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Abstract
Powdered detergent products are formulated with various components, such as

aqueous polymers and surfactant solutions, to which powdered components such

as salts and zeolites are added and these are mixed at a high shear rate for a few

hours. The interactions between the surfactant and polymer directly influences the

supramolecular structure (particularly the phase and colloidal structure) of the for-

mulation. This in turn influences the final detergent powder structure, properties

and performance. Therefore, a thorough understanding of the structural changes

resulting from the addition of polymer to aqueous NaLAS dispersions, as well as

the structural changes arising from shearing the formula is vital when consider-

ing cost effective formulation decisions, but the effect of both of these factors are

poorly-explored. This PhD is designed to understand the influence of the ad-

dition of polycarboxylate polymer on the phase and colloidal structure of linear

akylbenzene sulphonate (NaLAS) surfactant dispersions in aqueous conditions and

saturated sodium sulphate solution conditions. For the aqueous system, a phase

diagram was constructed using centrifugation and optical polarised microscopy.

Following this, a more in-depth understanding of the phase behaviour was realised

using Small Angle X-Ray scattering (SAXS), as well as the influence of polymer on

the colloidal structures using 2H nuclear magnetic resonance NMR. The combina-

tion of these studies led to the conclusion that the polymer behaves as a flocculant

in the system, causing phase separation in the micellar regime. Additionally, a de-

crease in the bilayer spacing in the lamellar phase was observed due to the addition

of the polymer compressing the bilayers. Also, the the osmotic effects resulting

from the polymer addition caused multilamellar vesicle fusion, which then sub-

sequently increased the average multilamellar vesicle size. This change in vesicle

size was measured using 2H (NMR).

Following this, the influence of the addition of the polymer on microstructure

of NaLAS in saturated sodium sulphate solution were explored. Firstly, by con-

structing a phase diagram and then followed by pulsed-gradient simulated train

echo (PGSTE) diffusion experiments to characterise the microgeometry of the

system. How this microstructure changed with polymer concentration was also

explored. A phase diagram of the system which was constructed using centrifuga-

tion, showed that the addition of the polymer increased the ratio of the lamellar

phase to the isotropic phase until there was just a single lamellar phase remaining.

Surface area to volume ratio, pore size and tortuosity measurements using NMR,



as well as SAXS experiments helped show that this change in ratio was not due to

microgeometry changes. Hence, it was likely that the ratio change observed was a

result of the polymer sterically stabilising the vesicles.

Finally, the structural changes over time resulting from the application of a high

constant shear rate on a model formulation system were explored. Upon the

application of high constant shear rates (above 1800 s�1), an irreversible increase

in the viscosity was observed. In-situ cryo-SEM experiments were carried out to

conclude that in this system prior to the high shear mixing, kinetically stable

vesicles were present due to the low bubble rise velocity resulting from the high

viscosity of the system without the bubbles. The application of high shear rates

for extended periods of time increased the Reynolds number of the system, which

promoted bubble coalescence, and this consequently significantly increased the

bubble rise velocity. This bubble rise velocity increase in time reduced the bubble

fraction in the system, and hence the measured viscosity. This is because the

high shear rates significantly increases the Reynolds number within the system

to a turbulent regime, promoting the creaming of the bubbles to the surface and

subsequently bubble breakdown. The addition of the polycarboxylate polymer

prevented all the time dependent viscosity changes as inhibited the formation of

kinetically stable bubbles in the system.

. . .
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Chapter 1

Introduction

1.1 Overview

This project is a collaboration between The University of Leeds and Procter and

Gamble. The project is designed to understand the phase and colloidal structure

of surfactant formulations, with an emphasis on the in
uence of the addition of

polymer and processing on the structure. This understanding can help in
uence

business decisions with respect to formulation decisions, as well as decisions on

the processing conditions of powdered detergent manufacture. Various studies,

beginning with the work from Sein et al (3), and more recently the work by

Stewart et al (5), have described the phase behaviour of the surfactant NaLAS in

water and how it changes with the addition of various salts. This surfactant is the

main component in the formulation of detergent powders, and the studies of the

the phase behaviours by Sein and Stewart have been highly in
uential in business

decisions for the detergent powder manufacture process.

The formulation of detergent powders follows a multi-stage process. Firstly, the

liquid components composing surfactants and polymers are added in a large scale

mixer where they are mixed for extended periods of times at high rates. Then,

this mixture is pumped to the top of a spray drying tower, where the mixture is

atomised into droplets and dried into a powder. The performance of the powder

depends upon the structure of the powder and the structure of the formulation

which depends on how the components interact with one another. This structure

change as both as a result of composition changes, as well as processing. So,

18
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this PhD will focus on understanding the structural changes resulting from the

addition of polymer, and as a result of processing.

1.2 Context of the thesis

This thesis will focus on the surfactant Linear alkylbenzene sulphonate (NaLAS),

which is the most widely used surfactant in the world, mainly used in detergent

formulation. The structures of detergent formulas directly in
uence the physical

properties of the �nal detergent product, so it is important to understand structure

and how various components interact, particularly with the surfactant, in order to

understand the impact on this on the performance of the detergent product. The

phase behaviour of NaLAS is well studied, most recently in a thesis published by

James Stewart, who probed the phase behaviour of NaLAS in water, as well as the

in
uence of the addition of salt on this. The in
uence of polymer on the phase and

colloidal structure of NaLAS in water is still unknown, and this thesis will hence

explore this for systems formulated with and without salt. Furthermore, there are

limited studies on the in
uence of shear on the structure of NaLAS formulations.

Stewart, in his thesis carried out some shear sweeps, however he did not explore

the viscosity changes over time at constant shear rates. This is important because

in powdered detergent productions, the formulations are mixed at high constant

shear rates for extended periods of time, often for hours. So understanding the

changes that occur over time, as well as the structural changes causing these can

help in
uence formulation decisions. This thesis will explore both the in
uence of

the addition of polycarboxylate polymers and processing in great detail which has

not previously been explored.

Additionally, despite the phase behaviour of NaLAS in water and the ternary

NaLAS-water-salt systems has been explored in detail, however, the interaction of

polymers with NaLAS has, to our knowledge, not been explored - this work will

explore the phase and colloidal structure of NaLAS in water and how the addition

of polymer in
uences this in order to obtain an understanding of the interactions.

Futhermore, the colloidal structure of NaLAS dispersions have not been charac-

terised with respect to their sizes as none of the conventional sizing techniques

such SAXS, DLS and laser scattering are unsuitable because the systems cannot

be diluted making laser scattering unsuitable. Multiple scattering makes DLS un-

suitable and the high ionic strengths makes SAXS suitable. This work will adapt



20

an existing nuclear magnetic resonance (NMR) method to size the colloidal struc-

tures of this system for the �rst time. Moreover, the in
uence of polymer on the

surfactant structures in high ionic strengths will be explored.

1.3 Aims and Objectives

There is a list of systematic objectives in this thesis to eludicate the structure of

an industrial surfactant-polymer system. These include:

� To understand the interaction of polycarboxylate polymer with NaLAS sur-

factant, by understanding the phase behaviour changes resulting from poly-

mer addition. Therefore, phase diagrams will be constructed using various

techniques such as SAXS and centrifugation. Furthermore, the in
uence

of polymer on the surfactant colloidal structure will also be probed, deter-

mining suitable existing techniques achieve this aim. Alternatively, suitable

techniques will be developed.

� Building upon this, the in
uence of the addition of polymer on surfactant

structures in saturated sodium sulphate solution will be probed. This is im-

portant because in industrial detergent formulations, the salt concentrations

are high.

� Finally, a model surfactant-sodium sulphate system which shows interesting

behaviour during processing during the powdered detergent manufacture

process will be analysed; this will be explored using rheology, and compli-

mentary in-situ structural analysis techniques such as cryo-SEM.

1.4 Structure of the thesis

This thesis will begin with a comprehensive literature review of surfactant

self-assembly, describing the phase and structure of aqueous surfactant dis-

persions in general, in addition to overviewing the existing literature of

NaLAS and anionic surfactants used in detergent formulations. Building

upon this, it will describe some of the existing literature on the in
uence of

the addition of polymer on the phase and colloidal structure of surfactant

formulations. Then, a methods and materials chapter will overline the main
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techniques used in this thesis, including: NMR, rheology, cryo-SEM, optical

microscopy, centrifugation and SAXS. The chapter will consider the theory

behind the techniques and their signi�cance for the understanding of the

structure of surfactant formulations, as well as an overview of the equipment

used in subsequent results chapters.

The �rst results chapter will describe the in
uence of polycarboxylate poly-

mers on the phase and colloidal behaviour of NaLAS in water. NaLAS-water-

polymer phase diagrams will be constructed using microscopy and centrifu-

gation, and NMR will be used to determine the in
uence of the addition

of polymer on the surfactant colloidal structure. These observed changes in

phase and colloidal structure will be related to the the surfactant-polymer

interactions.

The following results chapter takes a model NaLAS-sodium sulphate-water

system and probes the structural changes that cause viscosity changes as

this model system is mixed at high shear rates. SAXS and cryo-SEM are

the main techniques used to relate the changes in viscosity to the changes in

structure.

In the �nal results chapter, NMR will be used to analyse the di�usion of

water within the pores in a matrix of a surfactant-polymer-sodium sulphate

solution model system. These di�usion experiments will be carried out to

determine the sizes of the pores. Changes in the pore size as a function of

polymer concentration will be determined in order to gain some understand-

ing of the interaction between the polycarboxylate polymer and the NaLAS

surfactant in high ionic strength conditions.

Throughout this thesis, unless stated, the experiments will be carried out at

50� C because industrially, the surfactant systems will not be processed at

a temperature below 45� C. This is because the salt will form a hydrate at

the lower temperatures which is undesirable in the detergent manufacture

process.



Chapter 2

Literature review

2.1 Surfactant phase and colloidal behaviour, and

the in
uence of polymer

Surfactants are amphiphilic molecules, generally comprising of a lyophobic (solvent-

hating) region and a lyophilic (solvent-loving) region. The lyophobic region is de-

scribed as hydrophobic when the molecule is in an aqueous environment and the

lyophilic region is described as the hydrophilic region. The opposing hydropho-

bic and hydrophilic forces allows two main phenomena to arise: aggregation and

adsorption.

Adsorption describes the process in which the surfactant molecules migrates

to the air-water, solid-water or liquid-liquid interface to minimise the contact

between the hydrophobic region and the water, and hence reducing the free energy

of the system (14).

Aggregation results when the interface has been saturated with the surfactant

molecules and the free energy of the system needs to be reduced. This occurs by

the self-assembly of the surfactant molecules into various structures to ensure that

22
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Table 2.1: The critical packing parameter corresponding to di�erent aggre-
gates formed (11).

Aggregate formed Critical packing parameter

Cylindrical micelles 1/3 - 1/2

Reverse micelles > 1

Planar bilayers 1

Vesicles and 
exible bilayers 1/2 - 1

the hydrophilic head groups orient towards the aqueous phase. The shape and

size of the structures formed vary depending on multiple parameters, including:

surfactant concentration, surfactant temperature, hydrophobic chain volume and

hydrophobic head group cross-sectional area. Israelchivilli (15) presented a model

known as the molecular packing parameter model, which can predict the structure

of the aggregates formed (examples are displayed in Table 2.1).

This critical packing parameter is de�ned as:

cpp=
vs

aslc
; (2.1)

where vs is the hydrophobic tail volume, as is the optimum head group cross-

sectional area,lc is the hydrophobic tail length.

The optimal area of the head group can be in
uenced by the pH, electrolyte

concentration and the presence of any additives, such as co-surfactants and alcohol.

Surfactants are usually characterised in reference to their head group type.

The main groups of surfactants are as follows:

� Anionic surfactants: the head group is negatively charged; most anionic

surfactants have one or more sulphate or sulphonate groups. These are

the most commonly used group of surfactants and contribute to 60 % of the
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surfactants used worldwide. They are incompatible with cationic surfactants,

so they an anionic surfactant usually connot be formulated with a cationic

surfactant.

� Cationic surfactants: these have a positively charged head group. They are

frequently used in fabric softeners as it ful�lls one of the main utilities of

fabric softeners: to reduce static cling by neutralising the negatively charged

fabric �bres. The most common types of cationic surfactants are quaternary

ammonium compounds and amine-based compounds.

� Non-ionic surfactants: these consist of either polyether or polyhydroxyl

groups in the polar head of the surfactant, however, the vast majority are

polyether compounds consing of 5 to 10 repeating oxyethylene units. They

are most commonly used to stabilise water-oil emulsions (16).

� Zwitterionic surfactants: these contain two oppositely charged groups. The

most common types of zwitterion surfactants have the N-alkyl derivatives

of amino acids and imidazoline. This group of surfactants tends to have

very suitable dermatological properties, therefore they are frequently used

in cosmetic products and function e�ectively in electrolyte formulations. As

these surfactants are usually very expensive, they are less commonly used

compared to anionic, cationic or non-ionic surfactants (16).

2.1.1 Surfactant self assembly at low concentrations

Initially, when a surfactant is added to a system such as a basic air/water sys-

tem, the surfactant concentration is very low and increasing the concentration of

surfactant has no noticeable e�ect on the surface tension of the water as the sur-

factant is present as monomers in the bulk system. Further, as the concentration

increases, there is a proportional relationship between the surfactant concentra-

tion and surface tension. As the surfactant concentration is increased, the surface
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tension also increases. At the surface, there are attractive cohesive forces between

water molecules and the presence of surfactants reduce these attractive forces.

Hence, surface tension reduces as the amphiphile arranges itself on the surface as

such that the hydrophilic end of the tail interacts with the water phase and the

hydrophobic end interact with the phase surrounding the water surface in order

to minimize the free energy of the system. The ability of surfactants to accu-

mulate at interfaces is a key property of surfactants. Surfactants with a higher

tendency to accumulate on a boundary are usually 'better' surfactants. However,

one surfactant may accumulate very well at one interface, but poorly at the other

interface, therefore careful consideration of the properties of surfactants is key

when considering which surfactant is used for a particular application (4).

As the surfactant concentration is further increased, the surface is saturated

with surfactant, so additional added surfactant begins to self-assemble into mi-

celles, which are spherical aggregates where the hydrophobic tail faces the centre

of the sphere to minimise disruption of the water structure and to minimise the

free energy of the system. The surfactant concentration at which micelles begins

to form is the critical micelle concentration. Spherical micelles tend to form ini-

tially, but as surfactant concentration continues to increase the spherical micelles

tend to transition into globular and rod-like micelles. In water-oil systems where

there are lower water concentrations compared, reverse micelles can form where

the hydrophilic head faces the centre. As the concentration of surfactant increases,

various di�erent types of self-assembling structures can form (4).

The self assembly of surfactants in water can be described in terms of the

free energy of the system. The Gibbs free energy of the system is the sum of the

the interaction energy due to the surfactant tail, the interaction energy due to the

aggregate core-water interactions and the interaction energy due to the repulsion

between the head groups. The �rst interaction due to the surfactant tail arises

from the transfer of the surfactant tail from its unfavorable contact with water to
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the favorable hydrocarbon-like environment of the aggregate core. This is a nega-

tive term and this free energy contribution depends on the surfactant tail but not

on the aggregate shape or size. The second term interfacial term is a positive free

energy contribution that accounts for the residual contact between the surfactant

tails and water at the aggregate core-water interface. This is represented as the

product of a contact free energy per unit area (or an interfacial free energy per

unit area, self-Assembly or interfacial tension) and the surface area per molecule

of the aggregate core (4). The third term due to the head groups is another posi-

tive free energy contribution that accounts for the repulsive interactions between

the headgroups because they crowd at the aggregate surface. The repulsions may

be due to steric interactions (for any type of headgroup) and also electrostatic

interactions (dipole{dipole interactions for zwitterionic headgroups and ion{ion

repulsions for ionic headgroups). Since the repulsions would increase if the head-

groups come close to one another, Tanford proposed an expression for this free

energy contribution with an inverse dependence on the surface area per molecule

of the aggregate core.

The formation of micelles in water results from the `hydrophobic e�ect (17)';

the dissolution of the micelle into water is resisted due to the strong repulsive

forces between the water molecules and the hydrocarbon chains of surfactants, so

this hydrophobic e�ect results from two contributions. Firstly, there is a negative

entropy resulting from water coming to close contact with the non-polar hydro-

carbon chain of the surfactant molecule. The surfactant molecules have fewer

possible conformations in water in comparison to free water, so an entropy de-

crease results. Also, the water close to the surfactant forms stronger hydrogen

bonds, which results in a further decrease in entropy. The second contribution

factor to the hydrophobic e�ect results from the high energy necessary to form

a cavity within the water to allow the surfactant to �t into. This results from
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strong cohesive forces arising from the small size of water molecules in compar-

ison to the surfactant molecules. Also, the hydrogen bond density in water is

very high, which also makes the disruption of these to form the cavities energy

intensive. From this, one can conclude that the magnitude of the hydrophobic

e�ect is proportional to the cavity surface area required for the surfactant to �t

into. This hydrophobic e�ect is fundamental in understanding the self-assembly

of surfactants at all concentrations (17).

The micelles formed resulting from ionic surfactants di�er from the micelles

formed from non-ionic surfactants. Micelles formed resulting from ionic surfactants

consist of the following (also described further in Figure 2.1) (18):

� A hydrophobic core: the centre of the micelle consisting of the hydrocarbon

chains;

� A Stern layer: this surrounds the core consisting of the hydrophilic head

groups;

� A Gouy-Chapman electrical double layer which surrounds the core; this is

a di�use layer which consists of counter-ions that neutralise the ions in the

Stern layer.

Micelles formed by non-ionic surfactants have the following composition:

� A Hydrophobic core; the centre of the micelle consisting of the hydrocarbon

chains;

� A Palisade layer; which consists of the surfactant tails and polar molecules

(18);

At higher surfactant concentrations, lyotropic liquid crystal structure can form.

Micelles begin to transition into hexagonal arrays, a phase known as the hexagonal
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Figure 2.1: Labelled structure of the components of a micelle

(middle) phase where surfactants form groups of rod-like clusters and are packed

hexagonally. There are 2 types of hexagonal phases which can form; the normal

hexagonal phase (H1) and the reverse hexagonal phase (H2). The H1 phase con-

sists of normal micelles arranged in a cylindrical fashion, whereas the H2 phase

consists of reverse micelles packed in a hexagonal manner. The H1 has a positive

surface curvature whereas the H2 phase has a negative surface curvature (19).

As the concentration of surfactant further increases, a transition to a cubic

structure occurs. There are three types of cubic structures surfactants can as-

semble into. Firstly, there is the viscous normal isotropic phase (V1) and viscous

reverse isotropic phase (V2). The V1 has a positive surface curvature but the V2

has a negative surface curvature. As the concentration is once again increased,

the structure transitions into a neat, lamellar (L� ) phase where the surfactant

molecules are arranged in layers,and the amphiphilic nature of surfactants results

in a bilayer arrangement where two amphiphiles face opposite each other, and the

hydrophobic tails face toward each other, as shown in Figure 3.5 (19).

Although the neat phase has a high surfactant concentration, it has a rela-

tively low viscosity due to the fact that they bilayers can easily slide over each
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other on the application of shear. The layers slide over each other easily and main-

tain their periodic arrangement which results in the 
uid nature of the structure.

The introduction of a methyl group in the hydrocarbon chain often reduces the

critical micelle concentration, so can the introduction of double bonds into the

structure along with the introduction of a polar segment (20).

The self-assembling structure depends on the critical packing parameter and

the interfacial surface curvature as shown in Figure 3.5. The head group of the

amphiphile that faces the water interface and the tail on the other side of the

surface interface determine the curvature, and the surface curvature can be used

to de�ne what self-assembling structure is present (1).

Figure 2.2: Figure shpwing the shapes of the self-assembling surfactant struc-
tures and the critical-packing parameters at which they form (1).

There are various factors that help determine which liquid crystal phase can

form. These include:
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� The strength of repulsion between head groups arranged at the water-surfactant

interface. This repulsive force is directly in
uenced by how strongly the head

groups are hydrated, the charge of adjacent surfactant molecules as well as

alkyl chain steric requirements (21).

� The degree of conformation of the alkyl chains, which is directly in
uenced

by the chain length and saturation extent (21).

� Presence of an electrolyte salt, which can have a signi�cant e�ect of the ionic

strength of the solution and the repulsive forces between head groups (21).

The hydrophobic tail generally consists of fatty acids and traditionally, ethoxy-

lates and sorbitan esters of fatty acids have been used. The selected hydrocarbon

chain has signi�cant impacts on the surfactant properties. For example the pres-

ence of double bonds can in
uence critical micelle concentration as the bulkiness

of the surfactants increases, meaning the packing of the chains is more di�cult

and increases the hydrophobicity of the surfactant. The hydrophobic chain length

also signi�cantly a�ects the critical micelle concentration. Generally, as the hy-

drocarbon chain length increases, the CMC decreases. In the presence of a salt,

this change in CMC with increasing chain length is more profound. Also the

Kra�t point (the minimum temperature at which micelles can form) is also highly

dependent upon chain length (22).

2.1.2 Liquid crystals

Liquid crystals are a phase of matter which has properties between those of con-

ventional liquids and solid crystals. Like solids, they have orientational order and

possess symmetrical properties but, like liquids they can 
ow (23).

At high surfactant concentrations, typically at concentrations greater than

100 times the CMC, anisotropic liquid crystal structures form. This is because
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initially, at lower surfactant concentrations, the surfactant molecules aggregate to

form micelles and at higher concentrations these aggregate to form larger `ordered'

solutions (24).

In `ordered' solutions the size of the head group, number of alkyl chains and

polarity of the solvent are important and packing constraints must therefore be

considered. Interactions between micellar surfaces are repulsive (from electrostatic

or hydration forces), so that as the number of aggregates increases the micelles

get closer to one another, the only way to maximise separation is to change the

aggregate shape and size(25).

The addition of more surfactant in a micellar solution will result in a move-

ment to a shape with a higher packing limit and therefore lower aggregate curva-

ture. It should be noted that as the polar head group size increases the curvature

also increases so liquid crystal formation depends on the type of micelle at the

lowest concentration.

There are many di�erent lyotropic liquid crystal mesophases that exist. Of

these, there are six phases with well characterised structures. These are lamellar,

hexagonal, cubic, gel, nematic and intermediate phases. Each structure can exist

in oil continuous or water continuous media in either a `normal' or `reverse' con�g-

uration often denoted by subscripts 1 and 2 respectively. Lyotropic liquid crystal

phases are usually distinctly di�erent topologically from thermotropic phases and

examples include: the cubic, hexagonal, lamellar and intermediate phases (26).

The most important technique to identify the mesophase type is polarising

optical microscopy. All the phases are birefringent and display a unique texture

when viewed under crossed polarisers, while cubic phases have none. The cubic

phases are isotropic and therefore appear black under crossed polarisers however,

are very viscous. This technique is discussed further in Chapter 3 (23).
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2.1.3 The Order Parameter

The simplest way to describe the anisotropy of a lyotropic system is using the order

parameter,S. The order parameter describes a function of the angle between the

molecular axis of a molecule and the average direction at which an ensemble of

molecules face, this is shown schematically in Figure 2.3 (27). This is often referred

to as the laboratory axis. In the case of surfactants, the order parameter is dictated

by the 
exible hydrophobic chains. The order parameter can be described for each

individual segment of the chain, or more commonly as an average of the chain. In

practice, multiple order parameters exist for the di�erent vectors of the methylene

groups. rHH describes the vector between the two hydrogen atoms, and the SHH

order parameter characterises the ensemble average angle between the laboratory

axis and rHH . A �nal order parameter considers the surfactant dispersed in D2O,

and describes the ensemble average angle between the laboratory axis and the

bond vector between the carbon atom of the chain and the deuterium atoms of

the solvent. Equations 2.2 and 2.3 and show the relationship between the two order

parameters and the angles between the corresponding vector and the laboratory

axis (28).

SCD =
1
2

(< 3cos2� CD > � 1); (2.2)

SHH =
1
2

(< 3cos2� HH > � 1): (2.3)

Where SCD is the average segmental order parameter between the deuterium in

the water and the carbon in the methylene group,SHH is the average segmental

order parameter for the Hydrogen-Hydrogen atom interactions in the methylene

groups. The segmental order parameter values can range from -0.5 to 1 (29). The

determination of these segmental order parameters is highly useful in character-

ising the local conformational properties of the surfactant bilayers which can be

useful in understanding the self-assembling structure of the surfactant in water.

This is useful for the NaLAS-water system because the vesicles should display an
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Figure 2.3: Schematic showing an ensemble of molecules with orientational
order, where the order is parallel to the director,n.

average order parameter of zero. In the case of a perfect bilayer, the order pa-

rameter will also be zero, when the average angle between the director and the

direction the molecules face is zero. However, in practice this is almost never zero

due to bilayer undulations and these undulations result from the con�gurational

entropy of the bilayer. Blayers are extremely 
uid and dynamic and move as a

response to environmental stimuli such as changes in temperature. So, changes in

these properties results in changes in the order parameter.

An understanding of the segmental order parameter can prove useful in un-

derstanding the conformations of in lyotropic surfactant structures can be useful to

determine molecular orientatation and motion within the surfactant chains of the

supramolecular stuctures(27). Nuclear mangetic resonance (NMR) can be used to

directly measure the orientational order parameters.
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2.1.4 Lamellar, L � phase

The lyotropic liquid crystal phase most commonly exhibited in surfactants is the

Lamellar (L� ) phase, which is also known as the `neat' phase. In this phase,

the surfactant molecules assemble into ordered bilayers and these bilayers are

extensive, continuing over at least 1� m. These bilayers are separated by water.

The lamellar phase is distinctive in the fact that it has characteristic rheological

and optical properties (discussed further in section 4.2) (30). These bilayers have

a fatty structure which means that when the mesophase experiences shear forces,

the parallel bilayers can slide easily over each other. Therefore, the viscosity of

lamellar structures is rather low (31). This phase can also be identi�ed using small

angle X-ray scattering. The physical properties of bilayers include low viscosity

and high pourability which makes the structure very suitable for use in detergents.

Planar sheets are just one morphology form the L� phase can exhibit. These

layers can also fold into vesicles. Unilamellar vesicles form as a result of the bi-

layer trapping the aqueous phase, and multi-lamellar vesicles result from multiple

concentric layers entrapping the aqueous phase. Vesicles have the applications in

pharmaceuticals and in the detergency industry to encapsulate drugs, perfumes

and enzymes. Furthermore, they have interesting applications in academia acting

as models for cells and cell membranes. The use of unilamellar vesicles in drug

delivery applications arises from their biocompatability; they can fuse with hu-

man cells and release their contents into cells. Research is being carried out to

manipluate the structure of these vesicles to help increase bioavailability of the

drugs contained within the vesicles (32). Controlling surface charge, and surface

hydration has been shown to be critical in in
uencing the drug bioavailability.

The structure of the vesicle needed depends directly upon the part of the body

being targeted. For example, vesicles inhaled into the lungs need to not irritate

the lungs, whereas vesicles that are swallowed need to be able to withhold the
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alakaline conditions of the stomach (33). Vesicles have been successfully used as

vectors for genetic transfections in the eyes (32). They have also been used to suc-

cessfully encapsulate vaccines. Another revolutionary use of vesicles in medicine

is their use in tumour treatment. They have been shown to passively target small

tumours because they can circulate for longer time periods in the tumour cells

compared to healthy cells. The vesicles for each di�erent application require dis-

tinctly di�erent compositions to result in the di�erent sizes, surface charges and

surface hydration needed for the application (34). These vesicles can also result

from the aggregation of micelles resulting from the addition of various salts, this

is explained later in this chapter.

2.1.5 Spontaneous formation of vesicles

Unilamellar and multilamellar vesicles are not thermodynamically stable struc-

tures, and usually require the input of energy to stimulate their formation. How-

ever, their formation has been reported multiple times in various systems including:

� Double-chain dialkyldimethylammonium surfactant in combination with coun-

terions including bromide, chloride and hydroxide counterions;

� Vesicles formed from oppositely charged surfactants, known as catanionic

vesicles;

� Vesicles formed in multi-component systems, such as anionic surfactant/

cosurfactant/ water/ non-ionic surfactant (35).

There are 2 approaches which can be used to model self-assembly of vesi-

cles: the molecular approach and the more common curvature-elasticity approach.

The curvature-elasticity approach models the surfactant bilayer of a vesicle as a

continuous bilayer. The bilayer is a characteristic of the spontaneous curvature
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and elastic bending modulus. These 2 characteristics both contribute to the self-

assembly of surfactants and this approach can be used to describe the spontaneous

formation of vesicles (36). However, this approach is limited as it does not accu-

rately model very small vesicles as the surface area is very large hence the free

energy of the membrane and membrane curvature is high. The two characteristics

are phenomenological parameters, so the model is limited in its ability to quanti-

tively model a system. An increase in the elasticity of the membrane can stimulate

the formation of vesicles, and various conditions can result on a low membrane

elasticity, such as the addition of a long chain alcohol.

The molecular approach was �rst proposed by Israelachvili et al (15), who

developed the geometric packing arrangement shown in Equation 2.1, allowing

the prediction of the shape of packing parameter as the function of the molecular

volume, head group area and hydrocarbon chain length. The packing parameter

required to form vesicles is 0.5-1. Single chain surfactants usually are unable

to spontaneously assemble into vesicular structures when alone in solution as the

packing parameter is usually around 1/3. This packing parameter is usually higher

in double chain surfactant mixtures, often reaching 0.5.

As single chain surfactants are usually unable to spontaneously self-assemble

into unilamellar vesicles alone, they require the presence of a co-surfactant so the

system can behave like a pseudo double chain surfactant system, or the addition

of a cationic surfactant which also allows the e�ective packing parameter to in-

crease as the anionic and cationic surfactants can associate as a result of hydrogen

bonding (37).

Surfactant counterions can promote the formation of vesicles, this is because

the oppositely charged ion can screen the charged hydrophilic head of the sur-

factant, decreasing the e�ective headgroup area, a, hence increasing the e�ective

packing parameter of the surfactant, promoting the self-assembly of the surfactant
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into vesicular structures. The ionic strength of the solution in which the surfactant

is dispersed within is increased, and this results in an increase in attractive forces

between the surfactant head groups and dehydrates the head groups (38).

2.2 Structure of NaLAS

Commercial linear alkylbenzene sulphonic acid (HLAS) is generally composed of

anumber of di�erent alkyl chain lengths and positional isomers (the benzene ring

is substituted on any carbon other than the terminal carbons, see Figure 2.4).

It is manufactured using the Hydrogen Fluoride (HF) process, where n-Para�ns

are broken down into n-mono-ole�ns and the n-mono-ole�ns are reacted with ben-

zene in the presence of a HF catalyst to produce a linear alkylbenzene (LAB)

and subsequently the LAB is sulphonated to leave HLAS. HLAS is neutralised

with NaOH to give sodium linear alkylbenzene sulphonate (NaLAS). It can be

netralised to give LAS which is associatied with a di�erent cation, for example

HLAS neutralised with KOH will give KLAS.

2.3 Phase behaviour of LAS-water systems

2.3.1 Phase behaviour of LAS-water systems

Many studies have been carried out to analyse the phase behaviour in detail at a

variety of LAS and water concentrations, which will be discussed in detail in this

section.

The understanding of this phase behaviour is critical in the formualation

of detergent products. The main surfactant that comprises powdered detergent

products is NaLAS(39). These detergent products are manufactured by spray
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Figure 2.4: Structure of the commercially available NaLAS surfactant

drying NaLAS slurry formulations (these slurries also contain other components

such as salts, polymers and silicates). The structure of the slurry formulation

from which washing and hence the structure of the spray dried particles in
uence

the storage properties, dissolution characteristics and how e�ectively the product

cleans (39).

The structure of the slurry and consequently the spray dried particles depends

highly upon the concentrations of ingredients within the slurry. This shows the

signi�cance of understanding the phase behaviour of slurries at various concentra-

tions of LAS and water.

Various analytical techniques including light polarising optical microscopy,
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di�erential scanning calorimetry, nuclear magnetic resonance and small angle X-

ray di�raction have been used to analyse physical properties of the system and

determine phase behaviour. The �rst study on the phase behaviour of LAS in

water was carried out by Sein et al., (3) who explored the phase behaviour of LAS

associated with a variety of counterions, namely: Li+ , Ca2+, Cs+ , Na+ and H+

in water. It was observed that LAS associated with all counterions exhibits large

areas of lamellar phases. NaLAS (the counterion of interest in this thesis) was

shown to exhibit a micellar phase behaviour up to 24 wt%, at which point a phase

transition to a coexisting region of micellar-lamellar phase area was observed. The

next phase transition was observed at 64 wt% NaLAS where the 2 phase region

transformed into a single phase lamellar region. The �nal phase transition was

observed at 82 wt% NaLAS in water where a �nal 2 phase region of the coex-

isting micellar/lamellar phase area was observed. These phase transitions were

determined by cross-polarised microscopy. These transition points refer to a tem-

perature at 25� C, and there were variations when the temperature was changed.

Sein et a; published the �rst data presenting the SAXSd-spacings for the lamellar

phases of NaLAS in water. They observed a decrease ind-spacing as a function

of NaLAS concentration in water from approximately 5.8 nm at 30 wt% NaLAS

in water to 3.5nm at 90 wt% NaLAS in water. Sein et al proposed that this de-

crease in d-spacing was a result of dehydration of the NaLAS head groups as the

concentration was increased.

The type of counterion that LAS is associated with has a profound in
uence of

the phase behaviour; of all systems studied, only one showed a distinct hexagonal

phase, the concentration at which phase transitions occurred was highly in
uenced

by counterion type as the number of water molecules per molecule of amphiphile

necessary to induce the lamellar phase is highly counterion dependent.

11 years later, Richards et al., (2) published a more comprehensive phase
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behaviour study on NaLAS. One of the marked di�erence between the phase di-

agram published by Sein et al., (3) and Richards et al., (2) was that Richards

et al observed that although at ambient temperatures a single lamellar phase is

observed, as the temperature is increased, there is a wide region in which multiple

Bragg peaks are observed, showing that infact there are 2 lamellar phases present.

The 2 lamellar phases can be characterised in terms of their di�erent d-spacings.

Following this, Stewart et al., (40) published another NaLAS-water phase di-

agram, but remarkably, he observed not 2 lamellar phases at high temeperatures,

but many lamellar phases. This is a remarkable result as it shows that the system

doesn't obey Gibbs phase rule, also a strange result because although both Stewart

and Richards were characterising NaLAS, Stewart et al only observed 2 lamellar

phases, whereas Richards et al observed multiple phases. The possible reason

behind this di�erence proposed by Stuart was that neither the system observed

by Stuart nor the system observed by Richards was isomerically pure; there were

multiple positional isomers and also the chain lengths varied too for both systems.

However, the isomer compositions of the samples analysed in both studies were

not the same, so as the di�erent isomers may behave as di�erent components, both

studies were inherently looking at di�erent systems. Both Richards (2) and Stew-

art (40) used crossed polarised microscopy for phase identi�cation (the textures

observed can be used to characterise the microsctructure), SAXS to observe the

number of SAXS phases present and to characterise their Bragg spacing - how it

changes with temperature and concentration.2H NMR was also used to con�rm

the phases present and �nally DSC to determine transition temperatures.

Ockelford et al., (41) published a study which observed an equilibrium be-

tween two lamellar phases. This upper-consolute region (the region in which 2

lamellar phases co-exist) between about 25 and 68 wt% NaLAS is characterised

by an upper critical temperature of 39� C. The upper critical temperature is the

maximum temperature at which the 2 lamellar phases can exist. The 2 co-existing
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lamellar phases were characterised by2H NMR as when there were 2 co-existing

lamellar phases, they could be described by the presence of 2 pairs of quadrupolar

splitting in the spectra. The 2-phase lamellar region can be described by long-

range repulsive electrostatic forces, along with hydration repulsion when there is

a relatively low concentration of free water.

There are attractive forces between bilayers arising from the counterion bind-

ing mechanism where the concentration of counterions changes as a function of

surfactant concentration and temperature hence there are correlations between

ion positions on opposing layers give rise to attractive forces between bilayers

which changes as a function of temperature and surfactant concentration.

Figure 2.5: Phase diagram of NaLAS in water as studied by Richards et al
(2).
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Figure 2.6: Phase diagram of NaLAS in water as studied by Stewart et al (3).

This interaction is perhaps responsible for the existance of an upper-critical

loop because the free counterion concentration increases with temeperature. The

counterion mechanism is proposed in order to justify the absence of a 2-phase

region in the HLAS-H2O system. This counterion mechanism has also been ob-

served in a didodecyl-dimethylammonium bromide (DDABr)/water system (42),

where a 2-phase region exists in the presence of the bromine ions, but not when

the bromine ions are replaced by iodine or chlorine ions. This is because as previ-

ously stated, the 2 co-existing phases are in equilibrium, so the chemical potential

of water in both phases must be equal. In this case, the 2 lamellar phases have

a di�erent bilayer thickness which can only occur in the presence of 2 repulsive

forces over di�erent decay lengths compete with an attractive force (42).

2.4 The formation of the lamellar phase

NaLAS is formed upon the neutralisation of HLAS with NaOH and although

HLAS is an isotropic surfactant, NaLAS can form lyotropic liquid crystal phases

in solution, perhaps the most important of these phases is the lamellar phase.
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This phase results from the di�usion of water over the bulk HLAS surfactant.

This di�usion can be described by Fick's law (43):

JAZ =
� DAB

kT
cA

d� A

dz
; (2.4)

whereDAB is the di�usion coe�cient, k and T are the Boltzmann constant

and temperature respectively,cA is the concentration of species A, JAZ is the 
ux

of substanceA in the z direction and � A is the chemical potential of substance A.

Where the bulk surfactant is an isotropic liquid as in linear alkylbenzene sul-

phonic acid (HLAS) there will be an enthalpy driven processes (-�H), because the

water will be able to hydrate the surfactant head groups and the counterion, which

also contributes to the lamellar formation. If NaOH is present in the system, as is

the case in an acid/base neutralisation, which is important in understanding the

behaviour of the linear alkyl benzene sulphonate system, this will also be dragged

into the bulk as the neutralisation has a favourable enthalpy, and the Na+ and its

hydration shell will follow to meet the electro-neutrality requirement. However,

where there are the requisite water molecules for the formation of the mesophase

this process is rapidly overtaken (40). As the water di�uses into the bulk solution

there are su�cient water molecules to satisfy the surfactants hydration require-

ment and (probably) to allow the counterion to dissociate. This induces the forma-

tion of a liquid crystalline arrangement, which in turn allows the water to di�use

more rapidly into the bulk solution along the inter lamellae (or other) channels.

Equally other liquid crystal structures will open these channels. As more water

penetrates the bilayers will swell allowing further penetration. This will include

the hydroxide groups and its ion (Na+), again in the case of neutralisation.

Where the surfactant is a crystalline solid, in addition to the enthalpy of

hydration, there will also be a thermodynamic contribution from the dissolution

of the crystal. The increased con�gurational freedom will lead an increase in the
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entropy of the system which is of course favourable. On the other hand there

will be an unfavourable enthalpic requirement associated with the break-up of the

lattice (40).

The formation of the lamellar phase can be described by the Gibbs equation:

� G = � H � T� S; (2.5)

where G is the Gibbs free energy,H is the enthalpy, T is the temperature

and S is the entropy of the system. A process will occur spontaneously as long as

the change in Gibbs free energy of the system as a result of the process decreases.

As previously stated, the addition of an amphiphile in water is energetically un-

favourable when considering the non-polar tail as it increases entropy and hence

decreases the Gibbs free energy. Therefore, there is a rearrangement of the am-

phiphiles into di�erent structures to minimise the gibbs free energy. This describes

why it is energetically desirable to form the lamellar microstructures (40).

2.5 The salting-out phenomena

The salting-out phenomena is de�ned as the decrease in solubility of a non-

electrolyte in an aqueous solution. The addition of salt to a simple 2-component

surfactant-water systems can signi�cantly alter the phase behaviour of the sys-

tem, a particularly interesting e�ect this addition can be responsible for is the

formation of liquid crystal phases at much lower surfactant concentrations than

would be possible without the presence of salt. This occurs because the surfactant

precipitates out of solution upon the addition of the salt- the precipitate being

liquid crystalline (44).
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The addition of salt �rstly results in a signi�cant decrease in the CMC, and

subsequently the addition of salt to the surfactant micelles results in changes in the

aggregate morphology of a molecular scale, facilitated by an increase in counterion

binding and dehydration of the surfactant headgroups. The mechanism behind the

salting-out e�ect is rather complex and di�erent forms of intermolecular interac-

tions between the ion and solvent, ion and non-electrolyte and non-electrolyte and

solvent need to be considered, and the extent of these interactions are heavily

in
uences by the types of ions, non-electrolytes and solvents that are present (45).

There are multiple ways to describe the causes of the salting-out e�ect. The

�ve main ones include: the hydration theories, water-dipole theories, electrostatic

theories, internal pressure theories and van der-waals theories. These theories have

limited applications in practice (46).

The simplest way to describe the causes of salting-out is by considering the

chemical potentials of the system. Salting-out requires the chemical potentials of

water and surfactant to be higher in the phase separated region than the two sep-

arate regions. Therefore, the chemical potential of water is higher than expected,

resulting from an attractive interaction between micelles. Salting out electrolytes

desorb from the surface of a micelle, increasing the surfactant chemical potential

which results in the aggregation of the micelles and ultimately results in phase

separation (46).

2.6 Lateral phase separation

In the study published by Richards et al (2), lateral phase separation was ob-

served upon heating the coexisting micellar/lamellar region. This is an interesting

phenomenon which results in the microscopic separation of di�erent LAS isomers

within lamellar bilayers. The mechanism behind this separation is as follows:
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� Recall that for the 5-phenyl isomer of NaLAS exhibits an upper-consolute

loop. Below this, 2 di�erent lamellar phases with di�erent concentrations

coexist. This two-phase region can only exist because net attractive in-

teractions between bilayers at separations of about 10-20A. This attraction

strengthens as the temperature is decreased (47).

� These attractive forces are perhaps likely a result of a speci�c counterion

binding mechanism, i.e. the concentration of counterions changes as a func-

tion of surfactant concentration and temperature hence there are correla-

tions between ion positions on opposing layers give rise to attractive forces

between bilayers which changes as a function of temperature and surfactant

concentration (47).

� There is a 2-D lattice formed from the headgroups and counterions. As this

lattice is formed in one layer, a similar lattice is formed on the adjacent layer,

resulting in attractive forces.

� The presence of an isomer distribution may present a disruption in the lattice

which can result in a reduction of the attractive forces.

� Therefore, there is a thermodynamic bene�t lateral separation of the di�erent

isomers which can work to increase the attractive forces between bilayers.

� This behaviour is signi�cant at 25� C, but as the temperature is increased,

speci�c attractive forces responsible for the strong counterion binding fade,

as does the isomer segregation.

The proposed schematic for lateral phase separation is shown in Figure 2.7.
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Figure 2.7: Schematic proposed by Richardset al (4) showing the mechanism
of lateral phase separation of NaLAS in water.

2.7 Lamellar colloidal structures

Along with the phase structure, the colloidal structure of the lamellar phase is

the other supramolecular structural consideration which is based more on the

nano/micrometre scale, where as the phase structure is on the angstrom scale.

The two main morphologies that the lamellar phase exhibits is the planar sheet

morphology and the multi-lamellar vesicle morphology. The planar sheets consider

the stacking of the bilayers perpendicular to one another and for all intents and

purposes, they are generally treated as having unlimited dimensions. Multilamel-

lar vescicles, which are often described as `onions' exist when planar sheets fold
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and close, forming the MLV structures which are concentric bilayers (48). An in-

teresting property of multilamellar vesicles is that when they are formed as a result

of their presence in a 2-phase pure amphiphile-water system, they are metastable,

and over time they transition back into planar sheets (49).

2.8 The role of polymer in surfactant formula-

tions

The solubility of polymer in water is highly dependent upon the interactions of

the hydrophobic and hydrophilic segments of a polymer between themselves and

with the water, just like the aggregation of surfactants. Therefore, when polymers

are combined with surfactants in water, there is a wide array of interactions of

behaviour patterns that can be observed. Quantitative studies of these interac-

tions directly measures properties such as viscosity, conductance, volumetric and

thermochemical properties. Again, these interactions are frequently illustrated by

constructing phase diagrams. The main property to consider when considering

the behaviour resulting from the interactions between surfactants and polymers

is the charge of both the polymer and surfactant as well as the concentration of

both species. For example, anionic surfactants are well known to interact strongly

with polyethylene oxide (PEO) and polyvinylpyrrolidone (PVP) polymers, how-

ever cationic surfactants do not (12). When the surfactant and polymer are oppo-

sitely charged, phase separation is very common, in fact true solutions generally

only exist at low polymer and surfactant concentrations.

In the detergent industry, polymers are usually combined with surfactants to

behave as anti-redeposition agents, i.e. they prevent particles of dirt from rede-

positing onto the cleaned fabric during the cleaning cycle. The polymer adsorbs

onto both the particles and the fabric and it reduces hetero- and homo-
occulation
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Table 2.2: Di�erent types of polymer and their roles in detergent products
(12).

Type Molecular Weight E�ect

Acrylic acid/maleic acid High
Encrustation inhibitor,
reduction of slurry viscosity,
anti-redeposition agent

Acrylic acid/maleic acid Low Reduction of slurry viscosity,
dispersing agent

Acrylic acid High Dispersing agent

Acrylic acid Low
Anti-redeposition agent,
dispersing agent

Graft polymers on
polyalkylene glycol

Anti-redeposition agent
Soil shield agent

Polyvinylpyrrolidone Dye transfer inhibitor

Amphiphilic terephthalic
acid polyester

Soil release agent

in the particle/fabric system. Table 2.2 shows various polymers that are commonly

added to detergent product formulations and their function in the detergent prod-

uct.

Polymers in detergent formulations generally behave as builders and anti-

redeposition agents. Builders have the following roles in detergent formulations:

to (i) disperse sparingly soluble salts, and prevent them from growing into larger

crystals which deposit on fabric surfaces, (ii) to suspend colloidal soil in the wash

liquor, preventing it from redepositing and graying the fabric, (iii) to bu�er the

pH of the wash liquor and maintain its alkalinity and, overall, (iv) to boost the

performance of the surfactants and thus help to improve soil removal. The role of

polymer on the structure of aniostropic lyotropic surfactant structures is currently

poorly-explored.
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2.8.1 Surfactant-polymer interactions

Ionic surfactants generally associate with polymers, and nonionics show weak in-

teractions with most homopolymers. The association of an ionic surfactant to a

hydrophilic homopolymer is strongly cooperative and starts at a quite well de-

�ned' surfactant concentration, the 'critical association concentration' (cac)(50).

The association is best viewed as a polymer-induced micellization: in the pres-

ence of a polymer, micelles form at a lower concentration than the regular cmc.

For ionic surfactants, micelle formation is strongly in
uenced by the unfavorable

electrostatic interactions which lead to cmc values which are orders of magnitude

higher than those of nonionics. Most cosolutes, such as weakly amphiphilic un-

charged cosolutes and electrolytes, can reduce the electrostatic penalty and lower

the cmc. Polymer molecules are especially e�ective in lowering the cmc because

of the additive e�ects of several groups. This lowering is moderate for nonionic

polymers but, typically, amounts to orders of magnitudes for oppositely charged

polyelectrolytes. For non ionic surfacrants, the stabilization of the micelles by a

homopolymer is small or insigni�cant, explaining why, generally, no association or

lowering of the cmc is seen (51).

Phase diagrams of ternary systems of polymer, surfactant and water can be

complex for several reasons. One reason is that there may be di�erent types

of phase separation phenomena depending on the molecular interactions, another

that surfactant self-assembly can lead to several di�erent structures and phases. A

further aspect is that for mixtures of an ionic polymer with an oppositely charged

surfactant, it is because of the di�erent ways of pairing the ions, not possible to

treat it as a ternary system. On mixing two homogeneous solutions, one of a poly-

mer, and one of a surfactant, one can encounter three types of behaviour. In the

�rst, there is a homogeneous solution. In the second, when there is an e�ective

repulsion between the two cosolutes, there will be a segregative phase separation,
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i.e. there is one phase enriched in polymer and one in (aggregated) surfactant(52).

This will be expected for all cases without an attractive polymer{surfactant in-

teraction Phase separation will be dictated by the weak entropic driving force

of mixing for polymer and surfactant self-assemblies, phase separation increasing

with increasing polymer molecular weight and micelle size.

In the case of a net attractive interaction, an associative phase separation,

giving one concentrated phase enriched in both cosolutes coexisting with a water-

rich phase, is expected. Associative phase separation could arise mainly because

of electrostatic interactions between oppositely charged species or hydrophobic in-

teractions. The simplest situation is to consider a nonionic polymer mixed with

a nonionic surfactant (53). For less polar polymers and surfactants an associa-

tive phase separation will occur; for clouding polymers and surfactants, the phase

separation can become much more accentuated at higher temperature. When con-

sidering polymer-vesicle interactions, we consider another situation of associative

phase separation, i.e. that between oppositely charged species. The nature of the

concentrated phase for such associative systems can vary depending on surfactant

and on polymer{surfactant interactions; cases include a concentrated solution, a

liquid crystalline phase and a solid precipitate. Since the aggregation number of a

vesicle is much larger than for a micelle, phase separation phenomena are expected

to be more pronounced with vesicles (53).

2.8.2 Interaction of polymer with the lamellar phase

Brookes and Coates (54) studied theoretically the role of polymer in dilute lamellar

phases. The nature of the interaction of the polymer with the lamellar structures

depends upon whether the polymer is adsorbing or non-adsorbing. For a lamellar

phase which is bound (i.e., which cannot be inde�nitely diluted) as a result of
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van der Waals forces, the non-adsorbing polymer is completely expelled as a semi-

dilute solution, leading to a compression of the lamellar stack. Adsorbing polymer

can enter the phase, causing a slight reduction in the maximum layer spacing.

For an unbound lamellar phase controlled by Helfrich forces, non-adsorbing poly-

mer is expelled if the bilayers are sti�, but for 
exible enough layers, a signi�cant

amount of polymer can be solubilised. At too high a volume fraction of polymer,

part of the polymer is expelled as a solution, whereas at high surfactant fractions,

a phase separation arises between two lamellar phases (one containing polymer,

the other not). For the case of adsorbing chains, small amounts of added polymer

cause the system to become bound with expulsion of excess solvent. For large

amounts of added polymer, the unbound behaviour is recovered, whereas for in-

termediate polymer content, phase equilibria involve either two lamellar phases

(each containing polymer), or one such phase coexisting with a polymer solution

(54).

2.9 Time dependent structural changes of sur-

factant systems resulting from the applica-

tion of shear

2.9.1 Overview

In the washing powder production process, the various formulation components

such as liquid surfactant and polymer solutions as well as solid salts and zeolites

are mixed in an industrial scale mixer for a few hours. As a result, the mixture

experiences a high shear over an extended period of time. P&G have observed

that in the formulating process, the measured torque increases in the mixture

over time. This change in torque is likely result of structural changes occurring
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due to the application of shear. Ultimately, the changes in structure that take

place throughout the whole formulation process directly in
uences the structure

of the �nal powder and the structure of the �nal powder directly in
uences the

powder performance. An understanding of the structural changes that occur can

help in
uence formulation decisions, as the cost-e�ciency of the washing powder

can potentially be improved by formulating in such a manner which can include

a lower portion of the costlier components and a higher portion of the cheaper

components, as well as help improve the performance of the washing powder.

This chapter will explore how the structure of a model surfactant slurry system

changes as it is sheared (5).

Figure 2.8: Flow curves showing the change in shear stress as a function of
shear rate for 45 wt% NaLAS in water with increasing concentration of sodium

sulphate (5).
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It is di�cult to achieve a perfect lamellar structure in any system. The

lamellar phase usually contains many defects in the form of dislocation loops or

thermodynamically stable defects where the lamellar bilayer is highly curved. Pre-

vious rheology studies on surfactant lamellar structures have shown that shear can

induce the formation of MLVs in lamellar phases that contain defects (55), on the

other hand, other studies, such as the work by Gusta�son (56) have shown that the

presence of defects may in fact inhibit the formation of MLVs. A transition from

parallel to perpendicular orientation was found in a broad range of shear rates,

therefore the co-existence of two di�erent lamellar orientations was concluded. In

some cases it was found that a parallel orientation exists at low and high shear

rates (57; 58).

The undulation stability of lamellar phase and it's contribution to structural

changes as the sample is sheared have been the topic of various studies (57),

(59). The mechanism proposed is that a layered system under shear leads to

alignment of the layers parallel to the plates but they have a tilt that causes the

layers to change their thickness. Above a critical shear rate, the lamyers develop

undulations63. Zilman et al (57) proposed a mechanism for vesicle formation by

considering instabilities in the undulations. Vesicles can only form above a critical

shear rate, below which the shear stresses induced in the structure is balanced by

the elastic restoring forces of the lamellar phase. Above the critical shear rate, the

lamellae are curved into vesicles.



Chapter 3

Methods and materials

3.1 Outline of this section

This chapter will overview the main experimental techniques that will be utilised

for the next 3 chapters. It will begin with an overview of NMR as a technique,

providing some of the theory behind the fundamentals of the use of NMR in struc-

tural characterisation for anisotropic lyotropic systems by explaining the use of

quadrupolar splitting, particularly for deuterium NMR. Following this, a theory

of standard NMR measurements including T1, T2 and di�usion coe�cients, all

of which are useful for understanding the dynamics of the NaLAS-polymer-water

and NaLAS-polymer-sodium sulphate solution systems. Following this, other tech-

niques including cryo-SEM, centrifugation, SAXS and rheology are described.

3.2 NMR for structural analysis

Nuclear Magnetic Resonance (NMR) has long been established as a standard tech-

nique for phase behaviour analysis of surfactant systems.2H NMR quadrupolar

55
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splitting can be used to study phase behaviour,1H NMR can be used to char-

acterise micelles and13C NMR can be used for dynamics. This non-perturbing

method uses nuclei already present in the molecules of interest or the labelling of

these molecules by isotopic probes. First, it is a relatively insensitive method, al-

though the development of high-�eld spectrometers and improved radio-frequency

(RF) electronics as well as modem probe design has improved the sensitivity dra-

matically (the sensitivity is normally less of a problem when it comes to NMR in-

vestigations of surfactant systems as these usually deal with concentrated samples),

however the sensitivity rarely a problem in the case of the analysis of lyotropic

surfactant phase structure as the systems of interest usually are concentrated.

Second, NMR spectrometers are costly, although in comparison with the scatter-

ing method, the other main technique for studying supramolecular assemblies, the

cost is not prohibitive. Also, NMR spectrometers, and their associated probes are

usually expensive (60).

3.2.1 Theory behind NMR

NMR results when the nuclei of speci�c atoms entering a strong magnetic �eld

are perturbed by a weaker oscillating �eld. This results in the nuclei producing

an electromagnetic signal with a characteristic frequency corresponding to the

frequency at the nuclei, the frequency is known as the larmor frequency, 
L . This

behaviour arises from the characteristic spin property that nuclei possess. This

spin number is characterised by the spin quantum number,I and is possessed by

protons, neutrons and electrons in atomic nuclei.I is used to describe the magnetic

properties of nuclei which is expressed in multiples of 0.5 (52). Nuclei withI

greater than 0.5 such as2H, 14N, 23Na and 35Cl spin have a non-spherical body

and an electric �eld gradient, eq, is induced when a probing charge approaches as

this will experience di�erent electrostatic �elds in di�erent approaching directions.

All nuclei with a spin greater than 0.5 are therefore termed electric quadrupoles.
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Deuterium (2H) therefore has a quadrupole moment,Q, which is 0.0028x10� 28m2.

Deuterium (2H) has a spin quantum numberI =1, and has 3 potential alignments

in a magnetic �eld. However, interaction between the nuclear quadrupoles and

electric �eld gradient leads to rapid changes of the spin states of the nuclei, which

further leads to an additional splitting of the energy level when m=0(61). The

energy levels are shown in Figure 3.3 whereeQ is the angular term relating the

di�erent angles between the principal coupling tensor,V, and the applied magnetic

�eld. An NMR experiment involves studying a collection of interacting nuclear

spins. In the simplest cases, these are the spins of nuclei in one molecule, or in a

portion of one molecule; this group of spins is called the spin system. The entire

(bulk) sample consists of a (statistical) ensemble of spin systems. Understanding

the theory either of a single spin system or of a multiple spin systems starts with

considering the Hamiltonians of the system. The total Hamiltonian,H, for any

particular spin system is the summation of individual Hamiltonians that describe

all the interactions of the system.

The Hamiltonian of a single atomic nuclei of spin operatorI i and gyromag-

netic ratio, 
 , immersed in an external magnetic �eld, B0 is expressed as follows

(60):

H i = HZ + HCS + HJ + HD + HQ (3.1)

Where theH represents the Hamiltonian and subscripts Z, CS, J, D and Q corre-

spond to Zeeman, Chemical shift, internuclear scalar coupling, internuclear dipolar

coupling and the quadrupolar splitting. Each respective hamiltionian term is re-

sponsible for a wide array of information for multiple systems including structure,

dynamics, orientation and the position of which the nuclei of interest is located

(62) (63).
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Table 3.1: Hamiltonians corresponding to the energy of a single nuclei im-
mersed in an external magnetic �eld.

Hamiltonian type De�nition

HZ , Zeeman
The magnetic interaction between the nuclear spin
and the sprectrometer's external magnetic �eld, B0.

HCS , Chemical shift
The e�ect of the electron cloud surrounding the
nuclear spins.

HJ , Scalar coupling
Interaction of pairs of nuclear spins through
bonding electrons.

HD , Dipolar coupling
Dipolar coupling interactions of nuclear spin
pairs through space, HD .

HQ, Quadrupolar splitting

For nuclei of spin greater than or equal to 1.
This describes the interactions of the
quadrupolar dipolar moment with the electric �eld
gradient at the site of the nucleus.

As the Zeeman interaction is much larger than the other Hamiltonian terms,

the non-Zeeman terms are often expressed as a �rst-order perturbation relative

to the Zeeman Hamiltonian, this is known as the Zeeman approximation. In

cases where molecular movement is fast, the Hamiltonians are expressed as a sum

of time averaged terms, this is known as the motional approximation. These 2

approximations consequently enables an analysis of molecular structural properties

of aggregates (i.e. allows the analysis of transition frequencies and splitting, but

it does not allow the analysis of any molecular dynamics because it removes any

sources of relaxation from the system). When considering a2H spectra, for which

the motional and secular approximation has been applied, the spin Hamiltonian

can be equated to the quadrupolar Hamiltonian, as follows (60)

H i = HQ =
3
2

� (P2cos�ml )[3[I z]2 � I (I + 1)] (3.2)

Where the subscript m and l represent the molecular (bond vector direction) and

laboratory (magnetic �eld direction) axis respectively,P2cos(� ) is the second Leg-

endre polynomial, where� is the quadrupolar coupling constant, which can be

de�ned as:

� = ( e2qQ)=h (3.3)
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Where e is the unit charge, eq is electric �eld gradient, and Q is the nuclear

quadrupole moment, but more importantly� is characteristic for each bond and

for C-D it is equal to 176 kHz. As the secular approximation can be applied,

(P2cos�ml )approximates to 0 in isotropic liquids. However, in anisotropic liquid

crystal systems a quadrupolar splitting pattern arises (60):

� � Q =
3
2

� (P2cos�ml ) (3.4)

Equation 3.4 shows the quadrupolar splitting parameter is directly propor-

tional to the orientational order parameter,s which is described further in Chapter

3, so it is an suitable technique for the characterisation or order in a lyotropic sys-

tem.

3.2.2 The vector model

It is di�cult to understand how NMR works e�ectively without having an under-

standing of the vector model (64).

In NMR, we can consider a spin system to behave like a magnet, as in they

possess a magnetic dipole moment (the magnetic moment is the magnetic strength

and orientation of a magnet or other object that produces a magnetic �eld). In a

standard sample of any material, the spins are aligned in random directions, and

therefore cancel out, so there is no net magnetic moment. However, if a sample is

placed in a magnetic �eld, the spins align with the direction of the magnetic �eld

they are placed in, B0, and there is a net magnetic �eld along that direction. This

is known as the bulk magnetization of the sample along the direction of the �eld.

This is shown in Figure 3.2.

Say that the magnetization vector was shifted by an angle� from the z-axis.

The magnetic �eld vector will end up moving around the z-axis angle along the x-y
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plane, maintain an angle� from the z-axis. It can be said that the magnetization

is precessing at a frequency which is known as the Larmor frequency. This is

de�ned in Equation 3.5, whereB0 is the magnetic �eld strength (6).

� 0 =

B 0

2�
(3.5)

The frequency,� 0 is the frequency observed in an NMR spectrum. The de-

tector of an NMR machine detects the Larmor frequency. The Larmor frequency

is detected by a detector along the x-y plane. Whenever a magnetic vector passes

through the x-y plane, an electric current is detected by the detector(65).

If the system is at equilibrium, the magnetization vector is at B0 and no elec-

tric current is detected by the detector. The vector can be moved if the transmitter

of an NMR machine transmits a radiofrequency (RF) signal along the x-y plane.

The frequency of the signal must be resonant with the Larmor frequency. The coil

that transmits the RF wave is the same as the one that detects the magnetization.

Following the application of the RF wave, an oscillating current is detected. If the

applied RF wave is 90� to the equilibrium magnetization detector, it is referred to

as a 90� wave which moves the magnetization vector from the z to the x-y plane.

Following the application of the pulse, the detected current is not there in�nitely.

The magnetization vector begins to relax back to equilibrium, and the detected

oscillating �eld decays, this is free induction decay(6).

Figure 3.1 shows a schematic block diagram of a standard NMR set-up.

3.2.3 Relaxation

The chemical shift, dipolar and quadrupolar shift Hamiltonians depend upon the

ensemble averaged orientation angle of the spin system relative to the magnetic
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Figure 3.1: A simple block diagram of the main components of an NMR
set-up. The probe is arguably the most important part of the set-up, as it is
responsible for exciting nuclear spins and detecting NMR signals. Recreated

from (6).

Figure 3.2: At equilibrium when place in a magnetix �eld, a sample has a
net magnetization along the magnetic �eld direction (the z-axis) which can be
represented by a magnetization vector. The axis set in this diagram is a right-

handed one (6)
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�eld B 0. Any changes in these orientation angles causes the Hamiltonians to 
uctu-

ate, and this hence results in nuclear relaxation. The longitudinal and transverse

relaxation rates, 1/T1 and 1/T 2 respectively is an e�ective way to characterise

these 
uctuations. They describe the spectral density of these 
uctuations at a

de�ned frequency - one that corresponds directly to the transition energies be-

tween the eigenstates of the Hamiltonians. 1/T1 is also known as the spin-lattice

relaxation time (the interaction of the nuclear spin within a system with the sur-

rounding medium or `lattice') and 1/T2 is the spin-spin relaxation time (the inter-

action of the nuclear spin with the surrounding spins). The T1 relaxation time is

de�ned as a rate constant describing the decay of the longitudinal magnetization

of a spin system to the thermal equilibrium following magnetization resulting from

the application of an electric �eld, where as the T2 relaxation time is the decay

constant showing the decay of the transverse magnetization, as follows (66), (67):

M z = M 0(1 � e
� T1

� c ); (3.6)

M xy = M 0(1 � e
� T2

� c ): (3.7)

Mz is the magnetization (the vector �eld that expresses the density of permanent or

induced magnetic dipole moments in a magnetic material) in the direction parallel

to the magnetic �eld time t after the application of an electric �eld, Mxy is the

magnetization in the transverse direction time t after the application of an electric

�eld, M 0 is the magnetization at thermal equilibrium and � c is the correlation

time. When considering the relaxation of a spin system, the correlation function,

G(� ) describes the isotropic di�usion of a rigid rotor (in this case the rigid rotor

is the spin). This function is dependent upon the correlation time,� c, is the time

constant for the time decay of the correlation function. This correlation time is

de�ned as the time taken for a molecule to spin one radian and this correlation

time is in
uenced by properties such as molecular size, shape, solvent viscosity
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and temperature. The correlation function is equated as follows:

G(t) =
1
5

e
� t
� c : (3.8)

The fourier transform of the correlation function is known as the spectrum density

function, J(! ). Systems that relax rapidly and have a low value of� c results in

broad lines in NMR spectra, they also result in a broad spectral density function.

This is because fast tumbling molecules (molecules with a high� c) can sample a

wide range of frequencies and slower tumbling molecules sample less. The spectral

density function is as follows: (68; 69):

J (! ) =
2
5

(� c=(1 + ! 2[� c]2)) ; (3.9)

From the cross-correlation function, the T1 and T2 rates can be described speci�-

cally for the C-2H bonds as follows (68) (69):

1=T1 = ( � 2[dCH ]2)=5[J (! h � ! c) + 3 J (! c) + 6 J (! h + ! c)]; (3.10)

1
T2

=
(� 2[dCH ]2)

10[4J (0) + J (! h � ! c) + 3 J (! c) + 6 J (! h) + 6 J (! h + ! c)
; (3.11)

where ! h and ! c are the Larmor frequencies of1H and 13C respectively, J (! )

represents the spectral frequency and frequency! .

3.3 NMR acquisition

. These equations show that both T1 and T2 relaxation times are directly related

to the correlation time. Larger molecules have a larger correlation time and this

results in the T2 value decreasing with increasing correlation time. So in general,

solids have a lower T2 value than liquids which have lower T2 values than gases. For

T1, the relationship between correlation time (and hence molecular size) initially



64

shows a decrease in T1 as the correlation time increases until a value of 1/� 0 is

reached, when the T1 increases as the correlation time increases. This can be

related to the sizes of a dispersed phase in a colloid. Generally, when the sizes of

the droplets of a dispersed phase are larger, the T2 value is lower (70).

For the most basic NMR acquisition, a pulse sequence can involve a 90�

radiofrequency (RF) pulse (which is a radiofrequency wave that is 90� to the

direction of the net magnetization of the spins in the magnet) this 90� pulse

rotates the magnetization vector to the y axis. This followed by a acquisition

of the free induction decay (FID) of emitted RF radiation, which results as the

magnetization return to an equilibrium. The pulse sequence can be very simple

for a simple spectrum acqusition or be more complex with multiple pulses applied

in di�erent directions, especially ion experiments with di�erent nuclei applied,

various waiting times and acquisition times (70).

The fourier transform of the FID transforms the time-domain signal to the

frequency-domain signal. It is the frequency domain data that gives the standard

NMR spectra which contains the interesting information regarding chemical shifts,

dipolar and quadrupolar splitting. Due to this fourier relationship between the

time and frequency domain, the half width at half maximum of the peaks (�� 1=2)

in the NMR spectrum can be related to the T2 decay time as follows (70):

1
T2

= � � � 1=2: (3.12)

3.3.1 Quadrupolar splitting in NMR spectra

When considering deuterium NMR in anisotropic liquid crystal systems, quadrupo-

lar splittings (with magnitudes usually on the scale of kHz) are exhibited as a result

of the alignment of the liquid crystal molecules relative to the magnetic �eld and

this splitting is directly related to the ensemble average angle to which an ensemble
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of molecules align relative to the magnetic �eld direction, B0. As deuterium has

a spin of I =1 so therefore there are 3 energy states corresponding to the nuclear

spin angular momentum. Transfer between adjacent energy levels are allowed, so

there are 2 energy spin transitions. the degeneracy of the transitions is removed

by the quadrupolar coupling. The perturbation of the energy level states results

from this quadrupolar coupling as the quadrupole moment of the2H nucleus with

the electric �eld gradient of the 2H bond. In determining the2H NMR line shapes,

you begin with the perturbing Hamiltonian, then determine the energy level shifts

are calculated and �nally the frequencies of the spectral lines are calculated: (71)

(7).

� �
Q = �

3
4

� QD (2)
00 (
 P L ) �

� Qp
6

D (2)
� 20(
 P L )D (2)

20 (
 P L ): (3.13)

� Q is the static quadrupolar coupling constant,� Q is the corresponding asymmetry

parameter of the electric �eld gradient tensor, 
P L =( � P L ; � P L ; 
 P L ) are the Euler

angles of the EFG principal axis system. So, the quadrupolar splitting that can

be observed in2H NMR spectra is de�ned as the di�erence in frequencies between

the spectral lines, as shown in Figure 3.3.

Figure 3.3: The di�erence in frequency levels for the quadrupolar splitting
spectral lines are schematically shown, along with an exemplar spectra. Recre-

ated from (7)
.

Figure 3.4 shows how orientational order can in
uence the quadrupolar split-

ting (distance between 2 shoulders) in deuterium NMR, it is hence incredibly useful

for the characterisation of orientational order.
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Figure 3.4: A �gure showing exemplar 2H NMR spectra for various lamellar
surfactant structures and how their orientation a�ects the spectra observed.
The spectra can be characterised in terms of the quadrupolar splitting, which
shows the distance between 2 peaks. Vesicles have no average orientational

order so they have a broad central peak at 0Hz (7).
.

3.3.2 Causes of relaxation

Relaxation in NMR is a result of the interaction of spins with magnetic �elds that

result from magnetic dipoles 
uctuating as a result of random and translational

molecular motion. The nature and the rate of the molecular motions a�ect the

T1 and T2 relaxation times. Molecular motions that occur at a frequency similar

to the nuclear resonance frequency,� 0 result in the lowest T1 values. Equations

3.14 and 3.15 are another way to de�ne the spin-spin and spin-lattice relaxations

(64; 72):
1
T1

= 
 2H 2
� c

1 + (2�� 2
0 � c)2

(3.14)

1
T2

= 
 2H 2

�
� c +

� c

1 + (2�� 2
0 � c)2

�
(3.15)

H
2

is the mean-square average of the local magnetic �elds, i.e. a measure of the

strength of the interaction between the nuclear spin and the 
uctuating magnetic

�elds, and � c is the correlation time. The correlation time is a quantitative measure

of the rate of a molecular motion. For rotational motion it is essentially the average

length of time required to rotate through an angle of 33� . For translational motion,

the correlation time is the average time required for a molecule to move through

a distance equal to its diameter.
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From Equation 3.14, it can be seen that the T1 value is lowest when correlation

time is equal to 1
2�� 2

0
. It's clear from Equations 3.14 and 3.15, increasing the

correlation time has di�erent e�ects on both T1 and T2.The correlation time can

be directly related to the molecular weight of the molecules, and hence it can

be seen that di�erent sized molecules have di�erentT1 and T2 rates. Another

deduction that can be made from Equation 3.14 and 3.15 is that theT1 and T2

is depended upon� 0, so the T1 value can change, depending on the magnet the

nuclei spin are interacting with; a di�erent magnet which has a di�erent magnetic

�eld strength will show a di�erent T1 value when 2�� 0� c is close to or greater than

1. For T2, there is also a dependence of the frequency onT2, so the magnetic

�eld strength of the magnetic �eld interacting with the nuclear spins can in
uence

the T2 values (64). The value ofT2 may also depend on frequency (and therefore

magnetic �eld strength), but for values of correlation time which are really short,

2�� 0 is very small with respect to 2 in the denominator of Equation 3.15. When

the correlation time is high in the case of larger molecular weight molecules, the

T2 values are independent of the frequency and the magnetic �eld strength.

For extremely small molecules moving freely in solution, and consequently

with short � c, 2�� 0 will be negligible compared with 1 in the denominator of

Equation 3.15. For large macromolecules or complexes,� c will be large compared

to � c[1 + (2�� 0� c)2], and T2 will be independent of� 0 (and B0) (64; 72).

3.3.3 Equipment

A Bruker Ultra-shield plus 400-MHz-NMR was used with a deuterium probe. Each

sample that was analysed was individually shimmed and each sample was left to

equilibrate at the analysis temperature with the magnetic �eld for 40 minutes at

50� C. Shimming is carried out by a device called the shim and is necessary for

high resolution data. It corrects any inhomogeneities in the applied magnetic �eld
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resulting from variations due to any imperfections in in the main magnet or any

deviations in the main magnetic �eld as a reults of the presence of the sample and

probe in the �eld.

The samples were frequently prone to phase separation, so for this reason,

it was important that samples were prepared well in advance of analysis. The

samples were analysed 5 days after sample preparation and 32 scans were carried

out on each sample in order to minimise the signal to noise ratio. Each NMR tube

was �lled 3 days before sample analysis (and the tubes were kept at 50� C) The

positioning on the sample within the NMR tube was important, as only a small

part of the tube was contained within the NMR coil. Therefore, great care was

taken to position the tube to ensure that just the lamellar phase was analysed

during all the experiments in all experiments (in the cases where the structure of

the vesicles or pores were being explored). In the case of the analysis of micelle

system, as the system was always one phase, the position of the tube was not

important.

Temperature control was achieved using a combination of a water bath and

a peltier heater. The Tospin software used to control the machine has a variety

of NMR pulse programs and the ability to run custom-written pulse programs.

Depending on the experiment of interest either a1H or a 2H probe was used.

3.4 Di�usion NMR

3.4.1 Pulsed �eld gradient NMR

Pulsed �eld gradient (PFG) NMR is based on the dependence of the Larmor fre-

quency, 
 L , on the amplitude of the applied magnetic �eld. By adding magnetic
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�eld gradient pulses, one can label the positions of the spins by the Larmor fre-

quency and by the phases accumulated due to the rotation with 
L , in the local

�eld. If the molecules where the spins are located do not change their positions

during the time of di�usion measurements, the PFG NMR signal is refocused and

can retain the maximum intensity. But, if there is a displacement of the molecules

during this time interval, the measured spin-echo signal some of its intensity. The

resulting signal attenuation,S gives a measure of the movement of the molecules.

A more complex experiment can be carried out using either the2H probe or

1H probe to determine the rates of molecular di�usion. This is known as a Pulsed

Field Gradient experiment. Pulsed �eld gradient (PFG) NMR can be used to

determine the di�usion coe�cient of the water associated with an NMR spectra

peak. This method employs two magnetic �eld gradient pulses of strengthG and

duration � which are separated by an observation time �. In the case of di�usion,

where molecular motion is incoherent, molecular displacements over the time scale

� produce a distribution of phase shifts in the magnetic resonance (MR) signal,

resulting in an attenuation of the MR signal. The NMR signal is acquired over a

range ofG values and a di�usion coe�cient can be calculated by a least-square

�tting of the Stejskal-Tanner equation (73):

S = S0e� bD ; (3.16)

where

b= 
 2G2� 2�: (3.17)

The symbol
 is de�ned as the gyromagnetic ratio of the nucleus,� is the duration

of the gradient pulse,� is the separation time between pulses,D is the self-di�usion

coe�cient of the molecule of interest (in this case D2O), S is the peak intensity at

a given value ofG and S0 is the intensity whenG=0.
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3.4.2 Pulsed-gradient stimulated train echo NMR

Di�usion experiments bene�t from keeping � delay long in order for the so the

molecules can travel a longer distance which results in a stronger signal inten-

sity. In the PFG sequence the signal can, however, be lost during the echo time

2� , because of the transverse spin relaxation which imposes a limitation on the

maximum value of �. This limitation can be overcome in PGSTE, where two

90� pulses that are separated by a delay time,� 2, replace the 180� pulse in the

PFG sequence. By implementing this change, the relaxation of the magnetiza-

tion is mainly governed by T1, which is very useful in those cases where the T1is

larger than T2 (this is a common occurence). The �rst 90� pulse in the pair turns

the transverse magnetization in the direction along the z-axis,and throughout the

delay time, � 2, the spins thereafter evolve by the longitudinal relaxation. The

�nal 90 � pulse functions to transfer the magnetization back to the xy-plane, hence

signal can be detected. The intensity in the PGSTE is given by (74):

S = 0:5S0e� bD ; (3.18)

PGSTE experiments were performed on a vertical wide bore 89 Bruker 400

MHz- spectrometer equipped with a 7.0 T superconducting magnet, operating at

a frequency of 400 MHz. A 10 mm radiofrequency resonator was used and mea-

surements were performed at 323 K. Typical parameters used in these experiments

were� = 1 ms, � = 20 ms (� was varied in the experiments carried out in the 3rd

results chapter), with a maximum gradient,Gmax, of 12.13 G/cm. There were 16

gradient steps, so the signal was attenuated to ensureS(G)/ S(0) at Gmax was�

0.01.



71

3.5 Optical microscopy

Light is an electromagnetic wave, consisting of an oscillating electric �eld with a

magnetic �eld oscillating perpendicular to this. The electric �eld is shown by the

wave vector at any point along the wave. The magnetic �eld oscillate is an ellipse

in the plane perpendicular to the one the electric �eld travels along.

Microscopy involves visible radiation incident upon a sample passing through

or re
ected o� the surface of the sample which passes through a single lens to

facilitate a magni�ed view of the sample. The light source can originate from an

independent light source in the microscope, or from an external source which is

re
ected onto the underside of the subject. The light can be attenuated and can

be focused so that a high resolution image can be obtained by using a condenser

and and iris aperture diaphragm.

Cross-polarised microscopy is useful for identifying anisotropic liquid crystal

phases. When light is incident upon liquid crystals, the light is broken into two

components, one component which is fast and one that is relatively slow. This

di�erence in velocities results in a phase di�erence between the light rays. As

these 2 light rays recombine after leaving the liquid crystal, this di�erence in

phase means that that the polarisation of the light changes. When these lights

recombine after leaving the anisotropic crystal, because of the phase di�erence,

destructive interference occurs (75).

Lamellar structures have the ability to rotate plane polarised light because

the molecules exhibit polarisability anisotropy, and are able to transform linearly

polarised light into eliptically polarised light. Micelles, however are unable to do

so. Therefore, cross-polarised microscopy can e�ectively be distinguished using by

placing a sample between two polarisers placed perpendicular to one another and

viewing the sample under a microscope.
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Liquid crystalline properties can form for a variety or organic molecules such

as surfactants, polymers, various polymer systems and various biological systems.

Lamellar structures appear textured on these images as a result of their ability

to rotate the light. There are changes in refractive index resulting from light

entering the anisotropic lamellar phase. The phase di�erence that results between

the incident light being split into 2 rays is proportional to the change in refractive

index as shown in Equation 3.19.

�( phase) =
2�

(n1 � n2)t
(3.19)

�(phase) is the phase di�erence in, lambda is wavelength of the light in m,

n1 is the refractive index of the �rst ray the original ray is split into and n2 is the

refractive index of the second (75). A polarizer acts to allow light oscillating in one

plane direction to pass through it. When analysing liquid crystals, 2 polarising

�lters are used to provide a cross-polarising set-up. One �lter is placed in a

position between the light source and the sample, allowing the light incident upon

the sample to be �ltered to that light in one direction only is incident upon the

sample, but as described, when the light leaves the sample, birefringence results in

the incident light splitting and recombining with interference so a second analysing

polarising �lter is placed after the sample which is perpendicular to the original

�lter. This means that the light entering through the �rst �lter has all been �ltered

except light in one plane. The East-West plane and the second �lter blocks all

light paths except all oriented in the North-South plane. If there is no sample

between the polarising �lters, nothing can be seen but because of the splitting of

the light from the anisotropic liquid crystal, the texture of the liquid crystal can

e�ectively be seen when cross-polarization is used (76).

All non-cubic liquid crystals show distinctive textures under a cross-polarizing

microscope. When some of the liquid crystals are contacted with a small amount of
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Figure 3.5: Cross-polarisation of light.

water, interfacial changes are seen and de�ned bands characteristic of speci�c liq-

uid crystal structures are seen. This is a useful tool in characterising the presence

of multi-lamellar vesicles as self-assembling surfactant structures exhibit birefrin-

gence, and multi-lamellar vesicles appear as maltese crosses on such a microscope.

Lamellar structures are uniaxial, meaning that the index of refraction parallel to

the optic axis, is larger than that perpendicular to it. Therefore, lamellar sheets

can be identi�ed by the presence of oily streak textures. However, lamellar surfac-

tant structures have a tendency to align homotropically over time, i.e. the director

aligns parallel to the optic axis. In this case, gently shearing the sample on the

microscope, perhaps by poking it with a sharp object, such as a needle, can help

determine whether the sample is homeotropically aligned, or isotropic. Multil-

amellar vesicles appear as maltese crosses between cross-polarisers. The 'arms'

of the maltese crosses appear dark, this is because the molecular axis are aligned

with either polariser. Examples of liquid crystal phases are shown in Figures 3.6

to 3.10 (10).

Figure 3.6: Birefringent oily streak texture exhibited by lamellar phases (8)
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