the LJ and Mie potentials
respectively.

Optimisation by SAFT theory

It has been established in section 2.3 that the SAFT equation of state provides an analytical
relation between the non-bonded potential and the thermodynamic parameters. This places it
well as a CG tool since it can be used alongside optimisation algorithms to optimise the
intermolecular parameters to macroscopic thermodynamic data 4 3 (88) (103) (18) (165) (173) (30)
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®9), The optimisation using the SAFT equation of state is less computationally expensive than
a purely iterative simulation route.

There are practical considerations when using the SAFT EoS as a CG methodology, since
certain factors cannot be accounted for in molecular simulation. The association contribution
Agssoc 1S Set to 0, see equation (2.54), because the short-range potentials used to represent
hydrogen bonding cannot be implemented easily in molecular simulations. The Born term
Aporn 1S also set to 0 as an implicit representation of solvent polarity is taken in SAFT MD
approaches for example the water models @® are represented with non-polar effective Mie
potentials. To ensure consistency with simulations the segments are treated as tangentially
bonded. There is no distinction in the SAFT theory between branched and linear molecules,
and so it provides no information about the bonded potentials. The approach then should be
using SAFT for the non-bonded interactions, and a bottom-up method for the bonded
interactions.

The SAFT equation of state is firmly rooted in statistical mechanics and attempts to create an
accurate molecular description. This should improve the ability of the model to accurately
predict state points and properties beyond those included in the parameterisation strategy .
The fast model parameterisation possible with the SAFT approach means that it is feasible to
include data over a wide range of conditions, for multiple molecules, and of multiple properties
simultaneously. This should improve the model's representability, robustness and
transferability. The parameterisation process has been streamlined further through the
implementation of a corresponding states correlation ?®, which as mentioned before has been
ported to an online website ?9. This effectively reduces the number of necessary simulations
in model development.

There are limitations with the SAFT theory, it is a fluid model and can only be used to study
vapour, liquid and supercritical conditions. The SAFT equation of state typically over-estimates
the critical point when the parameters are fit up to temperatures of 0.9 T, hence the
representation in the critical region may be limited as a result. The SAFT Eo0S is a
homogeneous model, which means it cannot be directly applied to systems of strong
heterogeneous character, for example the formation of lamella by amphiphilic molecules. This
can be circumvented by fitting the polar and non-polar groups making up the amphiphilic
molecules independently to systems with no heterogeneous character (e.g. liquid mixtures)
0 These can then be combined to study the phase behaviour via simulation. The SAFT EoS
describes molecules as fully-flexible tangentially bonded chains, which may not be applicable
to molecules where local structuring is important, such as branched surfactants. The inclusion
of bonded potentials should help to model these complex molecules more accurately 1%, The
lack of explicit modelling of hydrogen bonding is a challenge for all CG models. This can
severely impact the representability of these models, especially those for molecules where
these interactions are important such as water. The robustness will also be impacted as many
liquid-liquid equilibria and transport properties are strongly related to these short-ranged
anisotropic interactions. Using spherical Mie beads to represent these interactions is not
possible, but along small temperature ranges where the hydrogen bonding behaviour does
not change significantly can these models capture properties of the system, such as the
CGW2-bio model presented in ®®. Another approach is to use temperature-dependent
parameters such as the CGW1-ift and CGW1-vle models ®9,
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Chapter 3 Modelling the aqueous behaviour of AOT

3.1 Chapter overview

The combined SAFT-y Mie and SAFT-VRE Mie force fields are used to develop a model for
the aqueous mixtures of AOT in this chapter. The AOT surfactant is coarse-grained in a group-
contribution fashion. Pre-existing models were used to represent water and the charged
surfactant beads. Bottled SAFT is used to obtain the pure parameters of the uncharged
surfactant beads. The unlike bead interactions are parameterised to reproduce either the
vapour-liquid equilibria of a pure molecule that can be modelled by both beads, or the liquid-
liquid equilibrium of the corresponding mixture. This allowed for the study of phase behaviour
and structural properties of the surfactant-water mixture. MD simulations using these force
field parameters showed the formation of a lamellar phase at ambient conditions. At high
temperature a transition to an isotropic phase occurs. The MD simulations do not indicate a
structural transition in the middle of the lamellar phase region, instead there is a transition from
flexible to rigid bilayers. These observations, as well as the calculated bilayer thickness at
room temperature, are in agreement with recent experimental data.

3.2 Introduction

Docusate sodium (Molar mass: 444.56 g/mol, CAS number: 577-11-7), also known as Sodium
dioctyl sulphosuccinate, sodium bis(2-ethyl 1-hexyl) sulphosuccinate, and more commonly as
AOT (Aerosol® OT brand), is an anionic surfactant with two hydrocarbon tails. Each tail is
further branched with an additional ethyl chain. The general aqueous behaviour of AOT has
been studied extensively and the phase diagram is well-established ©®. At 25 °C, the CMC of
AOT occurs at ca. 0.12 wt % AOT, and a micellar phase extends to 2.5 wt %. A two-phase
region extends to 17.5 wt %, where the aqueous solution is in equilibrium with dispersed
lamellar bilayers. The lamellar phase is the predominant phase that exists until 77 wt %, where
reverse structures form. At the region 78-82 wt % AOT, a bicontinuous cubic phase occurs,
and at 82 wt % and above a reverse hexagonal phase is present. The experimental phase
diagram is illustrated in Figure 3.1:
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Figure 3.1 Experimental phase diagram of the AOT-water binary mixture. Taken from ©®),

The preferential formation of lamellar and reverse phases with little or no interfacial curvature
is related to the shape of the AOT molecule, which has a slightly bulkier hydrophobic region
compared to the hydrophilic region. The liquid crystalline phases are of interest in research,
with AOT-water formulations being some of the first experimental studies into such systems
(139,174,179 There is also interest in practical applications of AOT liquid crystalline phases, such
as templating of functional materials including flat panel displays ¢"® and nanowires @7), The
structures of the liquid crystalline phases can also be used to improve the delivery of drugs,
and there are examples in the literature where the lamellar and cubic phase have enhanced

the solubility of drugs used in anticancer, antibiotic and hypertension treatment purposes @&
179)
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There have been multiple experimental investigations of the AOT-water system. Nave et al %)
produced a series of surfactants analogous to AOT and studied the properties of dilute
agueous systems using drop volume tensiometry and neutron reflection. Interestingly no
special effects were noted due to the 2-ethyl 1-hexyl chain structure found in AOT. Fontell 139
studied the entire lamellar phase via X-ray diffraction, and identified a structural re-
arrangement in the intermediate AOT concentration. This has been debated in the work of
Fairweather ®%), who related the anomalous result to an incorrect assumption in the
experimental procedure, that when corrected shows a lamellar phase exists over the expected
concentration range. AOT has been found in an experimental study to be toxic toward aquatic
organisms ®2), the measured toxicity for three aquatic organisms was higher compared to four
perfluorinated surfactants. This study also found that when AOT is in mixtures with chlorinated
compounds often used in water purification, the toxicity is higher than the individual molecules
(synergism), highlighting the potential toxicological risk of co-occurrence. It is important to note
that surfactant toxicity data is limited, indeed the authors noted that literature data for technical
surfactants are scarce ©2,

The number of molecular simulation studies of the AOT-water system are relatively few. Yang
et al 18 studied the phase diagram of this system using the DPD (dissipative particle
dynamics) method *°2). In total 4 spherical particles were used to model the system, the AOT
molecule was represented with 1 hydrophilic bead and 1 hydrophobic bead for each
hydrocarbon tail, and the water was represented with 1 bead. The simulations contained AOT
at 30 — 90 wt % in 10 wt % intervals. Overall, the structures observed were consistent with the
experimental phase diagram, the lamellar, cubic, and reverse hexagonal phases observed
were within the correct boundaries. The authors noted that at 40 wt % however there was a
shift from the normal lamellar structure, which they deduced was due to a structural transition
resulting in a new ‘pseudo — reversed hexagonal phase’ composed of rod — like micelles.

To study the micellar (1 wt% AOT), biphasic (7.2 wt% AOT) and bilayer (20 wt%) phases, Bhat
et al 8V used AA simulations, and hypothesised that the observed rod-like micelle structure
in the biphasic system is a pre-cursor to lamellar microdomains found experimentally in
biphasic dispersions. This is the only MD study which has attempted to investigate this phase
region. The likely reason behind this is the required simulation size and time length required
to achieve adequate statistics. In the work mentioned, the smallest initial cubic box length was
12 nm. The corresponding time for that system was 1500 ns. Even the authors note that the
large number of water molecules required to simulate the dilute solutions led systems to be
significantly larger compared to previous AA MD simulations.

Another simulation study by Poghosyan et al ?9 used all-atomistic (AA) and united atom (UA)
scale molecular dynamics (MD) simulations on a single AOT bilayer containing 50 wt %
surfactant. Large undulation effects were observed in the AA representation alongside
diffusion of single surfactants across the water space, forming curved barriers. It was noted
by the investigators that larger systems would need to be simulated to validate the existence
of these defects. The study of this system using AA and UA representation is limited in terms
of simulation size. However, when using more aggressive CG methods such as DPD, the
influence of tail structure on the AOT molecular and liquid crystalline behaviour, which is
reported to be of strong influence @*®, can be neglected. CG modelling should be used to
model this system instead.

The overall aim of the work in this chapter is to develop the AOT-water model using force
fields obtained via the SAFT route. To the author’s knowledge, this has not been done before.
The developed model will be applied to study the experimental phase diagram of the system,
in order to assess the model’s capability to capture the underlying physics. The advantage of
using SAFT-based force fields combines the rapidity of obtaining parameters that are directly
usable in molecular simulations and the ability to study properties of the AOT-water system
not accessible to the SAFT theory, for example structural properties. The rest of the chapter
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is set out as follows: the development of the model for the AOT-water system is covered in
section 3.3. The details of the MD simulation method are given in section 3.4. The methods
used to analyse the simulations are presented in section 3.5. The results of the validation
simulations are given in section 3.6 and the main simulation results are discussed in section
3.7. Finally, the conclusions are presented in section 3.8.

3.3 Model parameterisation strategy

The AOT surfactant molecule is recast to a CG representation by employing a 3:1 mapping.
The CG model for water already exists (details are given below) and is presented alongside
the recast AOT in Figure 3.2. It is important to note that the atomistic structure presented is
just a guide to the eye, the parameterisation does not follow the geometry or energetics of any
atomistic model.

o & @

Figure 3.2 CG representations of the molecules used in this study: AOT (left) and water (right).
The underlying atomistic structure is included as a guide to the eye. The hydrogens have been
removed from the AOT model for clarity. These images are not to scale.

The resultant structure of AOT is composed of 12 beads of five different moieties: a grey bead
CP comprising the terminal propyl group, 2 x purple beads CB representing a butyl group
which includes the ethyl branch, 2 x green beads ES which represent a single ester group, an
orange SO bead which represents the sulphonate ion, and a yellow bead NA which represents
the sodium counter-ion, which is modelled as fully dissociated. It is acknowledged that this is
not the only way of representing AOT, no attempt was made to optimise the mapping and the
following approach is chosen without prejudice to the others.

The Bottled SAFT database @® is used to obtain pure-fluid force field parameters for the all
the uncharged beads in the AOT model. It is acknowledged that assigning small molecules to
the CG beads neglects connectivity for example the propyl group CsHy is represented by
propane CsHs. It is assumed the difference in H atoms does not affect the energetics
significantly. The force field parameters for the water model are taken from a previous study
18) wherein a single bead incorporates 2 water molecules and is parameterised to reproduce
the liquid density and surface tension of pure water. This model was chosen because it allows
for the simulation of larger systems with lower computational cost.

The force field parameters for the charged beads in the surfactant model are taken directly
from a previous study of sodium chloride and sodium bisulphate in water G, where the SAFT
VRE Mie force field is used. Both salts were modelled as fully dissociated. Whilst the
parameterisation process was not carried out in this study it will be included here for the sake
of completion. lonic species are not volatile, and so Rahman developed the force fields in the
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presence of water. The water models ®® used in their study included the one used in this work.
The need for mixture data, as well as the large number of parameters that need to be
determined will cause degeneracy in the parameter space. To overcome this, a number of
assumptions were made by Rahman. The first is that the repulsive and attractive exponents
are the same as the water models. The remaining steps followed the procedure set out in
Section 2.3.3. To optimise the ion-water cross-energetic interactions, the target macroscopic
data for sodium chloride was liquid density ¥ and osmotic coefficient 1®), For the sodium
bisulphate system, the liquid density was the target data 8%,

The SO and NA beads are assigned charges of -1 and +1 respectively, in keeping with the
model of Rahman. Whilst the charges are the same, there are obvious differences in structure
between the bisulphate ion (HSO.) and sulphonate ion (SOs). As no experimental data for
the SOs ion could be found, it was decided to take the HSO4 model as an initial approach to
get an idea of the accuracy of the method. Indeed the bisulphate ion parameters have
reproduced the behaviour of aqueous mixtures of sodium dodecyl sulphate (SO4), including
micelle aggregation number and bilayer thickness, with accuracy V. The different CG beads
are summarised in Table 3.1. There remain cross-interactions that need to be validated before
studying the surfactant-water system, and this is accomplished by optimising the fit between
MD simulations and macroscopic data.

The intramolecular interaction parameters are not provided within the SAFT formalism since
they are averaged out in the coarse-graining procedure. The bond-stretching potentials are
chosen so that the beads are bonded at a distance equal to ¢ and are rigid. The angle and
dihedral potentials are adapted from an AOT model of a previous study where the 4:1
MARTINI model was employed “9). In this paper the parameters were obtained by matching
the structural properties of an atomistic model, so it is a structure-based bottom-up method.
Figure 3.3 gives a representation of the whole parameterisation strategy.

Table 3.1 List of the names of the CG beads used in the system, with the corresponding
underlying chemical, number of CG beads m and the bead colour.

Bead name | Bead chemical | m | Colour
CP Propane 1 Grey
CB Butane 2 Purple
ES Methyl acetate | 2 Green
SO Bisulphate ion 1 | Orange
NA Sodium ion 1 Yellow
w Water 1 Blue
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Figure 3.3 Flowchart of the coarse-graining methodology used in this work.

3.4 Molecular simulation details
All MD simulations in this study were performed using Gromacs 2019.2 (2,

3.4.1 Alkane-ester simulations

The first cross-interaction to validate is that between both alkane beads in the AOT
hydrophobic tail (CP and CB) with the methyl acetate bead ES in the intermediate section
between surfactant head and tail. This is accomplished by parameterising the cross-
interactions to reproduce macroscopic properties of molecules that contain both beads, in this
case esters of varying alkyl chain length. Since the condensed phase of the binary system is
to be studied, the target properties are the liquid density and surface tension of the pure esters.
To ensure transferability, 4 different temperature points and 3 esters are included in the
parameterisation strategy. Both the values of the bead bond distance b, ;; and ¢;; are varied

to optimise the fit to experimental data.

NVT simulations are used to model the vapour-liquid equilibria of the selected esters. The
number of butyl acetate (ES-ES-CP,), pentyl acetate (ES-ES-CB-CB) and octyl acetate (ES-
ES-CB-CB-CP) molecules were 4,000, 3,400 and 2,600 respectively. The molecules are
abbreviated as BAC, PAC and OAC for butyl acetate, pentyl acetate and octyl acetate
respectively. The molecular cut-off was set at 2.0 nm, as it is an aim that the resultant ester
model can be used in conjunction with a water model for which this is the pre-requisite value
(18), Periodic boundary conditions are applied in all directions. The box dimensions for each
system are chosen such that L, = L,, and L, > 12 L,. This volume is too large for a pure liquid
phase and so it coexists with a vapour phase, where there are two vapour-liquid interfaces.
The temperature is varied from 293.15 K to 313.15 K, and the thermostat used is Nosé-Hoover
with a time constant of 1.0 ps. The time step used is 0.01 ps, and the total simulation time is
40 ns. The averages are taken from the last half of the configurations. The liquid density is
calculated from the corresponding density profile using the gmx density subroutine. The
surface tension is calculated using the gmx energy subroutine, which employs the mechanical
method which requires knowledge of the pressure tensor, as described in equation (2.78).
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3.4.2 Ester-water simulations

The second cross-interaction to validate is between the ester bead ES and the water bead W.
The same strategy as above is applied, except that the system property to compare with is
the mutual solubility of the binary methyl acetate-water mixture across 4 different temperatures
using NVT MD simulations. Prior to these simulations, an 80 ns NP, AT simulation was carried
out to ensure the density was equilibrated. The pressure was set at 1 bar for all simulations.
The barostat was Parrinello-Rahman with a time constant of 10.0 ps. The thermostat used is
Nosé-Hoover with a time constant of 1.0 ps. The thermostat conditions are the same in the
NVT simulations. The number of molecules for methyl acetate (ES-ES) and water (W) were
6,000 and 24,000 respectively. Note the 2:1 mapping for the water model *®, This was chosen
to ensure the initial volume fractions of both components were equal. The molecular cut-off
was set at 2.0 nm, which is the pre-requisite value for using the water model ®®. Periodic
boundary conditions are applied in all directions. The box dimensions for each system are
chosen such that L, = L, and L, > 7 L,. The initial configuration was a phase-separated
system. The temperature is varied from 293.15 K to 313.15 K. The time step used is 0.01 ps,
and the total simulation time is at least 240 ns, where the averages are taken from the last
half of the configurations. The solubility, measured in mole fraction, is taken from the
corresponding density profile of both components using gmx density.

3.4.3 AOT-water simulations

Table 3.2 lays out all the simulations carried out to study this binary system. The ambient
temperature isotropic and 2-phase regions contain very small fractions of AOT. As mentioned
in Section 3.2, this would require excessively large simulation sizes and time lengths to
capture. This was deemed beyond the scope of this work, and so the focus was drawn to the
AOT concentration range above 25 wt %.

Table 3.2 List of the systems studied in this chapter. Note that the water model contains two
molecules per bead.

AOT molecules Water molecules AOT content (wt %)
337 20,000 29.39
385 20,000 32.22
443 20,000 35.36
650 20,000 44.53
920 20,000 53.19
1,320 20,000 61.98
2,000 20,000 71.18
2,000 12,000 80.45
2,000 6,000 89.17

The initial simulation point was at 71.18 wt % AOT where the initial molecular configuration is
randomly inserted molecules. Periodic boundary conditions are applied in all directions for all
simulations. The NPT ensemble with semi-isotropic barostat is the ensemble, where the
pressure in the x/y and z dimensions are controlled independently. The thermostat is Nosé-
Hoover and the barostat is Parrinello-Rahman. In all simulations the temperature is 298.15 K,
and the pressure is 1 bar. The time step is set to 0.01 ps and the molecular cut-off is set to
2.0 nm, because this is a pre-requisite of using the water model ®®. The electrostatic
interactions are calculated using the Particle Mesh Ewald method with a grid spacing of 0.29
nm. Only the ionic beads are modelled with explicit charge. The dielectric constant is
determined using the approach described in section 3.3.1. For a solvent composed of only
water at 298.15 K, d;, = 0.3777 dm® mol* and d; = 1403.0 K, which obtain an absolute average
deviation (AAD%) of 0.97 % when compared to experimental values of g, in a temperature
range 273 — 423 K. When considering a wider temperature range 273 — 773 K, the AAD%
rises to an acceptable 5% ©@7. Inserting the d, and d; parameters into equation (2.67) results
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in d = 1.4 dm® mol?. The density of water predicted by the water model used in this work is
55.50 mol dm™ ®, these values are substituted into equation (2.66), which yields a dielectric
constant equal to 78.68. The simulations are run for 200 ns, and the last half of the
configurations are used to calculate averages. The systems with 29.39 — 61.98 wt % AOT are
simulated by reducing the number of AOT molecules from 71.18 wt % AOT, and the systems
80.45 wt % and 89.17 wt % AOT are simulated by reducing the number of water beads from
the 71.18 wt % AOT system. All simulation images are produced using the VMD package &9,

3.5 Analysis methods

To characterise the surfactant-water systems analytical methods are employed. The phase
morphologies of each system are studied by analysing the molecular organisation using the
second rank orientational order parameter S,. The calculation procedure is described in
Section 2.4.6. In this work u; is defined as the end-to-end vector connecting the beads SO
and CP, meaning an average is taken over both hydrocarbon tails in an AOT molecule.

The bilayer phase is characterised by calculating the bilayer thickness, which can be estimated
from the electron density profile of the sulphonate headgroup bead SO along the direction
perpendicular to the bilayer surface. This distribution is calculated using the gmx density sub-
routine. The distance between the distribution peaks is equal to the bilayer thickness. In
systems where multiple bilayers exists an arithmetic average of the thickness is calculated.

3.6 Validation and model creation

3.6.1 Alkane-ester interactions

The optimum force field parameters are defined as those that achieve the minimum absolute
average deviation (%AAD) from the target data ©¥. This is defined in equation (3.1). The liquid
density is matched by varying the equilibrium bond length b, ;; between the beads of different
nature. The surface tension is matched by varying the cross energetic parameter ¢;;. The
optimum fit is found when b cpcp = 0.6 o¢pcp, and by cpps = 0.6 acpps and by cpps = 0.6 o¢pEs,
and when gqpps = 302.09 K and e-pps = 239.25 K. This was accomplished through extensive
optimisation by MD simulation. In total 60 MD simulations were performed to find the optimised
force field parameters.

As shown in Tables 3.3-3.5, by adjusting the cross-interactions to the same extent an accurate
representation of the target properties is obtained for all esters. The system equilibrium is
determined by monitoring the time evolution of the Mie potential energy between the ES and
alkane beads. An example is presented in Figure 3.4 for the BAC system at 298.15 K. The
energetics between the CP and ES bead fluctuate around a constant value of 5.62 kJ mol*
(standard deviation 0.02 kJ mol?) indicating equilibrium. The density profile and time evolution
of the surface tension for the BAC system at 298.15 K are shown in Figures 3.5 and 3.6
respectively. These are taken from the final 20 ns of MD simulation.

The surface tension time evolution contains large fluctuations, which is explained by virtue of
the method employed. The average pressure tensor elements are required to determine
surface tension. In MD codes, the most common implementation of this method is to calculate
over the whole volume of the simulation box. It has been suggested the reason behind this is
to follow the pressure calculation of homogeneous systems 89, Despite this, an accurate
value for surface tension can be calculated, 25.56 mN m™ (compared to the experimental
value of 24.78 mN m™), which is a consequence of correlation between fluctuations in the
different directions. The density profile clearly illustrates two bulk regions of the liquid and
vapour, with sharp continuous changes along the interfacial regions. The vapour-liquid
equilibrium simulation image is displayed for each system at 298.15 K in Figure 3.7.

n
X=X .
%AAD = Z <| e"p)"( S””"') X 100 (3.1)
i=1

exp,i
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It should be noted that no long-range corrections are included in the surface tension
calculation. These are not recommended for MD simulations of simple inhomogeneous
systems, particularly in applications to molecules in the vicinity of the interfacial region, where
different environments are present at either end of the interface *8). Taking this into account,
it has been recommended that the cut-off for accurate surface tension be kept at 6o of the
largest CG bead. However, in this work, the cut-off must be kept at 2.0 nm, as this is a pre-
requisite of the water model 8. The limitations of this approach are noted; the ideal cut-off
would be 2.93 nm based on the size of the CP bead. Indeed, future work will focus on finding
a water model that does not have a pre-determined cut-off radius.
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Figure 3.4 Plot of the potential energy between CP and ES beads for the BAC system at
298.15 K. The black line corresponds to the raw (unaveraged data), whilst the red line refers
to the running average, every 100 configurations.
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Figure 3.5 Plot of surface tension for the BAC system at 298.15 K over the last 20 ns of
simulation. The black line corresponds to the raw (unaveraged data), whilst the red line refers

to the running average, every 50 configurations.
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Figure 3.6 Equilibrated density profile of BAC at 298.15 K.
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ii)

Figure 3.7 Equilibrated MD simulation images at 298.15 K for i) BAC, ii) PAC, and iii) OAC.
The colour code is given in Table 3.1

Table 3.3 Comparison of experimental and optimised simulation values of liquid density (in kg
m-) and surface tension (mN m?) for BAC.

Experimental Simulation
Temperature (K) | Liquid density | Surface tension | Liquid density | Surface tension
293.15 881.16 25.31 894.81 26.36
298.15 876.00 24.78 889.24 25.56
303.15 870.81 24.24 883.54 25.45
313.15 860.32 23.18 872.18 24.01
%AAD 1.48 3.97

Table 3.4 Comparison of experimental and optimised simulation values of liquid density (in kg
m%) and surface tension (MmN m?) for PAC.

Experimental Simulation
Temperature (K) | Liquid density | Surface tension | Liquid density Surface tension
293.15 876.62 25.61 875.13 25.50
298.15 872.01 25.10 869.40 27.08
303.15 867.31 24.60 863.79 23.68
313.15 858.80 23.61 852.32 22.45
%AAD 0.41 4.25
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Table 3.5 Comparison of experimental and optimised simulation values of liquid density (in kg
m3) and surface tension (mN m™) for OAC.

Experimental Simulation
Temperature (K) | Liquid density Surface tension | Liquid density | Surface tension
293.15 866.91 29.35 894.22 30.52
298.15 863.00 28.86 889.13 30.08
303.15 859.07 28.38 883.90 30.25
313.15 851.15 27.42 874.20 29.62
%AAD 2.94 5.71

3.6.2 Ester-water interactions

In these simulations a binary interaction parameter k;; is used to adjust the cross energetic
interactions to minimise %AAD between the experiment and MD simulations. The time
evolution of the average interaction energy between the ES and W beads at 298.15 K is shown
in Figure 3.8. After 175 ns the energetics reaches a steady value of -4.76 kJ mol? (standard
deviation 0.08 kJ mol?). The density profile for this system is presented in Figure 3.9, where
two distinct bulk liquid phases can be observed, separated by an interfacial region. The best
fit is obtained when k;; = 0.05, for which the MD results are shown in Figure 3.10.

To fine-tune the k;; parameter, the initial target data was the mutual solubility of the methyl
acetate (1) — water (2) binary system at 298.15 K and 1 bar. The simulation settings were the
same as in Section 3.4.2. The first simulation used k;; = 0, to establish the magnitude of a
needed binary interaction parameter. This simulation yielded a one-phase system, indicating
that the k;; should be positive. An initial guess was taken with k;; = 0.1. Whilst this value
provided a good estimate of x; in the methyl acetate-rich phase, the corresponding water-rich
phase is represented poorly. To improve the representation of this phase, the simulations were
repeated with k;; in the range 0.04 — 0.07. For k;; < 0.04, a one-phase system was generated.
All the results are provided in Table 3.6, where the percentage absolute deviation (AD%) is
reported.

Table 3.6 Absolute deviation from the mutual solubility data 1?9 at 298.15 K and 1 bar

kij 9%AD for X1, water-rich %AD for xi, Methyl acetate-rich
0.04 59.07 47.43
0.05 75.65 34.69
0.06 82.79 24.34
0.07 88.77 14.26
0.10 95.94 4.63

As shown, reducing k;; leads to improved representation of the water-rich phase. Whilst k;; =
0.04 yields the minimum %AD, the representation of the corresponding methyl acetate-rich
phase is deemed too poor. Indeed, for this system the corresponding X1, methyi acetate-rich IS Nearly
half of the experimental value. Since it is desired to use this model in both water-rich and low-
water systems, k;; = 0.05 is taken as a compromise and used for all other simulations.

Before optimisation, the initial force field parameters would over-estimate the interactions
between water and methyl acetate. Whilst the ester group would favour interactions with water
due to the formation of hydrogen bonding, the presence of the alkyl groups would reduce this
due to weaker dispersion forces. Hence a repulsive k;; is not unexpected. Simulation images

of each system are presented in Figure 3.11.
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To the knowledge of the author, Feria et al 8 reported the only other MD simulation study of
the methyl acetate — water system, using a United Atom (UA) model. A contrast is provided
between the SAFT CG model, the experimental data 2 and the UA model in Figure 3.10.
Compared to the UA model the CG model provides a better agreement with experimental
data. The behaviour predicted by the UA model is similar to that exhibited by agueous mixtures
of CO, and methane @7, These mixtures are dominated by large regions of immiscibility, and
as such are categorised as Type Il mixtures according to the classification of Scott and Van
Konynenberg 8 189 This is in contrast with experimental findings 2%, which would indicate
Type 1l behaviour. The extent to which the intermolecular interactions differ between methyl
acetate and water are less compared to the COz-water or methane-water systems. Whilst
esters cannot form hydrogen bonds with themselves, the oxygen atom bonded to the carbonyl
group allows hydrogen bonds with water. Compared to longer carbon-chain esters, this
interaction will be quite prevalent in the methyl acetate-water mixture. This can also indicate
why the system behaviour is difficult to capture quantitatively when using an isotropic Mie
potential. Future work could investigate the explicit accounting of association sites in the CG
model. Despite this, the model captures the Type Il behaviour in a qualitative manner, as the
solubility of water in the methyl acetate-rich phase does increase with increasing temperature.
The SAFT CG model parameters therefore show some improvement compared to the UA
model.
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Figure 3.8 Plot of potential energy between ES and W beads for the system at 298.15 K. The
black line corresponds to the raw (unaveraged data), whilst the red line refers to the running
average, every 800 configurations.
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Figure 3.9 The particle number density profile of the MAC (black line) and water (red line)
system at 298.15 K taken from the last 175 ns of simulation.
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Figure 3.10 T-x liquid-liquid phase diagram at 1 bar for the binary mixture methyl acetate (x1)
and water. The SAFT CG model is shown as solid circles while the UA model by Feria et al
(187 js shown as solid squares. Experimental data 2 is shown as dashed lines.
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ii) iv)

Figure 3.11 Equilibrated MD simulation images for the methyl acetate — water system at i)
293.15 K, ii) 298.15 K, iii) 303.15 K and iv) 313.15 K. The colour code is provided in Table 3.1.

3.6.3 Remaining cross-interactions

The cross-interactions between water (W) and the alkane beads propane (CP), and butane
(CB) are parameterised by incorporating the k;; value of 0.3205, which is taken from a
previous study where the interfacial tension between water and a series of alkanes was the
target property %, In following with the work of Rahman ©9, the interactions between the
charged beads (SO and NA) and the uncharged beads are expected to be few and of little
relevance to the outcome of the binary interaction parameters. Therefore as an initial
approach, the combining rules set out in equations (2.62)-(2.64) are used with no further
parameterisation (k;; = 0). The list of all intermolecular interaction parameters is provided in
Table 3.7, and Table 3.8 summarises how each interaction was derived. ‘M&M’ refers to the
M&M correlation, ‘Lafitte’ refers to the Lafitte combining rules, ‘VLE’ refers to vapour-liquid
equilibrium data, ‘VRE Mie’ refers to the SAFT VRE Mie equation of state, ‘IFT’ refers to the
interfacial tension, and ‘LLE’ refers to the liquid-liquid equilibrium. The development of the
validated model permits application to the main AOT-water simulations.
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Table 3.7 List of non-bonded intermolecular interaction parameters

Bead = Bead 0ij (nm) gij/kB (K) /16 (-) kl] (-)
Interaction

CP-CP 0.4871 426.08 34.29 -

CP - CB* 0.4416 325.25 20.94 -

CP - ES* 0.4355 302.09 27.39 -

CP -SO 0.4346 174.18 15.51 -

CP —NA 0.3596 50.39 1551 -
CP-W 0.4311 273.44 15.51 0.3205
CB-CB 0.3961 256.36 13.29 -
CB—ES* 0.3900 239.25 16.99 -
CB-SO 0.3891 138.06 10.17 -

CB — NA 0.3141 43.01 10.17 -
CB-W 0.3856 217.35 10.17 0.3205
ES - ES 0.3839 397.25 22.01 -

ES - SO 0.3830 171.94 12.75 -

ES — NA 0.3080 54.18 12.75 -
ES-W 0.3795 378.61 12.75 0.0500
SO -S0 0.3820 74.42 8.00 -

SO — NA 0.3070 12.11 8.00 -

SO -W 0.3785 600.00 8.00 -

NA — NA 0.2320 8.92 8.00 -

NA — W 0.3035 179.76 8.00 -
W-W 0.3750 400.00 8.00 -

* The bead bond length is constrained to a constant value so that by ;; = 0.60;;

Table 3.8 Parameter matrix indicating how each intermolecular interaction was derived.

CP CB ES SO NA W
CP Lafitte Lafitte Lafitte IFT
CB Lafitte Lafitte IFT
ES Lafitte Lafitte _
SO VRE Mie | VRE Mie | VRE Mie
NA VRE Mie | VRE Mie
W

3.7 Results and discussion

3.7.1 AOT-water phase diagram at room temperature

The energetics between the surfactant head bead SO and the W beads for the system with
29.39 wt% AOT is shown in Figures 3.12. The equilibrium value is -1.85 kJ mol* (standard
deviation 0.01 kJ mol?. One of the main pre-requisites of an accurate AOT-water model is the
ability to reproduce the phase boundaries and the mesostructures of the binary system. A high
S, value would indicate the presence of an ordered phase. In particular the simulation value
of S, has been reported to range between 0.3 — 0.5 16819 for a bilayer. The time variation for
the 29.39 wt% system is shown in Figure 3.13. The value reported is the average of both CP-
SO vectors for each AOT molecule, and the time-average value is 0.5, indicative of a
surfactant bilayer.
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Figure 3.12 Potential energy between the SO and W beads at 29.39 wt % AOT. The black line
corresponds to the raw (unaveraged data), whilst the red line refers to the running average,
every 500 configurations

The variation of S, averaged across both AOT tails, for all systems is shown in Figure 3.14.
For systems with AOT content from 29.39 — 61.98 wt%, the average S, value increases from
0.47 to 0.57, before falling to 0.43 at 71.18 wt% AOT. Overall, the average S, values indicate
the presence of a lamellar phase across this concentration range, which is confirmed by the
final simulation snapshot images shown in Figure 3.15. The final simulation image at 71.18
wt% AOT reveals the developed lamellar phase forms curved domains which restrict the water
layers. This is a consequence of the thin water layer thickness encountered at high AOT
concentration, resulting in strong short-range steric hydration forces preventing close
approach of the bilayers. This effect has been observed experimentally @3 at AOT
concentration above 60 wt %, and is reported to likely be a factor behind the cubic phase
formation.
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Figure 3.13 Time variation of tail-averaged S, for the 29.39 wt % system over the last 100 ns
of simulation. The black line corresponds to the raw (unaveraged data), whilst the red line
refers to the running average, every 300 configurations
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Figure 3.14 Variation of nematic order parameter S, for each system studied. The line is

added as a guide to the eye.
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V) Vi) Vii)

Figure 3.15 Equilibrated MD simulation images at AOT content of i) 29.39 wt%, ii) 32.22 wt %,
i) 35.36 wt % , iv) 44.53 wt %, v) 53.19 wt %, vi) 61.98 wt %, and vii) 71.18 wt %. The colour
code is provided in Table 3.1. Water beads have been removed for clarity.

The reduction of S; that starts at 71.18 wt% continues until 89.17 wt%, indicating a change in
phase morphology which is in agreement with the simulation images presented in Figure 3.16,
where a reverse hexagonal and isotropic structures are present at 80.45 wt% and 89.17 wt%
respectively. This is not in agreement with the experimental phase diagram, the reverse
hexagonal phase is expected at system 89.17 wt%, and at 80.45 wt% the structure should
consist of a bicontinuous cubic phase. The reason for this difference is likely due to system
size, at such concentrations the ratio of surfactant to water molecules is very high. The amount
of water present in these simulations may not be enough to lead to the assembly of these
complicated structures. A similar issue was encountered in the work of Lindeboom % who
tried to recreate similar phase morphologies for monoglycerides in aqueous solution using the
SAFT-y Mie force field. Larger system sizes would need to be simulated to investigate this
further. Another issue may arise because of the nature of the water model: the polar
interactions are not accounted for explicitly. These interactions may indeed be necessary to
capture both the reverse phases and work would need to be carried out to create such a CG
water model. To address these issues is deemed beyond the scope of this work.
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Figure 3.16 Equilibrated MD simulation images for systems with AOT content of i) 80.45 wt%
and ii) 89.17 wt%. The colour code is provided in Table 3.1. Water beads have been removed
for clarity.

3.7.2 Influence of AOT concentration on bilayer properties

The reproduction of the experimentally observed lamellar phase within the correct phase
boundaries is an encouraging output of this methodology. Clearly the simulation images do
not match with the X-ray scattering findings of Fontell 139 which indicated a structural
transition within the concentration range of 33 — 45 wt % AOT. This finding led Fontell to
characterise this phase in terms of 3 distinct regions, the low concentration (17.5 — 32 wt %,
LCR), intermediate concentration (33 — 45 wt %, ICR) and high concentration (46 — 77 wt %,
HCR) regions to take this into account. Going by the above convention, two systems (29.39
wt% and 32.22 wt%) are approximately in the LCR, two (35.36 wt% and 44.53 wt%) are in the
ICR and three (53.19 — 71.18 wt%) are in the HCR. As the simulation images show in Figure
3.15, a lamellar phase exists in all regimes, which is not in agreement with the findings of
Fontell @39 and DPD simulation studies 89 @40 The results in this work indicate there is no
utility to describing the lamellar phase in this three — regime way. Indeed the findings by Fontell
(139 were reported in the thesis of Fairweather ¥ to be due to the mis-identification of the
first-order Bragg peak, when performing the SAXS experiments no such anomalous behaviour
is found when this procedural error is not repeated. Instead Fairweather *3® noted there to be
a transition in lamellar phase structure: below 43 wt % the bilayers experience significant
undulation due to dominant Helfrich forces related to large water layer thickness. Above 43 wt
% bilayers become more rigid as the energy cost associated with deformation increases. The
effect of concentration on the lamellar phase structure indicated by the results in this work can
be analysed by exploring the S; value of each tail in an AOT molecule, which is presented in
Figure 3.17.

It is observed that there is a difference between the S, value for Tail 1, which is defined as the
shorter tail of the AOT molecule, as it contains the CP bead that is 3 beads away from the SO
head bead, and Tail 2 which is longer (the CP bead is 4 beads away from the SO bead). This
difference is more pronounced in the systems with 29.39 — 44.53 wt% AQOT. After this, the
individual S, values become closer in value, for example at 53 wt % the difference in value is
0.04. This contrasts with the values for system with 29.39 wt %, where the difference is 0.07.
The increase in Tail 2 S, values indicates a closer alignment with the molecular director, which
can be interpreted as a more upright tail orientation on average. The observed reduction in
Taill-Tail2 S, difference indicates both tails display the same extent of alignment as well at
high concentration. As such these findings are in close agreement with the experimental
findings % discussed above, with the MD simulations predicting the transition from flexible
to rigid bilayer at 45 wt % compared to the experimental finding of 43 wt %.
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Figure 3.17 Variation of nematic order parameter S, for Tail 1 (black circles) and Tail 2 (red
squares) for all bilayer systems. The lines are added as a guide to the eye.

The electron density distribution along the z dimension of the simulation box for systems at
29.39 wt% and 61.98 wt% are presented in Figures 3.18 and 3.19 respectively. The different
number of peaks are due to the number of bilayers present in each system. The different
magnitudes of the distribution peaks indicate an uneven distribution of surfactants in each
bilayer. In Figure 3.19 the discontinuity is because, of the four bilayers present, the top bilayer
is split across the periodic boundary. The average bilayer thickness for each simulation is
presented in Figure 3.20, where there is very little change in the values across the systems
studied. This analysis does not include the 71.18 wt % AOT system, due to the curved domains
present which would influence the thickness calculation. The average value from the MD
simulations is 2.05 nm, which is in reasonable agreement with experimental findings that the
AOT bilayer thickness remains approximately within the range 1.8 — 2.0 nm in the lamellar
phase %), |t is encouraging that the model can capture this property, because it was not
included in the parameterisation strategy.

67



Modelling the aqueous behaviour of AOT

80 T

T
2 40 —
F 20 —
0 I
5

10

=3
=

S0 electron density (e nm )

Z ('mrdﬂmw (nm)

Figure 3.18 Average electron density distribution of the SO bead across the z dimension of
the simulation box at 29.39 wt % AOT.
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Figure 3.19 Average electron density distribution of the SO bead across the z dimension of
the simulation box at 61.98 wt % AOT.
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Figure 3.20 Average bilayer thickness as a function of AOT weight percentage. The MD
simulations are represented by black circles and the experimental data by Fontell 39 (red
squares) is included for comparison. The lines are added as a guide to the eye.

3.7.3 Ordered-isotropic transition

A further test for the model is the simulation of these systems at 433.15 K, as this is within the
temperature region where for all concentration points there is a transition to an isotropic phase
according to the experimental phase diagram ©®. In these simulations the pressure control is
isotropic, and the dielectric is set to 42.26 to account for the change in temperature. All other
MD simulation conditions are the same. Whilst the water model used in this work has been
parameterised to match water density and surface tension within the temperature range 293
— 313 K 3, an investigation into aqueous solutions of polyethylene glycol found it performs
well outside of this temperature range ©°. Indeed, at 433.15 K, the density of water calculated
by NPT MD simulation using these parameters is 48.79 mol dm=3, in close agreement with the
NIST value of 50.41 mol dm= @92, The final simulation images for systems of 29.39 wt% and
71.18 wt% AOT are shown below, showcasing the transition to isotropic from the lamellar
phase. The corresponding average S, values are 0.048 (29.39 wt%) and 0.019 (71.18 wt%),
which are indicative of the absence of an ordered phase. Therefore, the model presented in
this work is able to capture some of the phase boundaries and morphologies specified by the
experimental phase diagram.
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Figure 3.21 Equilibrated MD simulation images for systems with AOT wt% of i) 29.39 wt% and
i) 71.18 wt% at 433.15 K. The colour code is given in Table 3.1. Water beads have been
removed for clarity.

3.8 Conclusions and outlook

A SAFT model for the aqueous mixtures of the ionic surfactant AOT is presented in this
chapter. The surfactant molecule is represented in a group contribution manner, consisting of
alkyl, ester and charged moieties. The force field parameters for the water and charged beads
are taken from previous studies ®® GD. The remaining pure interactions and bonded
interactions are obtained from Bottled SAFT. The other intramolecular parameters were
assigned based on a previous CG MD study of AOT @9, which used a bottom-up structural-
based method. The surfactant-surfactant and surfactant-water unlike interactions were
validated by considering models of systems that contain both individual beads. The ester-
water cross-interactions were scaled to the corresponding liquid-liquid equilibria data, where
a qualitative fit was achieved via a single binary interaction parameter. Good agreement was
achieved with the vapour-liquid equilibria data of 3 different esters of varying hydrocarbon
chain length, with the maximum absolute average deviation being 5.71 % and 2.94 % for pure
ester surface tension and density respectively.

The resultant AOT-water model was used to study the phase behaviour and structural
properties. Figure 3.22 shows the experimental phase diagram with equilibrated MD
simulation images super-imposed. MD simulations using these force field parameters showed
the formation of a lamellar phase at ambient conditions from 29.39 wt% to 71.18 wt% AOT.
The average calculated bilayer thickness at these conditions is 2.05 nm. By increasing the
temperature to 433.15 K, a transition from lamellar to isotropic phase was observed. At 71.18
wt% the bilayers form curved domains due to the thin water layer thickness encountered at
these conditions. These observations are in agreement with experimental data 3® ©8_The
room temperature transition from lamellar to reverse structures at high AOT content is not
captured, which can be either due to system size limitations or the implicit modelling of the
polarity of water. The MD simulations do not indicate a structural transition from 34 to 42 wt%
AOT, instead there is a transition to more rigid bilayers at 45 wt %, as indicated by S, values.
The data supporting structural realignment @39 is then likely to be based on incorrect
experimental procedure 38,
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The SAFT model has shown levels of representability, robustness and transferability. This is
illustrated by the ability to capture information not included in the parameterisation strategy.
The use of CG approaches with a strong link to the molecular theory, such as the SAFT
approach, allow for the exploration of meaningful system sizes and times. This gives
confidence in the use of the model to study surfactant systems, in particular incorporation of
the model to study ternary systems. This is further encouraged by the CG nature of the force
fields, which can overcome the computational limitations encountered by atomistic-scale
simulations in studying surfactant self-assembly. A further benefit of the work completed in
this chapter is that it reduces the number of necessary simulations to validate more complex
ternary systems. This is because the cross-interactions between the surfactant hydrophilic
sections and the hydrocarbon phase can be modelled in the same way as the interactions
between the surfactant hydrophilic and hydrophobic sections. The creation and application of
the AOT ternary system is presented in Chapter 4.

lamellar

Temperature (°C)

inverse hexagonal

AOT (% wiw)

Figure 3.22 The experimental phase diagram for the AOT-water system ©8, with equilibrated
MD simulation images for 29.39 wt% and 71.18 wt% at 298.15 K and 433.15 K super-imposed.
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Chapter 4 Water effect in the reverse micellar formation of AOT

4.1 Chapter overview

In this chapter the ternary AOT-water-cyclohexane system is studied using the combined
SAFT-y Mie and SAFT VRE Mie force field. The model parameters for the AOT-water
interactions have already been validated in Chapter 3. The cyclohexane model is obtained
from Bottled SAFT. Due to the group contribution nature of the SAFT force fields, many of the
intermolecular interactions were simply transferred from the AOT-water model. The resultant
model is able to capture both phase morphologies and structural properties. The MD
simulations reveal a transition from phase-separated systems to isotropic reversed micelle
(RM) phases at low water content. The calculated average cluster size is in good agreement
with experimental findings. The relationship between water content and RM morphology was
studied. The reduction of water content results in a sharp reduction in average cluster size,
highlighting its importance when considering RM stability. The water content does not
significantly impact RM shape, since a predominant spherical shape exists for all RM systems
investigated. The gained molecular insights can be further exploited for the design of more
efficient, effective and non-toxic surfactants.

4.2 Introduction

AOT is commonly used as a stabiliser of water and hydrocarbon emulsions 2, This is because
it does not require a co-surfactant to be present to form stable emulsions. At low water
fractions, the AOT surfactants spontaneously self-assemble around water droplets in such a
way that the hydrophilic part surrounds the aqueous core, and the hydrophobic part forms the
outer layer. The structure of these aggregates is the reverse of a normal micelle structure, and
so it is termed a ‘reverse micelle’ (RM).

These aggregates find use in many industrial applications, for example the aqueous core can
be a reaction medium for the synthesis of nanoparticles ©?. Added polar or ionic components
will become compartmentalised into the central cores. Due to the dynamic nature of these
systems, the RMs will frequently collide via random Brownian motion and coalesce, allowing
for the exchange of contents before breaking up again. This results in the mixture of any
inorganic reagents resulting in reaction. RMs hence provide a suitable environment for
controlled nanoparticle nucleation and growth, as steric stabilisation provided by the surfactant
layer prevents separate nanoparticles from aggregating. Nanoparticles synthesised by this
method are used in biocatalyst, food, biotechnology and pharmaceutical industries (193 (194,
Control parameters have been identified that influence the nanoparticle size and shape,
including the water to surfactant molar ratio (w, = [water]/[surfactant]) *°, solvent type (199
and surfactant structure @99 (97,

RMs can also be used to control the distribution of charged particles in non-polar fluids @99,
where separation can be necessary for both stabilising components @) and preventing
explosions @) as is the case in the petroleum industry. Applications that rely on charges in
non-polar fluids include the development of toner for printers and photocopiers ?°Y, as well as
measuring the activity of enzymes %, A more recent application is the electrophoretic
displays found in e-Reader devices ?°¥, which can have the appearance of paper but can be
refreshed to display different images, providing the benefits of both books and electronic
displays. Non-polar fluids, such as cyclohexane, are characterised with low dielectric
constants (g, ~ 2) @9, The inclusion of a charge in a non-polar fluid has a much longer-range
effect compared to an aqueous medium (g, ~ 80), as captured by the Bjerrum length ©?%) which
is the distance between two charges where the Coulombic energy is equal to the thermal
energy, and is inversely proportional to ¢,.. It has been noted %) that expanding understanding
of RM formation will enable improvement of surfactant ability to stabilise charge and find use
in applications.

RMs can also be used in liquid-liquid extraction to separate bio-molecules from aqueous
solution. In this process ?°® an aqueous phase containing the target molecules are brought
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into contact with an organic phase containing RMs. Phase mixing is achieved by external
agitation, during which the target molecule is solubilised in the water cores of the RMs, after
which the phases are left to separate. The RM-rich phase is then mixed with a new aqueous
phase which may contain salts or co-solvents to either destabilise the RMs or salt out the
target molecules. Example target bio-molecules obtained by this route include: amoxicillin 7,
f-glucosidase ?%®), chitosanases ©%), laccase 19, lipase @V and penicilin G @2, The
advantages of this route include high selectivity, mild thermal operating conditions, low energy
consumption and potential for large scale continuous operation @%). Multiple factors affect
extraction efficiency, including the pH of the aqueous phase ?'%, concentration @4 and choice
of surfactant(s) ?*, as well as salt concentration %19,

Experimental techniques employed to study microemulsions include small angle neutron
scattering (SANS) @D “4® small angle x-ray scattering (SAXS) @9 and conductivity 9. With
regards to AOT, Nave et al “® studied the effect of changing the AOT structure on the packing
in curved interfacial films at the oil-water interface. Both single-tailed and double-tailed
analogues were investigated, and it was found that only double-tailed surfactants could form
stable microemulsions without the presence of a co-surfactant. No special properties were
noticed with AOT, but it was confirmed that the unique hydrocarbon tail structure gives
optimum aqueous phase solubility at room temperature ©“®. Smith et al V) investigated using
SANS the effect of water content on the RM morphology at water to surfactant molar ratio w,
= 0.8) and reported a monomer-to-aggregate transition, which indicates a critical micelle
concentration exists for AOT in non-polar solvents.

There have been multiple investigations to study surfactant-water-hydrocarbon ternary
systems using molecular simulation. Industrially-relevant systems studied include AOT-n-
heptane-water  using CG molecular dynamics (MD) simulation, where the non-bonded
interactions were obtained from the MARTINI force field, and the bonded interactions were
matched to geometry results from atomistic simulations. Water content was varied at a
constant surfactant:oil mass ratio, and averaged diffusion coefficients calculated for all
charged species were used to rationalise experimental conductivity data. The Ci0E4-n-decane-
water system has been studied using the dissipative particle dynamics (DPD) ¢5? method and
was able to capture the phase transition from 3-phase to 1-phase microemulsion at a constant
water:oil ratio @17, The effect of 3 different-length alkanes on the phase structure of C1,Es in
water which showcase the destabilisation of phases with non-zero surface curvature ?'® has
been studied using DPD simulation. It was also identified that the longer the alkane, the more
pronounced the effect. All mentioned studies report a high level of accuracy with respect to
the experimental data. It is of interest to note that all mentioned examples employ either CG
or DPD-level modelling.

The reverse micellar phase is a subject of great interest in molecular simulation. The first study
to develop a full molecular model for AOT reverse micelles in non-polar solvent was claimed
by Abel and co-workers 9. They studied the shape of single RMs with water-to-surfactant
molar ratios of 3, 5 and 7 and found the equilibrated structures to be nonspherical with elliptical
shape. Other papers which have explored single AOT RMs in non-polar solvent have
investigated additional factors such as the influence of polar phase composition @Y, different
force fields @29 and the presence of metal salt ions ??Y on RM systems. In the previous
investigations mentioned, either all-atomistic or united atom scale descriptions have been
used to model the relevant systems. These studies are thus limited to single monodisperse
RMs when experimental results suggest that RMs of AOT-water-oil systems should be
polydisperse Y. To study a system with multiple RMs, Khoshnood and Firoozabadi used a
simplified CG model to study a theoretical surfactant-water-oil system 22, Here two different
particles, hydrophobic and hydrophilic, were used to represent the different components. The
authors were able to study the influence of water content and surfactant tail length on the RM
properties, identifying that RM shape depends on the size of the polar core: for large cores it
is spherical and for small cores it is ellipsoidal. However, models such as these are too simple
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and more accurate CG models are required to allow for direct quantitative comparison with
experimental data.

The underlying aim of this chapter is to create a molecular model for the AOT-water-
cyclohexane ternary system using the SAFT force field. To the author’s knowledge, this is the
first attempt to use SAFT to model not only this system, but microemulsion systems in general.
The model’s accuracy is assessed by its ability to predict the experimental phase diagram. It
is then used to study the effect of varying water content on RM properties to improve
understanding of this system. The parameters from the AOT-water interactions have been
validated in Chapter 3, and so the only new interactions to parameterise relate to cyclohexane.
The rest of this Chapter is set out as follows: the cyclohexane model development is covered
in section 4.3. The details of the MD simulations are set out in section 4.4. The methods used
to analyse the simulations are given in section 4.5. In section 4.6, the results of this Chapter
are discussed. Finally, in section 4.7 the conclusions of this Chapter are presented.

4.3 Cyclohexane model parameterisation strateqy

4.3.1 Pure interactions

The SAFT-y Mie and the SAFT VRE-Mie models and force fields for the AOT and water
interactions have already been validated in Chapter 3. The remaining model to create is thus
that for cyclohexane. In keeping with the 3:1 CG mapping, it is chosen to model cyclohexane
as a dimer (m = 2), illustrated in Figure 4.1. The pure fluid interactions for cyclohexane are
obtained from Bottled SAFT @9, The beads are illustrated by a red colour.

Figure 4.1 CG representation of cyclohexane. The underlying atomistic representation is
included for comparison purposes. The hydrogen atoms have been removed for clarity. This
image is not to scale.

4.3.2 Cross-interactions

Due to cyclohexane (CH) belonging to the same homologous series as propane (CP) and
butane (CB), i.e. alkanes, the cross-interactions regarding cyclohexane are treated in the
same way. The cross-interactions between water (W) and cyclohexane are parameterised by
incorporating the k;; value of 0.3205. The interactions between the ionic beads (SO and NA)
and cyclohexane are calculated using the combining rules set out in equations (2.68-2.70)
with no further parameterisation (k;; = 0). The ¢;; between the methyl acetate (ES) beads in
the surfactant intermediate section and the cyclohexane beads (CH) is adjusted to the same
extent as the ES-CP and ES-CB cross-interactions, and so ezscy = 277.03 K. The optimised
intermolecular interaction parameters are shown in Table 4.1 and a summary of where each
interaction was derived is provided in Table 4.2. Please refer to Section 3.6.3 for the meaning
of each term.
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Table 4.1 List of cyclohexane non-bonded intermolecular interaction parameters

Bead-Bead oij (nm) &ij/kp (K) Aij () kij ()
interaction

CP-CH 0.4553 381.11 21.59 -
CB-CH 0.4098 297.31 13.66 -

ES - CH 0.4037 277.03 17.49 -

SO -CH 0.4027 159.82 10.43 -

NA — CH 0.3277 48.60 10.43 -

W - CH 0.3992 251.37 10.43 0.3205
CH-CH 0.4234 345.94 14.05 -

Table 4.2 Parameter matrix indicating how each cyclohexane intermolecular interaction was
derived

CP CB ES SO NA W CH
CH Lafitte Lafitte Lafitte Lafitte IFT

This validated model is subsequently applied alongside the AOT and water models to simulate
the ternary system.

4.4 Molecular simulation details

Table 4.3 presents all the simulations carried out in this study. Included is the dielectric
constant ¢,, which is determined using the methodology included in the SAFT VRE Mie theory
described in Section 2.3.3. This requires an estimation of the mixture density, which in this
work is determined by MD simulation. The methodology is described in Section 4.4.1. The
experimental phase diagram ©% in Figure 4.2 shows the phase boundaries and which phase
structure should be expected. The approximate positions of each simulation are included as
a guide. The phase diagram shows that there are two distinct regions, separated by a phase
boundary. Near the cyclohexane-rich region there exists the reverse micellar L, phase, and it
is reported that at equimolar amounts of cyclohexane and water ordered phases such as
bicontinuous phases predominantly exist.

4.4.1 Water-cyclohexane density simulations

NPT simulations were performed with water and cyclohexane in the same proportion as
described for each system. The thermostat used is Nosé-Hoover and the barostat is Parrinello-
Rahman. In all simulations the temperature is 298.15 K and the pressure is 1 bar. The time
step is set to 0.01 ps and the molecular cut-off is set to 2.0 nm, because this is a pre-requisite
of using the water model ®®. Periodic boundary conditions are applied in all directions. The
binary systems are run for 40 ns, and the last half of the configurations are used to calculate
the average density, using the sub-routine gmx density. The initial system contained 25,600
water molecules and 5,600 cyclohexane molecules, which matches the cyclohexane:water
molar ratio for system f. The number of water and cyclohexane molecules are then adjusted
to achieve the desired composition, and the simulation procedure repeated. The density of
pure cyclohexane is obtained by this procedure by removing all water molecules from the
system. This permits the calculation of the d parameter for cyclohexane to substitute into
equation (2.70). The dy, and d; parameters for cyclohexane (see equation (2.67)) have not
been published, in this work an estimate of d for cyclohexane was obtained based on the
experimental dielectric constant at 298.15 K #23), so ¢, = 1.98. By re-arranging equation (2.66)
and knowing that the density of cyclohexane predicted by MD simulation is 9.17 mol dm3, it is
obtained that for cyclohexane, d = 0.11 dm? mol? at this temperature. The density predicted
by MD simulation is close to the NIST value of 9.20 mol dm-® (192),
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4.4.2 AOT-water-cyclohexane ternary simulations

The initial simulation point for the ternary simulations is system f where the initial molecular
configuration is random. The MD simulation conditions are similar to the mixed solvents, with
a few exceptions. The ionic beads (SO and NA) are modelled with explicit charge. The
dielectric constant is determined using the method described in the previous section. The
electrostatic interactions are calculated using the Particle Mesh Ewald method with a grid
spacing of 0.29 nm. The simulations are run for at least 60 ns, and the last half of the
configurations are used to calculate averages. The systems a-e are simulated by reducing the
number of cyclohexane beads from system f, and the systems g-p are simulated by reducing
the number of water beads from system f.
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Figure 4.2 Phase diagram of the AOT-water-cyclohexane ternary system ©9. The solid
continuous curve denotes the phase boundary, obtained by experiment. Included are the
approximate positions of each system studied. Compositions are given in weight percentage.

4.5 Analysis methods
The nematic phase order parameter S, is used to characterise the phase, for the specific
procedure please refer to Section 3.5.

The RM systems are studied by calculating the cluster size distribution, using the gmx
clustsize subroutine. RM cluster size is defined as the number of AOT molecules per RM. A
cluster cut-off method is used where two or more surfactant molecules are identified as
belonging to the same aggregate if they are found within a cut-off distance of each other.
Instead of the whole AOT molecule, the sulphonate bead SO is used as the reference point
considering the structure of RMs. This also avoids accidently counting the hydrocarbon tail-
tail contacts which will occur in highly concentrated AOT systems. Since the aqueous core,
and not the surfactant head groups, is the centre of the RM, the assignment of the cluster cut-
off distance is not simple. In this work it is determined based on the final simulation snapshot
for each system. For example, if the snapshot shows four distinct RMs, then a range of cut-
off distances are trialled to ensure the resulting analysis does produce the same number of
clusters at the final time step. To study the RM morphologies, a single RM is extracted from
the corresponding bulk simulation and a variety of properties are calculated. The shape of the
RMs is obtained from the principal moments of inertia I, 17, IZ and the relative shape
anisotropy 2, which are defined Section 2.4.7. The subroutine gmx gyrate is used to calculate
these properties.
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Table 4.3 AOT-water-cyclohexane systems, number of molecules, and estimated dielectric
constant ¢,., calculated using equation (2.66).

System AOT Water* Cyclohexane | &, (-)
a 400 25,600 1,600 57.09
b 400 25,600 2,400 50.47
c 400 25,600 3,200 45.28
d 400 25,600 4,000 41.08
e 400 25,600 4,800 37.63
f 400 25,600 5,600 34.77
g 400 21,600 5,600 31.64
h 400 17,600 5,600 28.03
[ 400 13,600 5,600 23.80
] 400 9,600 5,600 18.80
k 400 5,600 5,600 12.71
I 400 2,800 5,600 7.75
m 400 2,000 5,600 6.19
n 400 1,200 5,600 4.56
o] 400 400 5,600 2.85
p 400 320 5,600 2.69

*The water model contains two molecules per bead

4.6 Results and discussion

4.6.1 Ternary phase diagram

The equilibrium is noted by observing the energetics between the surfactant head group SO
and the water beads. An example is presented for system a in Figure 4.3. The equilibrium
values of the SO-W, interaction energy is -1.69 kJ mol?, with a standard deviation of 0.03 kJ

mol=t.

High S» values are seen in Figure 4.4 for systems a — f, which range from ca. 0.15 — 0.45,
indicating there is still some degree of nematic order even at the lowest content of cyclohexane
explored in this work. The final simulation images for a and f confirm that the phases resemble
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Figure 4.3 Plot of potential energy between the SO and W beads for system a. The black line
corresponds to the raw (unaveraged data), whilst the red line refers to the running average,
every 100 configurations

a bicontinuous and lamellar phase respectively. The reduction of water leads to a similar
reduction in Sy, but across systems i, j and k there is a clear transition in the structure, which
after system k remains stable just above S, = 0.03, indicating isotropic systems. This transition
is visualised in Figure 4.5 via the simulation images.

Overall, the simulations reproduce to a degree of accuracy the experimental phase diagram
in Figure 4.2, whilst the transition between ordered structures and RMs would be expected by
system c, the MD simulations predict it occurs by system i. The intramolecular potential of a
surfactant model has been reported to affect the oil-water interfacial tension in DPD simulation
224 Hence it was decided to see if there was any such effect in this work. The bond constant
kpona,ij Was increased from 20,000 to 70,000 kJ mol* nm?, to observe any changes in phase
behaviour in system c. The impact was minimal, with S, varying from 0.221 to 0.225. This is
in agreement with the work of Rahman et al “%%, who carried out a detailed assessment of the
impact of the intramolecular potential in the SAFT-y Mie force field. Intramolecular interactions
described by harmonic potentials were compared to rigid and fully flexible models. It was found
that whilst the reproduction of thermodynamic properties was comparable, the former
approach is better at capturing structural properties.

It should be considered that the reported experimental error with the phase boundaries is +5
%. It should also be noted that systems c to h are very close to the phase boundary and there
may occur coexistence between the RM and ordered phases. Unfortunately the experimental
phase diagram does not provide in-depth information of the ordered phases, nor of the
transition region ©9. Despite this, the simulations are likely not to be able to capture phase
coexistence easily due to finite size effects of the simulation box, which may explain the
discrepancy between the MD simulations and experiment. The capturing of RM formation at
low water content is still in qualitative agreement with experimental findings.
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Figure 4.4 Variation of the average nematic order parameter, S, with each system studied.
The line is added to guide the eye. The experimental phase diagram ©9 is included for
reference.

4.6.2 Influence of water content on RM properties
RM size

The attention for the rest of this Chapter is turned to analysing the simulations where RMs are
present (systems k — p). The RM cluster size distributions are presented below for systems k
(Figure 4.6) and p (Figure 4.7). It is clear to see the amount of water in the system plays a
significant role in the morphology of the resultant RMs. At system k the average water to
surfactant molar ratio w,, is 14 and the average size distribution is narrow, indicating that there
are large swollen RMs present in the system. At system p however the w, is 0.8 and the RM
aggregation number on average varies from 7 to 23. It is of note that for all RM systems there
are no single-dispersed AOTs in the solution. The concentration of surfactant monomers is
sharply reduced by the most moderate of increases in water content 22, This also links to the
broadening of size distributions seen from systems k-p, increasing the amount of water also
reduces the average number of smaller aggregate sizes since the reduced number of free
surfactants reduces the probability of exchange between the RM and the solution. This
relationship has been investigated by Hirai et al ?®), who identified by synchrotron radiation
small angle x-ray scattering that AOT RMs form a distinct monomeric (harrow size distribution)
phase when wp > 16. The hydrocarbon phases included in this study were n-hexane, n-
heptane and n-octane. In comparison, the MD simulations predict a monomeric phase by wo
= 14 for a cyclohexane continuous phase.
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Figure 4.5 Equilibrated MD simulation images, from left to right, for the systems a, f, i, j, and
k. The cyclohexane beads have been removed for clarity. The colour code is given in Table
3.1.
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The cluster cut-off method permits the calculation of the average RM cluster size, which is
presented for all RM systems in Table 4.4. At system k the average RM cluster size is 102
(standard deviation 8) despite the average size distribution reported. Fluctuations in average
RM cluster size are to be expected due to Ostwald ripening where larger aggregates form due
to being more energetically favourable. The time variation of average RM cluster size in
system k, shown in Figure 4.8, confirms this. The narrow size distribution of this system means
the average is more sensitive to fluctuations. This effect is not so significant for the other
systems with broader size distributions, as evidenced by the difference in standard deviation.
It is noted that the experimental aggregation number obtained using SANS for system p (wo =
0.8), is 23 UV, This value is obtained by fitting the SANS curves for various AOT concentration
points to a non-interacting polydisperse sphere model. The aggregation number is then
obtained from an estimate of the micellar volume assuming it is of spherical shape. It is
encouraging that the MD simulation of system p predicts a value that is close, 16.7 (standard
deviation 0.1), as this was not a property included in the force field parameterisation strategy.
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Figure 4.6 The average cluster size distribution for system k.

As indicated by Table 4.4, the reduction of water content results in a sharp reduction of the
average RM cluster size. This agrees with the findings of Day et al ?%% who determined
aggregation number at a range of wo from 1 to 8 for the same system at 293.3 K. In this
investigation it was assumed that the AOT-water-cyclohexane system was an ideal solution
of non-interacting dispersed spherical RMs, allowing aggregation number to be determined
using the intrinsic viscosity. The aggregation numbers obtained by experiment ranged from
27 (wo = 1) to 114 (wo = 8). Whilst the difference in temperature prevents a direct comparison,
it is still encouraging that the RM aggregation numbers in Table 4.4 are of the same magnitude
for a similar wo range (0.8 — 14). The results hence support the finding that the wo ratio is the
primary factor when considering RM stability, as opposed to total concentration.
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Figure 4.7 The average cluster size distribution for system p.

Table 4.4. Average cluster size, taken over the last half of the simulations.

System Cluster size (-) Standard deviation (-)
k 102.0 8.0
I 44 .4 0.1
m 33.3 0.1
n 22.2 0.1
0] 16.7 0.2
p 16.7 0.1
RM shape

It is of interest to explore the shape of RMs at these conditions, on the basis that analysis of
the experimental data mentioned above requires a prior assumption of geometry. In the shape
analysis, it was chosen to study single RMs with aggregation numbers representative of the
corresponding bulk simulation distribution. For example, to resemble the aggregates found in
system Kk, the single RM system contains 100 AOT molecules. The wy ratio is kept the same
as the corresponding bulk simulation. It is noted here that in previous RM MD investigations
219 the polar phase is constrained to stay within a spherical shell during the simulation. Here
no constraint is imposed, and it is assumed that most of the water molecules in the simulations
remain in the RM core. The initial single RM system is obtained by removing the appropriate
number of AOT and water molecules from the final configuration of system k. The number of
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Figure 4.8 Variation of the average cluster size over the last 30 ns for system k
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cyclohexane molecules are kept the same to ensure the system remains in the L, phase. The
dielectric constant is calculated using the method described previously. Compositions of the
single RM systems are given in Table 4.5. The other single RM systems are obtained by
deleting the appropriate number of water and AOT molecules from the RM100 system. The
single RM simulations are run for at least 400 ns, and average properties are taken from the
last 100 ns of the trajectory. Equilibrated simulation snapshots are presented alongside the
average k2 value in Table 4.6, which are calculated with respect to the surfactant layer only.
The time variation of the SO-W Mie potential energy and x? for system RM100 is provided in
Figure 4.9 and 4.10 respectively. The average of the SO-W Mie potential energy over the last
100 ns is -5.50 kJ mol* (standard deviation 0.09 kJ mol?). Despite the «? fluctuations, with
lower and upper limits of 0.001 and 0.006, the results indicate that across the range of wo
investigated the RMs have a predominant spherical shape, as the average 2 value is 0.003.

Table 4.5 List of all single RM systems studied and estimated dielectric constant ¢,., calculated
using equation (2.66).

System AOT Water Cyclohexane & ()
RM17 17 16 5,600 2.02
RM22 22 66 5,600 2.13
RM33 33 166 5,600 2.35
RM44 44 310 5,600 2.67
RM100 100 1,400 5,600 5.00

*The water model contains two molecules per bead
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Table 4.6 The average anisotropic shape factor for a variety of RM sizes, with the
corresponding simulation image.

RM aggregation | 17 22 33 44 100

size (-)

wg (-) 1 3 5 7 14

K2 (-) 0.002 +0.001 | 0.003 +0.002 | 0.003 +0.003 | 0.003 +0.002 | 0.003 +0.002
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Figure 4.9 Plot of potential energy between the SO and W beads for the RM100 system.
The black line corresponds to the raw (unaveraged data), whilst the red line refers to the
running average, every 500 configurations

Previous atomistic MD simulations of RMs start with a pre-assembled spherical shape for AOT
RMs. Multiple investigations have revealed that when constraints are removed, deviations
from the original shape occur and the equilibrated RM is nonspherical at low water content; %
219) in those works the w, was less than 10. However, both references assume an overall
ellipsoidal geometry in their shape analysis, making comparisons to the results presented here
difficult, as no such assumption is made. Salanwai et al. noted using molecular simulation of
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Figure 4.10 Variation of the relative shape anisotropy over the last 100 ns for the RM100
system. The black line corresponds to the raw (unaveraged data), whilst the red line refers
to the running average, every 100 configurations

dichain surfactant-water-CO2 RMs when w, is changed from 4 to 35, the departure from
sphericity of the whole RM reduces at higher w,.%??” They put forward that larger water core
volumes afforded by higher water fractions facilitate a low packing density of surfactants
around the aqueous core. Whilst another molecular simulation study of AOT-water-
cyclohexane RM shape could not be found, a similar pattern was reported by Gardner et al.??V
for RMs in the AOT-water-isooctane system at a w, range of 3-20. They attributed this to the
dispersion of surfactant Coulombic interactions with the water molecules. They also noted
significant oscillations in the geometry of the RMs at low w, values, causing uncertainty in
knowing whether these systems converged to a well-defined geometry. Oscillations of x? in
the present work are evident looking at the order of standard deviation for each system in
Table 4.6, as well as in Figure 4.10. This is despite simulations being run on the order of 500
ns, as recommended in Vasquez et al ?29),

The experimental studies previously mentioned in the RM size distribution analysis (26)
assumed a spherical aggregate geometry exists even at very dry conditions (average w, as
low as 0.8). The assumption of spherical geometry is common in AOT RM experimental
studies. Kotlarchyk et al 2 found close agreement between the radius of an AOT RM in n-
decane estimated via SANS, with that extracted from the measured radius of gyration, both
approaches assuming a spherical geometry. The corresponding w, of that experiment was
0.7+ 0.2. Kotlarchyk et al concluded that AOT RMs are only slightly aspherical in shape at
these conditions. Other investigations that have reported similar findings used techniques
such as light and x-ray scattering @39 7 |n the previous two references, the nonaqueous
solvents ranged from n-hydrocarbons, benzene, toluene, carbon tetrachloride and p-xylene.
Despite this, in a dynamic light scattering study by Vasquez et al ?%® it was found that AOT
RMs in iso-octane adopt non-spherical shapes at low w,. Another study using the same
experimental technique concluded that deformation in the spherical shape only occurs at wy
> 20 @31, Despite extensive use in research, there is still continued debate on the shape of
AOT RMs @ which makes comparison to experiment difficult.

Accurate knowledge of the RM shape is beneficial in product design. In a nanoparticle
synthesis context, the shape of the RM template has been argued to influence the nanopatrticle
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shape,® which in turn will affect the mechanical, chemical and biochemical properties. 3
When biological systems are considered, nanoparticle shape directly influences uptake into
cells, with rods showing greater uptake than spheres, cylinders and cubes.®**The advantage
of this MD methodology is that no assumptions must be made about the RM shape for
analysis.

4.7 Conclusions and outlook

A molecular model has been successfully created for the AOT-water-cyclohexane ternary
system and has been applied in MD simulations to study RM formation. This has used the
models for AOT and water developed in Chapter 3 and reference ®® respectively. The model
for cyclohexane was obtained from Bottled SAFT @9 and the cross-interactions were
transferred from Chapter 3.

The resultant model was used to study both phase morphologies and structural properties.
This was to test the model capability to capture the balance between energetic and entropic
contributions. Figure 4.11 shows the experimental phase diagram with equilibrated MD
simulation images super-imposed The MD simulations reveal a transition from phase-
separated systems to isotropic reversed micelle (RM) phases when the water content is
reduced to 27 wt%. The relationship between water content and RM morphology was studied.
The reduction of water content results in a sharp reduction in average cluster size, from 102
surfactants per RM to 16.7 surfactants per RM when the w, ratio is reduced from 14 to 0.8.
This highlights the importance of w, when considering RM stability. The RM cluster size value
obtained at wy, = 0.8, 16.7 is in close agreement with the value obtained by SANS experiment,
23 @D, The results suggest there is little influence on the RM shape and w, since a
predominant spherical shape exists over the systems studied, with the average x? being
0.003. Significant oscillations are reported in the x? values however, despite the systems
being run for long simulation periods. The presence of spherical RMs, even at low water
content, is in agreement with assumptions of some experimental investigations (1 (226) (229
The advantage of this MD methodology is that no assumptions must be made about the RM
shape for analysis.

Despite the acknowledged limitations, the agreement that is achieved between the model
predictions and some experimental investigations is encouraging. It gives confidence in the
use of SAFT force fields to be used in the discovery of non-toxic microemulsion formulations.
The benefits of integral design include better tuning of the structures formed and enablement
of efficient use of surfactants. This is further encouraged by the CG nature of the force fields,
which can overcome the computational limitations encountered by atomistic-scale simulations
in studying RMs. The mechanical, chemical and biochemical properties of nanoparticles can
be tuned by adjusting the microemulsion composition. The MD simulations could hence be
used to screen different compositions to ensure the optimal RM morphology is achieved. In
this thesis the focus is turned to using the presented methodology i) to explore the effect of
changing the surfactant hydrophobic tail structure on the resultant properties of the water-in-
supercritical CO, RMs, and ii) to study the influence of adding groups that reduce the free
volume between surfactant tails, which should affect the ability of the surfactant to separate
the dispersed and continuous phase, towards the discovery of non-fluorinated CO.»-philic
surfactants. The preliminary progress of this work is presented in Chapter 6.
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Figure 4.11 The experimental phase diagram for the AOT-water-cyclohexane system ©9,
with equilibrated MD simulation images for systems a, f and p super-imposed.
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Chapter 5 Conclusions

5.1 Conclusions

In this thesis a methodology to study surfactant-stabilised microemulsions has been created,
that can aid in the design of more efficient and environmentally friendly surfactants. MD
simulations using a combination of the SAFT-y Mie ©® and SAFT VRE Mie ©" force fields
underline the method. All models are coarse-grained since atomistic details have been
removed, allowing system sizes and times relevant to surfactant self-assembly to be studied.
The approach exploits the previous progress made in extending SAFT force fields to various
systems of industrial interest (3 €8 (103) (18) (165) (173) (30) 89 The parameterisation strategy uses
the SAFT M&M correlation ©® to derive the pure fluid intermolecular interactions. This has the
effect of reduction in force field development time, as many of the force fields have already
been recorded in the Bottled SAFT database ?9. As such, the initial parameterisation stage
involves using open-source software. If the force field for the desired chemical is not already
in the online database, then it can be created by substituting the acentric factor, critical
temperature and characteristic liquid density. The first two properties can be readily found in
common databases, for example Yaws book of thermodynamical properties @3, If the liquid
density cannot be found, the Bottled SAFT database can provide an approximation using a
Rackett-type equation %), This has an advantage over the SAFT EoS route, where the vapour
liquid equilibria data is the target, and may not be readily available for all chemicals. The focus
in this work is on using the MD method to assess how well the SAFT force fields can represent
the phase behaviour, structure and interfacial properties of surfactant ternary systems.

The first system studied with this route was the binary mixtures of AOT and water. AOT is an
industrially-relevant surfactant as it can form oil/water emulsions without the presence of a co-
surfactant “8, Establishing a SAFT AOT-water model that can reproduce the underlying
physics is a necessary first step to studying the relevant microemulsions. The corresponding
states correlation was used to obtain the intermolecular and bond parameters for the
uncharged beads of the AOT model. The charged bead intermolecular parameters were
obtained from a previous SAFT study @Y. The remaining intramolecular parameters were
assigned based on a previous CG MD study of AOT @9, which used a bottom-up structural-
based method. It was chosen to use a pre-existing SAFT model for water that employs a 2:1
mapping *®, because this allows for the simulation of larger systems with lower computational
cost. Further parameterisation was performed by optimising the interaction parameters
between beads of different nature to reproduce macroscopic properties of either heteronuclear
chain molecules that contain both beads, or binary mixtures of the constituent molecules,
using MD simulation. Good agreement was achieved with a variety of experimental data
including liquid density, surface tension and mutual solubility. MD simulations of the AOT-
water system using the optimised force field can capture some of the binary phase behaviour.
The room temperature transition from lamellar to reverse structures at high AOT content is not
captured, which can be either due to system size limitations or the implicit modelling of the
polarity of water. The lamellar phase is captured well, and the bilayer thicknesses estimated
by MD simulation show quantitative agreement with the experimental values. Interestingly, the
results do not show AOT molecules undergoing structural re-alignment in the intermediate
lamellar concentration region. Instead, a lamellar phase is present throughout the expected
region, which at low concentration is slightly less ordered than at high concentration. The data
supporting structural realignment @3 is then likely to be based on incorrect experimental
procedure ®*¥), The transition from lamellar to isotropic phase at high temperature is also
captured by this model, which is encouraging as this was outside the temperature range the
surfactant-water model is parameterised for. The model hence shows some level of
transferability, robustness and representability.

The ternary mixture AOT-water-cyclohexane at room temperature has been studied which
allowed the performance of the SAFT force fields in modelling microemulsions to be assessed.
The cyclohexane model was obtained from Bottled SAFT @9, and the cross-interactions
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between the surfactant hydrophilic groups and cyclohexane are treated the same way as those
between the surfactant hydrophilic and hydrophobic groups. The cyclohexane-related cross-
interactions have been optimised either by transferring from the AOT-water system or in a
previous study ©?, and so no further validation work was required for this system. MD
simulations of the phase diagram showed the model was able to predict the transition from
ordered phases to RM phases with some agreement to experiment. Further analysis on the
RM systems revealed quantitative agreement with experimental aggregation number, and
simulations predict that a predominant spherical shape exists even at low water content in
agreement to the shape assumed in some experimental SANS @V @29 jnyestigations.
Significant oscillations in the RM shape are reported in the MD simulations. The disagreement
between experimental studies means the shape of AOT RMs remains a subject of continued
debate, despite their extensive use in research. This microemulsion system can be used as
the template in the synthesis of nanoparticles. The mechanical, chemical and biochemical
properties of the nanoparticle can be tuned by adjusting the microemulsion composition. The
MD simulations could hence be used to screen different compositions to ensure the optimal
RM morphology is achieved. This work is, to the authors knowledge, the first time SAFT
models have been used to study surfactant ternary systems.

Overall, the work presented in this thesis has achieved objectives 1 and 2 set out in Section
1.3. Preliminary progress has been achieved for objective 3, which is presented in Chapter 6.
The results accomplished in this thesis allow progress to be made in achieving objective 4.
Through additional tuning, the SAFT force fields obtained by Bottled SAFT and previous SAFT
work have demonstrated accuracy in reproducing macroscopic properties for binary and
ternary ionic surfactant systems. Simulation at the molecular scale with an accurate model will
allow a more rigorous understanding of the role of structure on phase behaviour. The SAFT
MD-based methodology that has been created can hence be used as a screening tool in the
design of tailor-made surfactant products for a variety of industrial applications. This
methodology can hence be expanded to other microemulsion systems to discover non-toxic
and/or biodegradable surfactants.

5.2 Future work

Despite the progress made in this work, there are still many areas to expand on and areas not
yet explored. Firstly, the surfactant-water interactions can be optimised in a more rapid fashion
by using the I' — y method described in Section 2.4.4. However, this method assumes that
bulk surfactant concentration is negligible, which is not applicable to ionic surfactants. Whilst
attempts were made during this study to adapt the I' — y method to accurately represent the
AOT-water surface tension isotherm *3, certain practical issues were also revealed. The
sodium counter-ions diffuse across the entire simulation box when they are expected to mostly
remain solvated in the bulk water. Above the reported maximum surface excess, the AOT
molecules do not form micelles, but instead assemble into a bilayer. It is believed that the
second problem is likely due to the first one. In these simulations a dielectric constant is
applied throughout the box, but it is questionable if this is truly an accurate representation of
the underlying physics. The low density of air means that in these MD simulations it is not
modelled explicitly, so using a mixed dielectric as is the approach in the ternary systems is not
a viable option. One way to overcome this could be to create an MD code where the dielectric
constant is shifted so that it is the value of air within the vapour regions, and the value of water
within the liquid slab. There will likely be issues regarding the discontinuity of the dielectric
constant at each phase, which will need to be overcome. The ionic bead parameters could
also be re-adjusted to take into account the vapour pressure of the corresponding aqueous
electrolyte as well, which will likely help to recreate a more accurate counter-ion distribution.
Another, more challenging route, would be to develop ion models without explicit charge. This
would have the benefit of reducing simulation time, due to no Coulombic interactions and
hence no reciprocal space calculations. The challenge would lie in representing strong
anisotropic forces with a simple isotropic Mie potential and would give insight into how coarse
the CG models can go without losing the ability to describe a range of properties. The
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representation of like-like charge repulsion at short-range would be one of the main challenges
of this work.

The water model that is used in the I' — y method must be able to reproduce the surface
tension. Unfortunately, the two SAFT models ®® (CGW1-ift and CGW2-bio) that can do this
also over-estimate the vapour pressure of water. Note that the CGW2-bio model is the one
used in this work. This can be explained by considering the strong anisotropic hydrogen bonds
that give water it's unique properties. As such, a purely isotropic Mie potential cannot
accurately reproduce all the thermodynamic properties. The restriction of the cut-off potential
to 2.0 nm, as is the case of the water model, can restrict the accuracy of simulating molecules
with beads of certain size. A study by Duque and Vega @* found when calculating surface
tension, the cut-off should be at least six times the size of the largest CG bead. Taking the
AOT-water system as an example, the largest bead is CP (¢ = 0.4871 nm), the cut-off radius
should then be no less than 2.93 nm. When this is considered, the ability of the CGW2-bio
model-enforced cut-off radius to provide an accurate representation of the intermolecular
interactions may not be optimal. There is hence a need to develop a more robust water model
with no cut-off specifications. One potential route to do this is incorporating association sites
to represent more accurately hydrogen bonding, which has been done on a theoretical level
using the SAFT VR SW equation of state ?3). The limitation here is that discontinuous square-
well potentials are difficult to represent in MD simulations, due to complications in solving the
equations of motion. It should be noted that adding association sites will likely significantly
increase the computational expense, especially for large-scale surfactant simulations. A Mie
potential with an appropriately deep & could be used to model a single water molecule instead.
Alternatively, a two-site CG model formed from beads with very different energetic interactions
to model more explicitly the dipolar-like directional interactions could be used. This would
again incur a higher computational cost, especially when compared to the CGW2-bio model.

The development of the ester models can be expanded by considering longer chain
molecules, where it can be assessed if the current cross-interactions are still transferable. For
longer chain molecules the torsion potential is an important factor, and so this can be studied.
This will allow the simulation of the equivalent agueous binary mixtures, where again the
transferability of the ester-water cross interactions can also be studied.

Transport properties of the AOT binary and ternary systems can be studied using MD
simulation. These can include diffusivity of the counter-ion and water beads, as well as the
conductivity of the mixtures. The CG nature of these models means that transport properties
will likely be over-estimated, due to many interactions being integrated out. However, this
would be a good test of the robustness of the CG models, and further optimisation could lead
to improved representation of the experimental phenomena.

The use of GPUs (graphic processing units) to study large-scale surfactant systems can
reduce the simulation time but will usually incur an additional cost. Studies can be carried out
to benchmark the use of GPUs in future systems and improve understanding of how the
performance scales with cost.

The MD methodology can also be applied to other industrial systems where microemulsions
are present. Their stability makes them promising tools as drug targeting and controlled drug
release 3. Whilst hydrophilic drugs can be carried in the aqueous phase of a water-in-oil
microemulsion, hydrophobic drugs can be solubilised within the oil cores of an oil-in-water
microemulsion, giving them a wide range of applicability. In the food industry, microemulsion
technology can be used for delivery of poorly soluble and/or sensitive compounds and
bioactives such as natural oils %49, Here it is necessary to use only food-safe surfactants in
product formulation. In the oil and gas industry, microemulsion flooding is one technique used
in the latter stages of oil recovery, used to reduce interfacial tension between water and oil,
which decreases capillary pressure, removing the trapped oil ?4Y, Collaborations between
academic/industrial organisations working in these areas can be sought and identified non-
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toxic surfactants could be studied using the simulation method to assess performance and
compare to the current standards. The simulations can also be used to identify potential
surfactants that can then be validated by experimental techniques.

The list of potential future applications using knowledge gained from this work is by no means
exhaustive. It instead gives an idea of what is necessary to move the research field forward.
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Chapter 6 Toward design of non-toxic surfactants for enhancing scCO:
as a green solvent

6.1 Chapter overview

The MD simulation methodology developed and tested in Chapters 3 and 4 can be applied
further to study water-in-supercritical CO> (water-in-scCO.) microemulsions. This is a growing
area of microemulsion technology and is attractive since CO- is non-toxic and naturally
abundant in the environment, making it a green solvent that could replace petroleum-derived
organic solvents. In this case the methodology can be used as a screening tool to discover
new surfactants with improved microemulsion stabiliser properties whilst avoiding the need for
fluorinated groups in the structure, which are environmentally harmful. The preliminary
AOTSIC-water-scCO, model is presented in this Chapter. Bottled SAFT was used to obtain
the new pure force field parameters. The interactions between water and scCO> have been
optimised by fitting to the liquid-liquid equilibrium, using a single binary interaction parameter.
The future work necessary to apply the methodology is detailed at the end of this Chapter.

6.2 Introduction

Volatile organic compounds (VOCs) are organic chemicals that evaporate easily at room
temperature. A wide range of chemicals fall into this class, including aromatic and aliphatic
hydrocarbons, oxygenates such as alcohols, ketones, esters and chlorinated hydrocarbons
(242 They are commonly used as solvents in the formulation of paints, inks and adhesives ?*3,
extraction of vegetable oil from oil seeds ?*9, manufacture of pharmaceuticals @4, cleaning
of metal and plastic components @49, dry cleaning of textiles ?46) and formulation of consumer
products such as aerosols, cosmetics, and household paints ¢4, The use of VOC solvents in
industry are associated with waste emissions that are harmful to the environment ?4). These
include contributing to climate change and carcinogenic effects to humans 249,

The philosophy of green chemistry sets out guidance regarding the reduction/elimination of
toxic and hazardous reagents/products, minimising the energy required for chemical
processes, and avoiding the use or production of waste where possible 49 @59, These steps
also form part of the Chemical Engineering Inherent Safety Principles @9 first put forward by
Trevor Kletz @52, It is in accordance with these principles that viable alternatives to VOCs
should be found. Supercritical fluids are an attractive option because of the ease of removal,
recyclability and tuneability of fluid properties such as density and solvent quality by controlling
temperature and pressure €0,

By definition, a supercritical fluid refers to any fluid above the critical temperature and pressure
(termed the critical point) 5. The critical temperature of a substance is the temperature when
heating a liquid and vapour in equilibrium, the surface between the two phases disappears as
the densities are equal. The critical pressure is the pressure required to liquefy a gas at the
critical temperature. The resultant supercritical fluid will have unique properties that can be
exploited, including densities like a liquid, with the lower viscosity (and higher diffusivity) of a
gas. The critical point of most common solvents is however too demanding, for example the
critical point for water is around 647 K and 220 bar ?°¥. In contrast the critical point of CO is
more conveniently accessible at around 304 K and 72.8 bar ©% @59 Supercritical CO (sc-COy)
offers both green and energy-saving properties, and is cheap, non-toxic and non-flammable
€0 placing it as a potential replacement of harmful VOC solvents.

ScCO:s; is routinely employed as a solvent for various commercial processes, for example
coffee decaffeination which employs a liquid-liquid extraction between scCO, and water to
recover caffeine (molar mass 194.19 g mol™?) @%9). It is has also been used as the continuous
phase in nanomaterial synthesis 2 %) where materials produced have included silver
nanoparticles @%”, and even drugs such as Ibuprofen and Naproxen @58, Another application
of scCOs; is in cleaning, where the advantage over conventional aqueous-based systems
include energy savings as no drying step is required, scCO- has higher affinity for oils and
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other lipophilic materials, and improved cleaning efficiency because of higher diffusivity and
lower viscosity 259,

The issue with scCO is that due to its non-polar nature, polar and high-molecular weight
compounds are only sparingly soluble @5 89 For example the non-steroidal inflammatory
inhibitory drug ketoprofen (Molar mass 254.29 g mol™) has a solubility of 7.98 x 10° by mole
fraction in scCO; at 312.5 K and 220 bar %, which the authors claim is a ‘relatively high’
value. However, eflucimibe (Molar mass 469.73 g mol?), a drug that has shown anti-
atherosclerotic properties, has a lower solubility of 5.71 x 107 by mole fraction at 308.15 K
and 274 bar %2, A key research goal is thus to broaden the universality of scCO, as an
industrial solvent. One route is to incorporate surfactants in a continuous scCO- phase to form
water-in-scCO, (W/scCO,) microemulsions @59, The advantages of this approach include
enhanced flexibility for modification of CO, properties such as wettability, viscosity and
interfacial tension (263 (264 (265) Hence much research has been performed to design CO--philic
surfactants which are efficient stabilisers of W/CO, microemulsions ©9. Surfactant molecular
design has revealed that surfactants which achieve low surface tension at the air-water
interface (high surfactant effectiveness) are also efficient stabilisers for W/scCO:
microemulsions ?%), Surfactants with high levels of fluorination have demonstrated strong
affinity for scCO, (267 (268) (269) however these are also associated with high expense and
negative environmental impacts, including persistence, bioaccumulation and toxicity ¢, It
has recently been reported that exposure to fluorinated chemicals may reduce the
effectiveness of certain vaccines, which may have knock-on consequences for responding to
the Covid-19 Pandemic @™, Attention in this field has therefore turned to the design of scCO.-
philic surfactants with little to no fluorination.

Investigation into the compatibility of many commercially available hydrocarbon surfactants
has revealed that the majority are not CO,-philic ?"?. Surfactant structure has been found to
play a role in increasing COz-philicity, for example increased tail branching and methylation
have been shown to lead to formation of W/scCO- microemulsions with increased stability ¢7%),
This can be explained by weaker interactions between surfactant tails as well as lower
surfactant affinity for water. In the work of Pitt et al ?"¥, it was noted that for hydrocarbon
surfactants, those with tert-butyl tipped chains achieve the lowest surface energy. Following
from this, Mohamed et al ?"® studied two variations of AOT with tert-butyl tipped chains which
were observed to have low water-CO; interfacial tensions. By comparison, AOT cannot
stabilise W/scCO, microemulsions without co-surfactants ©®. Surfactants with three
hydrocarbon chains, each with extensive methylation have also been investigated with the aim
to enhance CO;-philicity and reduce surface tension. TC14 (sodium 1,4-bis(neopentyloxy)-3-
(neopentyloxycarbonyl)-1,4-dioxobutane-2-sulphonate) was solubilised in water, heptane and
scCO; and the aggregates were characterised by SANS @77 278) Tensiometry results showed
a reduction in surface tension as the number of tails is increased. This is attributed to
hydrocarbon tail packing efficiency balanced against head-group repulsions, alongside the
increased number of low surface energy methyl groups per headgroup.

In the work of Czajka et al ¢, a novel class of hydrocarbon surfactants called trimethylsilane
hedgehogs (TMS hedgehogs) was tested and showed good performance at reducing the
surface tension at the air-water interface. The term ‘hedgehog’ refers to the spiky brush-like
structure of the surfactant tails. Hill et al ®® investigated the ability of the best performing
surfactant, AOTSIC (sodium bis (3-(trimethylsilyl)-1-propanol) sulphosuccinate), to stabilise
W/scCO- microemulsions. They recorded the maximum water to surfactant molar ratio (w,) at
which stable W/scCO;, microemulsions form, which in effect indicates the maximum water
solubilisation capacity. By adding a third TMS tail to AOTSIC, the highest w, obtained was 25,
which they noted as ‘very rare for non-fluorinated surfactants’. However, they put forward that
three-tail surfactants, due to the inherent tail bulkiness will not be able to form water/scCO-
microemulsions with lower curvature (higher water content). This will limit their water
solubilisation capacity, even with the appropriate CO2-philicity. It was concluded that the focus
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should be shifted to finding double-tail surfactants which can solubilise larger amounts of
water, with the sufficient scCO.-philicity easily found in three-tail surfactants.

When trying to predict the CO.-philicity of a surfactant, one approach is to use the fraction free
volume (FFV) of an adsorbed monolayer defined by Stone et al 89);
Vtail

FFV =1 -
LtailAcmc

(6.1)

where V,;; is the surfactant tail volume, L;,; is the surfactant tail length, and A, is the area
of the surfactant headgroup at the critical micelle concentration. Surfactants with lower FFV
values are expected to be CO.-philic, corresponding to improved solubility of surfactants and
therefore increased stability with the formation of W/scCO2 microemulsions. This is because
when considering surfactants with hydrocarbon tails, the CO»-tail interactions are weaker than
if an oil continuous phase is considered. scCO- has a higher diffusivity than an oil phase, and
so reducing the free volume between surfactants plays a greater role as this determines the
efficiency of separation between scCO, and water. Indeed, many factors that have been
shown to increase scCO;-philicity also reduce FFV. Fluorinated surfactants which have a
larger tail volume compared to an equivalent hydrocarbon, hydrocarbon surfactants with
increased branching and surfactants with three tails compared to two have all been shown to
be more COy-philic ?¢"® @71 @74 A reduced FFV value leads to a more densely packed
interfacial film and therefore a decrease in both CO; and water penetration into the surfactant
film, which can destabilise the aggregates.

Salaniwal et al ?® used MD simulation to study the structural properties of a dichain
surfactant-water-scCO, system, where the surfactant formula was [(C7Fi5)(C7H15)CHSO4
Na'], i.e. it contained both an alkane and perfluoroalkane tail. A combination of UA and AA
models were used to represent the various moieties. It was identified that the two distinct tails
exhibit different conformations indicating contrasting CO.-philicity. Particularly, the
fluoroalkane tails assumed more extended conformations than the alkane tails. Mudzhikova
and Brodskaya #8 carried out CG simulations of the AOT-water-scCO_ system, claiming it to
be the first of its kind. It should be noted in this case a pre-arranged RM was the starting
molecular configuration. They remarked that due to the mutual dissolution of water and scCO,
the surfactant layer is thicker compared to an aggregate formed in hexane @3, resulting in a
reduced deviation from sphericity. Neither of the above studies investigated the impact of
surfactant structure. Using AA simulations, Wang et al ®® explored the effect of changing the
hydrocarbon chain length of hybrid surfactants, defined as containing hydrocarbon and
fluorocarbon chains, on CO; philicity. They noted there are two competing mechanisms with
shortening the hydrocarbon chain length: first the tail volume is reduced, which decreases the
efficiency to separate CO, from water. However, this can also result in a broader distribution
of fluorocarbon chain conformations, due to reduction of steric effects and resultant increase
in free space, which could enhance the separation efficiency. All the simulations in their work
contained 20 surfactant molecules, 100 water molecules and 3000 CO, molecules, only single
RMs were studied.

In this Chapter the aim is to use CG MD simulations to design more efficient non-fluorinated
scCOgz-philic surfactants. This will be achieved by expanding the knowledge on TMS
hedgehog surfactant architecture, in particular the AOTSIC surfactant at 318.15 K and 350
bar ®3. To the knowledge of the author, there have been no previous attempts to do this.
Whilst King @2 carried out MD simulations to study the relationship between ethoxylated
surfactant tail architecture and surfactant effectiveness to replace perfluorinated surfactants,
their approach uses the I'-y method @9 (c.f. Chapter 2.4.4) which is not appropriate for ionic
surfactants. Instead, the ternary system will be simulated directly using the SAFT force field,
which has been shown to be possible in Chapter 4. This will be accomplished by first creating
the molecular models of the chemicals involved. The new CG pure-fluid force fields can be
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obtained from Bottled SAFT @, and the cross-interactions are parameterised to re-create
selected experimental data. These include the water-scCO; liquid-liquid equilibrium @&, as
well as the maximum water solubilisation capacity of AOTSIC ©%., The validated model can
then be applied to find surfactants that can form more stable W/scCO;, microemulsions. An
advantage of this approach is that due to the similarity of AOT and AOTSIC, some of the CG
bead interactions used previously can simply be transferred over to the new surfactant. In MD
simulations, structural variation can be carried out in a trivial manner, hence there is no limit
to the number of different surfactants possible. The current progress of the AOTSIC-water-
scCO;2 model parameterisation is presented in Section 6.3. The molecular simulation details
are given in Section 6.4. The preliminary validation results and force field parameters are
detailed in Section 6.5. The Chapter concludes with a report of the preliminary progress and
potential future work in Section 6.6.

6.3 Model parameterisation strateqy

The CG model for water is the same as used in Chapters 3 and 4. CO is modelled as a dimer
because it has been reported that the use of a geometry more closely aligned to the actual
molecule helps to capture both thermophysical and transport properties with lower deviation
to the experiment GV, It is presented alongside the recast AOTSIC in Figure 6.1.

Figure 6.1 CG representations of the molecules used in this study: AOTSIC and CO,. The
underlying atomistic representation is included for comparison purposes. In the AOTSIC
model the hydrogen atoms have been removed for clarity. These images are not to scale.

The resultant CG structure of AOTSIC is composed of 15 beads of five different moieties: 4 x
brown beads termed TMS comprising the terminal trimethyl silane group, 1 x pink CE bead
representing an ethyl group in the tail. The remaining beads (ES, SO and NA) represent the
same groups as in the AOT model in Chapters 3 and 4. It is acknowledged that this is not the
only way of representing AOTSIC, no attempt was made to optimise the mapping and the
following approach is chosen without prejudice to the others.

The force field parameters for the groups ES, SO, NA and W are the same as in Chapters 3
and 4. Bottled SAFT @9 is used to obtain pure-fluid force field parameters for the remaining
non-ionic beads in the AOTSIC model, as well as the CO, model. It is acknowledged that
assigning small molecules to the CG beads neglects connectivity for example the ethyl group
C2Hs is represented by ethane C;He. It is assumed the difference in H atoms does not affect
the energetics significantly. A summary of the system model is provided in Table 6.1.
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Table 6.1 List of the new CG beads used in the study, with the corresponding chemical,
number of segments m and the colour.

Bead name Bead chemical m | Colour id
TMS Trimethyl silane 4 Brown
CE Ethane 1 Pink

CcoO CO; 2 Black

The intramolecular parameters are obtained in the same fashion for AOT in Chapter 3. The
solvent specific parameters necessary to calculate the dielectric constant, d,, and d, for water
have already been presented in Chapter 3. The equivalent parameters for CO; are dy, =-0.025
dm?® mol?! and d; = 0, as it was found that the dielectric constant is not dependent on the
temperature @”. These parameters achieve an AAD% of 1.45 % when 107 data points are
considered. The temperature and solvent composition would be varied in these simulations,
and so the dielectric constant for the mixed scCO. — water solvent could be calculated using
the same method described in Chapter 4.

6.4 Molecular simulation details

6.4.1 Water — CO, simulations

The cross-interactions are parameterised by fitting to the mutual solubility data ® of the
binary mixture at 383.15 K and at four different pressure points: 200, 300, 400 and 500 bar.
Simulations were first carried out in the NP,,AT ensemble to ensure the density was
equilibrated. The thermostat is Nosé-Hoover with a time constant of 1.0 ps. The barostat used
is Parrinello-Rahman with the time constant set at 10.0 ps. The barostat is used in a semi-
isotropic fashion such that L, and L,, are constant, and so the box area A will remain constant.
L, will fluctuate to maintain the specified pressure, which corresponds to the diagonal z
component of the pressure tensor P,,. This was followed by an NVT simulation, using the
same thermostat conditions. The number of molecules of CO, were kept constant at 5,000,
but the number of water molecules were adjusted at different pressures to ensure the initial
volume fractions were the same. The molecular cut-off was set to 2.0 nm as this is a pre-
requisite of the water model 8. Periodic boundary conditions are applied in all directions. The
initial box dimensions are chosen such that L, = L,, and L, > 4 L,. The time step used is 0.005
ps, and each simulation was run for 80 ns, with averages taken from the last half of the
configurations. The system compositions are summarised in Table 6.2:

Table 6.2 List of all the water-CO2 binary mixtures studied via MD simulation

Pressure (bar) Number of CO; molecules | Number of Water molecules
200 5,000 24,000
300 5,000 20,000
400 5,000 18,000
500 5,000 16,000

6.5 Validation and model creation

6.5.1 Water — COy interactions

The energetics between the W and CO beads were used to study the simulation progress, an
example is shown in Figure 6.2 which is for the system at 200 bar. A stable value is found at
around -0.44 kJ mol? (standard deviation 0.02 kJ mol?t). This value is indicative of the
difference in intermolecular interactions between both water and CO.. The density profile of
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this system is provided in Figure 6.3, where two distinct bulk liquid phases can be identified.
The peaks at either end of the scCO, phase (black line) are indicative of accumulation at the
interface region, specifically adsorption. This is due to the differences in surface tension
between water and CO.. At these conditions the surface tension of water will be around 54
mN m? @) For scCO, the surface tension will be negligible 8" since the properties of the
liquid and vapour phase are similar. Hence scCO., the phase with lower surface tension will
adsorb in the interfacial regions.
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Figure 6.2 Plot of potential energy between W and CO beads for the system at 200 bar. The
black line corresponds to the raw (unaveraged data), whilst the red line refers to the running
average, every 200 configurations
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Figure 6.3 The particle number density profile of the water (red line) and scCO- (black line)
system at 200 bar taken from the last 40 ns of the simulation.
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The best fit to the mutual solubility is achieved when k;; = 0.3, the results of this fitting are
shown in Figure 6.4. The value implies that the cross-energetic parameters derived from the
Lafitte combining rules would over-estimate the interaction energy between water and CO..
Both components contain different intermolecular forces, water interactions are dominated by
hydrogen bonds whilst CO- interactions result from a combination of both dispersion forces
and permanent quadrupole forces. It is therefore not unexpected that a positive (i.e. repulsive)
k;; improves the fit to experimental data. It is worth noting that Lobanova et al investigated the
water-scCO; binary system using the CGW1-vle model ®®, and the monomer model for CO,
®8), The optimum k;; value was calculated as -0.07 7. In this case both the equation of state
and MD simulations were employed. The difference in k;; can be explained in the different
data used to parameterise the model: the CGW1-vle was created to reproduce the density
and vapour pressure of water, whereas the model used in this work, (the ‘CGW2-bio’ model)
reproduces the density and surface tension ®®, Therefore, the reported difference is not
unexpected. Despite this, the results are in agreement that both fluids are highly immiscible.
The equilibrated MD snapshots for each system are shown in Figure 6.5.

6.5.2 Remaining cross-interactions

The cross-interactions established from Chapters 3 and 4 are carried over to this system. The
cross-energetic parameter ¢;; between the ES and CE beads are adjusted in the same way
as the other hydrocarbon bead — ester bead interactions were in Chapter 3. The cross-
interactions between the CE beads and the CO; beads is adjusted by using a k;; of 0.08 which
was found to reproduce the VLE data for a variety of CO, — n-alkane binary mixtures *®. The
list of all intermolecular interactions is provided in Table 6.3, with an accompanying Table 6.4
which describes how each interaction was derived.
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Figure 6.4 P-x liquid-liquid phase diagram at 383.15 K for the binary mixture scCO- (x1) and
water. The SAFT CG model is shown as solid circles, while the experimental data ?®) is shown
as solid lines.
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1) ii) 1)) iv)

Figure 6.5 Equilibrated MD simulation images for the scCO2 — water system at i) 200 batr, ii)
300 bar, iii) 400 bar and iv) 500 bar. The temperature is 383.15 K for all systems. The colour
code is provided in Table 5.1 and Table 3.1.

Table 6.3 List of the new non-bonded intermolecular interaction parameters

Bead = Bead 0ij (nm) gij/kB (K) A‘{] (-) kU (-)
Interaction

TMS — TMS 0.3327 134.05 8.55 -

TMS - CE 0.3780 203.52 14.62 -

TMS — ES 0.3533 228.17 13.27 -

TMS — SO 0.3524 98.82 8.27 -

TMS — NA 0.2774 33.20 8.27 -

TMS - W 0.3489 229.61 8.27 -

TMS - CO 0.3042 161.42 11.11 -
CE-CE 0.4349 330.25 27.30 -

CE - ES* 0.4094 270.07 24.49 -
CE-SO 0.4085 155.79 14.02 -

CE —NA 0.3335 46.92 14.02 -
CE-W 0.4050 244.94 14.02 0.3205
CE-CO 0.3603 219.47 19.97 0.0800
ES-CO 0.3348 270.45 18.01 -

SO -CO 0.3338 117.19 10.70 -

NA - CO 0.2588 41.20 10.70 -

W -CO 0.3303 190.92 10.70 0.3000
CO-CO 0.2857 196.55 14.85 -

* The bead bond length is constrained to a constant value so that by ;; = 0.60;;
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Table 6.4 Parameter matrix indicating how each new intermolecular interaction was derived.

CE ES SO NA W co
Lafitte | Lafitte | Lafitte Lafitte Lafitte Lafitte
Lafitte Lafitte IFT

Lafitte Lafitte

Lafitte

6.6 Concluding remarks and future work

Preliminary steps have been completed to study the AOTSiC-water-scCO; system using the
SAFT-based MD methodology. Due to the similarity in structure to AOT, many of the force
field parameters were carried over from Chapters 3 and 4. The new CG beads created were
assigned force field parameters using Bottled SAFT @9, The water-scCO, cross-interactions
were optimised by MD simulation to match the binary mixture solubility at various pressures
using a single binary interaction parameter. The results show good agreement to experimental
values. The benefits of molecular simulation include the ability to study systems which can be
expensive and time-consuming via purely experimental routes. As shown with the W/scCO.
microemulsions, high pressures (e.g. 350 bar) are encountered in these systems, which
require access to specialist equipment 3, With molecular simulations, this is not an issue as
changing pressure is just a case of changing a line in the MD code.

This work provides an initial molecular model to study the ternary system, which can be
compared to the experimental HP SANS data ®®. The analytical techniques described in
Chapters 3 and 4 can be used to calculate the equivalent MD values. For example, multiple
MD simulations can be carried out where the water content is gradually reduced, and the
nematic order parameter can establish the phase boundary between stable W/scCO-
microemulsions (low S; values), and bicontinuous/phase separated systems (high S, values).
The relative shape anisotropy x? can be used to determine the shape of the resultant RMs.

An accurate model can then be used to investigate the impact of surfactant structure on CO»-
philicity, to design more effective non-fluorinated microemulsion stabilisers, with higher
maximum amounts of water that can be solubilised. It has been suggested in the work of Hill
et al @3 that the substitution of silicon for carbon atoms has an effect of increasing the minimum
area occupied by a surfactant at the water-scCO interface, which in turn has a positive effect
on the maximum w,. One approach is then to study the effect of increasing the number of
silicon atoms in the surfactant tail, by adding more silane CG groups. For example the CE
bead can be replaced with a bead representing disilane (SizHs). This will have the effect of
increasing the tail volume resulting in a surfactant with a lower FFV. Other groups can be
added to the structure, for example it has been shown that incorporating oxygen into the
surfactant tails significantly improves CO_-philicity, for example by a carbonyl group @®®. In
the CG MD simulation this can be achieved by adding a formaldehyde CG bead to the tail.
The number of methyl branches in the tail structure have been shown to affect CO2-philicity
@89 and this can be explored by adding methane CG beads to varying positions on the
surfactant tail. Tail length can impact CO, philicity due to increased flexibility ?® allowing for
a greater packing efficiency, and this can be explored by adding more alkyl beads to the main
tail structure. Sagisaka et al ?*? identified that changing counter-ions of TMS surfactants from
Na* to Mg?* results in a reduction of minimum air-water surface tension, implying enhanced
CO-philicity. This can be tested using the MD simulation method, where the parameters for
the Mg?* counter-ion would be obtained from the SAFT VRE Mie equation of state ¢”) 1%), The
abundance of force field parameters in Bottled SAFT ©@° means a variety of different functional
groups can be investigated. The results of this study can point to new design approaches for
CO;-philic surfactants, widening the potential of scCO; as a green processing, cleaning, and
separation medium.
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User-defined functions in Gromacs

Appendix A User-defined functions in Gromacs

Gromacs allows the user to define their own potential functions. In this study the Mie potential,
described in section 2.2.1, is the specific potential function. In Gromacs the intermolecular
interaction parameters of two atoms i and j are split in three parts: the electrostatic, the
dispersion and the short-range repulsion:

V( 11) =

4” v g 1j) + Cg(r;) + Ah(ry)) (A1)

Where f(r), g(r) and h(r) are the so-called ‘user-defined functions’. In principle, for the Mie
potential in Gromacs, only the last two functions are needed, however one must provide
meaningful (non-zero) data for the electrostatic function.

The user-defined functions to describe any Mie potential will be:

1
Tii) = —
f( U) Tij (AZ)
1
T ——7a
9(rij) = " (A3)
1
h(ry) = — (A4)
ij
The constants A and C are defined as:
A
B\ (RN
A= oy Yy ] ] ) ij
(72 ()" " e A9
%
B\ (BN ag
gy i A.6
‘o </1T A“)(l_“) €)% (A9)

With this knowledge, a tabulated potential that contains the evaluation of f(r;;), g(r;;), h(r;j)
and their negative first derivatives at a series of values of r;; must be constructed. This will be
used by Gromacs to calculate the values of the functions for any values of ;;, using a cubic
splines algorithm to interpolate the table. The format of this table should be the following:

Tij f(rij) —f'(rip) 9(ij) —9'(rij) h(rij) —h'(rij)
# x z _t Al L ALy
T r2 A% T %41 A% AT +1
ij ij i ] r j n J T J
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User-defined functions in Gromacs

Where 7;; should range from 0 to r, + 1. A C++ code, mie2gmx.cpp, has been written by

Herdes to create a tabulated potential upon specifying A

{]-, /1?]- and r,. It should be noted in this

script Aj; and 47; are referred to as n and m respectively. The code is presented in Figure A.1.

J/ Tabulated Mie Potential For GROMACS

/ Date and comments:

/ Aug 03 2012 at Isperial College London, Hello World, C.Herdes
/ Oct 89 2012 at Isperial College London, restriction max energy

27) {
out, "%12.10e  ¥12.10e X¥12.10e  X12.10e X12.10e %12.16e ¥12.10e\n",

r,8.8,0.9,0.0,0.9,0.9,0.0);

else {
fprintf(fout, "¥12.10e  X12.10e X12.10e  X12.10e ¥12.10e  %12.18e X12.10e\n"

cout << myFile.str() << " now can be found in the current directory, enjoyl\n";

Figure A.1 C++ code lines for mie2gmx.cpp

This can be compiled in Linux OS with the line:

$ g++ mie2gmx.cpp -0 mie2gmx.exe

The resultant file can then be executed by the line:

$ ./mie2gmx.exe

» r,f,fprime,g,gprine,h,hprime) ;

ulated Mie potential for GROMACS,\nplease read http://ww.skloguiki.org/Skloghiki/index.php/Mie_potential for notation.\n#\nPlease, enter a value for n =

Upon successful execution, a table will be generated in the current work directory called
tableMIE_n_m.xvg. This must be renamed appropriately before using it in Gromacs. The

comment lines at the header of each table will specify the used 4;; and A,

ij» as well as the

needed pre-factors to set A and C detailed in equations x and y: It should be noted that the
same table can be used for different molecular species, provided A; and A7, are the same.

The units of 4 and € are kJ mol* nm, where nm is raised to the power of Ai; and Af; (in this

work it is set to 6) respectively.

117



Appendix B Input interaction parameters

Butyl acetate

Input interaction parameters

Table B.1 Intermolecular interaction parameters for a butyl acetate molecule

Interaction o;j (nm) &ij/kp (K) Al C (kJ mol* nm®) | A (kJ mol? nm~A;;
(Ud))
CP-CP 0.4871 426.08 34.29 8.3009 x 1072 1.2074 x 101°
CP -ES 0.4355 302.09 27.39 3.3594 x 1072 6.3765 x 1010
ES - ES 0.3839 397.25 22.01 2.3658 x 102 5.2157 x 10°°

Table B.2 Structure of a butyl acetate molecule

Bead index Corresponding bead
1 ES
2 ES
3 CP

Table B.3 Intramolecular interaction parameters for a butyl acetate molecule

Bonds
Bond (i—j) bo,;; (nm) Kpona,ij (kJ mol* nm2)
1-2 0.384 20,000
2-3 0.261 20,000
Angles
Angle (i—j—k) 80,ijx (deg) Kangie,iji (kI mol rad?)
1-2-3 157 22.18

Pentyl acetate

Table B.4 Intermolecular interaction parameters for a pentyl acetate molecule

Interaction | o;; (nm) | &;/kp (K) A% C (kJ mol* nm®) A (kJ mol™ nm”Af;
(Und))
CB-CB 0.3961 256.36 13.29 2.8878 x 10 3.3773 x 10°
CB - ES 0.3900 239.25 16.99 1.9105 x 10 6.1450 x 107
ES - ES 0.3839 397.25 22.01 2.3658 x 10 5.2157 x 10°

Table B.5 Structure of a pentyl acetate molecule

Bead index

Corresponding bead

ES

ES

CB

AIWIN|F

CB
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Input interaction parameters

Table B.6 Intramolecular interaction parameters for a pentyl acetate molecule

Bonds
Bond (i—j) bo,;; (nm) Kpona,ij (kJ mol* nm2)
1-2 0.384 20,000
2-3 0.234 20,000
3-4 0.396 20,000
Angles
Angle (i—j — k) 6o (deg) Kangted () Mol rad?)
1-2-3 157 22.18
2-3-4 157 22.18

Octyl acetate

Table B.7 Intermolecular interaction parameters of an octyl acetate molecule

Interaction | o;; (nm) | &;/kp (K) Al C (kI mol* nm®) | A (kJ mol* nm”Af;
(Ut}

CP-CP 0.4871 426.08 34.29 8.3009 x 107 1.2074 x 101°
CP-CB 0.4416 325.25 20.94 4.6431 x 107 2.3028 x 107
CP-ES 0.4355 302.09 27.39 3.3594 x 107 6.3765 x 10°1°
CB-CB 0.3961 256.36 13.29 2.8878 x 102 3.3773 x 10°
CB-ES 0.3900 239.25 16.99 1.9105 x 102 6.1450 x 1077
ES - ES 0.3839 397.25 22.01 2.3658 x 102 5.2157 x 10°

Table B.8 Structure of an octyl acetate molecule

Bead index

Corresponding bead

ES

ES

CB

CB

QB WIN|F-

CP

Table B.9 Intramolecular interaction parameters of an octyl acetate molecule

Bonds
Bond (i—j) by,i; (nm) kpona,ij (kI mol't nm?)
1-2 0.384 20,000
2-3 0.234 20,000
3-4 0.396 20,000
4-5 0.265 20,000
Angles
Angle (i—j — k) 6o (deg) Kangted () mol™ rad?)
1-2-3 157 22.18
2-3-4 157 22.18
3-4-5 157 22.18
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AOT — water — cyclohexane

Input interaction parameters

Table B.10 Intermolecular interaction parameters for the AOT-water-cyclohexane system. The
SO and NA beads are assigned a charge of -1 and +1 respectively.

Interaction | o;; (nm) | &;;/kp (K) Aij C (kI mol™* nm®) | A (kJ mol* nm"A7;
()

CP-CP 0.4871 426.08 34.29 8.3009 x 10 1.2074 x 10°1°
CP-CB 0.4416 325.25 20.94 4.6431 x 10 2.3028 x 10”7
CP-ES 0.4355 302.09 27.39 3.3594 x 10 6.3765 x 10°1°
CP -SO 0.4346 174.18 15.51 2.8959 x 10 1.0478 x 10°
CP — NA 0.3596 50.39 15.51 2.6879 x 103 1.6054 x 10/
CP-W 0.4311 273.44 15.51 4.3308 x 107 1.4510 x10°
CP -CH 0.4553 381.11 21.59 6.3937 x 10 2.9946 x 10”7
CB-CB 0.3961 256.36 13.29 2.8878 x 10 3.3773 x 10°
CB-ES 0.3900 239.25 16.99 1.9105 x 102 6.1450 x 10”7
CB-SO 0.3891 138.06 10.17 2.0731 x 102 4.0343 x 10*
CB — NA 0.3141 43.01 10.17 1.7868 x 10°® 1.4227 x 10°
CB-W 0.3856 217.35 10.17 3.0916 x 10 5.7936 x 10*
CB - CH 0.4098 297.31 13.66 3.9731 x 102 4.2635 x 10°
ES-ES 0.3839 397.25 22.01 2.3658 x 102 5.2157 x 10°
ES-SO 0.3830 171.94 12.75 1.6645 x 102 2.5572 x 10°
ES —NA 0.3080 54.18 12.75 1.4183 x 103 5.0043 x 10”7
ES-W 0.3795 378.61 12.75 3.4688 x 10 5.0089 x 10°
ES-CH 0.4037 277.03 17.49 2.6511 x 10 7.8534 x 10”7
SO -S0 0.3820 74.42 8.00 1.8230 x 102 2.6602 x 107
SO - NA 0.3070 12.11 8.00 7.9926 x 10* 7.5329 x 10°
SO -W 0.3785 600.00 8.00 1.3908 x 10! 1.9925 x 102
SO-CH 0.4027 159.82 10.43 2.8200 x 10 5.0016 x 10*
NA — NA 0.2320 8.92 8.00 1.0965 x 10* 5.9018 x 10
NA - W 0.3035 179.76 8.00 1.1075 x 102 1.0202 x 103
NA - CH 0.3277 48.60 10.43 2.4900 x 103 1.7713 x 10°
W-WwW 0.3750 400.00 8.00 8.7692 x 10 1.2332 x 102
W -CH 0.3992 251.37 10.43 4.2092 x 10 7.1822 x 10*
CH-CH 0.4234 345.94 14.05 5.4531 x 107 5.3950 x 10°

Table B.11 Structure of an AOT molecule. The NA bead is modelled as fully dissociated.

Bead index

Corresponding bead

CP

CB

ES

ES

ES

ES

CB

CP

CB

SO

=
Rlglo|oNjo|olswN e

CB
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Table B.12 Intramolecular interaction parameters for an AOT molecule.

Input interaction parameters

Bonds
Bond (i—j) by i (nm) Kpona,ij (kKJ molt nm-
2
)
1-2 0.265 20,000
2-3 0.234 20,000
3-4 0.384 20,000
4-5 0.384 20,000
4-10 0.383 20,000
5-6 0.384 20,000
6-7 0.234 20,000
7-8 0.265 20,000
2-9 0.396 20,000
7-11 0.396 20,000
Angles
Angle (i —j—k) 80,1 (deg) Kangte,ijk (KJ mol
rad?)
1-2-3 100 65
1-2-9 90 45
2-3-4 60 45
3-4-5 70 45
10-4-3 60 45
4-5-6 80 25
5-6-7 70 45
6-7-11 90 45
6-7-8 100 45
Dihedrals
Dihedral (li)_j —k— bo,ijr (deg) Kainedaratijir (kJ mol?) n(-)
2-3-4-10 0 0.12 4
7-6-5-4 0 0.12 4

Table B.13 Structure of a cyclohexane molecule

Bead index Corresponding bead
1 CH
2 CH

Table B.14 Intramolecular interaction parameters for a cyclohexane molecule

Bond (i — )

bo,ij (nm)

kpona,ij (kI mol't nm?)

1-2

0.423

20,000
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Input interaction parameters

AOTSIC — water — scCO»

Table B.15 Intermolecular interaction parameters for the ternary AOTSIC — water — scCO
system. The SO and NA beads are assigned a charge of -1 and +1 respectively.

Interaction | o;; (nm) | &;/kp (K) Aij C (kI mol™* nm®) | A (kJ mol* nm"Aj;
(i=1

TMS -TMS | 0.3227 134.05 8.55 9.7010 x 103 5.4048 x 10*
TMS — CE 0.3788 203.52 14.62 1.5765 x 102 3.6741 x 10°
TMS — ES 0.3533 228.17 13.27 1.2961 x 102 6.6936 x 10°
TMS - SO 0.3524 98.82 8.27 1.3380 x 102 1.2544 x 103
TMS — NA 0.2774 33.20 8.27 1.0693 x 10°® 5.8237 x 10°
TMS - W 0.3489 229.61 8.27 2.9282 x 10 2.6837 x 103
T™MS - CO 0.3042 161.42 11.11 4.7645 x 103 1.0882 x 10°
CE -CE 0.4349 330.25 27.30 3.6488 x 10 7.2418 x 10°1°
CE-ES 0.4094 270.07 24.49 2.2103 x 10 1.4858 x 10°°
CE -S5O 0.4085 155.79 14.02 1.9835 x 102 1.5056 x 10°
CE — NA 0.3335 46.92 14.02 1.7864 x 10°® 2.6364 x 10”7
CE-W 0.4050 244.94 14.02 2.9618 x 10 2.0982 x 10°
CE -CO 0.3603 219.47 19.97 9.5632 x 103 6.1488 x 10°
ES-ES 0.3839 397.25 22.01 2.3658 x 102 5.2157 x 10°
ES -S5O 0.3830 171.94 12.75 1.6645 x 102 2.5572 x 10°
ES — NA 0.3080 54.18 12.75 1.4183 x 103 5.0043 x 10”7
ES-W 0.3795 378.61 12.75 3.4688 x 10 5.0089 x 10°
ES-CO 0.3348 270.45 18.01 8.2228 x 103 1.6195 x 108
SO -S5O 0.3820 74.42 8.00 1.8230 x 102 2.6602 x 107
SO - NA 0.3070 12.11 8.00 7.9926 x 10* 7.5329 x 10°
SO -W 0.3785 600.00 8.00 1.3908 x 10! 1.9925 x 102
SO -CO 0.3338 117.19 10.70 6.4292 x 103 3.7217 x 10°
NA — NA 0.2320 8.92 8.00 1.0965 x 10* 5.9018 x 108
NA - W 0.3035 179.76 8.00 1.1075 x 102 1.0202 x 10°®
NA - CO 0.2588 41.20 10.70 4.9102 x 10* 8.6050 x 10”7
W-wW 0.3750 400.00 8.00 8.7692 x 10 1.2332 x 102
W-CO 0.3303 190.92 10.70 4.2092 x 10 7.1822 x 10*
CO-CO 0.2857 196.55 14.85 2.7553 x 103 4.2380 x 10°®
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Input interaction parameters

Table B.16 Structure of an AOTSIC molecule. The NA bead is modelled as fully dissociated.

Bead index

Corresponding bead
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Table B.17 Intramolecular interaction parameters for AOTSIC

Bonds
Bond (i—j) bo,;; (nm) kpona,ij (kJ molt nm?)
1-2 0.323 20,000
2-3 0.379 20,000
3-4 0.246 20,000
4-5 0.384 20,000
5-6 0.384 20,000
6—-7 0.384 20,000
7-8 0.246 20,000
8-9 0.379 20,000
9-10 0.323 20,000
2-11 0.323 20,000
2-14 0.323 20,000
5-12 0.383 20,000
9-13 0.323 20,000
9-15 0.323 20,000
Angles
Angle (i —j —k) Bo,ijx (deg) kangie,iji (kK3 mol?
rad?)
1-2-3 100 65
2—-3-4 100 65
3—-4-5 60 45
4-5-6 70 45
5-6-7 70 45
6-7-8 60 45
7—-8-9 100 65
8-9-10 100 65
1-2-11 90 45
1-2-14 90 45
12-4-5 60 45
10-9-13 90 45
10-9-15 90 45
Dihedrals
Dihedral (li)_j —k— bo,ijki (deg) Kainearatijii (K3 mol) n (-)
3—-4-5-12 0 1.96 4
3—-4-5-6 0 1.96 4
7—6-5-12 0 1.96 4
8-7—-6-5 0 1.96 4

Table B.18 Structure of a CO2 molecule

Bead index Corresponding bead
1 CO
2 CO

Table B.19 Intramolecular interaction parameters for a CO, molecule

Bond (i — )

by,ij (nm)

kpona,ij (kI mol't nm?)

1-2

0.286

20,000
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Appendix C Example Gromacs input files

C.1 NVT simulations
'VARIOUS PREPROCESSING OPTIONS =

include =

define = -DPOSRES

;RUN CONTROL PARAMETERS =
integrator =md

; start time and timestep in ps =

tinit =0
dt =0.01
nsteps = 4000000

; For exact run continuation or redoing part of a run
init_step =0

; hnumber of steps for center of mass motion removal =

nstcomm = 1000
comm_grps =
: OUTPUT CONTROL OPTIONS =

; Output frequency for coords (x), velocities (v) and forces (f) =

nstxout = 1000
nstvout = 1000
nstfout =1000

; Output frequency for energies to log file and energy file =
nstlog = 1000

nstenergy =1000

; Output frequency and precision for xtc file =

nstxtcout =1000

xtc-precision = 1000

; This selects the subset of atoms for the xtc file. You can =

; select multiple groups. By default all atoms will be written. =
Xtc-grps =

; Selection of energy groups =

Example Gromacs input files
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energygrps =CPES
energygrp_table =CPCPCPESESES

; NEIGHBORSEARCHING PARAMETERS =
;cutoff-scheme =

cutoff-scheme = group

; nblist update frequency =

nstlist =5

; ns algorithm (simple or grid) =

ns-type = grid
pbc = Xyz
: nblist cut-off =

rlist =20

; OPTIONS FOR ELECTROSTATICS AND VDW =

; Method for doing electrostatics =

coulombtype = cut-off
rcoulomb-switch =0
rcoulomb =20

; Dielectric constant (DC) for cut-off or DC of reaction field =
epsilon-r =1

; Method for doing Van der Waals =

vdwtype = user

; cut-off lengths =

rvdw-switch =0

rvdw =20

Example Gromacs input files

; Apply long range dispersion corrections for Energy and Pressure =

DispCorr =no
; Spacing for the PME/PPPM FFT grid =

fourierspacing =0.12

; FFT grid size, when a value is O fourierspacing will be used =

fourier_nx =0
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Example Gromacs input files

fourier_ny =0
fourier_nz =0

; EWALD/PME/PPPM parameters =

pme_order =4
ewald_rtol = le-05
optimize_fft =yes

; OPTIONS FOR WEAK COUPLING ALGORITHMS =
; Temperature coupling =

tcoupl = nose-hoover

; Groups to couple separately =

tc-grps =CPES

; Time constant (ps) and reference temperature (K) =
tau-t =1.01.0

ref-t =298.15 298.15

; Pressure coupling =

pcoupl =no

pcoupltype = semiisotropic

; Time constant (ps), compressibility (1/bar) and reference P (bar) =

tau-p =10.0
compressibility = 04.50E-5
ref-p =1.01325 1.01325

; GENERATE VELOCITIES FOR STARTUP RUN =

gen-vel =no
gen-temp =298.15
gen-seed =173539

C.2 Isotropic NPT simulations
'VARIOUS PREPROCESSING OPTIONS =

:From surface excess to surface tension

;old fashion entry cpp =/lib/cpp
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include =

define = -DPOSRES

;RUN CONTROL PARAMETERS =
integrator =md

; start time and timestep in ps =

tinit =0
dt =0.01
nsteps = 5000000

; For exact run continuation or redoing part of a run
init_step =0

; number of steps for center of mass motion removal =
nstcomm =1000

comm_grps =

; OUTPUT CONTROL OPTIONS =

; Output frequency for coords (x), velocities (v) and forces (f) =

nstxout = 1000
nstvout = 1000
nstfout =1000

; Output frequency for energies to log file and energy file =
nstlog = 1000

nstenergy =1000

; Output frequency and precision for xtc file =

nstxtcout = 1000

xtc-precision = 1000

: This selects the subset of atoms for the xtc file. You can =

; select multiple groups. By default all atoms will be written. =
xtc-grps =

; Selection of energy groups =

energygrps =CP CBES SONAW CH

Example Gromacs input files
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Example Gromacs input files

energygrp_table =CPCPCPCBCPESCPSOCPNACPWCPCHCBCBCBES
CBSOCBNACBWCBCHESESES SOESNAESWES CH SO SO SO NA SO W SO
CH NANANAWNACHWWW CH CH CH

; NEIGHBORSEARCHING PARAMETERS =
:cutoff-scheme =

cutoff-scheme = group

; nblist update frequency =

nstlist =5

; ns algorithm (simple or grid) =

ns-type = grid
pbc = Xyz
; nblist cut-off =

rlist =20

; OPTIONS FOR ELECTROSTATICS AND VDW =

; Method for doing electrostatics =

coulombtype = PME
rcoulomb-switch =0
rcoulomb =20

; Dielectric constant (DC) for cut-off or DC of reaction field =
epsilon-r =34.77
; Method for doing Van der Waals =

vdwtype = user

; cut-off lengths
rvdw-switch =0

rvdw =20

; Apply long range dispersion corrections for Energy and Pressure =
DispCorr =no

; Spacing for the PME/PPPM FFT grid =

fourierspacing =0.29

; FFT grid size, when a value is 0 fourierspacing will be used =

fourier_nx =0
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fourier_ny =0
fourier_nz =0

; EWALD/PME/PPPM parameters =

pme_order =4
ewald_rtol = le-05
optimize_fft =yes

; OPTIONS FOR WEAK COUPLING ALGORITHMS =
; Temperature coupling =

tcoupl = nose-hoover

; Groups to couple separately =

tc-grps =CPCBESSONAWCH

; Time constant (ps) and reference temperature (K) =

tau-t =1010101.01.01.01.0

Example Gromacs input files

ref-t = 298.15 298.15 298.15 298.15 298.15 298.15 298.15

; Pressure coupling =
pcoupl = Parrinello-Rahman

pcoupltype = isotropic

; Time constant (ps), compressibility (1/bar) and reference P (bar) =

tau-p =10.0
compressibility = 4.50E-5
ref-p =1.01325

; GENERATE VELOCITIES FOR STARTUP RUN =

gen-vel =no
gen-temp =298.15
gen-seed =173539

C.3 Semi-isotropic NPT simulations
'VARIOUS PREPROCESSING OPTIONS =

:From surface excess to surface tension

;old fashion entry cpp =/lib/cpp
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include =

define = -DPOSRES

;RUN CONTROL PARAMETERS =
integrator =md

; start time and timestep in ps =

tinit =0
dt =0.01
nsteps = 20000000

; For exact run continuation or redoing part of a run
init_step =0

; number of steps for center of mass motion removal =
nstcomm =1000

comm_grps =

; OUTPUT CONTROL OPTIONS =

; Output frequency for coords (x), velocities (v) and forces (f) =

nstxout = 1000
nstvout = 1000
nstfout =1000

; Output frequency for energies to log file and energy file =
nstlog =1000

nstenergy =1000

; Output frequency and precision for xtc file =

nstxtcout = 1000

xtc-precision = 1000

: This selects the subset of atoms for the xtc file. You can =

; select multiple groups. By default all atoms will be written. =
xtc-grps =

; Selection of energy groups =

energygrps =CP CB ES SONAW

Example Gromacs input files

energygrp_table =CPCPCPCBCPESCPSOCPNACPWCBCBCBESCBSO
CBNACBWESESESSOESNAESW SO SO SO NASOW NANANAWWW
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Example Gromacs input files

; NEIGHBORSEARCHING PARAMETERS =
:cutoff-scheme =

cutoff-scheme = group

; nblist update frequency =

nstlist =5

; ns algorithm (simple or grid) =

ns-type = grid
pbc = Xyz
; nblist cut-off =

rlist =20

; OPTIONS FOR ELECTROSTATICS AND VDW =

; Method for doing electrostatics =

coulombtype = PME
rcoulomb-switch =0
rcoulomb =20

; Dielectric constant (DC) for cut-off or DC of reaction field =
epsilon-r =78.68

; Method for doing Van der Waals =

vdwtype = user

; cut-off lengths =

rvdw-switch =0

rvdw =20

; Apply long range dispersion corrections for Energy and Pressure =
DispCorr =no

; Spacing for the PME/PPPM FFT grid =

fourierspacing =0.29

; FFT grid size, when a value is O fourierspacing will be used =

fourier_nx =0
fourier_ny =0
fourier_nz =0
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Example Gromacs input files

; EWALD/PME/PPPM parameters =

pme_order =4
ewald_rtol =1le-05
optimize_fft =yes

; OPTIONS FOR WEAK COUPLING ALGORITHMS =
; Temperature coupling =

tcoupl = nose-hoover

; Groups to couple separately =

tc-grps =CP CB ES SO NAW

; Time constant (ps) and reference temperature (K) =
tau-t =1010101.0101.0

ref-t =298.15 298.15 298.15 298.15 298.15 298.15
; Pressure coupling =

pcoupl = Parrinello-Rahman

pcoupltype = semiisotropic

; Time constant (ps), compressibility (1/bar) and reference P (bar) =

tau-p =10.0
compressibility = 4.50E-5 4.50E-5
ref-p =1.01325 1.01325

; GENERATE VELOCITIES FOR STARTUP RUN =

gen-vel =no
gen-temp =298.15
gen-seed =173539

C.4 NPz;AT simulations
‘VARIOUS PREPROCESSING OPTIONS =

include =

define = -DPOSRES

;RUN CONTROL PARAMETERS =
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integrator =md

; start time and timestep in ps =

tinit =0
dt =0.005
nsteps = 4000000

; For exact run continuation or redoing part of a run
init_step =0

; number of steps for center of mass motion removal =

nstcomm = 1000
comm_grps =
: OUTPUT CONTROL OPTIONS =

; Output frequency for coords (x), velocities (v) and forces (f) =

nstxout = 1000
nstvout = 1000
nstfout =1000

; Output frequency for energies to log file and energy file =
nstlog =1000

nstenergy =1000

; Output frequency and precision for xtc file =

nstxtcout = 1000

xtc-precision = 1000

: This selects the subset of atoms for the xtc file. You can =
; select multiple groups. By default all atoms will be written. =
xtc-grps =

; Selection of energy groups =

energygrps =WCO

energygrp_table =WW W CO CO CO

: NEIGHBORSEARCHING PARAMETERS =
:cutoff-scheme =

cutoff-scheme = group

Example Gromacs input files
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; nblist update frequency =
nstlist =5

; ns algorithm (simple or grid) =

ns-type = grid
pbc = Xyz
: nblist cut-off =

rlist =20

; OPTIONS FOR ELECTROSTATICS AND VDW =

; Method for doing electrostatics =

coulombtype = cut-off
rcoulomb-switch =0
rcoulomb =20

; Dielectric constant (DC) for cut-off or DC of reaction field =
epsilon-r =1

; Method for doing Van der Waals =

vdwtype = user

; cut-off lengths =

rvdw-switch =0

rvdw =20

Example Gromacs input files

; Apply long range dispersion corrections for Energy and Pressure =

DispCorr =no
; Spacing for the PME/PPPM FFT grid =

fourierspacing =0.12

; FFT grid size, when a value is O fourierspacing will be used =

fourier_nx =0
fourier_ny =0
fourier_nz =0

; EWALD/PME/PPPM parameters =

pme_order =4
ewald_rtol = le-05
optimize_fft =yes
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Example Gromacs input files

; OPTIONS FOR WEAK COUPLING ALGORITHMS =
; Temperature coupling =

tcoupl = nose-hoover

; Groups to couple separately =

tc-grps =W CO

; Time constant (ps) and reference temperature (K) =
tau-t =1.01.0

ref-t =383.15 383.15

; Pressure coupling =

pcoupl = Parrinello-Rahman

pcoupltype = semiisotropic

; Time constant (ps), compressibility (1/bar) and reference P (bar) =

tau-p =10.0
compressibility =0 4.50E-5
ref-p =200 200

; GENERATE VELOCITIES FOR STARTUP RUN =

gen-vel =no
gen-temp = 248.15
gen-seed =173539
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Example MDTraj script

Appendix D Example MDTraj script

This code is written in Python and requires two input files: the trajectory to compute the
ordering in, and the structure file of the specific group to consider. The indices of the atoms in
the group of interest, termed the ‘chain indices’ must also be specified. For example, if 400
surfactant molecules, each with a chain consisting of 2 atoms are considered, then the chain
indices must be specified from 1 to 800 (the total number of atoms). This code returns the
nematic order parameter (termed S2 in this code) in each trajectory frame. To obtain each
data point, the Python package pandas is used, and the resultant data is transferred to an
Excel file. This code can be run in a Jupyter notebook, with the Anaconda Scientific Python
package.

>>>import mdtraj as md
>>>from mdtraj.testing import get_fn
>>>t = md.load('trajectory.xtc', top="structure.pdb’)

>>>chain_indices = [[n+x for x in range(‘number of atoms in a chain’)] for n in range(0, ‘total
number of atoms’, ‘number of atoms in a chain’)]

>>>S2 = md.compute_nematic_order(t, indices=chain_indices)

>>>import matplotlib.pyplot as plt

>>>plt.plot(S2)

>>>import pandas as pd

>>>pd.set_option("display.max_rows", None, "display.max_columns", None)
>>>dataframe = pd.DataFrame(S2)

>>>print(dataframe)
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SO electron density distributions for the AOT — water system at 298.15 K and 1 bar

Appendix E SO electron density distributions for the AOT — water system at
298.15 K and 1 bar
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Figure E.1 Average electron density distribution of the SO bead across the z dimension of the
simulation box at 32.22 wt % AOT
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Figure E.2 Average electron density distribution of the SO bead across the z dimension of the
simulation box at 35.36 wt % AOT
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SO electron density distributions for the AOT — water system at 298.15 K and 1 bar
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Figure E.3 Average electron density distribution of the SO bead across the z dimension of the
simulation box at 44.53 wt % AOT
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Figure E.4 Average electron density distribution of the SO bead across the z dimension of the
simulation box at 53.19 wt % AOT
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RM size distributions for the AOT — water — cyclohexane system at 298.15 K and 1 bar

Appendix F RM size distributions for the AOT — water — cyclohexane
system at 298.15 K and 1 bar
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Figure F.2 The average cluster size distribution for system m
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RM size distributions for the AOT — water — cyclohexane system at 298.15 K and 1 bar
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Figure F.3 The average cluster size distribution for system n
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Figure F.4 The average cluster size distribution for system o
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Balena and Janus technical information

Appendix G Balena and Janus technical information

High Performance Computing (HPC) refers to the practice of aggregating computing power in
a way that delivers much higher performance than one could get out of a typical desktop
computer or workstation in order to solve large-scale problems in science, engineering or
business.

The University of Bath has a High-Performance Computing facility, called Balena with 3,480
general purpose Intel ‘lvybridge’ and ‘Skylake’ compute cores, with 16 and 24 cores per node,
respectively. There is over 23 TiB of distributed memory, with 4 or 8 GiB/core, and 2 nodes
have 512 GiB each for large memory-intensive jobs. In addition there are a range of Nvidia
P100 and K20x GPGPUs and Intel Xeon Phis (5110P) co-processors. The system has 0.7
PBs of BeeGFS high-performance parallel file system. The entire system is connected by low-
latency Intel TrueScale Infiniband at 40 GB/sec. The service offers a dedicated development
zone and high-end visualisation suite designed for interacting with workloads and models. It
is classed as a Research Facility charged under the Directly Incurred model.

The University has recently obtained a cloud HPC environment, Janus, which is hosted on the
highly scalable Microsoft Azure program. Compute capacity ranges from the Fsv2 series
offering from 2 to 72 cpus per node, to the HBv3 series which can offer from 12 to 120 AMD
cpus per node. The cloud environment is still under development, before it can be made
available to fully replace the Balena environment.
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