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Abstract

This thesis presents a study of anionic surfactant solutions via experimental and

simulation methods. The surfactants studied in this work are some of the most

common ionic surfactants used in consumer products. Therefore understanding

and predicting their behaviour, as a function of concentration, is crucial to the

manufacturing of these products. Surfactant solutions can take the form of differ-

ent ‘mesophases’ depending on the concentration, which all show widely different

properties as a result of molecular self-assembly in solution. The simulation meth-

ods used in this work contribute to understanding the behaviour of fluids on the

macro-scale, by simulating the individual molecules in solution.

Experimental analysis in this work makes use of techniques such as polarised

optical microscopy (POM), rheological measurements, Raman spectroscopy and

dynamic light scattering (DLS). These experiments were performed not only to

establish the phase behaviour of the surfactant solutions, but also to uncover as-

pects of the structure at different concentrations. These results are then compared

with simulations which are performed for similar systems. For example, Raman

spectroscopy is used to show that the conformation of molecules is influenced by

structural changes within the fluid, which is later found to be reproducible using

simulation.

The simulation technique of dissipative particle dynamics (DPD) is used in

this work for studying the equilibrium phase behaviour of solutions at room tem-

perature. Following an establishment of the equilibrium behaviour, a study is

performed investigating the effect of the application of shear to these solutions.
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From these simulations we can also calculate a viscosity vs. shear rate profile for

comparison with experimental results. A small selection of equilibrium molecu-

lar dynamics (MD) simulations are performed, in order to demonstrate that the

simplifications made in performing DPD simulations vs. MD simulations have

minimal impact on the final results.
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Chapter 1

Introduction

Surfactants are present in many everyday products, such as detergents, shampoos,

paints and foods. When the concentration of surfactant molecules in solution is

above a critical concentration, the molecules can self-assemble into mesophases.

This self-assembly behaviour is driven by the amphiphilic nature of the surfactant

molecules. The structure of these mesophases varies, depending on conditions

such as the temperature and concentration. Typically mesophases include: mi-

cellar, hexagonal, bi-continuous cubic, and lamellar solutions. The structure of

these phases will be discussed in greater detail in Chapter 2 of this thesis. Dif-

ferent mesophases have di�erent properties due to their di�erent structures, in

particular they tend to have extremely di�erent rheological properties, which will

be a topic of interest in this work. Understanding the rheological properties of

a surfactant solution for a given set of conditions (e.g. for a given concentration

and temperature) is key to the manufacturing process of surfactant containing

products. The equilibrium phases of surfactant solutions have been studied across

literature, for a variety of di�erent surfactant types, using a variety of experimental

and numerical methods. This work will make use of di�erent simulation and ex-

perimental techniques, in order to investigate the phase behaviour and rheological

properties of surfactant solutions.

The particular surfactants of interest in this work are alkyl ethoxysulphates

(AES), which are common anionic surfactants. The AES in this work is supplied
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by Proctor and Gamble, and is a common component in a number of their prod-

ucts, including laundry detergent, household cleaning products and personal care

products. These surfactants molecules have chemical structure

CH3(CH2)x (OCH2CH2)nOSO3Na wherex and n take integer values. Typically, in

the AES used in commercial products, there is a distribution ofx and n. However,

in published research, focus is normally on monodisperse systems (�xedx and n).

In particular, the surfactant molecule described byx = 11 and n = 0 has the

name sodium dodecyl sulphate (or sodium lauryl sulphate), and its behaviour at

low concentration is a relatively well researched topic, using both experimental

and simulation techniques. However, molecules of increasingn are less frequently

modelled, as are systems of higher concentration.

The modelling of surfactant systems is usually undertaken with the use of a

microscale or mesoscale technique. In these methods the individual surfactant

molecules are modelled, in order to understand how the structure on the atomistic

scale e�ects the 
uid on the macroscopic scale. Simulation in this manner can aid

in the understanding some of the phenomena observed in experiments. The most

commonly used simulation method, on this scale, for general systems is that of

molecular dynamics (MD). MD has historically been used to model the atomistic

behaviour of a wide variety of di�erent systems, including surfactant systems.

However, for surfactant systems, the time scales required for the self-assembly

process of the molecules starts to become unobtainable. This method is time

consuming, and it is di�cult to reach both the large length scales and time scales

due to the computational e�ort involved. This led to the development of dissipative

particle dynamics (DPD). DPD is a mesoscale simulation technique, which uses soft

interaction potentials between large, coarse grained molecules to reproduce liquid

behaviour. DPD has the bene�t of being able to reach time and length scales

that were previously unobtainable by traditional MD methods. DPD has been

applied to studying the phase behaviour of a variety of systems, as well as being

used to study the rheological properties of simple and complex 
uids. However,
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the application of DPD to ionic surfactant systems is only a recent development.

The traditional way of modelling the electrostatic force in MD cannot be directly

applied to DPD systems, and so the best method of calculating the Coulombic

force for ionic molecules is still an open area of research.

The aim of this work is to study the equilibrium and rheological behaviour

of AES-like molecules, using DPD. This work focuses on behaviour speci�cally at

room temperature, with the e�ect of varying concentration and number of ethoxy

groupsn, being the main variables of investigation. An understanding of the e�ect

that both concentration and n has, is valuable for the manufacture of surfactant

containing products. The ability to predict the e�ect varying n has on various

solution properties, enables for easier development and �ne-tuning of commercial

products.

The �rst stage of this work is to con�rm that DPD can accurately reproduce

the correct phase behaviour for these systems, since there is relatively little work

published using DPD for these types of surfactants. Experimentally, we �rst estab-

lish the phase diagram of a commercial AES product, as a function of it's varying

concentration. DPD can then be used to simulate the same AES product, which

contains a polydisperse distribution of molecules with a varying number of ethoxy

groupsn. The DPD results are compared with experimental data to con�rm the

validity of the DPD method for studying the phase diagram. Following this, we

investigate the e�ect of varying n for monodisperse solutions. In particular the

location of the phase boundaries, and the types of mesophases that are produced

for a given value ofn, are of interest in this study.

Following the establishment of a phase diagram, as a function of concentra-

tion and n, the individual mesophase structures can be analysed in greater detail.

The structure of surfactant solutions can be di�cult to study experimentally, and

there is often discrepancy between di�erent experimental techniques. This makes

computational study an attractive alternative to studying surfactant solutions. In

particular, in this work, we �nd that the micellar, hexagonal and lamellar phases
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dominate the phase diagram, and therefore their structures are investigated in

detail using DPD. For the micellar solutions the micelle shape and size are of par-

ticular interest. Micellar shape and size changes are typically di�cult to quantify

experimentally, however these changes can e�ect bulk behaviour, such as the vis-

cosity. For the liquid crystal phases, the structure can be primarily quanti�ed by

their periodicity, which has also been shown to in
uence overall bulk properties

and behaviour. Therefore, the e�ect that variation ofn and concentration has on

the periodicity of the liquid crystal phases is studied in this work.

Next we turn to studying the e�ect that concentration and degree of ethoxy-

lation has on the individual molecular shape, as opposed to the self-assembled

structures discussed thus far. An interesting question is to whether a coarse-

grained simulation method, such as DPD, can capture conformational changes

which result from mesophase transitions. Typically this has not been investigated

in existing literature, because it is assumed that any conformational behaviour

would be lost as a result of coarse-graining. We begin by experimentally studying

the conformational changes that AES molecules undergo, as a result of variation of

concentration (and therefore phase transitions), by means of Raman spectroscopy.

We then compare this with the results obtained via DPD, to try and understand

if any information can be gained from studying such quantities via coarse-grained

simulation. Conformational changes can play a role in understanding overall bulk

behaviour. However, typically molecules which are large and complex, such as

surfactants, are once again di�cult to study experimentally.

Next we turn our attention to the rheology of surfactant solutions. Surfac-

tant solutions typically possess a complex rhological pro�le, depending on which

mesophase they are residing in. The viscosityvs. shear rate behaviour of AES

is measured experimentally. While this plays a part in establishing the phase

diagram, it also enables us to investigate whether DPD can be used to recreate

the correct viscosity-shear rate pro�les. Simulations are performed using DPD, in

which shear is applied to the surfactant solution structures, at varying shear rates.
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From this we can not only calculate viscosity, but also study the e�ect that shear

has on the mesophase structures.

A �nal aspect of this work turns to MD simulations. As already discussed,

MD is more time consuming than DPD, and the time scales required for the

self-assembly of molecules starts to become unreachable. However, one of the

drawbacks of DPD simulations, is that it is often unknown the extent to which

the coarse-graining has on the �nal results. Therefore we perform additional MD

simulations which aim con�rm whether the parameters calculated in this work are

a�ected by the coarse-graining performed. Here we focus on the micellar phase

only due to the computational cost involved for these simulations. Therefore, in

particular, we focus on the e�ect coarse-graining has on the shape of the micelles,

as well as the individual molecules.

In summary, the aims of this project can be reduced to the following key

questions:

ˆ What e�ect does the degree of ethoxylationn have on the phase diagram?

This includes which mesophases, in particular, are produced through self-

assembly, and at what concentrations do transitions to di�erent mesophases

occur?

ˆ How does the value ofn and the concentration a�ect the mesophase struc-

ture? Of particular interest are aspects of the structure that are typically

di�cult to measure experimentally.

ˆ Does transition between mesophases have an e�ect on the conformation of

AES molecules? If so, can DPD capture this despite the coarse-graining

procedure?

ˆ Can the rheology of di�erent mesophases be captured using DPD, including

the viscosity vs. shear rate pro�le? Can we use DPD shearing simulations

to understand what is happening to a complex 
uid when subject to a shear

force?
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ˆ Is there any evidence that the coarse-graining performed for DPD simulations

in
uences the results calculated? Therefore, would di�erent results would be

obtained via molecular dynamics simulations?

This thesis is structured as follows. Chapter 2 begins with a detailed discussion

on the di�erent mesophases that can form for surfactant solutions with varying

concentration and temperature. Chapter 3 then presents an overview of the dif-

ferent simulation methods that can be used to model surfactant solutions, before

going into detail about the simulation methods used in this work.

Chapters 4 and 5 provide experimentally obtained information about AES so-

lutions, in order for a comparison with the simulated results in later chapters. In

Chapter 4, the phase diagram for AES is established, as well as the rheological

behaviour of the di�erent mesophases. Chapter 5 provides information about how

the molecular shape is e�ected by the phase changes, by means of Raman Spec-

troscopy measurements. These measurements also help to con�rm the boundries

between the di�erent mesophases, as a function of their concentration.

Chapters 6 and 7 then present detailed investigations using the DPD simula-

tion method. Chapter 8 presents a small selection of MD results, studying the

the surfactant solutions in the low concentration region. This allows for a direct

comparison of similar parameters, calculated from the two di�erent simulation

methods, for the same system.

The DPD simulations are all performed using the DLMESO [26] simulation

package, while the MD simulations are performed using LAMMPS [27]. The sim-

ulations are performed using two di�erent HPC services. The �rst is the Tier 3

University of Leeds service `ARC' (Advanced Research Computing). While addi-

tional support for simulations was provided by the Tier 2 service `CSD3' (Cam-

bridge Service for Data-Driven Discovery). The CSD3 service provided just over

3 million CPU hours in order to produce the results presented in this thesis.
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Chapter 2

Surfactants

Surfactants are typically molecules that are amphiphilic, meaning that they con-

tain both hydrophobic ( t̀ail ') and hydrophilic (`head') parts [28]. Usually the tail

of an amphiphile is composed of one or two hydrocarbon chains [29], and an il-

lustration of this structure is shown in Fig. 2.1. The head is either an ionic or

nonionic group, and surfactants are often classi�ed according to their head group:

nonionic, anionic, cationic or amphoteric.

Surfactants are also typically de�ned as materials that, at low concentrations,

lower the surface tension (or interfacial tension) between either two liquids, a gas

and a liquid, or between a liquid and a solid. This is, in fact, where the word

`surfactant' originates from; as a contraction of the phrase `surface active agent'.

When surfactant is added to a solvent, such as water, it has the e�ect of decreasing

the surface tension up to a critical value of the concentration, a value which is

given the name of the `critical micelle concentration' (CMC). Above the CMC, the

surface tension will no longer decrease and remains constant, however, surfactant

molecules begin to self-assemble into micelles [30]. A micelle is an aggregate of

Hydrophobic tail

Hydrophilic head

Figure 2.1: Simple illustration of the amphiphilic nature of surfactant molecules.
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Increasing concentrationc

Figure 2.2: The e�ect of increasing concentration in a surfactant solution. Micelles
do not form until the solution is above a critical concentration (CMC) such that
the interface is saturated with molecules.

(a) Spherical
(b) Worm-like

Figure 2.3: Illustration of micelle shapes.

the surfactant dispersed in solution. This process is illustrated in Fig. 2.2. The

value of the CMC is di�erent for each surfactant, as is the number of monomers

which make up the micelle. This aggregation is a result of the amphiphilic nature

of the molecules, and the tendency for a system to organise itself in a way that

will minimise its free energy [31]. The initial types of micelles that form are

approximately spherical in shape, with the hydrocarbon tails directed towards the

centre. At higher concentrations these spherical aggregates can often grow to long,

rod-like micelles, particularly for nonionic surfactants. Spherical and rod-like (or

`worm-like') micelles are illustrated in Fig. 2.3.

Higher values of surfactant concentration will result in the self-assembly of sur-

factant molecules into crystal-like structures, often referred to as being di�erent

`mesophases' of the solution. A material that forms liquid crystal phases upon the

addition of a solvent is given the name `lyotropic'. The lyotropic phases can be

categorised into three main types: lamellar, hexagonal and cubic. The structure

of these phases is shown in Fig. 2.4. In the lamellar structure, the surfactant
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(a) Lamellar

(b) Bicontinuous Cubic

(c) Hexagonal

Figure 2.4: Illustration of di�erent lyotropic liquid crystal phases.

molecules are arranged in bilayers separated by water layers. The layers extend

over large distances, of the order of microns or more [32]. The hexagonal phase con-

sists of long cylindrical rods of molecules arranged on a hexagonal lattice. There

are two di�erent kinds of cubic phase. One phase (that typically forms between

the lamellar and hexagonal phase) is called the bicontinuous phase, and this is

one of the most complicated phases. It consists of rod-like surfactant structures

forming extended networks [33]. The other (which forms between the hexagonal

phase and micellar solutions) is called the micellar cubic phase. In this phase the

molecules arrange themselves into micelles, which then organise to form a cubic

lattice [34]. The particular mesophase formed by the surfactant solution is also

dependant on its temperature, as well as its concentration. In particular there is a

critical temperature required for the formation of the discussed structures, called
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Figure 2.5: Image taken from Dierking and Al-Zangana (2018) [1], illustrating a
typical equilibrium phase diagram.

the Kraft temperature. Below the Kra�t temperature the surfactant molecules

remain in crystalline form, even in an aqueous solution. In general, the mesophase

formed by single-chain ionic surfactants tends to be most dependant on variation

of the concentration, while for many non-ionic surfactants temperature is a more

important variable [35]. A phase diagram provides information on what particular

phase a solution will be in under a given set of equilibrium conditions. A typi-

cal example of a phase diagram for surfactant systems is presented in Fig. 2.5.

Note that the Kraft temperature increases as the concentration of the surfactant

molecules increases in solution [34].

This chapter will continue by �rst discussing the formation and structure of

the expected phases in more detail, initially covering the micellar phase in Section

2.1, before moving onto the lyotropic crystalline phases in Section 2.2. Following

this, the AES systems that are to be studied in this work are described, and what

phase behaviour is expected from similar systems in Section 2.3.
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2.1 Micelles

Micelles begin to form when the surfactant concentration is above the CMC. These

spherical aggregates are dynamic and are continuously formed and broken down

in solution. The micelles dissociate into monomers and reaggregate into micelles

continuously [36]. This is an important consideration when experimentally study-

ing the micelles, as the method for measuring the micelle must take place over

a time period that captures the micelle before reorganisation occurs. There can

be considered to be two relaxation processes (and associated time scales) for mi-

celles. The �rst � 1 being the relatively fast exchange of monomers between the

micelles and bulk solution, and the second being the slower relaxation time� 2

related to the complete micelle dissociation. The relaxation process� 1 occurs on

the time scale of microseconds, while� 2 on milliseconds [36]. In fact it is shown

by Oh and Shah [36] that for molecules formed by sodium dodecyl sulphate (an-

ionic surfactant with chemical formula CH3(CH2)11SO4Na), the relaxation time � 2

can vary strongly depending on the solution concentration (ranging from 0:005s {

10s), implying an optimum concentration at which the micelles are most stable.

The spontaneous self-assembly of molecules into micelles is driven by the aim of a

minimal free energy. The free energy of the system decreases when the hydrocar-

bon/water contact area is minimised, leading to the enclosure of the hydrocarbon

chain inside the micelle [37].

A typical parameter for characterising micellar solutions is the aggregation

number of the system. The aggregation number of a micelle is de�ned as the

number of surfactant molecules per micelle. The aggregation number of a system

is not a single value but usually takes the form of a distribution, from which a

mean aggregation numberNagg can be calculated. A typical size distribution for

micellar solutions is shown in Fig. 2.6.

Micelles formed from ionic surfactants are more complicated due to the fact

that the micelles will have a net charge. This causes the ions to gather at the

surface of the micelle due to electrostatic attraction. This behaviour was �rst
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Figure 2.6: Typical micelle size distribution, whereCn is the number of aggregates
of sizen. The initial decay is the monomer distribution i.e. the monomers that
do not belong to micelles. The Gaussian peak at highern is a representation of
monomers belonging to micelles, with the distribution of micelles having mean
aggregation numberNagg.

described by the the electrical double layer (EDL) model, originally developed

by Helmholtz [38] and since expanded on by numerous others [39{41] to create

Gouy{Chapman{Stern theory. A representation of the structure of an ionic micelle

and the EDL model, as described by Gouy{Chapman{Stern theory, is presented

in Fig. 2.7. At the centre of the micelle there is a hydrophobic core, made of

the hydrocarbon chains, surrounded by the charged head group of the molecule.

The double layer model then consists of the Stern layer, which is a layer of ions

strongly-bound to the charged micelle surface. Following this is an outer layer of

loosely associated mobile ions (di�use layer). The Stern layer is a concentric shell

with (1 � � )N counterions, where� is the degree of ionisation (also referred to

as the apparent degree of counterion dissociation [42]) andN is the aggregation

number. The electrical double layer, due to the formation of the counterion layers,

results in electrostatic screening of the charged micelle [2,31]. The zeta potential is

a measure of the strength of the electrostatic potential at the `slip plane' between

particle and solution. The slip plane can be understood as the point at which the
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Figure 2.7: Representation of the electrical double layer of ionic micelles. Figure
adapted from Lombardo [2].

cluster of charges at the surface of the micelle ends, and transition into solution

begins. A commonly used length scale is the Debye length� D . This is the distance

from the particle at which the electrostatic potential falls by 1=e, and can be

considered as a measure of a micelle's net electrostatic e�ect in solution, and how

far its electrostatic impact persists. Of course solutions containing a large and/or

high number of micelles will lead to an overlap of these EDLs, leading to further

complication [43]. Despite the electrostatic screening (sometimes also called the

`Debye screening') of the charged micelles, the electrostatic force persists over a

relatively large distance, such that there can be strong intermicellar interactions

due to the charges.

At high concentrations in the micellar region, `micellar cubic' phases can some-

times form. This occurs when a large number of micelles have formed, and the

aggregates organise themselves onto a cubic lattice [2,44,45], in order to maximise

their spacing. This organisation is shown in Fig. 2.8. There have been a variety of

di�erent cubic structures observed for the micellar cubic phase, including Pm3n,

IM3m and Fm3m space groups [44,46,47]. Micellar cubic phases are isotropic [45],
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Figure 2.8: Structure of micellar cubic mesophases. Spherical micelles organise
themselves onto a cubic lattice.

and therefore like other micellar phases are unable to be identi�ed using polar-

ising microscopy, a technique that will be discussed and applied in Chapter 4,

but are distinguishable from standard micellar solutions by their relatively high

viscosity [44,45].

2.2 Liquid Crystals

At increasing concentrations, spherical micelles can transform in to rod-like mi-

celles. When the concentration is further increased, this can cause rod-like micelles

to orientate and pack themselves into a hexagonal structure, called the hexagonal

mesophase. Further increase in concentration often results in the transition to the

neat layered structure of the lamellar phase. For some surfactants, there can be a

cubic phase occurring between the hexagonal and lamellar phases, although this

is often only within a narrow concentration range or is absent. This section will

provide more detail about these lyotropic liquid crystals and their structure.

2.2.1 Lamellar Phase

In the lamellar phase, surfactant molecules are aligned in a bilayer structure which

extends over large distances. These layers can slide over each other if an external

force, such as shear, is applied, allowing the solution to 
ow like a liquid. While

the lamellar phase is viscous relative to the micellar phase, it is typically one of

the least viscous lyotropic liquid crystal structures. The structure of the lamellar

phase is anisotropic, and therefore visible when placed between crossed polarisers.
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Surfactant BilayerWater Layers Director

Figure 2.9: Meaning of the unit vector the `director', which describes the average
direction of the surfactant molecules, and thus provides a parameter with which
to describe the orientation of the lamellar phase.

This, therefore, is a common and useful method for detecting the existence of this

mesophase.

The lamellar phase can be characterised by the periodicity of the layers, re-

ferred to as thed-spacing. This value includes the thickness of the bilayer and its

associated water layer. Thisd-spacing value is frequently calculated from experi-

ments using small angle X-ray scattering (SAXS) [15, 48, 49]. Thed-spacing that

the lamellar layers form at for a given surfactant molecule depends on a variety

of factors, including the temperature [50, 51] and the concentration [49, 50, 52].

Furthermore, di�erent types of surfactants can follow di�erent concentrationvs.

d-spacing relationships. It is commonly found using SAXS that thed-spacing de-

creases with increasing surfactant concentration [49, 50,53, 54], however there are

rare occasions that the opposite behaviour has been found for di�erent surfactant

types [55].

The molecules in the lamellar phase are aligned approximately in the same

direction. In order to describe this orientation, a unit vector called the director

can be introduced, which is described in Fig. 2.9. The director can be de�ned

as the average direction of the long molecular axes of all molecules in the liquid

crystal. Therefore, an individual molecule may vary in its degree of alignment

with the director.
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Figure 2.10: Representation of the unit cell of the hexagonal lattice, formed by
hexagonal mesophase, in whichj~aj = j~bj and � = 120� . For the hexagonal phase
there are two d-spacings,d100 and d110, which can be measured by experimental
techniques in order to determine the inter-rod spacinga = j~aj = j~bj, using that
a = 2d100=

p
3 and a = 2d110 for a hexagonal lattice.

2.2.2 Hexagonal Phase

The hexagonal mesophase consists of inde�nitely long cylindrical micelles, which

become aligned to form a two-dimensional hexagonal lattice. The space in-between

the surfactant rods is �lled with water molecules. This phase is viscous in com-

parison to the lamellar phase, but not relative to cubic phase. Similarly to the

previously discussed lamellar phase, when the hexagonal phase is observed by po-

larised microscopy, textures can be seen due to the long-range orientational order,

aiding in its identi�cation.

The structure of this phase can be characterised by the spacing between the

rods, a, as illustrated in Fig. 2.10. The spacing between these rods has been

shown to be dependant on factors such as the concentration [24, 25, 49, 50] and

temperature [50,51].

2.2.3 Bicontinuous Cubic Phases

The structure of the bicontinuous cubic phase is more complex than that of the

lamellar and hexagonal phases, and therefore the least well understood of the

liquid crystalline structures. While the lamellar phase consists of a one-dimensional

stacking of bilayers, and the hexagonal phase is based on two-dimensional stacking

of micellar rods, the cubic phase shows periodicity in all three dimensions.
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Typically authors may divide the cubic phases into two di�erent groups: (1)

cubic structures that are continuous with respect to both the water and hydrocar-

bon components; and (2) those that are discontinuous in their hydrocarbon regions

but continuous in their water regions [56]. The micellar cubic phase, as discussed

in Section 2.1, would be an example of the type 2 cubic phases. The �rst type of

cubic phases are usually called `bicontinuous', since they are continuous in both

water and hydrocarbon regions. As the second type has already been discussed in

previous sections, the type 1, bicontinous phases are the focus of this section.

The bicontinuous cubic phase structure as shown in Fig. 2.4b is just one of

the accepted forms that the structure can take (also identi�able as space group

Im3m). However, the structure presented is theoretically the most likely form of

the cubic phase when it appears in between a lamellar and hexagonal phase, while

other types exist in other parts of the phase diagram [57]. In existing literature,

to be discussed in Section 2.3, it is found that for the surfactants of study in this

work, the region between the hexagonal and lamellar phases is the most likely

concentration range in which the cubic phase may be observed. Other potential

bicontinuous cubic structures that are of note include those that can be described

as two networks of rods, mutually intertwined and unconnected (space groups

Ia3d and Pn3m) [57, 58]. These were among the �rst of the cubic phases that

were identi�ed and the structure established [58]. There are numerous reviews

that discuss the other forms that the cubic region can take in much greater detail

[35,56{58], due to their structural complexity. Finally, it is worth mentioning that

experimentally determining the form of a cubic phase is di�cult and, whilst their

presence can be inferred from experimental results, the exact structure that they

take can be open to debate.

2.3 Alkyl ethoxysulphates (AES)

Alkyl ethoxysulphates (AES) are common anionic surfactants, and will be the pri-

mary surfactant used for experimental study in this thesis. Commercial AES is
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usually a mixture which consists of an alkyl chain of between 12 and 16 carbon units

joined to an ethylene oxide (EO) chain of between 1 to 8 EO units, terminated by a

sulphate group. Chemical structure is of the form CH3(CH2)x (OCH2CH2)nOSO3Na

[59]. The type of AES to be used in this work is provided by Proctor and Gamble,

and the distribution of x and n is illustrated in Table 2.1. This type of AES can

also be referred to as AE1S, as a result of the average degree of ethoxylation being

approximately 1 (actual value 1.03). The AES is provided in the form of a paste

made up of 70% surfactant and 30% water.

It is much more common for research across literature to focus on monodis-

perse, as opposed to polydisperse, solutions. As part of the analysis of the phase be-

haviour of AE1S, we will compare with the equilibrium phases formed by monodis-

perse solutions of molecules similar to AES (i.e. solutions in which x and n do

not take the form of a distribution). Therefore, we will now, in the remainder of

this section, review the published phase diagrams, as found by other researchers.

For example, sodium lauryl ether sulphate (SLES) (also sometimes called sodium

laureth sulphate) is the name given to the molecule in whichx = 11, but still with

variable ethoxylation n. Sometimesn is speci�ed in the name of the molecule, for

example laureth-2 sulphate. The molecule that is de�ned byx = 11 and n = 0 is

given the name sodium dodecyl sulphate (SDS) (or sometimes sodium lauryl sul-

phate). To our knowledge there is no existing published phase diagram for AE1S,

which is therefore investigated in Chapter 4. However there is work published by

Li et al. (2016) [15] studying the molecularly similar AE3S. As this is expected to

be similar to AE1S, we will also review their reported phase diagram to allow for

a comparison with the results reported in Chapter 4.

The simulation aspect of this research will have particular interest on the e�ect

of introducing ethylene oxide (EO) into the hydrophobic chain. For example,

it has been shown that for AES type molecules the Kra�t point changes (the

minimum temperature at which a surfactant can form micelles), as a function of

both hydrocarbon chain lengthn and number of OCH2CH2 groupsx [60]. In other
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research it has been found that, for SLES molecules, the addition of EO groups

leads to higher micellar aggregation numbers, perhaps due to dispersing the charges

in the head-group, thus weakening the electrostatic repulsion [61]. Zhanget al. [62]

analyse the e�ect of varying the EO groups on the rheology of di�erent ionic and

nonionic surfactants, �nding that they can greatly e�ect the rheological behaviour,

including the relationship between the viscosity and the shear rate.

Ethoxylation AES (%)
0 49.0
1 24.0
2 13.0
3 7.0
4 4.0
5 2.0
6 1.0
7 0.0

Chain length AES (%)
C12 67
C13 0
C14 26
C15 0
C16 6

Table 2.1: Information on the distribution of chain lengths in AES.

2.3.1 Equilibrium Phase Diagrams

2.3.1.1 AE3S

In the work of Li et al. (2016) [15], researchers investigate AE3S solutions at

room temperature, by using polarising optical microscopy and small angle X-ray

di�raction. They �nd that mesophases micellar, hexagonal, cubic and lamellar

form with increasing AE3S concentration. A summary of the phase boundaries

found are shown in Table 2.2. It is of note that the cubic range that appears

is relatively narrow, so it is uncertain whether an equivalent phase will form for

AE1S. It is also reported that there is a multiphase micellar-hexagonal region,

which is primarily identi�ed by polarising optical microscopy images. Typically

these regions where two phases are thought to co-exist are di�cult to identify, so

this will be a boundary of interest when studying the phase diagram of AE1S.
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Mesophase Concentration Range (wt. %) Viscosity Range (Pa� s)
Micellar 0 � 40 0 � 10
Micellar/Hexagonal 40� 45 10� 100
Hexagonal 45� 80 200� 1000
Cubic 80� 90 200� 1000
Lamellar 90� 100 10� 100

Table 2.2: A summary of the phase boundaries found by Liet al. (2016) [15] for
AE3S solutions at 25� C. Also listed is an estimate for the range the mesophase
viscosities fall within, for each of the di�erent mesophases. Note that the concen-
trations are given as a percentage of the 70% AES paste, not as a percentage of
surfactant that the solutions contain.

2.3.1.2 Sodium Dodecyl Sulphate (SDS)

SDS is an extremely commonly studied anionic surfactant, particularly in the rel-

atively low concentration range of the micellar phase. However, the high concen-

tration regions are less well studied. The extremely commonly referenced [63,64]

phase diagram, as found by K�ekiche�et al. [3] via di�erential calorimetric mea-

surements, for SDS solutions is shown in Fig. 2.11. At lower temperatures, this

phase diagram predicts that the mesophases can coexist with parts of hydrated

crystal within the solution (which are labelled asC2), which they refer to as a

coagel. Note that according to this phase diagram, at our planned temperature of

study (� 25� C), we are on the edge of a phase boundary above around 40 wt.%.

This phase diagram also indicates that the lamellar phase should never form under

equilibrium conditions at room temperature, for any value of surfactant concentra-

tion. Despite the phase diagram found by K�ekiche�et al. [3] being widely cited,

other researchers have reported di�erent �ndings, particularly with regard to the

composition of the phase at room temperature between around 40 wt.% and 60

wt.%. Guo [65] reports that at 20� C, the following regions are found with varying

concentration: above 0.2wt.% micelles exist with spherical structure; concentra-

tion above 1.6 wt.% micelles have a rod/cylinder structure; concentration above

� 40 wt.% shows a single phase of the hexagonal liquid crystal. Other well known

investigations of SDS around room temperature include the work of McDonald and

Peel [66]. As part of their work they study samples of constant concentration, and
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Figure 2.11: The phase diagram for SDS/water mixtures as determined by
K�ekiche� et al. [3]. Structures are labelled as:H � , Hexagonal phase;M � , two
dimensional monoclinc phase;R� , rhombohedral phase;Q� , cubic phase; T� ,
tetragonal phase;L � , lamellar phase. C refers to SDS hydrates, where the sub-
script refers to the number of molecules associated with each SDS molecule in the
hydrate.

vary the temperature to investigate phase transitions in the phase diagram. They

report that there are phase transitions at� 22� C, for the samples 50 wt.% and

60wt.%, indicating the formation of the hexagonal phase. Meanwhile the transi-

tions above 31� C, in those containing 70, 75 and 80 wt.%, indicate the formation

of lamellar phase. Leighet al. [24], however, disputed the �ndings of McDonald

and Peel [66] in the �nding of a lamellar phase at ambient temperatures, stating

that they did not �nd evidence of a lamellar phase at any of the concentrations

trialled, for temperatures below 320K (around 47� C). For measurements taken at

313K, they do however agree that the phase in the 40{60% concentration range

can be attributed to being hexagonal (with decreasing unit cell size with increasing

concentration). Conversely, in recent research, Bahaduret al. [67] report that SDS

58 wt.% at room temperature results in a gel phase due to random jamming of

the lamellar structured entities. Is observed that the equilibrated SDS gel shows a

lamellar structure similar to that in powder SDS. The lamellar thickness in the gel
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phase is estimated to be 4.6nm, compared with 3.9nm in the powder phase (SDS

systems crystallize with lamellar structures [68, 69]). All of the above discussed

research leads to a complicated view of the SDS phase diagram, particularly at

room temperature.

In the process of producing a phase diagram, such as the one shown in Fig.

2.11, generally a researcher will take a concentration sample, and gradually in-

crease or decrease the temperature, in order to obtain the equilibrium phase at

a selection of temperatures, doing so for a variety of di�erent samples at a vari-

ety of concentrations. An interesting note is that K�ekiche� et al. [3] report their

coagel solution states are dependant on their thermal hysteresis. For example, if

the heating rate chosen is too fast, then phase jumps can be missed in the pro-

cess of gradual heating, indicating that the system does not reach thermodynamic

equilibrium between each transition. This is because the liquid crystalline phases

can take a very long time to form. It has been noted [70] that isoplethal methods

(constant composition) such as these are less ideal than performing isothermal

(constant temperature) experiments, and therefore can lead to uncertainties and

errors, but are more often performed because they are more practical.

2.3.1.3 Sodium Lauryl Ether Sulphate (SLES)

SLES is the case in which the surfactant molecules are de�ned byx = 11 with

variable n. The more speci�c case in whichx = 11 and n = 3 will from now on

be referred to as SLE3S. Pouloset al. [4] use penetration experiments to establish

an approximate phase diagram for SLE3S surfactant solutions, with their �ndings

shown in Fig. 2.12. Similar research also investigating the dissolution of SL3S

con�rms this order of phase transition [71]. The small-angle neutron scattering

pattern, found by Pouloset al. [4], of the initial SLE3S/water phase with 72 wt.%

con�rms lamellar phase with repeat distanced = 43:9�A.
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Figure 2.12: Approximate phase diagram of the SLE3S surfactant, as determined
by Pouloset al. [4]. Initial phase is a paste containing 72% volume fraction surfac-
tant in water. When dissolving, an initially lamellar phase (L � ) transforms into
a cubic phase (V), a hexagonal phase (H ), and �nally an isotropic micellar phase
(L1). � S is the volume fraction of surfactant in solution.

2.4 Summary

This chapter has provided an overview of surfactant solutions, and the structures

mesophase can form at di�erent concentrations. Although surfactant solutions can

also undergo a phase change as a result of changing temperature, this work will be

primarily concerned with the phase behaviour at room temperature (de�ned in this

work as 25� C). In particular, this work will be interested in the phase behaviour

of systems described by the chemical formula CH3(CH2)x (OCH2CH2)nOSO3Na,

which, in most commercial applications, comes with varyingx and n.

There is generally a lack of literature reporting the phase diagrams of simple,

single surfactant systems. Most literature reports the phase behaviour of mixtures

consisting of two or more surfactant types, meaning that available existing experi-

mental data is limited. An exception to this is the special case in whichx = 11 and

n = 0, which has the name sodium dodecyl sulphate (SDS). Therefore the phase

behaviour for the molecular distribution described in Table 2.1 will be presented

in Chapter 4.
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Chapter 3

Simulation Methods

3.1 Overview

There are many di�erent approaches to simulating surfactant phase formation.

Generally, we can split the study of the behaviour of 
uids into di�erent ap-

proaches which consider di�erent length scales, including: quantum mechanical,

atomistic, mesoscopic and continuum mechanics. With increasing length scale,

simulations are able to access longer time scales, however, this has the trade o�

of neglecting more of the �ner atomistic details. The di�erent length and time

scales represented by di�erent simulation methods is illustrated in Fig. 3.1. There

is often a compromise between the desire to reach high accuracy,vs. the desire to

simulate large systems for a long time.

Quantum mechanical (QM) methods, which include the treatment of the quan-

tum nature of electrons and nuclei, are computationally very demanding. It often

isn't feasible to study a system's time evolution with this level of detail [72], except

for very small scale systems. Therefore, for many applications that require simu-

lating a large number of atoms, the simulations are scaled up to a more atomistic

level. Atomistic approaches include molecular dynamics (MD) simulations [73{85].

In these methods the atoms in a molecular chain are individually modelled, being

represented as bonded point masses. The atoms in the simulation are allowed to

interact via a set of forces (de�ned by a set of potentials) for a period of time.
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Figure 3.1: An illustration of the di�erent simulation methods, and the di�erences
in the time and length scales they are able to access.

Newton's equations of motion are solved for each atom, therefore these simulations

can be very expensive computationally. Hence, MD simulations have only been

possible for studying micelle formation in recent years, due to the long timescales

involved in micelle aggregation, requiring enormous computational resources. MD

simulations contain a variety of parameters that need to be obtained in order to

correctly model the interaction potentials, and these parameters are often obtained

via full quantum mechanical simulations [14,72] or from experiment [86].

On a larger length scale we move to coarse grain models. In these models a num-

ber of atoms are grouped together, instead of being modelled individually. This

reduces the number of calculations that need to be performed per iteration. One

such method is coarse-grained molecular dynamics [76{81], which is the far more

common method of choice for surfactant systems (as opposed to all-atom molecular

dynamics [80,82{85]), due to the long chain nature of surfactant molecules.

Other coarse grained methods include Monte Carlo methods [87{93], which rely

on random sampling in order to obtain the equilibrium molecular con�gurations for

solutions. Monte Carlo methods have been one of the most widely used methods to
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study surfactant self-assembly processes, owing to their fast computational speed,

and the fact that they can be used with relative ease to calculate characteristics

for a solution, such as critical micelle concentration and micelle size. In these

simpli�ed models, the molecules can either be con�ned to a lattice [87{90], or be

free to move in continuous space [91{93], with earlier calculations taking place

on lattices. Although the simulation progresses forward via time steps, these

time steps do not correlate directly with real time, and therefore MC methods

can't be used to calculate dynamical properties, such as transport coe�cients

and rheological properties, like MD methods can. Therefore MC methods are

unsuitable for our purposes. However, such methods have still been useful for

many years in predicting equilibrium properties of simple surfactant solutions.

For example, lattice Monte Carlo simulation was the �rst simulation method to

predict a drop in free monomer concentration (the concentration of molecules not

belonging to aggregates) above the CMC value, which is seen experimentally but

not predicted by theory [89].

Next, we will move onto mesoscale modelling. Mesoscale modelling is intended

to be the bridge between the atomistic methods discussed and the macroscale.

Even when coarse graining is applied to the MD, we are still generally unable to

reach long time and length scales, hence the need for the development of other

numerical models, in order to enable the calculation of dynamical properties.

Mesoscopic methods include lattice-Boltzmann [94, 95] and lattice gas automa-

ton [95,96]. Although these methods have been applied to polymer systems, their

main disadvantage comes from the restriction of the particles to a lattice. Another

mesoscale modelling method that has become popular for surfactant systems is

dissipative particle dynamics (DPD) simulations [97{101]. DPD is distinctly dif-

ferent from lattice-Boltzmann and lattice gas automaton models, as the particles

are allowed to interact in continuous space. This method involves the grouping

of atoms in a similar way to the coarse grain modelling in MD, except the sites

involved in these simulations typically cover more atoms than sites in the coarse
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grain MD models. The forces in DPD simulations are also modelled di�erently to

those in MD, further enhancing computational speed, as much longer time steps

can be taken relative to MD simulations. The longer time steps, combined with

the larger particle size, makes DPD a much more attractive method than MD for

simulating hydrodynamics.

The macroscale is the most coarse-grained scale, in which continuum-based

calculations are performed, for example with the use of computational 
uid dy-

namics (CFD) [102{104]. At this level, the solution is modelled as a �eld quantity

and therefore there are challenges in trying to capture small-scale phenomena in a

large-scale simulation. These methods rely on using constitutive equations in order

to capture the microscopic details of the 
uid, as the length scale is too large for

the modelling of the phenomena themselves. This limits the molecular complexity

that can be captured in the simulation. Such constitutive material models can be

derived from experimental observations [105{107]. As we aim to uncover some of

the molecular physics that leads to explanations of phase formation behaviour this

method is not suitable for our purposes.

For our calculations DPD is the ideal simulation method, due to its ability to

capture the phase formation by modelling the individual molecules, while being

computationally e�cient. From modelling of the 
uid structure, we can calculate

a variety of parameters that would normally have to be found via experiments. As

well as comparing how well the DPD method makes predictions when compared

with data obtained experimentally, we will also perform a small selection of MD

simulations. This will allow us to analyse how the method of coarse graining

a�ects the phase formation in the simulation. The DPD method can also be used

to calculate and predict properties such as the viscosity as a function of the shear

rate. This means we can �nd a constitutive relationship between the viscosity and

shear rate, without the need for experiments.

In the next two sections we will discuss the mechanics of how the DPD and

MD simulations work, as well as how they are linked.
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3.2 Molecular Dynamics

3.2.1 Forces and General Algorithm

Molecular dynamics uses classical mechanics to model molecular systems, and

atoms are modelled as single spherical particles with an assigned radius. Quantum-

mechanical properties of systems are entirely neglected. The potential energy can

be calculated by summing energies that arise from a variety of di�erent interac-

tions:

EPot = ELJ + Eelectrostatic| {z }
non� bonded

+ Ebond + Eangle + E tor| {z }
bonded

(3.1)

where the above terms will be explained in this section. The energies can be

categorised into those that come from bonds between atoms in a molecule and

non-bonded interactions between all atoms in the system.

The energy between two neutral, non-bonded atoms comes from a combination

of the Pauli repulsion, due to overlapping electron orbitals, and van der Waals

attraction. It is most commonly modelled by the Lennard-Jones potential [108,

109], or alternatively the Buckingham potential [110], which was proposed as a

simpli�cation of the Lennard-Jones potential. The Lennard-Jones potential takes

the form

ELJ = 4�

" �
�
r ij

� 12

�
�

�
r ij

� 6
#

(3.2)

where r ij is the distance between the two centres of atomsi and j , with two

parameters to be chosen: the diameter� and the well depth � . An alternative to

ELJ in Eq. 3.1, is the Buckingham potential, given by:

EBuck = A exp (� Br ij ) �
C
r 6

ij
(3.3)

where A, B and C are positive constants. The �rst term on the RHS is the

repulsive term and the second term is the attractive term.

The electrostatic potential energyEelectrostatic between a pair of atoms with
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chargesqi and qj is given by:

Eelectrostatic =
qi qj

4�� 0r ij
: (3.4)

The electrostatic force is the term that usually causes the most di�culty, as it leads

to the most computationally expensive part of the calculation. Therefore, in liter-

ature, it is far more common to �nd research using non-ionic molecules, as opposed

to ionic. This is due to the long-range nature of the Coulombic force, compared

with the other contributions which are relatively short-range. Since the Coulom-

bic force is so long range, it isn't realistic to apply a cut-o� in the same way that

can be applied to the Lennard-Jones force. A typical method for dealing with the

ionic contributions makes use of the Ewald summation method [111{113]. In this

method, the interaction illustrated in Eq. 3.4 is divided into two parts consisting of

a short-range contribution and a long-range contribution. The short-range part is

calculated in real space, while the long-range part is calculated in reciprocal space

by making use of a Fourier transform [114]. This method is much quicker than per-

forming the direct summation. An adaptation of the traditional Ewald method are

Particle-Particle-Particle-Mesh (PPPM) [115] methods. Both Ewald and PPPM

split the calculation into the short- and long-range parts. In PPPM, the long-range

interaction parts are calculated by use of a mesh. The charge density is mapped

onto a discrete, �nely spaced mesh throughout the domain, and then fast Fourier

transforms (FFTs) can be used to solve Poisson's equation on the mesh, and then

interpolate electric �elds on the mesh points back to the atoms [116]. While the

two methods are very similar, the PPPM method is much more e�cient, due to

how it solves the reciprocal space part of the calculation. The traditional Ewald

summation method scales asN 3=2, whereN is the number of atoms in the system.

The PPPM solver scales asN logN , due to the FFTs [112]. More information on

the implementation of the two algorithms can be found in Pollock and Glosli [117].

So far the discussed energies come from non-bonded interactions. We will now

discuss the remaining interactions, which arise from bonded interactions. For two
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atoms that are covalently bonded, there is an optimum separation distance between

the two. When the two atoms are separated by this distance, the bond energy is

zero. When their distance strays from this optimal distance the bond energy is

non zero. The bond energy can be represented by a harmonic potential [118]

Ebond =
1
2

kij (r ij � r 0
ij )2; (3.5)

wherekij is a spring constant,r ij is the distance between the two atoms, andr 0
ij

is the optimal distance between the two atoms. This energy can be thought of as

the stretching energy. The bond energy can be represented in other di�erent ways,

such as the Morse potential for diatomic molecules [119].

The potential energy that comes with bond angle 
exing is given by [118]

Eangle =
1
2

kijk (� ijk � � 0
ijk )2; (3.6)

wherekijk is a force constant,� ijk is the bond angle between the two atomsi and

k about j , and � 0
ijk is the equilibrium bond angle between the two atoms. This

energy can be thought of as the bending energy.

The torsion angle� t is the angle between the planes formed by the �rst three

and last three atoms of four consecutively bonded atoms. The torsion angle energy

is periodic, and can be given by [118]

E tor = A(1 + cos (m� t � � )) (3.7)

whereA, m and � are constant values.

From the expression for the potential energy (Eq. 3.1), an expression for the

force can be found usingf = �r EPot . The trajectories of the molecules are found

by solving Newton's equations of motion

f i = m
dv i

dt
; (3.8)
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dr i

dt
= v i (3.9)

for each particle. These equations are typically integrated using the velocity-Verlet

algorithm [120], which is a mathematically equivalent, but more computationally

e�cient, implementation of the originally proposed Verlet algorithm [121]. The

velocity-Verlet algorithm is normally implemented, in order to advance from time

t to t + � t, as follows.

1. Create velocitiesv i at an intermediate time t + 1
2 � t, using v i (t + 1

2 � t) =

v i (t) + 1
2 � tai (t).

2. Update the positions att + � t, using the intermediate velocity calculated in

the previous step, byr i (t + � t) = r i (t) + � tv i (t + � t)

3. Evaluate the forces, and thus calculate an accelerationai (t + 1
2 � t) at the

new time step, usingr i (t + � t).

4. Calculate the fully advanced velocity usingv i (t + � t) = v i (t + 1
2 � t) +

1
2 � tai (t + � t)

Note that the accelerationai (t + � t) is calculated from the interaction potential

using r i (t + � t). This algorithm assumes that the accelerationai (t + � t) only

depends on the positionr i (t + � t), and does not depend on the velocityv i (t + � t).

There are a number of constants in the discussed equations that must be de-

�ned. In the context of molecular modelling, a force �eld refers to the parameter

sets used in the above equations in order to calculate the potential energyEPot

of a system. These parameters are often found from experiments [86] or calcula-

tions using quantum mechanics [14, 72] (or a combination of both). There have

been a large number of di�erent force �eld models that have been developed, often

for speci�c molecule types. Some examples include the Martini force �eld [122],

which is speci�cally for coarse-grained models. Initially it was developed for the

simulation of lipids, but has since been extended to other molecules. This force

�eld involves a mapping of four heavy atoms to one coarse-grained interaction
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site. Other general force �elds for all-atom simulations include the Dreiding [123]

and GROMOS [86] force �elds. One of the popular models for water is the SPC

model [124].

MD simulations are often begun from a random initial con�guration of particles

within the domain. The domain is usually a cubic system with periodic boundary

conditions. This allows for the simulation of a relatively small number of atoms

to function as if it is a part of a larger system, hopefully producing results that

are representative of the bulk material. Therefore it is important to consider the

minimum size of the system that must be simulated for this to be true. This

is particularly important for simulations trying to reproduce systems with large

features or periodicity. Clearly, the number of interactions per iteration increases

greatly with increasing number of particlesN in the simulation. However, in

practice, usually a cut-o� is applied at a de�ned separation between particles.

Beyond this cut-o� (for forces other than the electrostatic force) it is taken that

the force is negligibly small and can be considered to be zero. This allows more

e�ciency in computing the forces, since all atom pairs need no longer be considered.

For the electrostatic force a cut-o� of this form induces too much error, due to its

long range nature and required more careful consideration, as previously discussed.

With increasing iterations the molecules will arrange themselves in order to

decrease the repulsion forces when equilibrium is reached. The time step �t has

to be very small (on the order of femtoseconds), and thus reaching large time

scales with this simulation method is di�cult (a discussion on methods for de-

termining the correct time step to use in MD simulations can be found in Choe

and Kim (2000) [125]). In theory, a variety of properties can be analysed using

the simulation method, including the viscosity and di�usion coe�cients. However,

due to the relatively long time scales needed for the self assembly of amphiphilic

molecules into their micellar or liquid crystal phases, this method is di�cult to

use for analysing such systems. Typically, if MD is to be used, the phase is pre-

arranged into something close to its equilibrium phase and the simulation begins
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from there. This is opposed to the ideal scenario of beginning from a completely

random initial con�guration of molecules and atoms. Also, due to the high molec-

ular weight of surfactant molecules, the molecule is often coarse-grained in order

to reduce computational e�ort.

In summary, the procedure for a molecular dynamics simulation is as follows:

1. Give atoms an initial position and velocity.

2. Calculate the forces on each of the atoms.

3. Using a discretised version of Newton's equations and an adequately small

time step � t, �nd a set of updated positions and velocities for the atoms in

the domain e.g. using the velocity-Verlet algorithm.

4. Apply temperature control (i.e. adjust the atoms velocities to remain at a

�xed temperature).

5. Move into the new set of positions and update the time stept = t + � t.

6. Repeat for as long as required.

The di�erent algorithms that can be used in order to apply temperature control

will be described in the following section. The stopping criteria for a MD simu-

lation varies depending on the author and the system being simulated. There is

no real universally accepted stopping criteria for MD simulations [126]. Although

sometimes a stopping criteria is de�ned based on convergence of system parame-

ters, such as the potential energy [127] or average root mean square (RMS) [128].

3.2.2 Thermostats

If the particles in the simulation interact by a pair-wise potential only, and the

total number of particles N and the volumeV are also kept constant, then the

MD simulations are said to be performed in the microcanonical (NVE) ensemble.

In these simulations, the total energyE is conserved. However, by application of a
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thermostat (temperature control), other ensembles can be produced. For example,

the canonical NVT ensemble is produced in a simulation in which the number of

particles N , volume V, and temperature T are �xed. The isothermal{isobaric

(NPT) ensemble is produced when the number of particlesN , pressureP, and

temperature T are conserved [5]. The NPT thermostat is considered to be the

closest thermostat to one replicating laboratory conditions (e.g. with the substance

open to ambient temperature and pressure).

There are many di�erent types of thermostat that have been developed in order

to produce these conditions [129{132]. One simple idea is to re-scale the velocities

of the particles in each time step, in order to maintain constant temperature. This

is called the Berendsen [129] thermostat. The instantaneous temperature of the

system is calculated by making use of the average kinetic energy of the system:

kBT =
1
N

X

i;�

mv2
i;� (3.10)

where N is the number of degrees of freedom andvi;� is the component of the

velocity of atom i , such that � = x; y; z. However, this thermostat is not Galilean

invariant, and since momentum is not locally conserved, this thermostat does not

conserve hydrodynamics [5].

One commonly used thermostat was developed by Anderson [130], in order to

maintain constant temperature. This thermostat operates by randomly selecting

an atom or molecule in the system, and assigning a new velocity (that is given

by Maxwell{Boltzmann statistics) for the given temperature. A downside of this

thermostat is that it does not preserve hydrodynamics. Lowe [131] proposed an

adaptation of the Anderson thermostat that does preserve hydrodynamics. This

thermostat functions by changing the velocities of particle pairs, rather than acting

on single particles. Similarly to in the Anderson thermostat, the velocity of the

particle pair is replaced by a velocity taken from a Maxwell distribution. However,

while the magnitude of the velocity of each of the particles in a given pair is changed

by the same amount, the velocity kick is applied in opposite directions. This means
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that the sum of the velocity vector of the combined pair remains the same before

and after the kick. Therefore keeping the momentum the same and conserving the

total momentum. For each particle, the velocity is exchanged for a new velocity

(drawn from a Maxwell distribution) with a probability given by �� t, where � is

a `bath' collision frequency. The viscosity is predicted by Lowe to have viscosity

� / �.

Another important thermostat is the Nos�e-Hoover thermostat [132]. This ther-

mostat aims to control the temperature by introducing a new internal degree of

freedom into the Hamiltonian. This extra degree of freedom is to represent a

heat bath, in such a way that the temperature and average kinetic energy of the

molecules are �xed. Adding this coupling changes the equations of motion and

introduces an additional variable controlling the weight of that coupling,� [5]:

F =
dp
dt

= �r EPot � � p (3.11)

wherep is the momentum of the particle and coupling� is calculated by

d�
dt

=
1
tS

(T � T0) (3.12)

wheretS is the thermostat coupling parameter, controlling energy transfer back and

forth from the thermostat, T is an instantaneously calculated system temperature

and T0 is a system target temperature.

3.3 Dissipative Particle Dynamics (DPD)

The method of DPD was �rst introduced by Hoogerbrugge and Koelman [133],

and has been developed by many other contributors since [17,101,134{136]. This

section will outline how DPD works, and highlight some of the important contri-

butions that have been made by other researchers during its development.
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3.3.1 Forces and General Algorithm

This section will discuss the principles of the DPD method. Following the de-

scriptions given by Groot and Warren (1997) [134] and Sato (2011) [137] we �rst

discuss the general DPD approach for a simple set of non-bonded particles.

A DPD simulation box generally consists of cubic, continuous space, with pe-

riodic boundary conditions in every direction. The box is �lled with an ensemble

of beadsi = 1; :::; N . The DPD method groups atoms in a molecular chain into

a packet or a `bead'. Each of these beads has a localised mass, with a continuous

spatial position and velocity. The position of these beads are updated discretely

with advancement in time. Due to the fact that the beads don't have hard sphere

bounds, the beads can overlap with each other, which is one of the factors aiding

the quick equilibration time of the method. The time evolution of the beads is

governed by Newton's equations of motion, as in MD. However, the forces involved

are represented di�erently to those in MD.

The force that acts on beadi from non-bonded beads can be written as

f i =
X

j 6= i

(FC
ij + FD

ij + FR
ij ) (3.13)

whereF ij are the forces acting on beadi by bead j . The total force being made

up of a conservative forceFC
ij , a dissipative forceFD

ij , and a random forceFR
ij . The

conservative force is repulsive and given by

F C
ij =

8
>><

>>:

aij (1 � r ij

r C
)r̂ ij for r ij < r C

0 for r ij � rC

(3.14)

whereaij is the maximum repulsion between beadsi and j , rC is a speci�ed cut-o�

radius, r ij = r i � r j , r ij = jr ij j, r̂ ij = r ij =jr ij j. The conservative force gives beads

a chemical identity with the constantaij . In particular, this is the parameter that

varies between hydrophilic and hydrophobic beads.
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The dissipative (or drag) forceFD
ij and random forceFR

ij are given by

FD
ij = � 
! D (r ij )( r̂ ij � v ij )r̂ ij ; (3.15)

FR
ij = �! R(r ij )� ij r̂ ij � t � 1=2; (3.16)

where ! D and ! R are r dependent weight functions that vanish forrC < r , 
 is

a friction coe�cient, � is the noise amplitude,v ij = v i � v j , � ij (t) is a randomly


uctuating Gaussian variable, with zero mean and unit variance. Note that the

dissipative force is dependant on not only the separation between the beads, but

also on the relative velocity of the beads. The dissipative force is often also referred

to as the drag or friction force, due to the fact that as the two beads move near

each other, a slowly moving bead would receive momentum from a faster bead, and

a faster bead would be slowed down by interaction with the bead. This interaction

contributes to the viscosity of the 
uid. The random force can be interpreted as the

result of atomic collisions that occur in a real 
uid (similar to Brownian motion).

It was shown by Espanol and Warren [135] that one of the weight functions,

either ! D or ! R, can be chosen arbitrarily, and this �xes the other weight function.

This is in order to satisfy the 
uctuation-dissipation theorem. The relationship

between the two functions is shown to be

! D = [ ! R]2 (3.17)

and the relationship between the amplitudes is

� 2 = 2
k BT: (3.18)

The dissipative and random forces together form a thermostat, which keeps the

mean temperature of the system constant. In practice the most commonly chosen

73



function for ! D is

! D =

8
>><

>>:

(1 � r ij

r C
)2 for r ij < r C,

0 for r ij � rC.
(3.19)

It is suggested by Groot and Warren (1997) [134] to use a modi�ed version of the

velocity-Verlet algorithm to discretise Newton's equations of motion, as opposed to

the standard velocity-Verlet integration. This is because the force in DPD depends

on the velocity between beadsv ij , whereas in standard velocity-Verlet the force

is assumed to be independent ofv ij . This has become the standard integration

method for DPD. The adapted velocity-Verlet algorithm is as follows:

1. Find an updated position for the positions at timet + � t using r i (t + � t) =

r i (t) + � tv i (t) + 1
2(� t)2ai (t).

2. Find an intermediate value for the velocity~v i (t + � t) = v i (t) + � � tai (t).

3. Calculate the forces between the beads, and hence calculate a value for the

acceleration at the new time step, using both the positionr i (t + � t) and

intermediate velocity ~v i (t + � t).

4. Calculate the �nal updated velocity at the new time step using the original

and new acceleration,v i (t + � t) = v i (t) + 1
2 � t(ai (t) + ai (t + � t)).

The variable factor � is also introduced as a parameter to be chosen. Groot and

Warren (1997) [134] choose to use� = 0:5 in their work, along with � t = 0:04, but

also later investigate varying� and conclude that a higher value can be used which

means a higher time step could be used. As within MD, the simulation can begin

with the molecules randomly placed. Once we move forward in time, the beads

will arrange themselves in order to decrease the repulsion forces when equilibrium

is reached. This is how equilibrium behaviour can be investigated. If the force

were independent of velocity, the actual velocity-Verlet algorithm, as described in

Section 3.2, would be recovered for� = 0:5. However, as the force does depend

on velocity, the intermediate velocity needs to be used in order to �nd an updated

value for the acceleration.
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In order to use DPD to model polymer systems, an additional force is intro-

duced to Eq. 3.13 in order to `bond' together a chain of beads to replicate a long

chain polymer. This has the form of a simple harmonic spring force [97]

F S
i =

X

j

C(r ij � l0)r̂ ij ; (3.20)

where the sum runs over all of the beads which are directly connected (i.e. those

that are chemically bonded) to beadi . C is the spring constant andl0 is an

unstretched bond length. Another possible additional force is one which takes into

account the hydrocarbon chain sti�ness. A common choice for a potential for such

an addition could take the form [97]

U(i � 1; i; i + 1) = K (1 � cos(� � � 0)) (3.21)

where the angle� is de�ned as the scalar product of the two bonds connecting

beadsi � 1, i and i , i + 1 (in other words the angle between adjoining bonds),K

is a bending constant, and� 0 is a preferred, equilibrium angle. However, in this

work we will take the potential to be the slightly more simple form [17]

U =
1
2

K (� � � 0)2 (3.22)

which simply comes from a Taylor expansion of (1� cos(� � � 0)) when (� � � 0) is

small.

3.3.2 Electrostatic interactions

As is the case in MD simulations, there is di�culty in application of the DPD

method to molecules with charges. For all of DPD interactions currently discussed,

the interactions vanish when the distance between two beads exceed the cuto�

radius rC. However, long range electrostatic interactions cannot be treated in a

similar way. Long range electrostatic interactions have been dealt with in MD
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simulations by Ewald summation methods, as discussed in Section 3.2. However,

that approach models the atoms as point charges, and application of this in DPD

would lead to problems. Due to the soft repulsions used in DPD, in which the beads

are allowed to overlap, as opposed to the hard repulsion forces of the Lennard Jones

potential, this would lead to arti�cial ionic pair formation.

One of the earliest examples of using DPD to model ionic surfactants is that of

Groot (2003) [101], who proposes a way to work electrostatic interactions into the

DPD method. In this method they tried to prevent arti�cial ion-pair formation

by solving the electrostatic �eld locally on a lattice, and smearing the charge on a

DPD bead out over a number of the nearest grid points. An alternative method

builds on this idea of charge smearing and is suggested by Gonzalez-Melchoret

al. (2006) [138]. The electrostatic interactions are calculated using the standard

Ewald sum method. Charge distributions of the exponential form are used on

DPD beads, in order to prevent arti�cial ionic pair formation. Other forms of

charge shearing have been investigated, for example Warrenet al. (2013) [139]

investigate using Gaussian smearing. A comparison of di�erent smearing methods

is discussed in Warren and Vlasov (2014) [139].

3.3.3 Unit Conversion

Most work using DPD is usually presented in reduced DPD units, in which the unit

of length is the particle sizerC = 1, the unit of mass is the particle massm = 1,

and the unit of energy is de�ned by settingkBT = 1. One method of converting

the units used in DPD to real units, is by matching the density of water in the

simulation to a known experimental value, and therefore a value forrC can be

obtained in real units.

The parameterisation used in this work, presented by Andersonet al. (2018)

[17], groups two molecules together to form the water bead in the simulation.

Therefore, the mass of one DPD bead of waterm is the mass of two water

molecules; in real units this ism = 5:98 � 10� 26kg. A typical choice for the
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number density � of beads in the simulation box, and the one used in this thesis,

is de�ned by �r 3
C = 3. The reason for this choice is due to the work of Groot and

Warren [134], and this will be discussed in Section 3.3.4.

Use that the number density� = � m=m where� m is the mass density, producing

relation for rC:

rC =
�

3m
� m

� 1=3

: (3.23)

Using that the density of water at room temperature is� 1000 kg/m3, this �nds

a value for rC in real units to be rC � 5:65� 10� 10m.

The standard time scale used in DPD simulations results from settingkBT = 1.

Making use of the relation
1
2

mhv2i =
3
2

kBT (3.24)

this means that, by usingm = 1, hv2
DPD i = 3 in DPD units. By saying that:

the distance in real unitsdReal = dDPD rC; time in real units tReal = tDPD � C; and

vDPD = dDPD =tDPD , we can show that using the relationship in real units yields

m
2

��
dDPD rC

tDPD � C

� 2�
=

3
2

kBT (3.25)

�
rC

� C

� 2

m
��

dDPD

tDPD

� 2�
= 3kBT (3.26)

�
rC

� C

� 2

=
kBT
m

: (3.27)

Using kBT = 4:11 � 10� 21J at room temperature, and the previously calculated

values ofrC = 5:65� 10� 10m and m = 5:98� 10� 26kg, �nds a value for the time

scale of� C = 2:16� 10� 12s.

The above base units can be used to �nd conversions from DPD units into real

units for other quantities that will be useful throughout this thesis. Viscosity has

dimensions [mass/length]/[time] this means that conversation into real units� = 1

DPD units = 4 :5 � 10� 5 kg/(m � s).
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3.3.4 The Conservative Repulsion Parameter

The choice for the values of the conservative repulsion parametersaij in equation

3.14 are clearly crucial to making sure that the model will produce the right phase

behaviour. The values ofaij essentially de�ne the chemical species of a bead. A

typical choice foraij comes from trying to match the compressibility of the liquid

with that found experimentally. Following the derivation from Groot and Warren

(1997) [134], the compressibility is given by

� � 1 =
1

nkBT � T
=

1
kBT

�
@p
@�

�

T

; (3.28)

where� T is the isothermal compressibility. Groot and Warren de�ne the pressure,

using the virial theorem [140], as

p = �k BT +
1

3V

� X

j>i

(r i � r j ) � FC
ij

�
; (3.29)

and they are able to determine via simulation that

p = �k BT + �a� 2 (3.30)

where � = 0:101r 4
C, is a good approximation for the pressure, provided a suf-

�ciently high density ( � > 2=r3
C). This now implies that the compressibility of

water is now able to be calculated by (and settingrC = 1)

� � 1 � 1 + 0:2
a�

kBT
: (3.31)

This expression now means that experimental compressibilities can be used, in

order to obtain conservative force parameters for bulk 
uids. For example, authors

will often to choose to match to the compressibility of water. At 300K, water is

determined experimentally to have the value� � 1 = 15:9835, generating the typical
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parameterisation:

aij =
75kBT

�
(3.32)

where it is very common to choose� = 3 due to Groot and Warren �nding that

this is one of the lowest possible densities where the scaling relation still holds.

Choosing a lower density is optimal as the number of interactions (and therefore

computational e�ort) increases with increasing density. The above derivation only

holds if one DPD bead corresponds to one water molecule. The relation was later

corrected by Groot and Rabone (2001) [141] so that

aij =
75NmkBT

�
(3.33)

whereNm is the number of water molecules per bead, however many researchers

still use the incorrect �rst version, despite having a bead mapping numbers where

Nm 6= 1.

However other researchers, such as Andersonet al. (2017) [16], argue that

matching the compressibility is irrelevant, arguing that what really matters is

that density 
uctuations should be relatively insigni�cant above the DPD length

scale. They also argue that the above method can su�er from unrealistic artefacts,

due to the coarse-graining procedure, at high values ofaij . In the follow up paper

Andersonet al. (2018) [17], it is argued that for the choice of number density�r 3
C =

3, and foraij � O(10), the DPD 
uid can be regarded as being thermodynamically

incompressible on length scales larger thanrC.

It is from the work of Andersonet al. (2017) [16] and Andersonet al. (2018) [17]

that we will take our parameters for DPD simulations. The authors argue that

thermodynamic properties of the system are expected to be largely determined by

the value ofaij (RC
ij )3 (whereRC

ij is the cut-o� for interactions between beadsi and

j ) . Generally other researchers often chooseRC
ij � rC = 1, so that all interactions

have the same cut-o� length, and the di�erence in bead species is de�ned entirely

by the choices ofaij . However, this would be an unsatisfactory method if the beads
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Figure 3.2: Illustration of the coarse graining used in the DPD simulations, where
the number of [CH2OCH2] beads is varied.

were to have di�erent numbers of atoms such that they cannot be assumed to have

the same molar volumes for di�erent bead types. Sometimes it is impractical to

force the discretisation to ful�l this criteria. Therefore Andersonet al. (2018) [17]

choose to separately specify bothaij and RC
ij for a pair of beads, and use the values

of the self-repulsion cuto�s (RC
ii )3 in order to capture the di�erences in the beads'

molar volumes. They assign the value of (RC
ij )3 for di�erent beads, in proportion

to the molar volume of the fragment of the molecule the bead is representing. The

molar volume of water is used as a reference and is de�ned as (RC
ij )3 = r 3

C = 1.

They de�ne the values ofaij by using a combination of mutual solubilities, partition

coe�cients, and liquid density matching [16]. When extending to ionic molecules,

they choseaij such that aij (RC
ij )3 = 25 is satis�ed [17] when dealing with the

interaction between either two ionic molecules, or one ionic molecule and a water

molecule. In order to calculate the cut-o� between two di�erent types of beads the

simple rule is applied:RC
ij = 1

2(RC
ii + RC

jj ). The full set of aij and RC
ij parameters

to be used in our simulations is shown in Table 3.1, and the coarse graining used

is illustrated in Fig. 3.2.

In order to model the electrostatic pair potential between charged beads, the

authors use Slater-type charge smearing, in which the Coulombic potential between

two charged beadsi and j is given by:

Eelectrostatic =
� qi qj

4�r ij
[1 � (1 + � � r ij )e� 2� � r ij ] (3.34)
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beadi bead j aij RC
ij

H2O H2O 25.0 1.0000
H2O CH2CH2 45.0 1.0370
H2O CH3 45.0 0.9775
H2O CH2OSO� 1

3 17.9 1.1170
H2O CH2OCH2 24.0 1.0580
H2O Na+ 25.0 1.0000

CH2CH2 CH2CH2 22.0 1.0740
CH2CH2 CH3 23.0 1.0145
CH2CH2 CH2OSO� 1

3 28.5 1.1540
CH2CH2 CH2OCH2 28.5 1.0950
CH2CH2 Na+ 45.0 1.0370

CH3 CH3 24.0 0.9550
CH3 CH2OSO� 1

3 28.5 1.0945
CH3 CH2OCH2 28.5 1.0355
CH3 Na+ 45.0 0.9775

CH2OSO� 1
3 CH2OSO� 1

3 13.3 1.2340
CH2OSO� 1

3 CH2OCH2 25.5 1.1750
CH2OSO� 1

3 Na+ 17.9 1.1170
CH2OCH2 CH2OCH2 25.5 1.1160
CH2OCH2 Na+ 24.0 1.0580

Na+ Na+ 25.0 1.0000

Table 3.1: Values for parametersaij and RC
ij to be used in this study, taken from

the research of Andersonet al. (2017) [16] and Andersonet al. (2018) [17].
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wherer ij is the bead separation,qi and qj are the charges, � = e2=(kBT �0� r rC) is a

dimensionless electrostatic coupling parameter, and� � = 0:929r � 1
C is the tuneable

Slater parameter. Ewald summation methods can then be used to implement this

calculation, and this is the method which we will also use in our simulations. Other

choices of parameters that we adopt from their research include: spring constant

C = 150 (DPD units) in Eq. 3.20; bending constantK = 5 (DPD units) and

equilibrium angle � 0 = 180� in Eq. 3.22. Choice of bond lengths in Eq. 3.20

are set according to the number of heavy atomsni and nj in the bonded beads,

calculated asl0 = 0:1(ni + nj ) � 0:01. The origin of this choice stems from the

fact that it will result in l0 = 0:39 for bonds between beads that each contain two

heavy atomse.g. between two (CH2CH2) beads. For the parameters adopted in

Anderson [16] the resulting bond length during simulation has an average location

at l = 0:445rC or 2:52�A in real units. This is approximately equivalent to the

distance between three carbon atoms in an alkyl chain.

3.3.5 Other Parameters

Other choices, in order to complete the expressions for forces, need to be made

for friction coe�cient 
 and noise amplitude� . As the two are related, only one

independent choice needs to be made. It is extremely common across published

DPD research to make the choice of
 = 4:5, and the time step � t = 0:04 [98,142].

For the choice of time step, a compromise must be made between computational

e�ciency with choosing as large a time step as possible, but also maintaining the

stability of the simulation. These parameter choices stem from the early work

of Groot and Warren [134], in which they �nd that for � = 3, a time step of

� t = 0:04 results in deviations in temperature of 2% (when using the velocity-

Verlet integration scheme), which is deemed as an acceptable compromise.

Sometimes researchers will use a slightly lower time step in their simulations

in order to improve on this temperature control [17,143], but most researchers in

recent work still make the choice of
 = 4:5. In the initial simulations in this
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work we adopt the parameter choice of Anderson [17] who use �t = 0:01, and

the standard choice for the noise amplitude� = 3. However, later the parameter

� becomes irrelevant as we apply a thermostat to the equations, which will be

discussed in Section 3.3.6.

3.3.6 Schmidt number and Thermostats

Traditionally, DPD doesn't require a thermostat to keep the temperature in check.

Instead it uses the dissipative and random forces as the system thermostat. The

dissipative force parameter
 is one way that the dynamic viscosity� can be

controlled. However, the relationship between
 and � is fairly complex. For

example, if the conservative forces are neglected, Marsh [136] showed that the

expression for the dynamic viscosity� takes the form

� �
45kBT
4�
r 3

C
+

2�
� 2r 5
C

1575
: (3.35)

This expression is fairly complicated, even without the addition of the conservative

and electrostatic forces. When converted into real units, this viscosity is extremely

low compared to what would be expected for 
uids. Using standard DPD and

varying 
 , it would be fairly di�cult to obtain a realistic viscosity for a 
uid. It is

also suggested that a large
 may result in di�culty in controlling the temperature

of the system and the time step may need to be reduced [144].

Another point of interest is the Schmidt number Sc. The Schmidt number is

de�ned as the ratio of kinematic viscosity� and mass di�usivity D: Sc� �
D = �

�D .

Similarly as above, Marsh [136] showed that the expression for the self di�usion

coe�cient takes the form

D �
45kBT
2�
�r 3

C
(3.36)

leading to an expression for the Schmidt number

Sc�
1
2

+
(2�
r 4

C)2

70875kBT
: (3.37)
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The typical choices used in DPD for the dissipative force parameter
 and

dissipative force cuto� rC generates a 
uid with an unrealistically small Schmidt

number (on the order of� 1). The Schmidt number could also be increased by

increasingrC, however this also increases the number of calculations per iteration,

and thus computational expense. This low Schmidt number is suitable for gases,

but too small for liquids, which have Schmidt numbers around 1000. There are

a variety of ways to raise Schmidt number, such as increasing
 and rC from

their usual choices of
 = 4:5 and rC � 1, but both of these methods decrease

computational e�ciency.

One way around the confusing relationship between
 and � , is to use a dif-

ferent pairwise thermostat. Two that are of note for DPD systems are the Lowe-

Andersen [131] and Stoyanov-Groot [5] thermostats. Both of these thermostats

implement temperature control using a similar method. The Lowe-Andersen ther-

mostat is discussed in the context of MD simulations in Section 3.2.2, where we

also discuss the Nos�e-Hoover thermostat. The Stoyanov-Groot thermostat was

speci�cally developed for DPD particle systems, and is a combination of the Lowe-

Anderson thermostat and a thermostat that is similar to the Nos�e-Hoover ther-

mostat, coupled in parallel. The Nos�e-Hoover thermostat is adapted to be one

that acts on pairs of beads (as the Lowe-Andersen thermostat does), rather than

individual beads. The Nos�e-Hoover thermostat is adapted and implemented by

applying a thermostating force on pairs of beadsi and j within a cuto� distance

rC:

Fij = � (r ij =rC)(1 � T=T0)[(v i � v j ) � eij ]eij (3.38)

where � is a thermostat coupling parameter, is a smearing function such that

4�
R1

0  (r )r 2dr = 1 and  (r ) = 0 for 1 � r , r ij = jr ij j is the distance between

beadsi and j , rC is the cut-o� radius, T is the instantaneous temperature value,

T0 is the prede�ned temperature for the system,v i is the velocity of beadi , and

eij = r ij =jr ij j is a unit vector in the direction of r ij . Unlike the � in the standard

Nos�e-Hoover algorithm described in Eq. 3.2.2, the coupling parameter remains
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constant throughout the simulation.

With the Stoyanov-Groot thermostat, for each pair of beads that is selected, we

choose between the Nos�e-Hoover thermostat and the Lowe-Anderson thermostat

with probability P = �� t (where � t is the integration time step and � is the Lowe-

Andersen exchange frequency, as discussed in Section 3.2.2). In extreme cases of

the probability P, the original two thermostats can be recovered. WhenP = 0,

then the thermostat functions entirely as the pairwise variation of the Nos�e-Hoover

thermostat. When P = 1, this produces the Lowe-Andersen thermostat. WhenP

is low, the resulting simulation has a high di�usion coe�cient and low viscosity,

and whenP is high the liquid will have low di�usion coe�cient and high viscosity.

In summary, in both the Lowe-Anderson thermostat and the Stoyanov-Groot

thermostat a random selection of bead pairs are selected to have their relative

velocities replaced with values from a Maxwell-Boltzmann distribution, for the re-

quired temperature. The Stoyanov thermostat also applies additional forces based

on instantaneous temperatures to other bead pairs. Both of these thermostats re-

quire a choice of a collision frequency �, while the Stoyanov-Groot thermostat also

requires the choice of additional parameter� . The 
uid viscosity is thought to be

linearly proportional to the choice of parameter �. The di�usivity is / 1=�, mean-

ing that the Schmidt number ends up being/ � 2. This relationship is con�rmed

by simulations performed by Stoyanov and Groot [5], with their results shown in

Fig. 3.3.

There is no consensus in literature about how important the Schmidt number

is in simulations, and the impact it has on results, although it is a topic of inter-

est [134]. For example, Symeonidiset al. [145] perform DPD simulations modelling

polymer chains and applying the Lowe-Andersen thermostat with varying choices

of � in order to vary the Schmidt number. They �nd that when no shear is ap-

plied, the e�ect of varying Sc is minimal on the value for the radius of gyrationRg.

However, when shear is applied using Less-Edwards boundary conditions, there is

a large di�erence in the value ofRg found at di�erent � values. However, one
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Figure 3.3: Figure showing the relationship between probabilityP = �� t and the
viscosity � for DPD simulations conducted using Stoyanov-Groot [5] thermostat.
Also shown is the relationship betweenP and the inverse of the di�usion coe�cient
1=D. The fact that these two relationships are linearly proportional means that
the Schmidt number will be/ � 2 [5].

study investigating the e�ect of the Schmidt number on the rheology of macro-

molecules, simulated using DPD, �nds that the Schmidt number is unimportant

in determining the rheology [146].

3.3.7 Implementing Shear Flow

There are a number of di�erent ways in which shear 
ow can be induced in a

DPD simulation, and a number of di�erent methods for calculating the viscosity.

Methods for calculating the shear viscosity can broadly be categorised into two

types: equilibrium and non-equilibrium methods. A typical equilibrium method

makes use of Green{Kubo relations [147, 148], which used auto-correlation func-

tions (ACF), which calculates the shear viscosity as:

� (t) =
V

kBT

Z 1

0
h� (n)� (n + t)i ndt (3.39)

where � are the o�-diagonal components of the stress tensor,V is the simulation

volume, kB is the Boltzmann constant andT is the temperature. The tensor
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consists of nine components� ij which de�ne the state of stress at a point inside

the simulation box, however only the o� diagonal components are used in the

viscosity calculation. The method of calculating the stress tensor will be discussed

in the following section. The angular brackets indicate an average over di�erent

starting times n or time origins. This integrand decays to zero in the limit of

a long t. This method is most useful for Newtonian 
uids. For non-Newtonian


uids the method will produce a value for the zero shear viscosity (the theoretical

viscosity of a material when it is e�ectively at rest). However, this method is often

hampered by the noisy tail of the ACF given by Eq. 3.39.

In order to investigate 
uids that are expected to exhibit non-Newtonian be-

haviour, other methods are required. One such method is a non-equilibrium

method, by using Lees-Edwards boundary conditions [6]. Lees-Edwards boundary

conditions are an adaptation of standard periodic boundary conditions for inducing

shear 
ow. The introduction of a shear strain into the simulation allows for inves-

tigation of the e�ect this has on the viscosity, for Newtonian 
uids. This method

works by giving a periodic domain a velocity that is proportional to the domain's

vertical position, when compared with the centre domain, as is illustrated in Fig.

3.4. As a bead in the simulation box moves through the boundary at either the

top or the bottom of the box, it has its velocity and tangential position changed.

This generates a generate a linear velocity pro�le over the box domain, and we

can obtain a constant shear rate for the system.

3.4 Shear Viscosity for Liquid Crystals

For an isotropic 
uid, the shear viscosity can be simply calculated using the stress

(or pressure) tensor and the applied shear rate. For a shear 
ow de�ned as applica-

tion of a velocity �eld such that v = vx (y)x̂ , there is only one non-zero o�-diagonal

term in the stress tensor:� xy (or the equivalent � yx ). Using that the shear rate is
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Figure 3.4: Illustration of Lees-Edwards boundary conditions [6] for shear 
ow.
The shear rate _
 can be calculated using the velocityvx of the box.

given by @vx
@y, the viscosity can be calculated using

� xy = � �
@vx
@y

; (3.40)

where the viscosity can vary for a variety of 
uids depending on the magnitude

of the shear rate applied. This stress tensor can be calculated using the Irving-

Kirkwood de�nition [149] for a system by summing components of pairwise forces

and vectors between bead pairs and by averaging over a large number of time

steps. The stress tensor is therefore calculated using

� �� =
X

i

(mi vi;� vi;� +
X

j>i

Fij;� r ij;� ); (3.41)

where � and � represent thex, y, and z directions, and the sum ini is over all

beads in the system. Although as noted above, only the component de�ned by

� = x and � = y is needed to calculate the viscosity.

However, for a nematic or a smectic liquid crystal, there are e�ectively 3 dif-

ferent shear viscosity coe�cients to be considered, depending on the direction of

shear 
ow. Miesowicz viscosity coe�cients� 1, � 2, or � 3 are de�ned by the shear
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Figure 3.5: De�nition of the Miesowicz viscosity coe�cients � 1, � 2, and � 3. Mea-
surement of the coe�cients� i involved orientating the director of the liquid crystal
n̂ relative to the 
ow velocity.

viscosities of the 
uid in the nematic phase when the director lies along thex, y,

or z axis, respectively. An illustration of the de�nition of � 1, � 2, and � 3 relative

to the director is shown in Fig. 3.5. These were �rst measured experimentally

by Miesowicz [150, 151], by aligning the director of the sample using an external

magnetic �eld and measuring the viscosities using an oscillating plate viscometer.

An electric �eld could also be used in place of the magnetic �eld. A summary of

the three viscosities in relation to the 
ow velocityv [152] follows:

ˆ � 1 is when directorn is parallel to 
ow velocity;

ˆ � 2 is whenn is parallel to the velocity gradient;

ˆ � 3 is whenn is orthogonal to both the 
ow and the velocity gradient.

Note that other authors often use slightly di�erent de�nitions of which coe�cient

� i corresponds to which direction. Consider a nematic liquid crystal which has a

director n that can be considered as a function of two angles� and � :

n = (cos � cos�; cos� sin�; sin� ) (3.42)

where angles� and � are de�ned in Fig. 3.6. The viscosity is a combination of

the three Miesowicz viscosities as well as a fourth� 12, which cannot be visualised

in the usual way, but is related to a stretch deformation [152]. It can be found
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Figure 3.6: De�nition of angles used in Eqs. 3.42 and 3.43 for the director of the
liquid crystal n̂.

that the expression for the apparent viscosity becomes [152]

� (�; � ) = � 1 cos2 � cos2 � + � 2 sin2 � + � 3 sin2 � cos2 � +
1
4

� 12 sin2 2� cos2 �: (3.43)

Clearly the apparent viscosity depends on the alignment of the director with re-

spect to the directions of shear and the velocity gradient. However, there is still a

use for classical shear 
ow viscometers in order to assess such systems. Generally

a change in the orientation of the director is induced under application of shear.

In general, nematic crystals under shear will have a director that is parallel to

the velocity, so a conventional shear rheometer will give a good approximation for

� 1. In a smectic crystal such as the lamellar phase, there is generally a prefer-

ence to form the layers in one of two orientations. When the lamellar layers are

stacked in the direction of the velocity gradient, this is usually referred to as the

parallel oriented lamellar phase (� 2). When the lamellar layers are stacked in the

velocity gradient-neutral plane, and since the orientation of the director is perpen-

dicular to the velocity gradient, this orientation is referred as the perpendicular

orientation (� 3). These two orientations are illustrated in Fig. 3.7. For SLE3S

surfactant/water, which is molecularly very similar to AES, textures viewed un-

der a polarised optical microscope indicate a parallel orientated alignment of the

lamellar phase under shear [4]. Similarly, orientation of the liquid crystal phase

has been found for the hexagonal mesophase, generally with the rods of the hexag-

onal crystal in alignment with the 
ow direction [153]. Further discussion of the

experimental evidence for the alignment of the mesophases is provided in Chapter
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Figure 3.7: Meaning of the parallel and perpendicular orientations of the lamellar
phase under the application of shear. Figure adapted from Ref [7].

4.

For the purpose of calculating a Schmidt number, we need to not only cal-

culate a value for the viscosity� , but also for the di�usivity D. There are two

common ways to calculate the di�usion coe�cient. One method uses mean squared

displacement, so thatD is calculated using [154]

D =
h(r (t) � r 0)2i

2td
(3.44)

where r is the position of the bead,r 0 is the initial position at time t = 0, t is

time, d is the number of dimensions of the simulation box, and the angled brackets

indicate an average over all beads. The di�usion coe�cient can also be calculated

using the velocity auto-correlation function [154], in a similar way that the zero-

shear viscosity can be calculated using Eq. 3.39. In this caseD can be calculated

as

D =
1
d

Z 1

0
hv(n) � v(n + t)i ndt (3.45)

wherev is the velocity vector and the angled brackets indicate an average over all

di�erent starting positions, as in Eq. 3.39.
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3.5 E�ect of Periodic Boundary Conditions on

Lyotropic Crystal Phases

3.5.1 Lamellar Phase

The lamellar phase can form within the simulation box in an orientation that

creates ad-spacing value that minimises the potential energy of the box, and

therefore is as close to the equilibriumd-spacing as possible. However, the nature

of the �nite size of the box and the periodic boundary conditions imposes some

constraints on the orientations that the layers can form at, and therefore the

available d-spacing values for the layers to take. Opposite sides of the boxes must

match due to the periodic boundary conditions. This means, for example, for the

two box sides in thex � y plane, the surfactant layers must pass through the

samex and y coordinates for the surfaces located at bothz = 0 and z = L. This

leads to a constraint on the angle that the layers can form at, and is illustrated in

2-dimensions in Fig. 3.8. The imposition of the constraints in 3-dimensions leads

to the condition that the d-spacing layers must form to satisfy

�
d
L

� 2

(� 2
1 + � 2

2 + � 2
3) = 1 (3.46)

where� i are integers related to the number of layers that have formed in dimension

i . Further derivation of this expression can be found in Appendix A.

3.5.2 Hexagonal Phase

The e�ect of boundary conditions on the hexagonal phase is more complicated due

to the extra dimension of the structure (i.e. two dimensions as opposed to one in

the lamellar phase). Consider the formation of a lattice in a 2-dimensional case,

which forms in a square domain with periodic boundary conditions. An example

of a unit cell that would satisfy these boundary conditions is shown in Fig. 3.9,
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Figure 3.8: Illustration of the formation of repeated lamellar layers in the simula-
tion box. A triangle illustrates the constraint that the periodic boundary condi-
tions impose. The vertical line of this triangle has a length the same as box sizeL.
A second line has length�d , where � is an integer related to the number of layer
repeats it passes though, andd is the spacing between the repeated layers. This
line is normal to the periodic layers in the box and is in the same direction as the
director for the molecules. These lines can form a right angled triangle such that
L cos� = �d .

and the unit cell must form in such a way to satisfy equations

I 1~a+ I 2
~b=

2

6
4

L

0

3

7
5 ;

I 3~a+ I 4
~b=

2

6
4

0

L

3

7
5 ;

(3.47)

where I i are integers, in order to satisfy the boundary conditions. In order to

be considered a perfect hexagonal lattice, this would requirej~aj = j~bj. However,

the formation of the unit cell is restricted by these boundary conditions, and the

hexagonal lattice tends to form in a stretched/obscured way in order to meet these

conditions. In the perfect hexagonal lattice described in Fig. 2.10, there is just one

inter-rod spacing value, as the nearest six neighbours to any lattice point are all of

equal distance away. However, for the situation described in Fig. 3.9 there can be

up to three independent distances for the nearest neighbour spacing, described by

the length of vectorsj~aj, j~bj and j~a+ ~bj. Therefore an average inter-rod spacingr ,

can be calculated as an average of these three distances. It will be discussed later

in Chapter 7, why in the case of the simulations carried out in this work, it is not
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Figure 3.9: Formation of a lattice inside a 2-dimensional box, with periodic bound-
ary conditions.

necessary to extend the above description to three dimensions.
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Chapter 4

Experimental AES Phase

Diagram and Rheology

As discussed in Chapter 2, there is no known published phase diagram for AE1S.

There are also no known published rheological studies, detailing the relationship

between the applied shear rate and the solution viscosity, as a function of com-

position. Therefore, this chapter will look to identify the mesophases formed by

AES/water solutions, and identify the location of the phase boundaries, by a com-

bination of polarising optical microscopy and rheological measurements. The re-

sults of these measurements will allow for a comparison with computational studies

in later chapters.

There are many di�erent experimental methods which can be used in order

to determine the mesophase that forms for a surfactant solution at a given tem-

perature and concentration. It is most often the case that a combination of dif-

ferent experimental techniques are used, in order to determine the phase dia-

gram. One popular experimental method is through polarising optical microscopy

(POM) [15, 155, 156], which uses plane-polarised light to observe structures that

are birefringent (i.e. structures that are anisotropic). Structures that can be iden-

ti�ed via this method include the hexagonal and lamellar phases, however this

method cannot be used to identify the micellar and cubic phases, because they
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are optically isotropic and do not give textures. In order to distinguish between

the cubic and micellar phases, it is sometimes possible to use the fact that they

have enormous di�erence in viscosities [155]. Other methods that could be used

to identify the mesophase that has formed include small-angle neutron scatter-

ing [157{159], light scattering experiments [157, 158], small angle X-ray scatter-

ing [156,160], NMR [161], and Raman spectroscopy [162].

4.1 Materials

The homogeneous samples for these measurements were prepared by mixing a

controlled amount of surfactant with deionised water to create the desired concen-

tration, and leaving the sample to stand at room temperature.

The AES paste used for creating the samples consists of 70% AES, and is

supplied by Procter & Gamble. However, the concentration will be presented as

a weight percentage (wt.%) of AES, as opposed to a percentage of the paste, as

is done by some researchers [15]. Rheological measurements on micellar solutions

formed by sodium dodecyl sulphate (SDS) are also performed in Section 4.3.2.

The SDS (99+%) was purchased from Sigma-Aldrich.

Samples were created across the full concentration range obtainable via the

AES paste (0-70 wt.%). For SDS solutions, samples are created in the micellar

region (0-20 wt.%). Solutions that went on to form micellar solutions were left to

equilibrate for at least 2 weeks before measurement, all other samples at higher

concentrations were allowed to stand for at least 12 weeks before rheological mea-

surements were performed. Microscopy imaging took place a signi�cant time later

than the rheological measurements, due to a lack of access to experimental facilities

during the Covid-19 university shutdown. Therefore, the optical microscopy im-

ages reported in this chapter were performed on samples that were left to stand for

at least 12 months. Samples were stored in sealed containers, in order to prevent

drying or contamination.

96



Unpolarised
Light Polariser Analyser

Maximum Light

Unpolarised
Light Polariser Analyser

No Light

90�

Figure 4.1: Illustration of polarised light. Once the ordinary light passes through
the polariser, it is only oscillating in one direction, and therefore the analyser must
also be orientated in the same direction in order for the light to pass.

4.2 Polarised optical microscopy (POM)

4.2.1 Background

Polarised optical microscopy uses plane-polarised light to observe structures that

are birefringent. Normal sources of light are unpolarised and have electric �eld

oscillating in all directions (perpendicular to the direction of propagation). If the

electric �eld oscillates in one direction only, it is referred to as plane polarised

light. Something that polarises light is referred to as a polariser. The principle

of polarised light is illustrated in Fig. 4.1. When a second polariser (analyser) is

added, the light can only travel through it fully if it is orientated in the same way

as the polarised light. If the analyser is placed 90� to the polarised light, beyond

the analyser no light will get through.

If a crystal is placed between the polariser and analyser, as the light enters the

crystal it will be split into two rays with di�erent velocities vibrating perpendicular

to each other [163]. One of these rays is called the ordinary-ray (O-ray) and one the

extraordinary-ray (E-ray). The ordinary- and the extraordinary- rays become out-

of-phase once they exit the material. These two rays are then recombined with

constructive and destructive interference when they pass through the analyser
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[164]. Polarisation colours result from the interference of the two waves, and the

angle between the polariser and analyser can be varied to extract information

about materials.

The light that enters the crystal after passing through the polariser is only split

when the material is anisotropic and the material contains a range of refractive

indices. Isotropic materials, such as cubic crystals and micellar solutions, only

have one refractive index and therefore do not act as beam splitters. Therefore,

since POM relies on analysing the interference of the split beams as they are

recombined through the analyser, no information can be gained by looking at

isotropic materials.

4.2.2 AES Phase Identi�cation

This section will look at identifying the phases formed by use of POM. In order

to visualise the textures, a thin layer of pre-equilibrated sample is viewed under

crossed polarisers. The process for achieving this thin sample is to squeeze a small

amount of sample between two glass slides. However, this can inadvertently apply

a degree of shear to the sample, and the application of shear force can in
uence

the phase taken. To avoid this, we apply as small an amount of sample as possible

to the glass slide, and apply as little force as possible to 
atten. While one could

then leave the sample on the prepared slide to equilibrate after being prepared,

there could then be an in
uence from the exposed boundary with the air, such as

sample evaporation, which may alter the phase. Hence we chose to not do this,

and simply try and prepare the sample in a way which applies as little force as

possible to the sample that is to be imaged.

A summary of the di�erent textures identi�ed for di�erent AES concentrations

is shown in Table 4.1, and the corresponding approximate phase boundaries in

Fig. 4.2. Concentrations 6.9, 13.2 and 20.1% exhibit no textures, indicating the

existence of an isotropic solution. Qualitatively the viscosity of these solutions is

relatively low, therefore they will be assigned to the micellar phase. Quantitative
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rheology measurements in Section 4.3 will con�rm this. There then exists a large

hexagonal region for samples of concentrations from 28% up to 58.6%, which are

identi�able from their marble/smoke-like [165,166] or mosaic [71,166] textures. A

sample of 59.9% displays a transition to lamellar phases, which is identi�able from

a more streaked like texture [166]. Further increase in concentration continues to

display lamellar textures. A selection of microscopy images at di�erent concentra-

tions is shown in Fig. 4.3. An interesting observation is that the lamellar phases

also display a high degree of alignment at solution/air boundaries, as illustrated in

Fig. 4.4. This helps provide an extra point of identi�cation between the hexagonal

and lamellar phases.

Sample Concentration (wt.%) Appearance
6.9 No Textures
13.2 No Textures
20.1 No Textures
28.0 Hexagonal
34.7 Hexagonal
41.3 Hexagonal
49.7 Hexagonal
52.1 Hexagonal
58.6 Hexagonal
59.9 Lamellar
63.1 Lamellar
70 Lamellar

Table 4.1: Identi�cation of the mesophases formed by AES/water solutions at
room temperature. Phases identi�ed using POM.

0 20 40 60 80 100
Concentration (wt%)

Micellar Hexagonal Lamellar

Figure 4.2: Phase boundaries of AES solutions at room temperature, identi�ed by
POM imaging.

Identifying the phases of solutions at concentration boundaries can be di�cult

due to potential inhomogeneities in the solution sample. This is particularly true

for very viscous phases where dissolution is slow, and di�erent portions of the

99




	Introduction
	Surfactants
	Micelles
	Liquid Crystals
	Lamellar Phase
	Hexagonal Phase
	Bicontinuous Cubic Phases

	Alkyl ethoxysulphates (AES)
	Equilibrium Phase Diagrams
	AE3S
	Sodium Dodecyl Sulphate (SDS)
	Sodium Lauryl Ether Sulphate (SLES)


	Summary

	Simulation Methods
	Overview
	Molecular Dynamics
	Forces and General Algorithm
	Thermostats

	Dissipative Particle Dynamics (DPD)
	Forces and General Algorithm
	Electrostatic interactions
	Unit Conversion
	The Conservative Repulsion Parameter
	Other Parameters
	Schmidt number and Thermostats
	Implementing Shear Flow

	Shear Viscosity for Liquid Crystals
	Effect of Periodic Boundary Conditions on Lyotropic Crystal Phases
	Lamellar Phase
	Hexagonal Phase


	Experimental AES Phase Diagram and Rheology
	Materials
	Polarised optical microscopy (POM)
	Background
	AES Phase Identification

	Rheology
	Background
	Micellar Solutions
	Overview of Empirical Rheology Models for Micellar Solutions
	Measurements for AES Rheology for Micellar Solutions

	Lyotropic Liquid Crystals
	Overview of Rheology for Lyotropic Liquid Crystals
	Measurements for AES Rheology for Lyotropic Liquid Crystals


	Summary

	Changes in Molecular Shape
	Conformational Changes
	Raman Spectroscopy
	Overview
	Principles of the Method
	Analysing the Spectra
	Conformational Changes

	Curve Fitting and Peak Locations
	Background Removal and Peak Scaling
	Results and Analysis
	Baseline Removal in Region 900–1800cm-1
	Modes in Region 1200–1400cm-1
	Modes in Regions 3000–3425 cm-1
	Modes in Region 2800–3000cm-1
	Modes in Region 1000–1150cm-1
	Modes in Other Regions
	Summary



	Micellar Phase
	Dynamic Light Scattering (DLS)
	Background of measuring SDS using DLS
	Study using DLS to measure AES and SDS solutions
	Conclusion

	Shape of Micelles
	Experimental Methods
	Simulation Methods
	Aggregation number
	Geometrical Size and Shape of Micelles
	Geometrical Size and Shape of Molecules


	DPD Simulations
	Micellar Solution Study
	Simulation Set-Up
	Equilibration
	Aggregation Number
	Radius of Gyration of Micelles
	Radius of Gyration of Molecules
	Conclusion


	DPD Simulations for Micellar Solutions Under Shear and Viscosity
	Thermostating and Parameter Choices
	Calculating Diffusion Coefficient
	Calculating Viscosity
	Relationship Between  and Schmidt Number
	Conclusion

	Viscosity via the Autocorrelation Method
	Shearing Micelles
	Simulation Set-Up
	Micellar Shape
	Viscosity Calculation
	Summary



	Lyotropic Liquid Crystal Phases
	Lyotropic Structure Experiments
	DPD Simulations for Equilibrium Phases
	Simulation Set-Up and Box Size
	Box Size: Lamellar Phase
	Box Size: Hexagonal Phase

	Equilibrium Phase Diagram and Structure
	Equilibration Period
	Lamellar Phase
	Hexagonal Phase
	Worm-like Micellar

	Phase Diagram
	Values For d-spacing and Inter-rod Spacing
	Lamellar Phase
	Hexagonal Phase

	Molecular Changes due to Phase Change
	Radius of Gyration Rg
	Ratio of trans/gauche Conformations

	Conclusion


	DPD Simulations for Lyotropic Liquid Crystals Under Shear
	Simulation Set-Up
	Orientation of the Lamellar Phase
	Initial Configurations for Varying Shear Rate
	Equilibration Period
	Viscosity vs. Shear Profile
	Molecular Changes
	Other Orientations
	Other Simulation Cases
	Matching Shear Rate to Real Shear Rate
	Summary


	Molecular Dynamics
	Micellar Phases in Molecular Dynamics
	Computational Method
	Simulated Systems
	Data Analysis

	Equilibration Period
	Simulation Results
	Aggregation Number
	Radius of Gyration RG
	Conformation of Molecules
	Conclusion


	Conclusion and Future Work
	Derivation of Constraint on d-spacing for Lamellar Layers
	Limit of Eq. 6.7 at low concentrations
	Number of beads in micellar DPD simulations
	Number of beads in liquid crystal DPD simulations
	MD parameters for SDS molecule

