
Imperial College London

Department of Chemistry
&

Department of Chemical Engineering

Direct measurement of the
interactions between cationic

surfactant bilayers

Matthew A Leivers

Submitted in partial fulfilment for the award of the degree of

Doctor of Philosophy

in Physical Chemistry

September 2019





Declaration of originality

I hereby declare that this thesis and all work contained within is the work of the

author and any work of others has been appropriately acknowledged.

Matthew Leivers

i



ii



Copyright Declaration

The copyright of this work rests with the author and is made available under the Cre-

ative Commons Attribution Non-Commercial No Derivatives licence. Researchers

are free to copy, distribute or transmit this work on the condition that they appro-

priately attribute it, they do not use it for commercial purposes and that they do

not alter, transform or build upon it. For reuse or redistribution, researchers must

make clear to others the licence terms of this work.

iii



iv



Acknowledgements

I would like to acknowledge the contributions of Procter and Gamble who provided

the raw materials and funding for this project. The Chemical Biology CDT and the

EPSRC for the funding of the project, and Royal Dutch Shell for providing the JPK

Nanowizard Atomic Force Microscope. I would also like to personally thank my

supervisors, Professors John Seddon and Paul Luckham, for their invaluable help,

support, and guidance throughout my PhD.

v



vi



Abstract

Understanding the interactions between vesicles within a vesicle dispersion is

key to understanding the stability of the dispersion. If the interactions between the

vesicles are sufficiently repulsive the system will be stable. Whilst this behaviour

is relatively easy to predict for simple colloid and vesicle dispersions. In complex

systems, containing various additives such as salts, polymers, and polyelectrolytes,

the interactions effecting the stability of the dispersion are more complex.

In this study methodologies for directly measuring the interactions between two

supported cationic surfactant bilayers using the colloidal probe atomic force mi-

croscopy technique were successfully developed.

The surfactant vesicle system of interest in this work was the double tailed,

cationic surfactant DIPEDMAMS, often used in commercial fabric softeners. The

system was observed to form two co-existing lamellar phases which melt to forma a

single fluid lamellar phase at around 40 ◦C. The addition of different alkyl alcohols

was used to modify the transition temperature to create supported bilayers for the

colloidal probe technique.

Electrolytes were observed to decrease the repulsive interactions between the

bilayers with the identity of the salt determining the strength of the effect. Poly-

electrolytes whilst having a similar impact as to the salts the depletion attraction

was also observed and shown to be dependent on the molecular weight of the poly-

mer. The interactions with uncharged polymers were complex due to the absorption

of the polymer to the bilayers as observed by AFM imaging. The addition of fatty

acids to simulate the breakdown of the surfactant molecules within the bilayers ex-

hibited complex behaviour dependent on the nature of the fatty acid in question.

All these measurements were supported by AFM imaging and x-ray scattering to

decouple changes to the supported bilayers and the interactions between them. Fi-

nally, direct force measurements were compared to the behaviour of the bulk vesicle

dispersions.
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Chapter 1

Thesis Overview

Liquid fabric enhancers are complex multi-component colloidal dispersions. These

systems are based around an aqueous surfactant vesicle dispersion containing poly-

mers, fragrances, and salts. Cationic surfactants are the active compound in liquid

fabric enhancers as they are used to modify the fabric’s surface properties. Fab-

rics, such as cotton, become negatively charged over their lifetime, caused by the

deprotonation of hydroxyl groups on the cellulose fibres during repeated washing

and drying cycles. When added towards the end of a wash cycle, cationic surfactant

molecules adhere electrostatically to the surface of the fabric exposing a lipophilic

functional group to the air resulting in reduced friction between the fibres. this

gives the fabric a fabric a “softer” feel to the touch which is an effect desired by

consumers. This lipophilic layer also helps to prevent staining as water based solu-

tions are somewhat repelled, as well as reducing hydrogen bonding between strands

which reduces wrinkling. The other components in a fabric conditioner are present

to adjust the rheological properties, improve coating, or to enhance the customer

experience. These additives add additional variables and interactions which are not

present in a simple colloidal dispersion. This makes predicting and understanding

the long term stability of these products difficult.

The surfactant of interest in this work is di(alkyliso-propyl ester) dimethyl am-

monium methylsulfate (DIPEDMAMS), a cationic, double tailed surfactant, with a
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quaternary ammonium head group and ester linkages to the aliphatic tails. It is a

key component of some fabric conditioning systems. The aim of this work is to un-

derstand the behaviour and stability of aqueous DIPEDMAMS vesicle dispersions by

investigating the interactions between the surfactant vesicles. This will be achieved

by the direct measurement of the interactions between supported DIPEDMAMS

bilayers.

Chapter 2 describes the theoretical background of the behaviour of surfactants

and other amphiphiles in aqueous dispersions, the stability of colloidal and vesicle

dispersions, and intermolecular interactions. The chapter then goes onto look at the

previous work done on the direct interactions between surfaces and bilayers by SFA

and the colloidal probe technique. Chapter 3 describes the techniques used in this

study.

Chapter 4 focuses on understanding the aqueous self-assembly phase behaviour

of the DIPEDMAMS/water system and the effect of temperature on the bulk struc-

ture. This is then compared with the structure of supported DIPEDMAMS bilayers

on mica as studied by temperature controlled quantitative imaging atomic force mi-

croscopy (AFM). Chapter 5 moves onto the development of colloidal probe force

techniques for the direct measurement of bilayer - bilayer interactions. It was nec-

essary to reduce the gel to fluid transition temperature of the DIPEDMAMS/water

system in order to fabricate complete surfactant bilayers at room temperature. The

effect of several alkyl alcohols on the bulk structure, transition temperature, to-

pography and nanomechanics of the supported bilayers was investigated. This lead

to the formation of complete surfactant bilayers at room temperature which were

suitable for colloidal probe force microscopy.

Chapter 6 investigates the impact of different electrolytes on the directly mea-

sured interactions between the supported DIPEDMAMS bilayers. This was sup-

ported by investigating the impact of the electrolyte on the structure and properties

of the supported bilayers and the impact on the bulk lamellar structure. Finally the

behaviour of the DIPEDMAMS vesicle dispersions with the addition of the different

electrolytes was investigated to directly compare the measured interactions and the

stability of the vesicle dispersions.
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Chapter 7 looks at the impact of polymer and polyelectrolytes on the directly

measured interactions between supported DIPEDMAMS bilayers. Investigating the

impact of charged and uncharged polymers and the role of the molecular weight of

the polymers. The interaction between these polymers and the supported bilayers

is investigated to understand how the polymers and polyelectrolytes impact on the

bilayers themselves as opposed to just mediating the interactions between them. The

impact of these polymers and the impact of their molecular weight on DIPEDMAMS

vesicle dispersion was investigated to directly compare the measured interactions and

the stability of the vesicle dispersions.

Chapter 8 looks at the modification of the composition of the DIPEDMAMS

bilayers themselves and its impact on the measured forces and the behaviour of

the bulk vesicle dispersions. This is to explore the impact of the breakdown of the

surfactant molecules into their constituent fatty acids. The impact on the inter-

actions between the bilayers, the structure of the supported bilayer, and the bulk

DIPEDMAMS/water with different fatty acids and increasing fatty acid content was

investigated. Finally the behaviour of the bulk vesicles dispersions was compared

with the directly measured bilayer-bilayer interactions.
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Chapter 2

Theoretical Background

2.1 Amphiphiles: Lipids and Surfactants

2.1.1 Structure and Properties

An understanding of the amphiphilic nature of surfactants and the consequences of

this is key to understanding the complex surfactant systems such as fabric enhancers.

Amphiphiles are compounds which contain both a hydrophilic and a lipophilic moi-

ety. [1] These include many classes of compounds including lipids, surfactants, pro-

teins, and block co-polymers. They can be found as both natural products and as

synthetic compounds. [2]

The lipophilic, literally meaning fat loving, moiety can also be also described

as hydrophobic or non-polar. [1, 3] However the terms are not synonymous as some

functional groups can be considered hydrophobic but not lipophilic, such as fluo-

roalkanes and siloxanes. [4] For most amphiphiles the lipophilic moiety is typically

a long hydrocarbon chain. These chains are generally linear, but some branched

chained amphiphiles do exist, the chains can be saturated or unsaturated, and typ-

ically have a chain length greater than four. [5]
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The hydrophilic, or polar, functional groups generally fall into one of two cat-

egories. [6] Ionic groups, which can then be further subdivided into anionic and

cationic, and uncharged or non-ionic groups. Anionic groups commonly found in

amphiphiles include sulfates, carboxylates, and phosphates. [2] Phosphates being an

important group and well studied area as they are the charged moiety found in the

biologically important phospholipids. [7–10] Cationic systems are typically derived

from ammonium ions and are particularly relevant in surfactant detergent systems,

and zwitterionic systems where the hydrophilic group contains both a cationic and

anionic functional group. Finally the uncharged category is primarily dominated by

alcohols such as diglycerides and sugars found in biology and polyethylene glycols

which typically are synthetic. [11] Examples of some of the types of amphiphiles

discussed so far are shown in figure 2.1 with the hydrophilic and hydrophobic region

highlighted.

2.1.2 Self-Assembly Behaviour

The contrasting natures of the hydrophilic and hydrophobic moieties lead to very

different interactions between the two groups. In an aqueous environment these

differing interactions between the solvent and the hydrophilic and hydrophobic moi-

eties leads to the self-assembly of the amphiphiles into various structures. [12] This

is driven by the tendency of the hydrophobic regions to avoid contact with wa-

ter and prefer interacting with each other and for the tendency of the hydrophilic

regions to remain in contact with the water. At sufficiently high amphiphile con-

centrations this leads to the formation of micelles, usually spherical structures with

the hydrophobic tails pointing towards the centre with the hydrophilic groups fac-

ing outwards shielding the hydrophobic regions from the aqueous environment. [13]

This minimises the interactions between the hydrophobic regions and the solvent

and maximises the interactions between the hydrophilic regions and the water. At

higher concentrations, amphiphiles can self-assemble into more complex lyotropic

liquid crystalline phases. [14] These can range from simple phases such the micellar

cubic formed by the close packing of micelles to complex bicontinuous cubic phases

of interwoven bilayer channels. Self-assembly behaviour of amphiphiles also occurs
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Hydrophilic

Hydrophobic

Cationic

Anionic

Zwitterionic

Nonionic

Figure 2.1: Examples of typical ionic, zwitterionic, and non-ionic amphiphiles high-
lighting the hydrophilic and hydrophobic regions of each molecule.

in other polar and non-polar solvents but will not be considered here as the systems

of interest here are in aqueous environments. [15]

The main driver of this self-assembly behaviour is the tendency for the hydropho-

bic regions to avoid contact with water due to the hydrophobic effect. [16] The

driving force behind the this interaction is mainly entropic in nature. Due to hy-

drogen bonding water forms a loose tetrahedral network. Hydrocarbon chains are

not capable of hydrogen bonding, since they break up the bonding between water

molecules. This results in the reoriented of the hydrogen bonds tangentially to the

surface resulting in a more ordered structure resulting in a loss of entropy. This effect

is minimised when the hydrocarbon chains aggregate together. In contrast to this

attractive force between the hydrocarbon chains and their unfavourable interactions
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with water the polar head groups prefer to remain in contact with the water and

experience ionic or steric repulsions between each other. These contrasting forces

between the hydrophilic and hydrophobic regions result in the formation of micelles

or other more complex structures. [17]

At very low concentrations amphiphiles will sit at the air/water interface. Heads

in the water, tails out, as this reduces the interactions between the hydrophobic

parts and the water. [2, 5] As the concentration increases, the formation of micelles

becomes energetically favourable. The CMC is then the concentration of the surfac-

tant in the bulk at which micelles begin to form. [1] Further increasing the surfactant

concentration increases the number of micelles present. Various variables are known

to have an impact on the CMC. [18] The CMC of most ionic surfactants are prac-

tically independent of temperature but non-ioinc surfactants with ethylene glycol

hydrophilic groups become less hydrophilic with increasing temperature resulting in

a decrease in the CMC. [19,20] This is caused by the oxyethylene groups becoming

increasingly insoluble with increasing temperature. Increasing temperature in gen-

eral does cause a small increase in the CMC of ionic surfactants due to increased

thermal motion. Non-ioinc surfactants generally have a lower CMC than ionic sur-

factants as there are no electrostatic repulsion between the head groups of non-ionic

surfactants compared with ionic. [21] The larger the head group charge on the ionic

surfactants also results in a higher CMC due to increased electrostatic repulsion. An

increase in the chain length of the hydrophobic chains results in a decreased CMC as

micellisation is favoured. [22] However increasing the chain length above 16 carbon

atoms does not yield significant further decreases to the CMC, most probably due to

the coiling of the long hydrocarbon chains. [23] The addition of electrolytes can be

used to lower the CMC for ionic surfactants but non-ionic surfactants are generally

independent of salt concentration. [24]

2.1.3 The Packing Parameter

The packing properties of amphiphilic molecules depend on three parameters. The

effective area of the head group a, the volume of the hydrocarbon chain or chains v,

and the maximum effective length of the hydrocarbon chains lc. This is known as
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the critical chain length and represents the limit over which the hydrocarbon chains

can not be stretched and remain fluid. This is of a similar order to, but less than,

the fully extended chain length lmax. The following relationships can be used to

define the length and volume of a linear hydrocarbon chain made up of nC carbon

atoms. [13]

lc/nm = 0.154 + 0.127nC (2.1)

V /nm3 = (27.4 + 26.9nC) x 10−3 (2.2)

From the effective head group area, the critical chain length and the volume of the

hydrocarbon chains the surfactant packing parameter or critical packing parameter

Ns can be defined. [13]

Ns =
V

alc
(2.3)

Figure 2.2 shows how the different interactions for the headgroup and hydrocar-

bon chains influence the critical packing parameter. [25] It suggests that different

aggregates can be considered to be the result of the packing of cones, truncated

cones, and cylinders. It is important to note that this is a limiting factor and that

amphiphiles can assemble into structures that are more cylindrical than suggested,

the head group area and the volume, a and v, remain constant but the chain length

extension can be less than lc. However they can not adopt more conical structures

as the chain length can not be extended beyond lc. [2]

2.1.4 Liquid Crystalline Phases

At high concentrations amphiphiles tend to self-assemble into more ordered liquid

crystalline phases. Unlike thermotropic liquid crystals, pure materials which display
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Inverse micelles Ns > 1

Figure 2.2: Surfactant packing parameters for different amphiphile shapes and the
structures they typically adopt.
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liquid crystalline properties within a well defined temperature range. [26] Lyotropic

liquid crystals are formed by dissolving an amphiphilic compound in a suitable

solvent, those formed in water are most widely studied and important. The liquid

crystalline phase is dependent on the amphiphile concentration, and the system

temperature and pressure. [27]

The liquid crystalline phase formed is dependent on the shape of the individual

amphiphile molecules, as described above by the critical packing parameter model.

Phases formed where the effective head group size, a, is larger than the lengths

and volume of the hydrocarbon tails, v and lc, are considered “normal” structures.

When the effective head group size is much larger than the tails spherical micelles

are formed. As the difference is reduced worm like or cylindrical micelles become

energetically favourable. As the effective size of the two regions approach parity

planer structures such as vesicles and bilayers are preferred. For some asymmetrical

amphiphiles complex saddle splayed structures such as the bicontinuous cubic phase

are observed. [28, 29] These normal structures are in contrast to inverse structures

formed when the tails are larger than the head group and tend to be present in

apolar media or at very high amphiphile concentrations. [30]

For a given amphiphile, variation in the amphiphile concentration induces changes

in the curvature of the liquid crystal phase. [13] This is described in the critical pack-

ing model for a given amphiphile, by changes in the effective area of the head group

a with increasing concentration. The effective head group area is governed by the

hydrophobic forces which reduce the effective size and the tendency for the head

groups to want to maximise their interaction with water increasing which increases

the effective area. [17] It is the balance of these two forces which gives the optimal

head group area a. In concentrated systems the interactions between the amphiphile

aggregates also have an impact. The short range repulsive interactions between the

aggregates as the concentration increases results in a decrease of the optimal head

group area. [14]

As previously discussed, above the CMC micelles begin to form. This micellar

dispersion is often denoted by the short hand L1. As the concentration is increased

the number of micelles increases. At higher concentration the micelles begin to fill

11



the space given resulting in the close cubic packing, mostly face centred, of the mi-

celles. This is the micellar cubic phase and is often labelled I1. [31,32] However it is

more common for the shape of the micelles to change from spherical to cylindrical

with increasing surfactant concentration due to changes in the amphiphile’s packing

parameter as the effective head group size, a, is decreased by the increasing con-

centration. [33] The cylindrical micelles, as the concentration increases, pack into a

hexagonal structure usually denoted as H1. [34] At even higher lamellar phases are

formed Lα.

Figure 2.3 shows a theoretical phase diagram for an idealised amphiphile system

with increasing concentration. In this ideal system the phase changes are driven only

by changes in the inter-facial curvature of the amphiphile molecules brought about

by the increasing concentration. The digram show the progression from L1 to H1

then to Lα, as previously discussed, as the concentration is increased. Intermediate

phases are often observed between the L1 to H1 phases, region a in the diagram, and

between H1 then to Lα, region b in the diagram. The cubic packed micellar phase is

often the intermediate phase observed in region a, between the micellar dispersion

and the hexagonal phase. Region b often contains more complex structures such

as the bicontinuous cubic phase, between the hexagonal and lamellar phases. The

shaded areas in the diagram are biphasic regions where more than one liquid crystal

phases are co-existent. [2, 5, 35]

At sufficiently high amphiphile concentrations, where the amphiphile is the ma-

jor phase, inverse structures can be formed. Increasing the concentration from the

lamellar phase, the most widely observed inverse phase observed is the inverse

hexagonal phase, HII . [36, 37] Composed of cylindrical water channels within an

amphiphile matrix. Further increases in the concentration may result in the inverse

micellar phase, L2. [38, 39] Between the inverse phases, as with the normal phases,

intermediate phases are observed. Mirroring those at lower concentrations these are

commonly inverse bicontinuous phases and inverse micellar cubic phases.

This theoretical phase diagram, for an idealised amphiphile, is hardly ever ob-

served in its entirely as shown here. [5] Inverse phases may not be formed for all

systems, intermediate phases are not always observed, and temperature has not
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Lα HII L2HIL1
a b c d

Amphiphile Concentration

Figure 2.3: A hypothetical phase diagram showing the impact of increasing surfac-
tant concentration on a binary amphiphile/water system where the transitions are
controlled by the solvent content alone. [5]

been considered. It is however useful for understanding the dependence of the phase

structure on concentration and how different structures are stable at different con-

centrations. The generalised sequence discussed here is a good approximation to

the phase behaviour of many ionic surfactants. Non-ionic surfactants display more

complex phase behaviour due the polyethyleneoxide hydrophilic groups being more

effected by temperature and concentration than their ionic counterparts.

2.1.5 Lamellar phases

The lamellar phases are some of the most important types of aggregates formed

by amphiphiles. The lamellar phases consist of amphiphile bilayers separated by

a layer of the solvent, water being the most widely studied. The amphiphiles are

oriented so that the hydrophilic head groups are on the outside of the bilayers to

maximise their interactions with the water and the hydrophilic tails are sequestered

inside the bilayers to minimise hydrophobic interactions. These phases have a low

interfacial curvature, as such they are typically formed from amphiphiles where the

crossectional area of the head group and the hydrocarbon tails are similar. Double
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Figure 2.4: Diagram showing the typical bilayer structures of the most common
lamellar phases.

chained surfactants and lipids are most likely to form lamellar phases. Many double

chained lipids and surfactants tend to form lamellar phases directly from increasing

the concentration above the CMC. Lamellar phases can be formed by single chained

surfactants and lipids but generally at much higher concentrations and tend to form

cylindrical micelles and hexagonal phases first.

Lamellar phases can exist in a crystalline, gel, or fluid phase depending on the

temperature and composition of the system, a diagram of these different phases is

shown in figure 2.4. [40] At low temperatures lamellar systems adopt a crystalline

phase Lc where the amphiphile molecules have no rotational nor positional freedom.

As the temperature is increased the molecules first gain rotational freedom, the

lamellar gel phase Lβ. On further increase the bilayers become completely fluidised

and the amphiphiles have both rational and translational freedom as they are able

to diffuse within the plane of the bilayer. [41] The temperature at which the bilayers

transition to the fluid state is typically known as the transition temperature or the

chain melting temperature and is denoted by Tc.

The lamellar phase behaviour is primarily governed by the strength of the van

der Waals interactions between the aliphatic tails and the extent to which the am-

phiphiles are packed together in the bilayers. [42] Longer hydrocarbon chains have

a greater area over which to interact with one another which increases the strength

of the van der Waals interactions between the tails increasing the packing of the
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bilayer. This leads to an increase in the transition temperature. [43] Conversely

shorter tailed systems will lead to a decrease in the transition temperature. Unsatu-

ration within the hydrophobic tails can also reduce the transition temperature. [44]

The double bond results in a kink in the hydrocarbon chain which causes a disrup-

tion in the packing of the amphiphiles within the bilayer due to steric effects. [45]

Branched hydrocarbon chains can have a similar impact on the transition temper-

ature to alkenes as they cause disruption of the packing due to steric interactions.

The impact of unsaturation and branching on the bilayer fluidity is also dependent

on the position of the group in the hydrocarbon chain. Those near the middle of

the chain have a greater impact than those located near the ends of the alkane. [46]

The bilayer structures, like those found in the lamellar phases, have been widely

studied due to their biological relevance. [47, 48] The cell membrane is a lamellar

bilayer formed of various phospholipids and other biological amphiphiles such as

cholesterol. [49–51] Numerous studies have been conducting investigating the impact

of different lipid composition on the properties of these lipid bilayers. [52] In these

complex lipid systems, were at a given temperature one component is predicted to

be in the gel phase and another would be in the fluid phase, the two can separate.

This leads to the two phases coexisting in spatially separated regions. [53–56] Other

systems however show a homogenous bilayer with the transition temperature of the

system being impacted by all components. [57–59]

2.1.6 Vesicles

Vesicles are hollow amphiphile aggregates formed from one or more bilayers that have

been curved round on themselves to form a sphere, as opposed to the infinite planar

bilayers of the true lamellar phase, encapsulating part of the aqueous phase. [60]

Vesicles are generally categorised either by their size or structure. Vesicles can vary

in size from tens of nanometres, termed nano-vesicles, to giant vesicles which can

be tens of micrometers in diameter. [59] There are three main structures of vesicles.

Uni-lamellar vesicles, which are formed from a single amphiphile bilayer. Multi-

lamellar, or onion, vesicles where the wall of the vesicle is formed of several bilayers,

a lamellar phase formed into a sphere. [61] The third type are multi-vesicle vesicles
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Figure 2.5: The main types of surfactant vesicles.

which contain several smaller vesicles within a larger vesicle. [62] These different

structures are shown in figure 2.5.

Vesicles are not usually formed spontaneously like other self-assembled am-

phiphile structures already discussed without some form of shearing or agitation of

the system, although there are some system where this has been observed. [63–65]

Vesicles are usually formed from lamellar dispersions. The most common method

is by sonication of dilute lamellar phases, where the ultrasound waves break up

the lamellar sheets causing them to reform as vesicles. [66] This method generally

forms small vesicles with a fairly broad size distribution. Other methods include

droplet formation for large unilamellar vesicles, electroformation, and extrusion.

These methods are more commonly used to form more monodispersion vesicles for

the study of biological systems. [63] In the homecare industry vesicles are generally

formed by applying a steady shear to a lamellar phase. [67] This method generally

forms multilamellar vesicles with a narrow size distribution. The vesicle size can be

controlled by varying the shear rate.

Vesicles have been widely studied due to their use in cosmetic and homecare

products and are of particular interest in the biological communities. Vesicles formed

of lipids are often referred to a liposomes. The formation, transport, and fusion of

vesicles are believed to play a vital role in biological and physiological processes such

as mitosis, cell fusion, transport, and cell signalling. [68] Liposomes are often used

as simple cell models and bottom up biochemistry as they mimic the cell membrane
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but without the added functionality of membrane proteins and polysaccharides.

Liposomes are of interest as a technology for drug delivery. [69,70] They are capable

of encapsulating a potential drug candidate and carrying the pharmaceutically active

compound to the target organ or area whilst minimising release in untargeted areas.

Another area where liposomes or vesicles are of interest are in liquid fabric enhancers

and detergents as the surfactants in these products exist as vesicles.

Vesicle systems, similar to micellar solutions, have no long range order. The

vesicles are considered to be suspended in the aqueous phase and are described as

vesicle dispersions as opposed to solutions. If the vesicles, or liposomes, within a

dispersion begin to aggregate, or break down, this could have a significant impact on

the physical properties of the system, reduce the efficacy of a drug delivery system,

or make a commercial product undesirable to consumers. It could even lead to phase

separation of the vesicle dispersion.

Surfactant vesicle dispersions, such as those used in liquid fabric enhancers, can

be viewed in the same manner as colloidal dispersions. Therefore understanding the

properties of colloids, their stability, and the factors that effect their properties and

stabilities are important in understanding vesicle dispersions.

2.2 Colloids and colloidal stability

A colloid is a microscopically heterogeneous system where one component has di-

mensions on the order of nanometres to micrometres and is dispersed within another

phase. [71] In contrast to a solution, where the solute and solvent are considered

to be one phase, a colloidal system consists of a dispersed phase suspended within

a continuous phase, or dispersion medium. The terminology for colloidal systems

can sometimes be ambiguous with the term colloid being used to refer to both the

dispersed phase or to the entire system. [72] To avoid confusion the entire system

will be referred to as a colloidal dispersion or system whilst the dispersed phase will

be referred to as colloidal particles.
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There are many different types of colloidal systems but they are most usefully

defined by the state of mater of the dispersed phase and the dispersion medium, see

table 2.2.

Table 2.1: Types of colloidal dispersions

Medium/phase
Dispersed Phase

Solid Liquid Gas

Dispersion
medium

Solid Solid suspension Gel Solid Foam
Liquid Colloidal dispersion Emulsion Foam

Gas Solid aerosol Liquid aerosol N/A

The main focus here will be on solid-liquid and liquid-liquid colloidal systems.

These system can generally be viewed as small particles or colloidal spheres sus-

pended within the liquid phase. Micellar solutions, vesicle and liposome dispersion

fall into this category.

The particles in a colloidal dispersion under go Brownian motion, the colloidal

particles are under random motion due to collisions with fast moving molecules with

in the fluid. [73] When two colloidal particles encounter one another it is the bal-

ance of the repulsive and attractive forces between them that dictate their behaviour

and hence the behaviour of the entire dispersion. If the repulsive interactions are

sufficiently strong to balance any attractive interactions then the two particles will

experience an over all repulsive interaction and they will move apart. The dispersion

would be considered stable. [74] However, if the attractive interactions are compa-

rably strong enough to overcome any repulsive interactions then the two particles

will attract one another. This would lead to the aggregation of the particles and the

colloidal dispersion would be considered unstable. [75]

If the aggregation process is reversible the process of aggregation is generally

termed flocculation. [6] Loose associations of colloidal particles are formed, called

flocs, which stay suspended with in the dispersion media. [76] An equilibrium is

generally formed between the flocs and the free colloidal particles. [77] If the ag-

gregation process is irreversible the aggregation process is generally referred to as

coagulation. Unlike flocs coagulated aggregates separate out from the dispersion

media. If the aggregates are denser than the dispersion media they separate by

sedimentation, and if the aggregates are less dense than the dispersion media they

18



separate via creaming.

The stability of a colloidal dispersion is determined by the interactions between

the colloidal particles. Due to the small size of colloidal particles, the surface to

volume ratio of colloids is very large. Therefore in order to begin to understand the

stability of colloidal dispersions, such as surfactant vesicle dispersions, one needs

to explore and understand the intermolecular forces, surface forces, and surface

chemistry between the colloidal particles.

2.3 Intermolecular Forces

2.3.1 Van der Waals Forces

The van der Waals forces are attractive interactions between uncharged atoms or

molecules. [35, 78] They arise primarily from the interactions between dipoles. A

dipole moment arises when two opposite charges of magnitude q are separated by a

distance of r. The magnitude of the dipole moment µ can be expressed as follows: [79]

µ = qr (2.4)

Some molecules contain permanent dipoles which arise when two adjacent atoms

have significantly different electronegativities. [80] This is a measure of the tendency

of an atom to attract electrons, or electron density, towards itself, conversely elec-

tropositivity is a measure of an atom’s ability to donate electrons. [81, 82] When

two adjacent atoms have significantly different electronegativities the electron den-

sity will be concentrated towards the more electronegative species, resulting in it

becoming more negatively charged whilst the less electronegative species becomes

more positivity charged. This creates a permanent dipole moment. A good example

of a molecule that contains a permanent dipole is water, where the electronegativ-

ity of the oxygen atom results in it becoming more negatively charged than the
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Figure 2.6: Diagram showing the three main components of the van der Waals forces:
permanent dipole - dipole interactions; permanent dipole - induced dipole interac-
tions; and the instantaneous dipole - induced dipole forces. Orientation dependant
variables are illustrated for each interaction.

hydrogen atoms. [83]

The van der Waals forces can be divided into three different interactions: per-

manent - permanent dipole interactions, permanent - induced dipole interactions,

and instantaneous dipole - induced dipole interactions. [84]

The first to be considered are the attractive interactions between two permanent

dipoles. For two permanent dipoles with dipole moments of µ1 and µ2 separated by

distance r the interaction energy V can be given by equation 2.5. Where ε0 is the

permittivity of free space εr is the dielectric constant of the surrounding media and

θ1 θ2 and φ describe the orientation of the two dipoles, as shown in figure 2.6. [85]

V = − µ1µ2

4πε0εrr3
[2 cos θ1 cos θ2 − sin θ1 sin θ2 cosφ] (2.5)

From equation 2.5 it is noted that the interactions between two permanent

dipoles is dependent on their orientation. The largest attraction occurs when the

the two dipole are in line with each other whilst the minimum interaction occurs

when the two dipoles are oriented parallel to each other. This equation is only valid

where r > 3l, where l is the length of the dipole. Below this separation it would be

necessary to view the interactions as interactions between individual charges.

Averaging the interactions over all angles and orientations leads to equation 2.6

for the interactions between two freely rotating permanent dipoles, where kB is
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the Boltzman constant and T is the temperature in kelvin. [35, 86] The rotation

averaged interactions between two permanent dipoles is often referred to as the

Keesom interaction. [87]

V = − µ2
1µ

2
2

3(4πε0εr)2kBTr6
(2.6)

Note that with freely rotating dipoles the interactions are inversely dependent

on the temperature of the system this is due to the dipoles rotating less freely at

lower temperatures. The interaction energy for freely rotating permanent dipoles is

dependent on the inverse sixth power of the separation between the dipoles, com-

pared with the inverse third power dependency for two fixed dipoles. This suggests

that the permanent - permanent dipole interactions are very short range.

The second of the van der Waals interactions to be considered is the attrac-

tive interaction due to the interactions between a permanent dipole and non-polar

molecules. [84] This involves the induction of a dipole moment in a non-polar

molecule by an external electric field, in this case a field emanating from a near by

permanent dipole. The polarisability α of a molecule is a measure of the strength

of an induced dipole moment µind the molecule can develop in the presence of an

electric field E. [88, 89] All molecules are polarisable to some degree.

µind = αE (2.7)

The induced dipoles arise from the displacement of the non-polar molecule’s

electron cloud relative to the nucleus. Different functional groups have different po-

larisabilities with those with more delocalised electrons generally being more polaris-

able. [88] The overall polarisability of a molecule can be estimated by the summation

of the polarisabilities of its different functional groups. [90]

At a fixed angle the interaction energies between a permanent dipole and a polar

molecule with an induced dipole is given by equation 2.8, where µ is the permanent

dipole moment and α is the polarisability of the non-polar molecule. [91]
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Figure 2.7: Diagram describing the three main components of the van der Waals
forces: the Keesom interaction, the Debye Force, and the London dispersion force.

V = −µ
2α(1 + 3 cos2 θ)

2(4πε0εr)2r6
(2.8)

The strength of this interaction is not usually sufficient to cause the permanent

orientation of the dipole and the induced dipole. Therefore the angle averaged

interaction between a free spinning permanent dipole and a non-polar molecule is

given by equation 2.9. [35]

V = − µ2α

(4πε0εr)2r6
(2.9)

This is often known as the Debye interaction, or induction interaction. Again

the interaction energy is dependent on the inverse sixth power of the separation

between the molecules as with the two freely rotating permanent dipoles. The

induction interactions are considerably weaker than the permanent - permanent

dipole interactions.
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The final and most significant component of the van der Waals forces are the

instantaneous dipole - induced dipole interactions. These are also known as the

London or dispersion forces. [92,93] The are quantum mechanical in nature and are

the result of random fluctuation in the electron cloud of any given molecule. For a

non-polar molecule the time averaged dipole moment is zero, however at any given

instant in time due to the random fluctuation with its electron cloud a dipole moment

can exist due to the position of the electrons and the nucleus. This instantaneous

dipole produces an electric field, as any other dipole, which in turn induces a dipole

moment in a nearby non-polar molecule. The resultant interaction between the two

dipoles results in an attractive force, as discussed above. The London dispersion

forces are typically larger for atoms with larger electron clouds and molecules that

have a higher polarisability. [94,95] The significance of the London dispersion forces

is that as all molecules and atoms are to some extent polarisable, these interaction

are found between all atoms and molecules. In contrast to the Keesom or Debye

interactions which require a permanent dipole and explains why noble gases liquefy

at low temperature.

The dispersion interaction between two identical atoms or molecules is shown in

equation 2.10, where Ei is the first ionisation potential.

V = −Cdisp
r6

= −3

4

α2Ei
(4πε0εr)2r6

(2.10)

It is noted from equation 2.10 that the interaction energy is dependent on the

inverse sixth power of the separation between the molecules. This is the same

distance dependency as seen for the other two dipole interaction, the Keesom and

Debye forces. Whilst the London forces are the weakest of the three interactions that

constitute the van der Waals forces they are considered to be the most significant

as they are present between all materials. [96]

The van der Waals interactions between macroscopic bodies, e.g. colloids, vesi-

cles, bilayers, is often understood in terms of Hamaker’s work. [97] This involves the

integration of the van der Waals interactions between all the atoms of the system.
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VV dW = − AR1R2

6(R1 +R2)r
(2.11)

The model for two spherical particles is shown in equation 2.11, where R1 and

R2 are the radii of the two spheres and A is the Hamaker constant as defined in

equation 2.12, where ρ1 and ρ2 are the number densities of the two particles and C

is the coefficient of particle–particle pair interaction. [35,98]

A = π2Cρ1ρ2 (2.12)

Note from equation 2.11 that the interactions are now much longer range than

between two atoms. They are dependent on the inverse of the separation between

the particles as opposed to the inverse sixth power as observed between individual

molecules. Whilst the Hamaker approach is generally good for describing the van

der Waals interactions between individual particles, it assumes pairwise additiv-

ity with multi-molecule particles. It assumes that each pair of molecules interact

independently of their environment. [99, 100] The Lifshitz theory was developed

to describe the Van der Waal’s interactions between macromolecules taking into

account the dielectric properties of this intervening medium and the influence of

neighbouring molecules on the interactions between each pair of particles in the two

particles. [101,102]

2.3.2 Electrical Double Layer Forces

Electric double layer forces arise from the interactions between charged objects, such

as cationic surfactant bilayers, in a liquid environment, most commonly water or an

electrolyte solution. It is the result of the interactions between two electrical double

layers. [35]

Electrical double layers are structures that form at the surface of a charged

object immersed in a liquid environment. The surface charge can arise from the
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dissociation of surface groups, e.g. -OH to -O− + H+, the adsorption or binding

of ions from the liquid phase, or inherently ionic surface groups. [103] The double

layer refers to the ordering of ions attracted to the charged surface by Coulombic

interactions. These ordered layers screen the surface charge. Several models of the

electrical double layer have been proposed and built upon over time.

One of the first models of the double layer was proposed by Helmholtz who

studied electrodes, charged surfaces, in electrolyte solutions. [104] He suggested that

the charged electrode immersed in an electrolyte solution repels like charged ions

whilst attracting counterions towards the charged surface. The interactions at he

electrode are considered to be purely electrostatic in nature and no electron transfer

interaction occur. This leads to a tightly bound layer of counterions, the Helmholtz

layer, the drop in charge and a potential is confined to this region.

Whilst the Helmoholtz model provided a basis for the understanding of the be-

haviour of ions in this region it does not account for many factors, such as diffusion

within the liquid phase. The Gouy-Chapman model, also looked at electrodes,

observed that the capacitance was dependent on the applied potential and the elec-

trolyte concentration, which could not be understood by the previous model. [105]

The Gouy-Chapman model describes the double layer as a charged surface sur-

rounded by a diffuse layer of mobile ions. The concentration of counterions is en-

riched in the diffuse layer and decreases with increasing distance from the charged

surface until the concentration is identical to the bulk electrolyte concentration.

This leads to the electrical charge and potential to decrease exponential from the

charged surface. [106]

The Stern model combines both the Gouy-Chapman and the Helmholtz models.

It allows some ions to adhere to the charged surface, similar to that suggested

by Helmholtz, now called the Stern layer, followed by a diffuse layer as suggested

by the Gouy-Chapman model. This leads to an initial fall in the surface charge

or potential across the Stern layer followed by an exponential decrease across the

diffuse layer. [107] An illustration of the double layer structure for all three models

discussed is shown in figure 2.8.
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Figure 2.8: Diagram showing the different double layer models with sketches of how
the potential changes with distance from the surface.

The thickness of the diffuse layer is known as the Debye length, κ−1. The De-

bye length is typically tens of nanometers in length and decreases with increasing

electrolyte concentration. [108] Equation 2.13, where kB is the Boltzman constant,

NA is Avogadro’s number, and I is the electrolyte concentration in mole/m3, can

be used to calculate the Debye length. [109]

κ =

√
2e2NAI

ε0εrkBT
(2.13)

When two like charged surfaces approach one another in a liquid environment a

repulsive force is exerted between the two surfaces. [110] However the origin of this

interaction is not Coulombic nor electrostatic in nature. The origin of the repulsive

interaction between two charged surfaces in an electrolyte solution is entropic, also

termed osmotic, in nature. [111] On bringing the two surfaces together the diffuse

layers overlap. This creates a localised increase in ion concentration resulting in an

osmotic repulsion. [112]
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The EDL interactions between two charged planar surfaces in an electrolyte solu-

tion can be described by equation 2.14, where n is the bulk electrolyte concentration

in mol.m−3, kB is the Boltzmann constant, γ is the reduced surface potential given

by γ = tanh(zeψ0/4kBT ). Where e is the elementary charge, z is the valence, and

ψ0 is the surface potential. [35]

Vedl =
64nkBTγ

2

κ
exp−κr (2.14)

Note that the interaction energy is dependent on the negative exponential of the

separation between the molecules. This means that the interactions between the

charged plates decreases exponentially with increasing separation.

2.3.3 DLVO Theory

The Derjaguin–Landau–Verwey–Overbeek (DLVO) theory is often used to explain

the interactions between particles in an aqueous dispersion. It generally describes

the total interactions between two charged surfaces in an electrolyte solution. It

was developed independently by Derjaguin and Landau in 1941, and Verwey and

Overbeek in 1948. [113, 114] The theory was developed to describe the stability or

instability of colloidal dispersions and combines the effect of the attractive van der

Waals forces and the repulsive electric double layer interactions.

The DLVO interactions between two particles, or two surfaces, can be expressed

by equation 2.15.

WDLV O = Wvdw +Wedl (2.15)

The van der Waals forces for the interaction between two given particles or

surfaces can generally be considered fixed, they are not significantly impacted by

changes in the electrolyte concentration or pH. [115] At short distances the van der
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Waals interactions will dominate the repulsive double layer interactions due to the

the difference in dependencies of the two interactions on the separation. From the

relationships WWdV ∝ −1/r and WEDL ∝ e−r it can be seen that the double layer

interactions rise more slowly as r → 0 compared with corresponding decrease in the

van der Waals interactions.

Figure 2.9 show a schematic of how the double layer and van der Waals inter-

actions between two similarly charged particles in a monovalent electrolyte solution

combine to give the DLVO interactions. The figure shows the interactions for parti-

cles or surfaces with different surface charges. For highly charged particle or surfaces

in low electrolyte concentrations the DLVO theory predicts a strong long range re-

pulsion with a clear peak at short separation after which a strong attractive force

is observed. In terms of dispersion stability, this peak can be seen as an energy

barrier that needs to be overcome to bring the surfaces or particles into contact,

often called the primary minimum. [35] If the particles in the dispersion do not have

enough energy to overcome the repulsive peak they will be repelled from each other

and the dispersion is considered to be stable. [116]
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For systems with a smaller surface charge, or in more concentrated electrolyte

solutions the van der Waals interactions are relativity constant but the range of the

double layer forces is decreased. This can result in a secondary minimum before

the repulsive peak. This could result in the particle in a dispersion sitting in the

secondary minimum. For particles with a low surface charge or in high electrolyte

solutions the van der Waals forces will be more dominant and the repulsive peak

much lower potentially allowing the particles to overcome it and come into contact.

This would result in the aggregation and flocculation of the dispersion. As the

surface charge approaches zero, or in very high electrolyte concentrations, the double

layer forces are negligible and the interaction become purely van der Waals resulting

in an attraction between the particles at all separations.

DLVO theory is good for predicting the stability of simple charged and neutral

colloids suspended in a simple solvent or electrolyte. It is able to predict the effect

of ionic concentration on the stability of systems, increased ionic concentration de-

creases Debye length which decreases the electrostatic interactions which means that

the attractive van der Waals’ forces dominate the equation leading to the destabili-

sation of the colloidal system. The theory can also explain and predict the effect of

the surface charge on the colloid particles, which increases the electrostatic repulsion

and the effect of the size of the colloids. However, the theory begins to break down

at short distances as it does not take into account short range interactions such

as hydration forces, which add a short ranged repulsion between the colloids due

the adsorption of water molecules, or the deformability of colloids such as vesicles,

where the flattening of vesicles at contact can increase the van der Waals interac-

tions adding an extra destabilising factor to the system. [117, 118] Additives to the

liquid phase, such as polymers, add additional forces which cannot be predicted by

DLVO theory these include steric interactions and depletion forces.

2.3.4 Born Repulsion

At very small separations a strong repulsive interaction is observed for all atoms,

molecules and particles. [119] This repulsion is due to the overlap of the atom’s

electron clouds and ultimately determines how close two atoms or molecules can
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approach one another. This is often called steric repulsion or Born repulsion. [5]

These interactions are very short range and the repulsion increases extremely rapidly

as the separation between the two molecules or atoms is decreased. [120]

The steric interaction is quantum mechanical in nature and there are no general

equations for understanding the distance dependence of the interaction. However

there are some equations used to try to describe the interactions. The most com-

mon is the hard sphere potential which considers atoms to be hard, incompressible,

impenetrable spheres, where the radius of the spheres is set at the atomic radii of

the atom or molecule of interest. [121]

The hard sphere potential is often described by equation 2.16, where σ is the

hard sphere diameter.

V = +(σ/r)n where n→∞ (2.16)

This expression describes the hard sphere model well. Where r > σ the interac-

tion is zero and where r < σ the interaction becomes infinite.

Another model often used to describe the relationship between steric interactions

and separation is the exponential potential. This is described by equation 2.17,

where c is an adjustable constant.

V = +ce−r/σ (2.17)

This expression is potentially a more realistic description of the steric interactions

as it allows for the finite compression of atoms or molecules. However, whilst there

is some theoretical justification, these expression are used more for their convenience

in describing the forces rather than being based on empirical observations. [5]

The steric interaction is combined with the van der Waals to give the Lennard-

Jones potential. This is a simple mathematical model which is often used to describe
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the interactions between a pair of uncharged atoms or molecules, in this case n = 12.

2.3.5 The Hydrophobic interaction

The hydrophobic interaction describes the strong attractive interaction between hy-

drophobic molecules and surfaces in water which are stronger than their interactions

in air or vacuum. The interactions between hydrophobic, non-polar, molecules are

expected to be dominated by the van der Waals interactions, however these interac-

tion are expected to be reduced in water not enhanced, as discussed in section 2.3.1.

The hydrophobic interaction is considered to arises from the implication of the hy-

drophobic effect. [118,122]

The hydrophobic effect describes the interaction between water and non-polar

molecules such as alkanes. Water molecules have a strong desire to form hydro-

gen bonds between each other forming a loose tetrahedral structure. Hydrophobic

molecules however are not capable of forming hydrogen bonds, so when water comes

into contact with such a molecule therefore in order to disrupt the fewest hydro-

gen bonds the water molecules must reorient around the non-polar solute. If the

hydrophobic molecule is not too large it is possible for the water molecules to pack

around it in a manner that does not give up any of the hydrogen bonds. However

for larger molecules this may necessitate the bending of the hydrogen bonds away

from their normal configuration.

Whilst the interaction between water molecules and hydrophobic molecules in

itself are not unfavourable. The interactions are generally attractive due to Debye

interactions between polar and non-polar molecules and the ubiquitous London dis-

persion interactions. The rearrangement of the water molecules around them, to

maximise hydrogen bonding, creates a more ordered structure compared with the

bulk water phase. This is entropically unfavourable and is what lies behind the

observation that non-polar molecules are only sparingly soluble in water.

Considering two hydrophobic molecules approaching one another in water it can

be understood from the hydrophobic effect why their aggregation would be entrop-
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ically favourable. Combining the two molecules would reduce the overall area that

is in contact with water therefore reducing the number of water molecules needed

to form more ordered structures around the molecules. However this combining of

polar molecules may lead to the formation of larger aggregates and to more struc-

tured systems, such as the various ordered and liquid crystalline surfactant phases

discussed in section 2.1. The formation of an ordered structure is also entropically

unfavourable, however the energy cost in forming these ordered structures is less

than that required to “solvate” each hydrophobic molecule.

Whilst some attempts have been made to measure and propose equations to

describe the hydrophobic interactions, with some suggesting the range of this inter-

action to be up to seven times greater than that of the van der Waals interactions

alone. The exact mechanism for this attractive interaction is still not well under-

stood. [123,124]

2.3.6 Hydrophilic Interactions

In comparison with the hydrophobic interactions are the interactions between hy-

drophilic molecules in water, their impact on the water structure and how that

relates to the observed interactions. Whilst there are no hydrophobic interactions

per se, it is important to understand why some molecules, hydrophilic, are water

soluble and appear to strongly repel each other in water whilst others, hydrophobic,

are practically insoluble and show a strong attraction in water. [5, 125]

As mentioned earlier water molecules like to form hydrogen bonds between each

other and that this is disrupted by a hydrophobic molecule. In contrast to this

hydrophilic molecules are capable of forming hydrogen bonds with water. This

leads to the strong and directional binding of water to the hydrophilic molecule or

surface. This creates an additional steric barrier around the hydrophilic molecule

increasing its effective size and therefore the range of the interaction.
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Figure 2.10: Diagrammatic representation of the depletion attraction.

2.3.7 Depletion Interaction

The depletion force is the attractive force observed between two colloids in a solu-

tion containing non-adsorbing polymers. This attractive force between colloids is

osmotic in nature. [126] We can understand the nature of this force if we consider

the concentration distribution of polymer within the solution. In the bulk solution

we can consider the polymer concentration to be the maximum but at the surface

of the colloids it can be considered zero. This means that there is a concentration

gradient from the colloid surface to the bulk solution if we simplify this we can

imagine a region around each colloid which has a polymer concentration of zero, a

depletion layer. This results in an osmotic pressure gradient, which for an isolated

colloid is equal in all directions so there is no overall net force. However, as two

colloids approach their depletion regions overlap. This creates a region between the

colloids that is devoid of polymer. This leads to an overall osmotic vector which

drives the two colloids together. This osmotic vector is the depletion force. If the

depletion force is large enough the colloids will aggregate, which may induce phase

separation leading to a polymer enriched phase and a colloid enriched phase.
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Depletion interactions were first measured by Asakura and Oosawa in 1954 who

showed that two parallel plates submerged in a solution of non-adsorbing polymers

were attracted to one another. [127] They developed an equation to calculate the

osmotic pressure inside and outside of the region between the plates. This allowed

the calculation of the osmotic pressure difference as a function of the distance be-

tween the plates. The integration of this equation gives the interaction potential

between the plates as a function of D/Rg where D is the distance between the

plates and Rg is the radius of gyration of the polymer in solution. Expanding on

this work Asakura and Oosawa described the interaction between two spheres in

a non-adsorbing polymer solution. [128] In this model the polymers are simplified

as penetrable hard spheres. Penetrable hard spheres can freely permeate another

penetrable hard sphere but are considered hard spheres when they interact with the

colloids. This gives the following equation for the interaction potential between two

spheres:

V = −1

2
π(R/Rg)npkt(1−D/Rg)

2 (2.18)

Where D is the separation between spheres, np is the bulk polymer concentration.

Later Lekkerkerker et al developed an osmotic equilibrium model for colloids and

penetrable hard spheres, which took into account the partitioning between the two

phases. [129] Using this model it was possible to calculate phase boundaries which

were compared favourably to the experimental phase diagram. Experimentally these

models were very accurate below a/R 0.5 but deviation appeared above this ratio.

2.4 Directly Measuring Intermolecular Forces

As previously stated the main aim of this work is to directly measure the interactions

between two cationic surfactant bilayers using the colloidal probe AFM technique

and then to study the impact of additives on the measured interactions in an attempt

to predict or at least further understand the stability of this system.
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Some of the first reported measurements of intermolecular forces were those

measured between glass and quartz plates in vacuum by Overbeek in 1952. [130] A

long range attractive force was measured between the plates but the measurements

were difficult due to dust particles and surface roughness. A similar experiment was

carried out by Derjaguin in 1956 between a convex glass lens and a flat glass surface

in both vacuum and in air. [131] Attractive interactions were also measured with

difficulties due to surface roughness.

There are two key techniques for the direct measurement of intermolecular in-

teractions. The surface forces apparatus (SFA) and colloidal probe atomic force

microscopy (CP-AFM). SFA is the older of the two techniques and has been used

to measured and refine our understanding of some of the fundamental intermolec-

ular forces discussed in section 2.3. The colloidal probe technique is a more recent

development but is considered to be experimentally more versatile and a potential

successor technique.

2.4.1 Surface Forces Apparatus

The surface forces apparatus measures the interactions between two surfaces as they

are brought together then retracted from each other. The surfaces are generally two

curved pieces of mica in a crossed cylinder geometry. [35,132] Mica is the most com-

monly used surface as is atomically smooth and relatively easy to prepare, but other

surfaces have been used. [133–136] The separation of the two surfaces is controlled by

a series of mechanisms but the most important and the one used during force mea-

surements is a piezoelectric crystal which controls the fine < 0.1 nm movement. [137]

The surface not controlled by the piezoelectric crystal is held by a cantilever spring,

the deflection of which can be used to calculate the force between the two surfaces.

Multiple beam interferometry is used to measure the absolute surface separation,

the contact area, and any surface deformation. [138–141] A simplified diagram of a

typical SFA is shown in figure 2.11

The first description of an SFA was published by Tabor and Winterton in 1969.

[142] The instrument measured the interactions between two crossed mica cylinders
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Figure 2.11: Simplified schematic of the surface forces apparatus.

measured for separations as low as 5 – 30 nm One of the cylinders was held by a

spring the other controlled by a piezoelectric transducer. The distance was measured

by multiple beam interferometry. Improvements were made by Israelachvili and

Tabor in 1972 which allowed forces to be measured at smaller separation down to

1.5 nm. [143] They were able to measure the normal and retarded van der Waals

interactions between the two mica surfaces which compared well with the previously

discussed theory of the van der Waals forces. At this time they also showed the

usefulness of the method for measuring forces in air between monolayers deposited

on mica surfaces.

Further developments by Israelachvili and Adams in 1976 enabled the measure-

ment of forces between surfaces immersed in liquids. [144] This iteration used a

piezoelectric crystal to drive the mica surfaces enabling measurements at separa-

tions down to the Angstrom level and enabled one of the first direct measurements

of the repulsive double layer forces. Further developments and refinements were

made over the years increasing the range of forces that can be measured as well as

making the instrument easier to clean, assemble, and operate. [145–147]
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As mentioned the first SFA to be able to function in an aqueous environment

was developed by Israelachvili and Adams in 1976. [144] This allowed for the direct

measurement of the DLVO interactions between two surfaces. In their first full pub-

lication using this method they investigated the impact of electrolyte solutions on

the interactions. [148] The results showed a long range repulsive interaction giving

way to an attractive interaction at ≈ 5 nm separation. The attractive interaction

was suggested to be the van der Waals interactions whilst the repulsive was at-

tributed to the double layer repulsion. The range of the repulsive force decreased

with increasing electrolyte concentration but the surface potential remained con-

stant. Whilst the van der Waals attractions were largely independent of electrolyte

concentration. Overall the paper showed the interactions to be compatible with the

DLVO theory. The effect of other electrolytes on the forces have also been studied

with other monovalent, bivalent and multivalent electrolytes. [149–151] The interac-

tions measured in these studies mostly followed the DLVO theory as the electrolyte

concentration was varied. However at higher electrolyte concentration an additional

short range repulsive forces were observed, these were ascribed to hydration effects,

and were studied further elsewhere. [152–154]

The interactions between mica plates in non-polar solvents has also been investi-

gated. [155–157] These works mostly focus on the measurement of structural forces

caused by the compression and displacement of the ordering within the non-polar

solvents.

Due to the role of polymers in the stability of colloidal systems there has been

several investigations into the impact of aqueous polymer dispersions on the inter-

actions measured between the two mica plates of the SFA. [158] The majority of

this work shows the adsorption of the polymer coils onto the mica surfaces. As such

they generally focus then on the interactions between the polymer coated surfaces

as opposed the interactions between the surfaces modified by the polymer solu-

tion. [159–163] The interactions between the surfaces with neutral polymers were

generally repulsive but were attractive with low surface coverage. Others inves-

tigated the effect of polyelectrolytes. [164–166] Cationic polymers were shown to

absorb to the mica surface, similar to the uncharged polymers, but show double

layer like repulsion between the two surfaces. Anionic polyelectrolytes in compari-
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son did not show adoption to the mica surfaces but did have a strong impact on the

interactions between the sheets.

The initial work investigating the surface forces involved with lipids and sur-

factants focused on formation of surfactant monolayers and the forces between

them.The hydrophobic interactions between surfactant monolayers have been inves-

tigated using single tailed and double tailed surfactants by Israelachvili and Pash-

ley. [167–169] These studies showed a much stronger and longer range attractive

interaction between the hydrophobic surfaces than would be expected from the van

der Waals interaction. The strength of this attractive interaction depended strongly

on the hydrophobicity of the surface and was thought to be due to the impact of

the surface on the water structure surrounding it, although it is now believed that

this very long ranged interaction is in fact due to nano-bubbles on the surface of the

hydrophobic surface. [170,171]

The interactions measured between non-ionic and zwitterionic lipid bilayers in

water and air were dominated by the van der Waals interactions and compared well

with theoretical models. [172–174] In electrolyte solutions the interactions between

uncharged bilayers did not change significantly however repulsive double layer forces

were measured between zwitterionic bilayers. [172,175] This was suggested to be due

to the binding of ions creating a surface charge. Temperature dependence of non-

ionic has also been investigated. [176]

The interactions measured between bilayers of ionic surfactants, both single and

double chained, exhibited both double layer repulsion and short range attractive

van der Waals interactions. Increases in the electrolyte concentration decreased the

range of the double layer interactions but didn’t appear to impact on the attrac-

tive interactions significantly. All in keeping with the DLVO theory. Some papers

observed an additional short range repulsive interaction, 1 - 10 Å, which appeared

with increasing electrolyte concentration. This was proposed to be the result of

steric effects caused by counterion binding. [172, 175, 177, 178] Others however did

not observe the short range van der Waals attraction at small separations but just

observed an additional strongly repulsive short range interaction. [179] This was

proposed to be due to stearic and hydration interactions due to the size of the sur-
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factant head groups. The SFA has also been used to study the fusion of lipid or

surfactant bilayers by using the apparatus to apply forces between two bilayers in

contact with each other. [180]

More recently there have been some investigations looking at the interactions be-

tween cationic surfactant bilayers in aqueous polymer and polyelectrolyte solutions.

In the presence of oppositely charged polyelectrolytes the supported surfactant bi-

layers were shown to be disrupted and break apart. [181] Anderson et al. reported to

have measured the depletion interaction between the supported bilayers in the pres-

ence of uncharged and oppositely charged polymers. [182] However this is observed

as a small additional adhesive interaction on retraction and not by an additional

attractive interaction on approach. It may not be possible to measure the deple-

tion attraction with SFA due the size and curvature of the crossed mica cylinders,

making it hard for the depletion region to form on approach of the surfaces.

2.4.2 Colloidal Probe Atomic Force Microscopy

Atomic force microscopy (AFM) is a type of scanning probe microscopy developed

from the scanning tunnelling microscopy invented in the 1980s. [183] The STM

enabled the imaging of atoms for the first time but was limited to conducting or

semiconducting samples. [184–186] The AFM, first reported by Binnig et al., was

able to image the topography of conducting and insulating surfaces. [187] The reso-

lution was generally not as good as the STM but atomic resolution has been possible

in some cases.

The atomic force microscope measures the interactions between a sharp tip

mounted on the end of a cantilever and the surface of interest. As the tip is scanned

across the surface the interactions between the surface and the tip are measured by

monitoring the deflection of the cantilever. A topographical image of the surface

is obtained by keeping a constant force or deflection between he sample and tip

and then plotting the height of the sample stage against the probe position. The

height of the sample is controlled by a feed back loop which attempts to maintain a

constant force between the sample and the tip. The interaction between the tip and
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sample used for imaging is generally the short range repulsion due to the overlap of

electron orbitals.

The sample position is controlled using a piezoelectric crystal which controls

both the lateral position, for scanning, and the height of the sample relative to the

probe. Depending on the instrument design the piezo can either be used to control

the position of the sample, with he probe being in a fixed position, or to control

the position of the probe with the sample being stationary. The deflection of the

cantilever is most commonly measured using the optical lever technique. [188, 189]

This involves focusing a laser beam on the back of the cantilever and monitoring the

position of the reflected beam using a split photodiode. Deflection of the cantilever

can then be converted into the force applied via Hooke’s law. Whilst the instrument

was originally developed for topographical imaging, due to the imaging principal

it can also be used to measure forces between the tip and surface as a function of

distance. By moving the probe towards the sample in the vertical axis and recording

the cantilever deflection force distance curves can be plotted, of referred to as force

curves.

The invention of the AFM allowed molecular and surface forces to be measured on

a near molecular scale for the first time on any surface. Forces have been measured

in air [190–192] and in water, [193–197] and the frictional forces on the tip have also

been investigated. [198] In these studies, the force was measured between a sharp tip

and a flat surface. Unfortunately, because the geometry of the tip was not simple,

or more usually, was not even known, comparison with theory proved difficult.

The main problem with this as a direct force measuring technique is the geometry

of the tip. Therefore in 1991 Ducker attached a small sphere to the tip creating the

first colloidal probe AFM technique. [199] A diagram of the colloidal probe technique

is shown in figure 2.12.

Ducker’s first measurements were between a silica sphere and a silica surface.

[200] The interactions showed a long range repulsion which fitted well with the

DLVO theory above 3 nm separation. A van der Waals minimum was not observed

due to additional repulsive interactions at small separations. The force distance
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Figure 2.12: Simplified schematic of the colloidal probe atomic force microscopy
technique.

curves collected were compared with those measured between two silica surfaces

using SFA and were found to be in good agreement. [135, 201] They also showed

how changing the pH of the system impacted on the measured interactions due to

the changing surface charge of the silica. At a similar time Meagher used the the

colloidal probe technique to also measure the interactions between a silica sphere

and and plate. They were able to observe the attraction due to van der Waals forces

at high CaCl2 concentrations and at high pH. [202]

Moving on from these initial experiments the interactions between other materi-

als have been investigated. [203] Li et al. looked at polystyrene, showing long range

repulsion and short range attraction. Repulsion decreased with increasing elec-

trolyte but adhesion remained unaffected. [204] Various other surfaces have been

investigated including silicon, silicon-nitride, silicon oxide, borosilicate glass, latex,

and ZnS. [203, 205–210] People have also investigated asymmetrical systems such

as a silica sphere and a mica surface. [211] The interactions measured using this

technique between a colloidal sphere and a flat substrate generally exhibit DLVO

interactions with the exception for some samples where an additional short range

repulsion was observed. The repulsive interaction due to the double layer interaction
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decreased with increasing electrolyte concentration whilst the short range attraction

due to van der Waals forces we not significantly effected.

More recent work has looked at the role of monovalent and multivalent salts on

the interactions between colloidal particles using the colloidal probe technique. [212]

These have been studied as both co-ions and counter ions to the colloidal surface.

The forces between a colloidal probe and a flat surface in the presence of multiva-

lent co-ions, has been studied by Ruiz-Cabello et al. [213] They observed that the

repulsive interactions had a longer range in multivalent co ion salts compared with

monovalent salts. Co-ions are not expected to adsorb onto the surfaces and are

therefore not expected to affect the surface charge. However they are suggested to

strongly modify the structure of the electric double layer. Multivalent counterions

have been studied in several papers. [214–216] Multivalent counter ions are shown

to decrease the range of the double layer interactions in agreement with the DLVO

theory. However additional non-DLVO forces have been observed. These include

an additional repulsive interaction at short range which has also been observed for

multivalent ions with SFA believed to be due to hydration and steric effects caused

by the counterions adsorbing to the surfaces. [149–151] Some have shown short

range attraction with the addition of multivalent counter ions with increasing con-

centration with a repulsive interaction re-emerging as the concentration is increased

further. [212,214]

Another non-DLVO interaction of particular importance to the stability of col-

loid dispersion is the depletion attraction. Attempts have been made to directly

measure this interaction using the SFA. [182] However these only measured an in-

creased adhesion rather than a short range attraction on approach. One of the

earliest direct measurements of the depletion attraction caused by an aqueous poly-

mer solution was performed by Milling. [217] Where the interactions between sil-

ica spheres and a flat silica surface were measured in aqueous solutions of sodium

poly(styrenesulfonate). They observed a long range repulsive interaction due to the

double layer interactions between the surfaces, as observed in electrolyte solutions,

but also minimum which was though to be due to the depletion of the polymer.

Oscillatory forces due to structuring of the polymer coils were also reported in some

instances. These depletion and structuring interactions were also observed in a later
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paper with uncharged polymers. [218] Further work looking at structuring behaviour

was conducted later. [219]

The effect of the molecular weight of the polymer on the measured depletion

interactions was investigated by Biggs et al. [220] They observed that the depth

and range of the depletion attraction was dependent on the molecular weight and

concentration. This compare well with the theoretical description of the depletion

interaction. Polydispersity has been investigated. [221]

The surfaces and colloidal probes considered so far, although they have been

shown that they can be made of a range of materials, have all been bare. Moving

towards directly measuring the interactions between two supported bilayers would

involve the coating of the colloidal sphere and flat surface. The most well studied

coated sphere-plate interactions measured with the colloidal probe technique involve

the coating of the sphere and surface with polymers or polyelectrolytes.

With uncharged but hydrophilic polymers such as PEO or PEG the forces be-

tween a coated colloidal sphere and coated surface have been investigated in sev-

eral studies. [222–224] With PEO coated surfaces the measured interactions were

generally repulsive on approach but adhesive forces were occasionally observed on

retraction. It was argued that these adhesive interactions were caused by bridging

interactions between the surface and the sphere. [223] Further studies of the bridging

interaction with coated colloidal probes were performed by Biggs et al. [222] The de-

gree of coating was related to the measured interactions. Where complete coverage

was achieved the interactions were repulsive, with this repulsive force beginning at

twice the radius of gyration of the polymer. Whereas when the surface coating was

incomplete a weak attractive force was occasionally observed due to bridging of the

polymer between the two surfaces. Generally the interactions on approach between

coated colloidal probes and surfaces with uncharged polymers were dominated by

electrical double layer and steric forces, the van der Waals forces were only observed

to pay a minor role. With the addition of electrolytes the double layer forces di-

minished and at high electrolyte concentrations the interactions were dominated by

steric repulsion. [224]
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The coating of the surfaces with a charged polymer or polyelectrolyte exhibited

similar interactions to those observed with the uncharged polymers. Hartley et al.

observed the interactions to be similar to those predicted by the DLVO theory how-

ever they did not observe any significant steric interactions. [225] Others however

have shown the repulsive interactions to exist down to contact between the surfaces

with an additional short range steric interactions. Bridging interactions have also

been observed as adhesion on retraction. [226, 227] Other studies have investigated

polyelectrolytes and the impact of different colloidal spheres or surfaces on the mea-

sured interactions. Generally the measured interactions are dominated by long range

double layer and short range steric repulsions. [227–230]

Bilayer - bilayer interactions have been sparsely studied by colloidal probe AFM

with the main focus in this area being on the use of the SFA. One of the first

papers using surfactants or lipids with the colloidal probe technique was published

by Karaman et al. [231] However this was mostly focused on measuring the impact

of a surfactant dispersion on interactions between polystyrene spheres. Johnson et

al used the colloidal probe technique to directly measure the interactions between

two supported cationic surfactant bilayers. [232] They showed a repulsive double

layer interaction at larger separations and a small short range attractive interaction

due to van der Waals forces. Pera et al. measured the interactions between two

lipid bilayers using AFM however they used a sharp imaging probe as opposed to

a colloidal probe. [233] Whilst they were able to measure the repulsive interactions

between the bilayers the tip geometry is not as well defined and controlled as with

the colloidal probe technique. Lorenz et al. used the colloidal probe technique to

investigate the interaction between two lipid bilayers. [234] Whilst they did show

some repulsive interactions on approach the main focus of this work was on the

breaking of the bonds between ligands and receptors embedded into the bilayers on

separation.

Whilst the impact of additives such as electrolytes, polymers, and polyelec-

trolytes on the interactions measured between uncoated colloidal particles, such

as silica, have been investigated using the colloidal probe technique there is little

literature available on the use of the colloidal probe technique for the direct mea-

surement of the interactions between supported surfactant bilayers. In this work we
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aim to develop methods that enable the direct measurement of interactions between

double tailed cationic surfactant bilayers using the colloidal probe technique. From

there the impact of different additives to the system such as electrolytes, polymers,

and polyelectrolytes on the directly measured interactions between the bilayers will

be investigated.

As these are soft, self-assembled systems, contrasted with hard spheres like silica,

additives to the system can have a significant impact on the structure and behaviour

of the surfactant bilayers. To gain a more complete understanding of the impact of

these additives on the surfactant systems it is important to understand to what ex-

tent the additives mediate the interactions between bilayers and to what extent the

changes in interaction are the result of changes to the properties of the surfactant

bilayers. Finally the measured interactions are to be compared with the behaviour

and stability of the bulk vesicle dispersions in order to validate the measured inter-

actions and their correlation with the behaviour of the system as a whole.
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Chapter 3

Tools and Techniques

3.1 Atomic Force Microscopy

3.1.1 Theoretical Principle

Atomic Force Microscopy (AFM) is a type of scanning probe microscopy. [187] It

can be used to create an image of the topographical structure of a surface with

resolutions down to the Angstrom level. It operates by measuring the interactions

between a sharp tip attached to a cantilever and the sample surface as the tip is

scanned across the surface. The interaction between the tip and sample are measured

by monitoring the deflection of the cantilever using the optical lever technique. This

involves reflecting a laser off the back of the cantilever and recording how the position

of the reflected light changes as the cantilever bends. [188] The tip is scanned across

the surface of the sample either by moving the sample under the probe, in sample

driven systems, or by scanning the tip across a stationary surface in tip driven

systems. There is no significant difference in the quality of images produced from

sample drive or tip driven systems. Typical AFM shown in figure 3.1

There are three main imaging techniques, contact mode, tapping mode or non-

contact mode, and quantitative imaging or peak force tapping mode. Some imaging
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Figure 3.1: Simplified schematic of an atomic force microscope.

techniques are known by several names due to different instrument designers using

different names, but the underlying principles are the same. Figure 3.2 illustrates

these imaging modes.

Contact mode, one of the first imaging modes, involves imaging the surface with

the probe in direct contact with the sample. [184] The probe is first lowered towards

the surface, or the sample raised towards the probe, until deflection of the cantilever

is observed. The probe is then scanned across the surface whilst attempting to

keep the deflection constant. This is done via a feedback loop adjusting the height

of the sample. These changes in the sample height are then converted to give a

topographical map of the sample surface. The force applied to the surface can

be varied by adjusting the set deflection with which the sample is imaged. This

technique is good for hard surfaces but can be unsuitable for softer samples as the

tip can damage the sample.

Tapping mode, or non-contact mode, in contrast with contact mode does not

involve the direct contact between the probe and the sample. [235] Instead the

cantilever is oscillated, using small piezo electric drivers, near to the surface of the

sample. The surface is then scanned, as in contact mode, keeping the amplitude of

the oscillation constant. Interactions between the probe and the surface, due to van

der Waals forces, as the separation between the probe and the sample changes results

in a dampening of the probe oscillation. A feedback loop is then used to adjust the
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Figure 3.2: Diagram showing the three main AFM imaging modes: contact mode,
non-contact mode, and quantitative imaging mode.

height of the surface to keep the amplitude constant as the surface is scanned. This

is then used to create a topographical image of the sample surface. The major

advantage of taping mode is that the probe does not come into contact with the

sample which enables soft samples to be sampled without the risk of damaging them.

A more recent development in AFM imaging is the Quantitative Imaging (QI)

technique. This technique combines force spectroscopy, discussed in section 3.2,

and AFM imaging, giving more information about the sample surface as opposed

to just the topographical data. The QI technique involves measuring and recording

a force distance curve at each pixel. These force curves are then used to create

topographical images by the piezo extension required to bring the tip into contact

with the surface. The force distance curves provide other information about the

properties of the sample which can be used to create images. These include the

adhesion, force required to pull the tip off the surface, and the measured slope,

which can be used to probe the nanomechanical properties of the surface. Images

can be created to map the differences in properties across the sample surface.

3.1.2 Experimental protocol

All AFM imaging presented here was performed using a JPK Nanowizard 4, now

owned by Brucker, using quantitative imaging (QI) mode. Imaging was performed

using PNP-TR probes, square pyramidal tips on a 100 µm triangular pyrex-nitride

cantilever with an optimal spring constant of 0.32 N/m, sourced from Windsor

Scientific. For each sample multiple images were recorded in several location across
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Figure 3.3: Impact of the line fitting algorithm on AFM images showing the raw
data and the final processed image.

the surface. Probes were cleaned before use by placing them in a UV/ozone cleaner

for 15 minutes.

Images were typically 524 x 524 pixels, the peakforce set point was kept between

1.5 and 2 nN, the pixel time was 6 s and the z-length was 80 nm. Unless otherwise

stated all imaging was performed at 23 ± 2 ◦C. Cantilevers were calibrated using

the thermal tuning method. Their spring constants were found to be within 10% of

their stated value.

3.1.3 Image Processing

Images were processed using the JPK SPM Data Analysis software. Due to the

relative flatness of the samples, the features of interest of only a few nanometres

in height, the offset between scan lines, caused by sample tilt and piezo drift, is

noticeable. The topographical images needed to be flattened by running a line

fitting algorithm. This algorithm equalises the height of the scan lines enabling

the surface topography to be more clearly presented, as shown in figure 3.3. The

adhesion and measured slope maps did not need to be processed in this way.

The software was also used extract cross sections, showing the height variation

of the surfaces, and to add scale bars and colour legends to the images.
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3.2 Force Spectroscopy and the Colloidal Probe

Technique

3.2.1 Theoretical Principle

Although the AFM was developed as an imaging technique, the forces between

an AFM tip and the sample can be measured as a function of distance. This is

performed by extending the peizo in the z direction towards the surface and then

retracting it whilst measuring the cantilever deflection. As mentioned the cantilever

deflection an be converted into force by Hookes law by equation 3.1, where Ks is

the spring contestant of the cantilever and P is the cantilever deflection.

F = KsP (3.1)

The resultant force curves can be split into two regions. The non-contact region,

the portion of the force curve before the tip comes into contact with the surface,

and the contact region, the portion of the force curve after the probe has come into

contact with the surface. The non-contact region can give information about the

interactions between the AFM tip and sample surface. [183] A repulsive interaction

would result in the deflection of the cantilever away from the surface, whilst an

attractive force would result in the cantilever deflecting towards the surface with

the potential of it jumping into contact with the surface. Once in contact with

the surface the peizo continues to extend applying a force to the sample through

the AFM tip. If the sample is not infinity stiff then it will be compressed and

deformed as force is applied to it through the AFM tip. This can be used to probe

the nanomechanical properties of the sample. [236]

The colloidal probe technique is a modified version of force spectroscopy. [199]

It involves attaching a small colloidal sphere to the AFM cantilever. The forces

between the colloidal sphere and the the sample are measured in same manner as

standard force spectroscopy. The main advantage of the colloidal probe is that the
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Figure 3.4: The operation of the colloidal probe force spectroscopy technique with
theoretical force curves showing the types of interactions measured at different points
in the force ramp.

geometry if tip is easier to control and the surface area interacting with the sample

is larger and therefore more sensitive to small forces. The colloidal probe technique

was discussed in detail in section 2.4. Figure 3.4 shows the operation of the colloidal

probe force spectroscopy technique with theoretical force curves showing the types

of interactions measured at different points in the force ramp.

3.2.2 Experimental protocol

Force Spectroscopy

All AFM force spectroscopy presented here was performed using a JPK Nanowizard

4, using PNP-TR probes, square pyramidal tips on a 100 µm triangular pyrex-nitride

cantilever with an optimal spring constant of 0.32 N/m, sourced from Windsor

Scientific. Force spectroscopy was performed after imaging so different areas of the

surface could be targeted. Forces curves in each area of interest were collected in an

8 x 8 grid at a constant approach and withdrawal speed of 1 µm/s.
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Colloidal Probe Technique

The colloidal probe force microscopy presented here was performed using a JPK

Nanowizard 4. The probes used were CP-PNP-BSG and were obtained from Wind-

sor Scientific. They consisted of a 20±2 µm borosilicate glass sphere glued on a 100

µm triangular pyrex-nitride cantilever with an optimal spring constant of 0.32 N/m.

Multiple force measurements were collected for each sample an 8 x 8 grid with a

constant approach and withdrawal velocity of 1 µm/s. Probes were cleaned before

use by placing them in a UV/ozone cleaner for 15 minutes. It was not possible to

directly measure the spring constant of the colloidal probe cantilevers, however the

equivalent imaging probes were measured to be with 10% of the optimal value.

3.2.3 Data processing

Force curves were analysed using the JPK SPM Data Analysis software. The raw

data is in the format of piezo extension verses cantilever deflection. The cantilever

deflection is converted into force by Hooke’s law, as discussed above. This is done

automatically by the software as it takes the spring constant from the data files.

Two processes need to be carried out to convert the raw data into useful force

distance curves. Firstly the baseline needs to be set to zero deflection. This is

due to drift where the initial laser reflection is not always at the centre of the split

photodiode which registers this as a deflection. This is simply adjusted by setting

the initial “deflection”, where the probe is far from and not interacting with the

sample, to zero.

Secondly, as the the tip-sample separation is not known, the contact point needs

to be set. For an infinity stiff sample, where the sample is not deformed, the de-

flection will increase linearly with piezo extension, this is often referred to as the

compliance region. This linear interaction is due to cantilever bending as it is pushed

into the surface. By setting a contact point the peizo extension can be converted to

tip sample separation and the the deflection due to piezo extension can be corrected

for. For the infinity stiff sample the force distance curve will show the measured force
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Figure 3.5: Preprocesses used in the data processing of force curves. Showing the
impact of each process on the raw data.

increasing to infinity at the contact point. These processes are shown in figure 3.5.

3.3 Small and Wide Angle X-ray Scattering

3.3.1 Theoretical Principle

Small and wide angle x-ray scattering has been widely used to probe the structure

of semi-ordered systems, such as those formed by amphiphile/water systems. [237]

This is done looking at the elastic scattering behaviour of x-rays as they are passed

through the sample. Recording the angle at which the X-rays are scattered. This
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Figure 3.6: Simplified schematic of a combined SAXS/WAXS system similar to I22.

is typically up to a scattering angle of 1◦ for SAXS and 5 - 60◦ for WAXS. [238]

Depending on the angular range that can be clearly resolved structural information

from 1 to 100 nm and repeat distances of up to 150 nm can be resolved. Scattering

at wide angles is caused by sub-nanometre structures and is often used to look at the

phase of the alkyl chains in self assembled amphiphile systems. [239] A generalised

set up involves an X-ray source, a sample holder, and a 2-D x-ray detector, as shown

in figure 3.6.

The underlying theory of the scattering of he x-rays is Bragg diffraction. [240] The

constructive interference of scattered radiation by an ordered system. Wavelength

as to be comparable to the ordering hence x-rays for atomic systems. The waves

are scattered by the repeating structures within the sample. When the difference

in path length is an integer multiple of the wavelength the scattered waves remain

in phase with one other resulting in constructive interference and appear as very

intense points in the scattering pattern known as Bragg peaks. [241] Destructive

interference occurs when the path length is not on integer of the incident wavelength.

The impact of the constructive or destructive interference is intensifies due to the

cumulative effect of scattering from successive ordered domains.

Bragg’s law, equation 3.2, describes the conditions at which the constructive

interference is the strongest. Where θ is the angle of incident, d is the distance

between the repeating structures, and λ is the wavelength of the incident radiation.

[240]
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2d sin θ = nλ (3.2)

From Bragg’s law it is notable that the angle of incidence is one of the key

parameters for determining constructive interference. Whilst this is important for

crystalline samples, where the sample has to be rotated to investigate in which

orientations and angles constructive scattering occurs, this is not required for rel-

atively low ordered environments such as polymers, colloids, and self-assembled

amphiphile/water systems. As these systems only have short range order structures

are present within the in all spacial orientations. Meaning that part of the sample

will be in the correct orientation to satisfy the Bragg condition. Due to these ran-

dom orientation the x-rays are scattered is a cone leading to the Bragg peaks from

SAXS appearing as a set of distinctive concentric rings.

dsinθd
θ

Figure 3.7: Diagrammatic representation of Bragg diffraction. Showing the elastic
scattering of two incident beams by two different atoms within the sample.

Synchrotrons are often used as the X-ray source in SAXS experiments, all though

bench top generators are also used. The main advantage of using synchrotron radia-

tion is that the radiation produced is 10,000 times more intense than can be produced

in a laboratory, enabling the study of very dilute or low scattering samples. [40] Syn-

chrotron radiation is the electromagnetic radiation produced when produced when

charged particles are accelerated radially. [242] To produce a practically continuous

beam electrons are sped up to near relativistic speeds and kept circulating in a stor-

age ring. The storage ring is not circular but a many sided polygon with bending

magnets at each junction. The beam line used here had the additional benefit of
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being able to measure both SAXS and WAXS simultaneously.

3.3.2 Experimental protocol

Diamond SAXS/WAXS

SAXS and WAXS were performed at the Diamond Light Source (Oxfordshire) on

beamline I22. X-ray scattering patterns were collected at a fixed detector distance

of 3 m, a fixed energy of 12.4 keV, and an exposure time of 3 s. The diffraction

pattern of silver behenate was used to calibrate the detector. Samples were measured

in glass capillaries. At each temperature the samples were allowed to equilibrate

before scattering was performed.

BEDE SAXS

The BEDE system is a bench top x-ray scattering system. A fixed detector distance

of 1 m, a fixed wavelength of 1.54 Å, and an exposure time of 10 s. The diffraction

pattern of silver behenate was used to calibrate the detector. Samples were measured

in glass capillaries. At each temperature the samples were allowed to equilibrate

before scattering was performed.

3.3.3 Data processing

Data was analysed using the Dawn Diamond analysis software which enabled the

importing and analysis of x-ray scattering patterns. The scattering patterns were

radially integrated to produce linear intensity plots which could be used to assign

scattering angles to the Bragg peaks.
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3.4 Differential Scanning Calorimetry

3.4.1 Theoretical Principle

Differential scanning calorimetry (DSC) is a thermoanlaytical technique which mea-

sures the difference in energy required to heat a sample and a reference material as a

function of temperature. [243] The heat flowing to the sample and reference is varied

to keep them at the same temperature throughout the experiment. The reference

sample needs to have a well defined heat capacity over the temperature ranges to

be investigated. Here an empty sample pan is used as the reference material.

The underlying principle of the technique is that when a sample undergoes a

physical transition, e.g. melting, more or less heat will need to flow to it to keep the

sample and reference at the same temperature. For an endothermic process, such as

melting, more heat must flow to the sample to keep it at the same temperature as the

reference, due to the absorption of heat by the sample. Whereas for an exothermic

process, such as crystallisation, less heat needs to flow to the sample compared with

the reference to keep them at the same temperature due to the release of heat from

the sample during the transition. By measuring the difference in heat flow between

the sample and the reference as a function of temperature, the temperature range

of transitions can be observed as well as the amount of heat absorbed or realised

during them, the enthalpy of transition. [244]

DSC can be used to study a number of physical properties from melting and

crystallisation of crystalline structures, to glass transition temperatures of polymers.

Here the technique is used to investigate the gel-fluid transitions of self-assembled

surfactant/water systems. Allowing the determination of transition temperatures

for producing phase diagrams and to investigate the impact of additives on the

physical properties of the system.

58



3.4.2 Experimental protocol

Experiments were performed using a Perkin-Elmer Diamond DSC. Sample mass of

3 - 5 mg using aluminium TZero pans from TA instruments. For each sample three

cycles were run between 15 ◦C to 55 ◦C at a rate of 5 ◦C min−1. Samples run against

an empty sample pan for reference.

3.5 Dynamic Light Scattering and Zeta Potential

3.5.1 Theoretical Principle

Dynamic light scattering (DLS) is a tequnique used to determine the size distribu-

tion of small particles in suspension such as colloidal or polymer dispersions. The

technique involves shining a laser through the sample and detecting the light scat-

tered from the particles, measuring the fluctuation in the scattering intensity as a

function of time. [245]

Information about the suspended particles is derived from an autocorrelation

function of the intensity trace. Over a short amount of time the correlation is high

as the particles have not moved much from their original position. As the time

increases the correlation decays as the particles move from their original position.

The decay is related to the motion of the particles and is used to provide the diffusion

coefficient. The diffusion coefficient is related to the size of the particles.

The zeta potential is measured using the Electrophoretic Light Scattering (ELS)

technique which is based on dynamic light scattering. [246] Whilst in DLS the par-

ticle motion is caused by Brownian motion, in ELS the particle motion is caused

by an oscillating electric field. The particle velocity is determined by measuring the

phase shift between the scattered light and the incident laser. This electrophoretic

mobility is then used to calculate the zeta potential.
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3.5.2 Experimental protocol

A Brookhaven zetaPALS was used for both particle sizing and zeta potential mea-

surements. Zeta potential measurements were carried out using a field frequency

of 2 Hz and a voltage of 4 V. Six runs were performed per sample with 10 cycles

per run. Dynamic light scattering was performed at an angle of 90◦ using a 659 nm

laser. Six runs were performed per sample. All measurements were performed at

25 ◦C.

3.6 Sample Preparation

3.6.1 Bulk surfactant/water systems

The required mass of surfactant and any additives were dissolved in the minimal

volume of chloroform. The chloroform was allowed to evaporate under nitrogen

re-precipitating the surfactant or surfactant mixture. This ensured that any any

additives were dispersed throughout the surfactant phase. The samples were dried

in a lyophiliser overnight before being hydrated with deionised water or the elec-

trolyte solution of interest. Samples were freeze-thawed using liquid nitrogen until

homogenous. Trapped air bubbles were removed by centrifugation.

3.6.2 Vesicle Dispersions

For stability studies

The surfactant was added to deionised water at a concentration of 10 mg/ml and

vortex mixed until a homogenous dispersion had been achieved. The surfactant

dispersion was then sonicated using a probe sonicator for 10 minutes to form a

vesicle dispersion. The dispersions were then diluted to 1 mg/ml by the addition

of an aqueous solution containing the additives of interest. The vesicle dispersions
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were then allowed to equilibrate overnight before measurements were taken.

For supported bilayer formation

Pure surfactant vesicles were fabricated by dispersing 1 mg of the surfactant in 1 ml of

deionised water by vortex mixing until homogenous. The surfactant dispersion was

then placed in an ultrasonic bath for 20 minutes, until the turbidity had dissipated

indicating the formation of vesicles.

For forming bilayers containing additives incorporated into the bilayers the re-

quired mass of surfactant and additives were dissolved in, and then re-precipitated

from, the minimum volume of chloroform. The surfactant/additive mixture was

then suspended in deionised water and vortex mixed until homogenous. Due the

small masses of additives required, the dispersion were made up at 10 mg/ml. The

surfactant dispersions were then diluted to 1 mg/ml and sonicated for 20 minutes

in an ultrasonic bath to form small unilamellar vesicles.

3.6.3 Supported Bilayers

AFM substrates for supported bilayer studies were prepared by glueing a small disk

of the desired substrate material to a 13 mm diameter steel disk. The substrates

used where muscovite mica, borosilicate glass, and silicon. Muscovite mica was

prepared for bilayer formation by cleaving and removing the top layer. Providing a

clean surface for each sample. Borosilcate glass and silicon were cleaned by washing

in ethanol followed by being placed in a UV/ozone cleaner for 15 minuets before

use.

Supported surfactant bilayers were formed by the vesicle deposition technique.

[247] 100 µl of the vesicle dispersion was pipetted onto a clean AFM substrate

and allowed to equilibrate at either room temperature or at 60 ◦C for 20 minutes,

depending on experimental protocol. The system was then flushed with 10 times

volume of deionised water to remove any excess or undeposited vesicles from the

system.
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Chapter 4

The Self-Assembly Behaviour of

Double Tailed Cationic

Surfactants

4.1 Introduction

The surfactant system of interest in this study is the industrial surfactant di(alkyl

iso-propyl ester) dimethyl ammonium methylsulfate (DIPEDMAMS). This is a dou-

bled chained amphiphile with a quaternary ammonium head group, the aliphatic

chains are attached to the head group by two ester bonds. These are often referred

to in industry as ester “quats”. As an industrial product the system is not a “pure”

surfactant system. The raw material used to form the aliphatic tails of the surfac-

tant is derived from a natural product. As such it contains a mixture of fatty acids,

stearic, palmitic, and oleic acid in the approximate ratio of 14:26:47. This means

that the tails of an individual DIPEDMAMS molecule are are statistical mixture

of the three fatty acids. Figure 4.1 shows the skeletal structure of DIPEDMAMS.

The system will also contain trace amounts of free fatty acids and single chained

analogues.
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Figure 4.1: Structure of the DIPEDMAMS surfactant, were R is a fatty alkyl chain
originating from a fatty acid mixture of C16, C18 and C18:1.

As mentioned the DIPEDMAMS surfactant is an industrial product. It is pri-

mary used in liquid fabric enhancers. These are generally sold in the form of concen-

trated surfactant vesicle dispersions. When added towards the end of a washing cycle

the surfactants adhere to the surface of fabrics, due to attractive Coulombic interac-

tions, creating a hydrophobic layer making the fabric feel “soft”. These dispersions

often contain additives such as salts, polyelectrolytes, polymers, and perfumes. As

has been previously discussed, the main interest of this work is to understand the

behaviour of the surfactant vesicle dispersion in relation to the interactions between

the surfactant vesicles. In order to begin to understand these types of vesicle dis-

persions we must first understand the behaviour of the DIPEDMAMS surfactant in

an aqueous environment.

As discussed in section 2.1, amphiphiles such as the surfactant DIPEDMAMS,

spontaneously assemble into ordered or semi-ordered structures in an aqueous envi-

ronment. In this chapter we try to understand the behaviour of DIPEDMAMS in an

aqueous environment. The aqueous phase behaviour of similar surfactant systems

have been studied previously and the general impact of the number of tails, their

length, and the size of the head group is well studied, see section 2.1. [30, 248–250]

However there is no literature available on the aqueous phase behaviour of DIPED-

MAMS.

Small and wide angle x-ray scattering has been used extensively to investigate
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the structure of lipid and surfactant self assembled structures. [251–253] Here SAXS

is used to investigate the relationship between structures formed by the self-assembly

behaviour of the DIPEDMAMS surfactant in surfactant/water systems and the con-

centration of surfactant within the system. This was followed by an investigation

into the impact of temperature on the self-assembled structures including the use

of WAXS to probe the state of the alkyl chains within the self-assembled struc-

tures. DSC was then used to further probe the thermal phase behaviour of the

DIPEDMAMS/water systems.

Atomic force microscopy was then used to investigate the topographical structure

of supported DIPEDMAMS bilayers. Enabling a comparison of the behaviour of the

bulk surfactant/water system and the behaviour of the supported system. With the

use of quantitative imaging mode information in the surface interactions and nano

mechanics of the bilayers could be extracted.

4.2 Experimental

The cationic surfactant, di(alkyl iso-propyl ester) dimethyl ammonium methylsul-

fate (DIPEDMAMS) was provided by Procter and Gamble. Synthesised using an

industrial fatty acid mixture of C18, C16 and C18:1 chains, therefore the aliphatic

tails are a statistical mixture of the three fatty acids, see figure 4.1. All samples

were prepared with deionised water, < 18 mS, filtered through an activated carbon

filter to remove organic impurities

4.2.1 Preparation of DIPEDMAMS/water systems

DIPEDMAMS/water systems for x-ray scattering and DSC studies were prepared

by the methods described in Chapter 3
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4.2.2 Small and Wide Angle X-ray Scattering

Diamond SAXS/WAXS

SAXS and WAXS were performed at the Diamond Light Source (Oxfordshire) on

beamline I22. X-ray scattering patterns were collected at a fixed detector distance of

3 m, a fixed energy of 12.4 keV, and an exposure time of 3 s as detailed in Chapter 3

At each temperature the samples were allowed to equilibrate for five minutes before

scattering was performed.

BEDE SAXS

The BEDE system is a bench top x-ray scattering system. A fixed detector distance

of 1 m, a fixed wavelength of 1.54 Å, and an exposure time of 10 s. As detailed in

Chapter 3. At each temperature the samples were allowed to equilibrate for five

minutes before scattering was performed.

4.2.3 Differential Scanning Calorimetry

Experiments were performed using a Perkin-Elmer Diamond DSC. Sample mass of

3 - 5 mg using aluminium TZero pans from TA instruments. For each sample three

cycles were run between 15 to 55 ◦C at a rate of 5 ◦C min−1. Samples run against an

empty sample pan for reference, see Chapter 3.

4.2.4 Atomic Force Microscopy

All measurements were made using a JPK Nano wizard 4 AFM and analysed using

the JPK data processing software as detailed in Chapter 3
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Preparation of Supported Surfactant Bilayers

Supported surfactant bilayers were formed by the vesicle deposition technique from

a vesicle dispersion containing 10 mol% perillyl alcohol as described in Chapter 3.

AFM Imaging

All imaging was performed in quantitative imaging (QI) mode. Multiple images

of different areas of each supported bilayer were collected. The temperature was

ramped from 25 to 65 ◦C then back to 25 ◦C imagining the supported bilayers at

10 ◦C intervals. Further details on QI mode and on the imaging protocols can be

found in Chapter 3

4.3 Results and Discussion

4.3.1 SAXS/WAXS Study of the self-assembly behaviour of

DIPEDMAMS/water systems

Small and wide angle x-ray scattering were used to probe the self assembly behaviour

of the DIPEDMAMS surfactant in an aqueous system. The relationship between the

surfactant concentration and the self assembled structures the surfactant molecules

adopted was investigated.

Figure 4.2 shows the full SAXS image for a 20 wt % DIPEDMAMS/water sys-

tem at 25 ◦C. The detector is a modular design comprised of several independent

detectors, this can be seen in the check pattern where there is no detection between

the detectors. At the centre of the scattering pattern is the beamstop. This is

to prevent the mainbeam, non-scattered x-rays, from reaching the detector as this

would saturate the image and possibly damage the detector, the wires suspending

the beamstop can be observed in this image. The bright ring immediately around

67



Figure 4.2: Full detector image of the SAXS pattern for a 20 wt% DIPED-
MAMS/water system at 25 ◦C.

the beamstop is due to the mainbeam and not the result of scattering from the sam-

ple. The scattering pattern shows a series of distinct equally spaced rings showing

that this sample has some form of long range order. The scattering pattern appears

to be more intense in the vertical axis compared to the horizontal suggesting that

there is some sample alignment. A broad ring further out is suggested to be caused

by scattering from the glass capillary.

The radial integration of the SAXS image for 20 wt% DIPEDMAMS/water sys-

tem at 25 ◦C gives the linear intensity plot shown in figure 4.3. The radial integration

produces a symmetrical plot with the beamstop on the centre, here only one side

of the linear intensity plot is shown. The integration enables us to resolve features

that may not be resolvable by eye from the SAXS image and to assign values to

the Bragg peaks. The large peak between 0 and 0.005 Å
−1

is the mainbeam around

the beamstop, the maximum of this peak is not shown on this scale. The scattering
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Figure 4.3: Linear intensity plot for the SAXS pattern of a 20 wt% DIPED-
MAMS/water system produced by the radial integration of the raw SAXS image.

below 0.003 Å
−1

is the defuse scattering due to large scale structures and not a

Bragg peak. There then follows, between 0.005 and 0.05 Å
−1

, two series of equally

spaced Bragg peaks. The broad peak at 0.0625 Å
−1

is not believed to be caused by

scattering from the sample but from the glass capillary. The Bragg peaks from the

sample show that it consists of two co-existing lamellar phases and from the peak

separations the d-spacings can be determined.

Figure 4.4 shows cropped SAXS patterns, set to the same intensity/colour scale,

for DIPEDMAMS/water systems from 1 - 50 wt%. 0.1 wt% is not shown as the

scattering is too weak. As the surfactant concentration increases the intensity of

the scattering patterns increases. No clear Bragg peaks are observed at 1 wt%

and those at 5 wt% are difficult to resolve. Clear Bragg peaks are observed at

10 wt% surfactant and above. The scattering patterns appear to show two series

of equally spaced concentric rings with the spacing between the rings increasing

with increasing surfactant concentration. At 5 wt% and above there is an increased

scattering intensity in the vertical plane suggesting some degree of sample alignment

most likely caused by the glass capillary.
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a) b)

c) d)

e) f)

Figure 4.4: Cropped SAXS images of DIPEDMAMS/water systems at 25 ◦C at
surfactant concentration a) 1 wt%, b) 5 wt% c) 10 wt%, d) 20 wt%, e) 30 wt%, f)
50 wt%.
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Figure 4.5: Linear intensity plots of the SAXS patterns of DIPEDMAMS/water
systems, at 25 ◦C, and surfactant concentrations 1 - 50 wt%. The insert shows an
enlarged section of the linear intensity plots focusing on the 1 - 10 wt% range.

Linear intensity plots from radial integration of the SAXS patterns at 25 ◦C for

DIPEDMAMS/water systems from 1 - 50 wt% are shown in figure 4.5. At 0.1 - 1

wt% no obvious scattering pattern is observed and no Bragg peaks are resolvable. At

5 wt% two possible Bragg peaks can be observed as shoulders on the peak from the

scattering around the beam stop. As the surfactant concentration is increased to

10 wt% a single set of equally spaced Bragg peaks can be observed. Surfactant

concentrations from 20 to 50 wt% each show two sets of equally spaced Bragg

peaks at room temperature. The intensity of the scattering patterns and Bragg

peaks increases with increasing surfactant concentration. This increase in scattering

intensity is a result of the system containing more material from which the x-rays

are able to scatter. From the linear intensity plots it is observed that the Bragg

peaks appear to shift to the right, to higher scattering angles, as the surfactant

concentration increases. Peak intensities decrease as we move further from the

centre. As the diffraction angle increases the intensity of the scattering decreases

due to the smearing out of the structure (electron density) that is characteristic of

mesophases. The linear intensity plots do not show the smooth decrease in intensity
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Figure 4.6: Plots of d-spacing as a function of a) DIPEDMAMS concentration and
b) water to surfactant ratio including extrapolation to zero water content for a
calculation of the intrinsic surfactant bilayer thickness.

as theory would predict. This is probably caused by a combination of directionality

as observed by the intensities in different direction and by gaps between the detectors

interfering with the radial integration.

A series of equally spaced rings or Bragg peaks is indicative of the lamellar

phase. In the lamellar phase the surfactants are arranged into bilayers where the

aliphatic tails are sequestered inside the bilayer and the hydrophilic head groups are

on the outside of the bilayer exposed to the aqueous environment. [30] The bilayers

are arranged in a stack separated from each other by a layer of water. From the

distance between the lamellar Bragg peaks it is possible to calculate the d-spacing

for the system. The d-spacing is the combined surfactant bilayer and water layer

thickness. Figure 4.6 shows the d-spacing for each lamellar phase observed as a

function of surfactant concentration, at 25 ◦C.

It is observed that the d-spacing decreases with increasing surfactant concen-

tration. There appears to be a large decrease between 1 and 10 wt%. From 10 to

50 wt% the rate of decrease slows. Above 20 wt% the d-spacing for both lamellar

phases is shown, at all concentrations showing two co-existing lamellar phases the

difference in d-spacing is 1.2 ± 0.2 nm. The d-spacing can be viewed as a measure

of three things: surfactant chain length, inclination, and water layer thickness. As
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the surfactant concentration increases the water/surfactant ratio decreases causing

a decrease in the water layer thickness. If the d-spacing is plotted as a function of

water/surfactant ratio as opposed to surfactant concentration, the d-spacing can be

extrapolated to zero water to give an estimate for the bilayer thickness. Using the

larger d-spacing for each lamellar phase, this gave a bilayer thickness of 4.3±1.8 nm.

Assuming that a carbon-carbon bond has a length of 1 Å, DIPEDMAMS bilayers

would be predicted to have a thickness of approximately 4.4 nm, assuming the sur-

factant molecules are oriented perpendicular to the plane of the bilayer; thus there

is no interdigitation between the aliphatic tails; and an all trans chain configuration.

Our experimental figure for bilayer thickness compares fairly well with the predicted

thickness and falls within the error. However the error for the experimental values

is rather large, as a result any minor interdigitation or inclination can not be re-

solved. Using the smaller d-spacing, when two lamellar phases are present, result

in an experimental bilayer thickness of 3.3± 1.8 nm. Again this is reasonable when

compared to the theoretical value for bilayer thickness.

Other than the differing d-spacing, the SAXS data do not offer any information

on the structural difference or other causes between the two coexisting lamellar

phases observed between 20 and 50 wt%. This is unlikely to be caused by poor

or inconstant sample hydration or inhomogeneous samples. If the samples were

inhomogeneous the SAXS patterns would be expected to show a broadening of the

Bragg peaks as opposed to two clearly defined lamellar phases. As mentioned earlier

the aliphatic tails of the surfactant system under investigation here are a statistical

mixture of C18, C16 and C18:1. There is a possibility of phase separation within

the bilayers forming regions enriched or depleted in certain chain ratios compared

to the statistical whole. [254, 255] If it were simply separation by chain length then

the predicted difference in bilayer thickness would be 2 Å, whereas the measured

difference in d-spacing was around 1.2 nm and the difference in extrapolated bilayer

thickness was 1.04 nm. The experimental differences in thickness are an order of

magnitude larger than what would be expected from a variation in chain length.

Another, more probable, explanation for the coexisting lamellar phases would be

difference in the structure or order of the lamellar phases. It is possible that the

thinner bilayers are a result of a tilting of the surfactant molecules within the bilayer

with respect to the plane of the bilayer or from the interdigitation of the aliphatic
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tails. These different bilayer sections could be the result of an area being enriched

or depleted with respect to saturated or unsaturated aliphatic chains. However it is

not possible to discern this from the SAXS data. [251]

WAXS scattering patterns provide information on the internal structure of the

bilayers. As we are working in reciprocal space, scattering at wider angles is the

result of shorter range ordering as opposed the the longer range order observed with

SAXS. The WAXS patterns for the DIPEDMAMS/water systems from 1 - 50 wt%

surfactant are shown in figure 4.7. The images are set to the same intensity/colour

scale for ease of comparison. As discussed earlier the WAXS detector is L shaped

to enable the main beam and scattering at smaller angles to pass. This accounts for

the dark area in the lower right of each WAXS image. The dark lines crossing each

image are due to the modular nature of the detector, as with the SAXS images. The

WAXS patterns of all surfactant concentration investigated here exhibit a series of

wide diffuse scattering bands. The position of these bands does not appear to be

dependent on the surfactant concentration. From 5 wt% and above a single sharp

ring is observed just inside the diffuse bands. The intensity of this ring increases

with surfactant concentration whilst its position remains unaffected. This peak may

be present at 1 wt% but the scattering intensity is too low for it to be easily observed

by eye.

The radial integration of the WAXS images produce the linear intensity plots

shown in figure 4.8. There is no scattering signal detected between 0 and 0.1 Å
−1

due

to the L shaped nature of the detector, scattering in this region passes through to

the SAXS detector. At all surfactant concentrations investigated here, 1 - 50 wt%,

a series of broad peaks were observed between 0.3 and 0.6 Å
−1

, corresponding to the

wide diffuse scattering bands observed in the WAXS images. The intensity of these

peaks decreases with increasing surfactant concentration but their position remains

constant. A sharp peak is observed at 0.24 Å
−1

for all concentrations, corresponding

to the single sharp ring in the WAXS images. The intensity of this peak increases

with increasing surfactant concentration. For 50 wt% this peak as been cropped to

fit within the plot. The valley observed at 0.88 Å
−1

is believed to be caused by gaps

between the detector plates and therefore not a feature of the wide angle scattering

pattern.
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a) b)

c) d)

e) f)

Figure 4.7: WAXS images of DIPEDMAMS/water systems at 25 ◦C at surfactant
concentration a) 1 wt%, b) 5 wt% c) 10 wt%, d) 20 wt%, e) 30 wt%, f) 50 wt%.
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Figure 4.8: Linear intensity plots of the WAXS patterns of DIPEDMAMS/water
systems, at 25 ◦C, and surfactant concentrations 1 - 50 wt%.

As previously mentioned the WAXS can provide information on the state of

the surfactant molecules within the larger structure, in this case a bilayer. The

sharp peak at 0.24 Å
−1

(d = 4.17 Å) is indicative that the lamellar phase is a

lamellar gel phase,with a 2D-hexagonal packing of the surfactant molecules with an

in-plane lattice parameter of a = 4.81 Å. This means that the surfactant molecules

have rotational but not translational freedom within the bilayer as opposed to the

crystalline phase where the molecules have neither freedom or the liquid phases

where they have both, as described in section 2.1. The broad peaks observed between

0.3 and 0.6 Å
−1

are the result of scattering from the water within the system as water

does have some degree of short range order. However the distances are more variable

resulting in a broader peak than the scattering from the surfactant. An increase

in the intensity of the 0.24 Å
−1

peak is observed as the surfactant concentration

increases as there is more material for the x-rays to scatter from and there is a

decrease in the intensity of the 0.3 and 0.6 Å
−1

peaks as the surfactant concentration

increases as there is less water in the system from which the x-rays can scatter.
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4.3.2 The effect of temperature on the self-assembly be-

haviour of DIPEDMAMS/water systems

Diamond Experiments

The spontaneous assembly of individual surfactant molecules into complex struc-

tures in an aqueous system is dependent not only on the surfactant concentration

but also upon the temperature of the system, as discussed in section 2.1. The sur-

factant/water systems investigated above were first cooled to 15 ◦C then heated to

55 ◦C, SAXS and WAXS data were collected every 10 ◦C.

The SAXS images for the 20 wt% DIPEDMAMS/water system as it is heated

from 15 to 55 ◦C are shown in figure 4.9. Between 15 and 35 ◦C the SAXS images

show two series of equally spaced rings. At 45 ◦C and above only one series of equally

spaced rings is observed. Some degree of alignment is observed at all temperatures,

the x-rays appear to be scattered more intensely in the vertical axis as opposed to

the horizontal suggesting that there is some alignment of the sample. This possibly

increases with temperature but it is difficult to elucidate from the images alone. It

may also be an effect of the two peaks combining so that they scatter more intensely.

Linear intensity plots for the SAXS of 1 to 50 wt% DIPEDMAMS/water systems

heated from 15 to 55 ◦C are shown in figure 4.10. No Bragg peaks were observed for

1 wt% surfactant at any temperature. The 5 wt% surfactant system, between 15 and

25 ◦C exhibited a couple of Bragg peaks appearing as shoulders to the mainbeam.

As the system is heated these peaks appear to contract towards the main beam and

are resolvable as shoulders at 35 ◦C. Above 35 ◦C it is difficult to resolve any Bragg

peaks. This may be due to the diffraction angle being so small that they are indis-

tinguishable from the main beam or that there is an absence of ordered structures

within the system. The 10 wt% system shows a single set of equally spaced Bragg

peaks at all temperatures investigated. From 15 to 35 ◦C the peaks are observed

to contract slightly towards the main beam. The biggest change is observed when

heating from 35 to 45 ◦C, the peaks sharpen and the intensity dramatically increases

although their positions remain unchanged. No further changes were observed when
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a) b)

c) d)

e)

Figure 4.9: Cropped SAXS images of 20 wt% DIPEDMAMS/water systems at a)
15 ◦C, b) 25 ◦C, c) 35 ◦C, d) 45 ◦C, e) 55 ◦C.
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Figure 4.10: Linear intensity plots of the SAXS patterns of DIPEDMAMS/water
systems with increasing temperature at surfactant concentrations a) 1 wt%, b) 5
wt% c) 10 wt%, d) 20 wt%, e) 30 wt%, f) 50 wt%.
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heating to 55 ◦C. Surfactant/water systems at 20, 30 and 50 wt% all show two se-

ries of equally spaced Bragg peaks in ambient conditions, as discussed above. For

all three systems on heating the Bragg peaks appear to sharpen and increase in

intensity with the greatest change occurring between 35 and 45 ◦C. 20 and 50 wt%

behave in a similar manner when heated. The positions of the Bragg peaks remain

constant but the intensity of the peaks is affected. For both samples when heated

from 15 to 35 ◦C the intensity of the equally spaced Bragg peaks at higher scatter-

ing angle decreases whilst the intensity of the set at slightly lower scattering angle

increases. For 20 wt% at 35 ◦C the first peak of the wider Bragg peaks is hidden

by the increased scattering of its counter part in the lower angle set. At 45 ◦C for

both 20 and 50 wt% only one set of equally spaced Bragg peaks is observed, this is

the pattern with the lower scattering angle. The 30 wt% surfactant sample displays

different behaviour at 45 ◦C compared to the 20 and 50 wt% systems. At 30 wt%

both sets of equally spaced Bragg peaks are observed at 45 ◦C and above. There is a

sudden increase in the intensity of the scattering for both set between 35 and 45 ◦C

but both set remain unlike 20 and 50 wt%. The scattering intensity is roughly the

same for both sets of Bragg peaks.

The lack of Bragg peaks at 1 wt% DIPEDMAMS suggests that there is no long

range order within the system at any of the temperatures investigated. At low

concentrations the formation of ordered structures becomes increasing energetically

unfavourable. The entropy cost to solvate or form micelles from the surfactant

molecules is lower than that required for the formation of bilayers. At 5 wt% the

system adopts a lamellar phase at 35 ◦C and below. As the temperature is increased

from 15 to 35 ◦C the d-spacing increases, as the bilayers and or the water layers

expand. It is not possible to assign a structure at 35 ◦C and above as the peaks are

not identifiable, as mentioned above. It is possible that the d-spacing has increased

to an extent where it can no longer be measured with this experimental set up or

that the sample no longer has any long range order, potentially now a dispersion of

vesicles or micelles. At 10 wt% and above the surfactant water system appears to

adopt a lamellar phase at all temperatures investigated. The 10 wt% system adopts

a single lamellar phase at all temperatures with the d-spacing increasing slightly

as the sample was heated from 15 to 35 ◦C, it is then constant up to 55 ◦C. The

20 and 50 wt% surfactant systems adopt two co-existing lamellar phases between
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15 and 35 ◦C. For both systems as the temperature is raised from 15 to 35 ◦C

the scattering from the lamellar phase with the smaller d-spacing decreases and

the intensity for the phase with the larger d-spacing increases. This suggests that

the proportion of the bilayers adopting the phase with the smaller d-spacing is

decreasing and the proportion in the phase with the higher d-spacing is increasing.

As the temperature increases further to 45 ◦C only the lamellar phase with the

larger d-spacing is observed. If the two phases observed below 35 ◦C are the result

of differing structural arrangements, as discussed earlier, then it is possible that the

increased temperature is causing the thinner bilayers to undergo reorganisation to

resemble the structure of the thicker lamellar phase. The 30 wt% system exhibits

similar behaviour to the 20 and 50 wt% systems below 35 ◦C however both lamellar

phases are still present at 45 ◦C and above. It is not clear why the 30 wt% sample

displays such different behaviour to the samples either side of it. the largest change

in the scattering for all samples above 1 wt% appears to happen as the temperature

increases from 35 to 45 ◦C. For 5 wt% this is when it is no longer possible to pick

out a scattering pattern, for 10 to 50 wt% this temperature change results in a large

increase in the scattering intensity along with, for 20 and 50 wt% the disappearance

of the thinner co-existing lamellar phase. As this is a feature shared by all samples

that scattered well it is possible that there is some form of transition taking place

between 35 and 45 ◦C.

The WAXS data can be used to provide information on how the internal structure

of the lamellar bilayers is affected by increasing temperature. Figure 4.11 shows the

WAXS images for a 20 wt% DIPEDMAMS/water system as the temperature is

increased from 15 to 55 ◦C. From 15 to 35 ◦C a sharp scattering ring is observed

followed by a series of broad diffuse scattering rings. As the temperature increases

from 35 to 45 ◦C the sharp scattering ring contracts and broadens whilst the the

diffuse scattering rings remain constant in both intensity and position. There is no

further change on heating to 55 ◦C. This pattern of a sharp intensely scattering

peak contracting and broadening on heating above 35 ◦C is observable in the WAXS

images for all concentrations from 1 to 50 wt% with only variation in the relative

intensity of the peaks as the concentration is increased.

The WAXS linear intensity plots of 1 to 50 wt% DIPEDMAMS/water systems
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Figure 4.11: WAXS images of 20 wt% DIPEDMAMS/water systems at a) 15 ◦C, b)
25 ◦C, c) 35 ◦C, d) 45 ◦C, e) 55 ◦C.

82



heated from 15 to 55 ◦C are shown in figure 4.12. Broad peaks are observed between

0.3 and 0.6 Å
−1

at all concentrations and temperatures. The intensity of these peaks

decreases with increasing surfactant concentration but do not appear to be affected

by temperature. A single sharp peak is observed at 0.24 Å
−1

for all concentrations

between 15 and 35 ◦C. The intensity of this peak increases with increasing surfac-

tant concentration. At 35 ◦C the intensity of the 0.24 Å
−1

peak has decreased and

an additional broad scattering peak is observed at 0.22 Å
−1

. This peak is difficult

to observe at 1 wt% due to the low intensity of the scattering but is clearly observ-

able from 5 wt% and above. As the temperature is increased above 35 ◦C the sharp

peak at 0.24 Å
−1

disappears and the intensity of the broad peak around 0.22 Å
−1

increases but does not increase further above 45 ◦C. The intensity of the broad peak

at 0.22 Å
−1

, like the sharp peak at 0.24 Å
−1

, is dependent on the surfactant concen-

tration. The dip around 0.62 Å
−1

is due to the detector mask and not scattering

from the sample.

The broad peaks observed between 0.3 and 0.6 Å
−1

, as mentioned above, are

the result of the short range ordering of water, this accounts for the observation

that their intensity decreases with increasing surfactant concentration. There is no

observed change to these peaks with temperature which is to be expected as there

are no known conformational changes for water within the temperature range in-

vestigated. As discussed earlier, the sharp peak observed at 0.24 Å
−1

shows that

the aliphatic chains within the bilayer are in a gel phase, with rotational but not

translational freedom. As this scattering is due to structures formed by the surfac-

tant it follows that as the surfactant concentration increases so does this scattering

intensity. The scattering intensity of the broad peak around 0.22 Å
−1

also shows

dependence on the surfactant concentration as this peak is also the result of scat-

tering from the surfactant bilayers. A broad peak around 0.22 Å
−1

is indicative that

the surfactant tails are in a fluid state, combined with the SAXS data, it can be

concluded that a lamellar fluid phase is present. In the lamellar fluid phase the

surfactant molecules within the bilayers have translational, rotational freedom, and

and chain conformational as opposed to just rotational freedom in the lamellar gel

phase, see section 2.1 for more details. Below 35 ◦C only the lamellar gel phase

is observed for all surfactant concentrations. At 35 ◦C both the broad fluid peak,

0.22 Å
−1

, and the sharp gel peak, 0.24 Å
−1

, are present. As the intensity of the gel
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Figure 4.12: Linear intensity plots of the WAXS patterns of DIPEDMAMS/water
systems with increasing temperature at surfactant concentrations a) 1 wt%, b) 5
wt% c) 10 wt%, d) 20 wt%, e) 30 wt%, f) 50 wt%. For clarity the y-axis has been
offset by the temperature of the sample.
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peak begins to decrease at this temperature it is suggested that the gel phase is

beginning to transition to the fluid phase. It is possible that the lamellar gel and

lamellar fluid phases are co-existent at 35 ◦C or that the samples have had insuffi-

cient time to transition from the gel phase to the fluid phases as they were only held

at the set temperature for a few minutes. By 45 ◦C, at all surfactant concentrations,

the whole sample has transitioned from the lamellar gel phase to the lamellar fluid

phase as suggested by the absence of the sharp 0.24 Å
−1

peak and that the intensity

of the fluid peak, 0.24 Å
−1

, does not increase on further heating to 55 ◦C.

BEDE follow up Experiments

Due to time limitations it was not possible to investigate what happens when the

samples were cooled again after heating them to 55 ◦C at the Diamond Light Source.

Therefore it was decided to try and investigate this on a bench top set up. The

samples were heated from 20 to 60 ◦C before being cooled back down to 20 ◦C at

5 ◦C increments.

Bench top x-ray generators are orders of magnitude less intense than those

that can be generated at a synchrotron, see Chapter 3. Due to this only DIPED-

MAMS/water systems of 30 wt% and above scattered sufficiently well for the SAXS

patterns to be interpretable. Figure 4.13 shows the full linear intensity plot for the

50 wt% DIPEDMAMS/water system, at 25 ◦C. It is noticeable that the signal to

noise ratio and the resolution of the scattering pattern are much lower compared to

that taken at Diamond. The sample clearly shows two sets equally spaced Bragg

peaks suggesting that the sample consists of two co-existing lamellar phases, as

shown in the Diamond samples and discussed above. The beamstop in this system

is slightly off centre, as a result the edge of the mainbeam can only be seen on the

“left” hand side of the linear intensity plot. There is also a defect in the detector

observed by a trough around 0.08 Å
−1

. Due to these two issues the “left” side of the

SAXS linear intensity plots will be used for ease of comparison with the Diamond

scattering patterns.

SAXS linear intensity plots for 30 and 50 wt% surfactant samples being heated
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Figure 4.13: Structure of the DIPEDMAMS surfactant, where R is a fatty alkyl
chain originating from a fatty acid mixture of C16, C18 and C18:1.

from 20 to 60 ◦C and then back to 20 ◦C are shown in figure 4.14. Immediately

apparent from the BEDE SAXS data is that the peaks are less well defined than in

the Diamond data. Not only is the intensity of the scattering lower, due to the lower

intensity of the incident x-rays, but the peaks are much broader causing them to

overlap to a greater degree than observed in the Diamond data. This is due to the

poor collimation of the bench top beam in comparison to the synchrotron beam. On

heating both samples show a similar pattern to what was observed in the Diamond

data. Both show two sets of equally spaced Bragg peaks below 40 ◦C. These can

be difficult to resolve due to the broadness of the peaks and the low the scattering

intensity but the scattering. within error, is at the the same angle as observed in

the Diamond data. On heating to 40 ◦C and above the 50 wt% surfactant sample

exhibits only one set of equally spaced Bragg peaks whereas for the 30 wt% sample

both sets of Bragg peaks are observable at all temperatures, as observed above. As

with the Diamond scattering patterns the intensity of the scattering peaks increases

and they sharpen as the temperature increases. The largest increase is between 35

and 40 ◦C similar to that observed before but the increased number of temperature

intervals enables a narrowing of the temperature window in which this transition is

observed.
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Figure 4.14: SAXS linear intensity plots of a) 30 wt% and b) 50 wt% DIPEDMAMS
water systems with i) increasing and ii) decreasing temperature. Temperature range
of 20 - 60 ◦C.

On cooling from 60 to 20 ◦C the intensity of the Bragg peaks decreases and the

peaks broaden, for both samples. The 30 wt% surfactant sample shows two sets of

equally spaced Bragg peaks at 60 ◦C which remain on cooling but become broader

and less intense. The largest drop in intensity is observed when the sample is cooled

from 45 to 40 ◦C. The 50 wt% surfactant sample shows a single set of equally spaced

Bragg peaks at 60 ◦C reverting to two sets of equally spaced Bragg peaks on cooling.

The transition from two sets to one set of Bragg peaks occurs between 40 and 35 ◦C,

but due to the low scattering intensity it is difficult to resolve. As with the 30 wt%

sample the peaks broaden and their intensity decreases on cooling with the greatest

change observed between 40 and 45 ◦C.

This confirms some of the results seen in the Diamond data. Both 30 and 50

wt% form two co-existing lamellar phases before heating. On heating the 30 wt%

surfactant system remains as two co-existing lamellar phases, whilst the 50 wt%

system shows only one lamellar phase at and above 35 ◦C. Both samples appear to
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Figure 4.15: Proposed phase diagram for the DIPEDMAMS/water system as a
function of surfactant concentration and temperature.

show some sort of transition between 30 and 35 ◦C where the peaks sharpen and the

scattering intensity increases. This is also observed for the Diamond samples and

is believed to be related to the transitions from the lamellar gel to lamellar fluid

phase as indicated by the Diamond WAXS data. Once cooled back to 20 ◦C the

samples exhibit an identical scattering pattern as to before heating, within error,

revealing that the conformational changes caused by heating are reversible. The 50

wt% sample reverts to two co-existing lamellar phases. Unfortunately the WAXS

data were not available with the bench top experimental set up but it is suggested

that a similar pattern would be observed on cooling as on heating.

SAXS/WAXS Conclusions

Using the information obtained from both Diamond synchrotron experiments and

the BEDE bench top experiments, it is possible to propose a phase diagram for the

DIPEDMAMS/water system. From 5 to 50 wt% surfactant, and between 15 and
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60 ◦C the system adopts one or two co-existing lamellar phases. Below 35 ◦C the

lamellar phases adopted are the lamellar gel phase and when heated to 45 ◦C and

above the system transitions into the lamellar fluid phase. Once cooled below 35 ◦C

the system reverts back to the lamellar gel phase. There was no observed change

in the transition temperature from the SAXS/WAXS data with changing surfactant

concentration. At surfactant concentrations above 10 wt% two co-existing gel phases

are observed up to 35 ◦C. Above 35 ◦C these are observed to melt forming a single

continuous lamellar fluid phase except for the 30 wt% samples where two co-existent

fluid lamellar phases are observed above 35 ◦C. On cooling the two lamellar gel

phases reformed.

Due to low scattering intensity at low concentrations it is difficult to determine

the ordered structures formed, if any, at these concentrations. An added difficulty is

that if they do also form a lamellar phase the d-spacing would be so large as to push

the Bragg peaks very close to the edge of the main beam. At 5 wt% the Bragg peaks

are difficult to observe due to the factors mentioned but they are observable. Below

5 wt% there are no detectable SAXS peaks but the WAXS data does show the sharp

gel peak at 0.24 Å
−1

melting to a broad fluid peak, 0.22 Å
−1

, as the temperature is

increased over 35 ◦C. This suggests that there is some short range order between

the surfactant molecules. Whether or not this corresponds to a lamellar phase with

a large d-spacing is not known.

4.3.3 DSC of the DIPEDMAMS/water system

Differential Scanning Calorimetry was used to further probe the transition between

the lamellar gel and lamellar fluid phases observed from the x-ray scattering exper-

iments. DIPEDMAMS/water systems from 1 to 50 wt%, at the same surfactant

concentrations as investigated in the x-ray scattering work, were studied. The sam-

ples were cycled between 15 and 55 ◦C for three cycles at a rate of 5 ◦C min−1. No

noticeable hysteresis was observed in any of the samples investigated.

On heating all samples show an endothermic transition between 35 and 45 ◦C

and one or two endothermic transitions on cooling. From 5 to 10 wt% only one
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Figure 4.16: DSC curves for the DIPEDMAMS surfactant system at surfactant
concentrations a) 1 wt%, b) 5 wt% c) 10 wt%, d) 20 wt%, e) 30 wt%, f) 50 wt%.
Scan conducted at 5 ◦C min−1 between 15 and 55 ◦C. Scans shown are the second
cycle.
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transition is observed on both heating and cooling with the peak on heating being

around 42 ◦C and the peak on cooling around 32 ◦C. The endothermic transition on

heating has a rather gradual onset at all concentrations but becomes more noticeable

as the surfactant concentration increases. At 1 and 5 wt% the transition on cooling

is fairly symmetrical with the onset of the transition appearing to happen over

similar temperature range as the end of the transition. Between 10 and 30 wt%

two exothermic transitions are observed on cooling. One with a peak around 32 ◦C,

possibly the same transition as observed for the 1 and 5 wt% samples, and the other

with a peak around 37 ◦C. The height of both peaks increases as the surfactant

concentration is increased from 10 to 30 wt% however the increase of the 37 ◦C

transition is greater than that observed for the 32 ◦C transition. Whilst the onset of

the 37 ◦C transition is comparative sharp, the end of the transition is poorly defined

and very broad. This becomes more noticeable as the concentration increases. As

a result of this, the 32 ◦C transition is observed only as a shoulder on the 37 ◦C

peak at 30 wt%. As at 1 and 5 wt% a single endothermic transition is observed on

heating for 10 to 30 wt% surfactant systems. The only notable observable change

in this transition as the surfactant concentration is increased from 10 to 30 wt%

is that intensity of the signal increases, the shape and position of the transition

remains, within error, unchanged. At 50 wt% the endothermic transition on heating

retains the distinctive shape observed at all other concentration of having a very

gradual onset compared to the end of the transition, but the whole peak has shifted

from 45 ◦C, as observed at lower concentrations, to 38 ◦C. On cooling, a single large

exothermic transition is observed with a sharp onset with the end of the transition

being very broad and difficult to define, similar to the transition at 37 ◦C observed

between 10 and 30 wt%. A second exothermic transition, as observed between 10

and 30 wt%, is not observed. However this could be present but hidden by the larger

transition as at 30 wt% the second transition is only just observable as a shoulder

on the larger 37 ◦C transition. As with the endothermic transition on heating for

50 wt%, the endothermic transition is observed at a slightly lower temperature of

33 ◦C compared to the transition at lower surfactant concentrations.

The endothermic transition observed on heating corresponds to the lamellar

gel to lamellar fluid transition observed in the x-ray scattering data. The x-ray

scattering data placed this transition between 35 and 45 ◦C the DSC data supports
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this observation with the gel to fluid transition occurring at 42 ◦C. At 35 ◦C the

WAXS showed the lamellar gel and fluid phases co-existing it is likely that this is

linked to the broad onset of the transition observed in the DSC data. The sample

has begun transitioning from the gel phase to the liquid phase but will not be

completed until the temperature is raised above 42 ◦C. Broad DSC transitions are

usually indicative of an impure sample, as the aliphatic tails of the DIPEDMAMS

surfactant system are a statistical mix of C18, C18:1, and C16 the samples are

inherently a mixture.

The observed increase in the size of the exothermic transition on heating, with

increasing surfactant concentration is related to the mass of surfactant present in the

system. DSC, as discussed in section 3.5, measures the difference in energy required

to heat the sample and a reference pan at the same rate. As the transitions observed

here are the result of the melting of the surfactant tails the amount of energy required

for the sample to transition from the gel phase to the liquid phase is dependent on

the mass of surfactant present. The decrease in the transition temperature observed

in the DSC curve for the 50 wt% DIPEDMAMS/water system was not observed in

the Diamond data as the transition still falls within the 35 to 45 ◦C window. However

the BEDE data does provide some corroborating evidence. From figure 4.14 it is

noted that the largest change for the 30 wt% surfactant sample occurs between 40

and 45 ◦C whereas at 50 wt% the melting from two lamellar phases to one lamellar

phase takes place between 35 and 40 ◦C. Unfortunately, as mentioned before, the

WAXS was unavailable for the BEDE experiments. The cause of the change in the

transition temperature at 50 wt% is not understood as there are no obvious changes

in the lamellar structure as observed in the small and wide angle scattering data.

The exothermic transitions observed on cooling are believed to be caused by the

transition from the lamellar fluid back to the lamellar gel phase. At low surfactant

concentrations, < 10 wt%, only one transition is observed at 32 ◦C and is generally

symmetrical in comparison to the endothermic transition on heating suggesting the

transition from fluid to gel is more homogenous than the melting from gel to lamellar.

The second exothermic transitions observed for surfactant concentrations 10 and 30

wt% suggests that either, the transition from fluid to gel is a two step process, or

there are two transition from the fluid to the gel phase. From the SAXS studies 20
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wt% and above DIPEDMAMS/water system adopt two co-existing lamellar phases

it is proposed that the two transitions could be for each lamellar gel phase however

only one lamellar gel phase at room temperature was observed at 10 wt%. It is

however possible that the 10 wt% samples do form two co-existing lamellar phases

but are not distinguishable in in the SAXS due to the low intensity of the scattering.

The increase in the intensity of the 37 ◦C peak at the expense of the 32 ◦C peak

is potentially caused by one gel phase dominating over the other with increasing

concentration hence this transition is dominant in the DSC curves. As the 50 wt%

samples clearly show two co-existing lamellar gel phases which have been shown to

re-emerge on cooling it is suggested that both transitions are present but the broad

nature of the 37 ◦C transition means that the 42 ◦C transition is difficult to observe.

4.3.4 Effect of Temperature on supported bilayers

Later in the project the facility became available to controllably heat the AFM

sample stage. This allowed the supported surfactant bilayers to be imaged as a

function of temperature. This facilitated the investigation of the structure of the

supported bilayers as a function of temperature enabling the comparison of the phase

behaviour of the supported bilayers with the bulk lamellar system.

Mica supported DIPEDMAMS surfactant bilayers were formed by the vesicle

deposition method as discussed in Chapter 3. For each bilayer the same area of the

surface was imaged at each temperature. Two image sizes were used; one measuring

20 x 20 µm, and the other measuring 5 x 5 µm. The drift between images made the

20 x 20 µm images more consistent as the temperature was increased.

Topographical AFM images, 20 x 20 µm are shown along side maps of the tip-

sample adhesion and measured slope of mica supported DIPEDMAMS bilayers are

shown in figure 4.17 for increasing temperature and figure 4.18 with decreasing

temperature. Figures 4.19 and 4.20 show 5 x 5 µm topographical images with

associated cross sections with increasing and decreasing temperature.

At 25 ◦C the DIPEDMAMS bilayers show two regions differing in height by 1 -
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Figure 4.17: Typical QI AFM topographical images, with associated typical maps
of surface adhesion and measured slope, for DIPEDMAMS bilayers on mica with
increasing temperature from 25 - 65 ◦C.
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Figure 4.18: Typical QI AFM topographical images, with associated typical maps
of surface adhesion and measured slope, for DIPEDMAMS bilayers on mica with
decreasing temperature from 65 - 25 ◦C.
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1.5 nm. This is suggested to be the result of the supported bilayers adopting two

different structural confirmations or phases. This is supported by the SAXS/WAXS

data which show the co-existence of two lamellar phases in the bulk system. The

adhesion image has not resolved well due to the probe picking up some form of

contaminate during the scan. The 5 x 5 µm image for this temperature however does

show that the thicker region is less adhesive than the thinner regions as discussed

earlier. The measured slope maps, analogous for the local relative stiffness of the

sample, show the thicker regions as stiffer than the lower regions, as previously

discussed.

As the temperature increases to 25 ◦C there is a possible reduction in size of the

thicker region but this is difficult to judge due to drift between images. Adhesion

maps are still plagued by the probe picking up contaminants as it images, however

the 5 x 5 µm images show no significant change between the relative adhesion of the

different phases compared with the images taken at 25 ◦C. No significant change is

observed from the measured slope images as the temperature is increased from 25

to 35 ◦C.

At 45 ◦C whilst the samples still exhibit two distinct bilayer phases the area

covered by the thicker phase has reduced significantly leaving the majority of the

mica covered by the thinner bilayer phase. No significant changes are observed in

the adhesion maps at 45 ◦C, the thinner bilayer still exhibits a higher tip to sample

adhesion than the thicker phase. The slope map for this image is comparatively

poor quality however it does suggest that the relative stiffness of the thicker phase

has decreased and is now lower than the thinner phase. This is supported by compli-

mentary 5 x 5 µm images that show the thinner phase as having a higher measured

slope than the thicker phase.

Above 55 ◦C the supported bilayers appear to be rather featureless. It is sug-

gested that this is due to the surfactant bilayers adopting a single continuous lamellar

phase. The surface does however appear to be rougher compared to either of the

bilayer phases at room temperature. It is not certain if this is a real effect or if it

due to the increased thermal noise at these elevated temperatures. No significant

changes were observed on further heating to 65 ◦C.
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Figure 4.19: Typical 5 x 5 µm QI AFM topographical images, with associated cross-
sections, for DIPEDMAMS bilayers on mica with increasing temperature from 25 -
55 ◦C.
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Figure 4.20: Typical 5 x 5 µm QI AFM topographical images, with associated cross-
sections, for DIPEDMAMS bilayers on mica with decreasing temperature from 25 -
55 ◦C.
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On cooling to 45 ◦C, shown in figure 4.18 the bilayer is once again observed to

separate into two distinct bilayer phases differing in thickness by 1 - 1.5 nm. Once

again it is observed that the adhesion is lower for the thicker phase than the thinner

phase. However the maps of the measured slope show the thicker phase to be less

stiff than the thinner phase. This was observed on heating at 45 ◦C but not at room

temperature before heating.

The area covered by the thicker bilayer phase has increased on cooling to 35 ◦C.

The adhesion remains as before, being higher for the thinner phase than the thicker.

The measured slope shows the thicker phase as softer than the thinner. As with the

samples on both heating and cooling at 45 ◦C but in contrast to the sample at 35 ◦C

before heating.

Once cooled back down to 25 ◦C the area covered by the thicker region has

increased slightly in comparison to the sample at 35 ◦C. The adhesion properties

remain unchanged with the thicker region being less adhesive than the lower. The

measured slope maps now show a similar relationship between the two phases as

observed before heating at 25 ◦C where the thicker region has a higher measured

slope, comparative stiffness, than the lower region.

The observation of two bilayer phases at room temperature which rearrange

to form a single continuous bilayer phase at elevated temperature and reverting

to a two phase configuration after cooling fits well with the observation from the

SAXS/WAXS data of the bulk lamellar samples at concentrations above 20 mol%.

The onset of this transition, on heating, for the supported bilayers appears to be

between 35 and 45 ◦C and is completed between 45 and 55 ◦C. For the bulk lamellar

system appears to transition between 35 and 45 ◦C with only one lamellar phase

observed at 45 ◦C.

On cooling the onset clearly lies between 55 and 45 ◦C however it is not clear if

the transition has been completed between 45 and 35 ◦C or 35 and 25 ◦C. Whilst

little further change in the topography is observed between 35 and 25 ◦C on cooling

the relative stiffness of the two phases suggests that the transition has only been

completed after further cooling to 25 ◦C. In contrast the SAXS/WAXS data only
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shows the reappearance of the two bilayer phases between 35 and 25 ◦C. Looking

at the slope maps it is possible to suggest that the temperature does need to be

lower than the initial onset of transition on heating for the two phases to fully

re-appear and have the same properties as before heating. The transition does

appear to happen over a much broader temperature range and at a slightly increased

temperature compared to the bulk lamellar phase.

It is likely that the substrate of the supported surfactant bilayers does have some

impact on the structure and therefore the transition and transition temperature of

the DIPEDMAMS bilayers. Interactions between the surfactant head groups and the

substrate may affect the electrostatic repulsion between the head groups impacting

the overall packing order of the supported bilayers compared with bilayers in the

bulk system. A change in the packing of the bilayers may result in changes to the

physical properties of the system such as the transition temperature. However, the

supported bilayers do exhibit very similar temperature dependent behaviour to that

observed in the SAXS/WAXS studies of the bulk system. Whilst the behaviour of

the supported bilayers in response to changes in temperature was not identical to

that observed for the bulk lamellar samples it never the less follows a very similar

behaviour. Therefore it is suggested that the supported surfactant bilayers are a

good facsimile for understanding DIPEDMAMS bilayers, it must be noted that the

exact temperatures and ranges of any thermally induced transitions will be affected

by the supported nature of these bilayers.

On heating to 45 ◦C a change in the relative stiffness of the thicker bilayer phase is

observed. The thicker phase appears to be softer than the thinner phase. This is also

observed on cooling. One possible explanation for this observation is that the thicker

phase has undergone a change in its internal packing or arrangement resulting in a

decrease in the stiffness of the bilayer. This change in arrangement then result in

the decrease in the bilayer thickness as the once thicker phase appears to merge with

the thinner phase as the temperature continues to increase. It is unclear whether or

not the thinner phase is also going through a transition which the thicker one also

goes through with them both adopting the same phase and configuration at high

temperature or if the thicker phase is melting to join the thinner phase with the

thinner phase remaining unchanged.
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The force data do however show a softening of the thinner phase at higher tem-

peratures suggesting that it also goes through a transition from most likely the gel

phase to the fluid phase, as suggested by the SAXS/WAXS data. It is not possible

to determine if there is a change in the thickness of this bilayer phase with the

transition from gel to fluid but the SAXS/WAXS data suggests that if there were a

change this change would be minimal.

Conclusions of the effect of temperature on supported bilayers

In conclusion the AFM imaging data of the supported DIPEDMAMS bilayers with

temperature shows that the supported bilayers behave in a similar manner as the

bulk lamellar phases as observed by small and wide angle x-ray scattering. The sup-

ported bilayers under go a similar structural re-arrangement as a function of tem-

perature as the bulk samples. However the transition temperature and the breadth

of the transition are subtly different for the supported bilayers when compared with

the bulk samples. Whilst this suggests that the mica substrate has some effect on

the structure of the bilayers it does not appear to impact on the overall pattern

enabling the conclusion that supported surfactant bilayers are a good analogue for

isolated lamellar bilayers.

4.4 Conclusions

At room temperature DIPEDMAMS/water systems adopt a lamellar gel phase from

5 to 50 wt% concentration. At 20 wt% and above two co-existent lamellar gel phases

are observed. These phases differ in d-spacing by 1.2 ± 0.2 nm. The d-spacing for

both of these phases decreases with increasing surfactant concentration.

An experimental value for bilayer thickness was obtained by plotting d-spacing

against water concentration, as opposed to surfactant concentration and extrapolat-

ing to zero water content. This gives an experimentally determined bilayer thickness

of 4.3 ± 1.8 nm. This compared well with a theoretical value of 4.4 nm and with
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literature values for similar surfactant systems.

On heating the system under goes a phase transition from a lamellar gel to a

fluid lamellar phase around 35 ◦C. This is observed for all concentrations from 5

wt%. The samples showing two co-existing lamellar phases at room temperature

tend to only show one lamellar fluid phase above the transition temperature, with

the 30 wt% samples showing two lamellar fluid phases at high temperature. On

cooling the two lamellar gel phases reappear.

AFM imaging of supported DIPEDMAMS bilayers was used the compare the

structure of the supported bilayers with the observations from the bulk surfac-

tant/water systems as studied by SAXS/WAXS. Supported bilayers of DIPED-

MAMS exhibited some form of phase separation. They formed two distinct bilayer

phases separated by a height difference of 1 - 1.5 nm, suggesting one phase to be

thicker than the other. This was observed on both glass and mica. As QI mode

enabled maps of the surface adhesion and relative stiffness to be acquired alongside

the standard topographical AFM images. These images suggested that the thicker

bilayer phase was stiffer in comparison to the thinner phase and was less adhesive on

retraction than the thinner phase. This two phase expression is consistent with the

SAXS/WAXS data which show, at higher concentrations, two co-existing lamellar

gel phases with a difference in d-spacing of 1.2±0.2 nm. This difference in d-spacing

being similar to the difference in thickness of the two supported bilayer phases.

On heating the supported DIPEDMAMS bilayers a transition from two co-

existing lamellar phases to a single continuous lamellar phase was observed around

40 ◦C. On cooling the sample was observed to transition back into two discrete

bilayer phases. Overall this observation from the supported bilayers fits well with

the overall trend observed from the SAXS/WAXS data. However the transition

temperature and the range over which the transitions occur does appear to be sub-

tly different between the support bilayers and the bulk surfactant/water systems.

Whilst the exact temperatures of the transition may show some variation between

the supported and bulk samples the over all behaviour and trends compare well. It

is therefore concluded that supported DIPEDMAMS bilayers on mica are a good

facsimile for DIPEDMAMS bilayers.
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Chapter 5

Measuring the Interactions

between Supported Cationic

Surfactant Bilayers

5.1 Introduction

As discussed in section 2.4 supported amphilphile bilayers have been used with both

the SFA and the colloidal probe AFM technique to study the interactions between

lipid and surfactant bilayers as model systems for the interactions between vesi-

cles within an aqueous dispersion. [203, 234, 256–259] This has enabled the direct

measurement of DLVO forces, depletion, steric and other interactions between bi-

layers. [172, 177, 260] This requires the formation of stable surfactant bilayers, with

good surface coverage, on both mica sheets, for the SFA, or on both the colloidal

probe and the mica substrate for the colloidal probe technique.

Supported bilayers have been used through out the literature as models for both

lipid and surfactant membranes. [144, 261–267] They are generally formed by one

of two methods, the Langmuir-Blodgett trough, and the vesicle deposition tech-

nique. [268, 269] Whilst Langmuir-Blodgett deposition could be used to form sup-
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ported bilayers on mica sheets, the technique is not well suited for forming bilayers

on colloidal probes, therefore the vesicle deposition method was the most suitable

method for forming bilayers on both mica substrate and colloidal probe for CP-AFM

studies. Bilayers are generally formed from vesicle dispersions where the vesicles are

above their transition temperature. [270] The bilayers are in the fluid phase. Most

natural lipid systems are fluid at room temperature, but when Tm is above ambient

the samples are general incubated at a temperature above their melting point to form

the supported bilayers. As discussed in Chapter 4 the chain melting temperature of

the DIPEDMAMS surfactant system is between 35 and 40 ◦C, with the facility to

heat the AFM stage only becoming available later in the project, surfactant bilayers

for colloidal probe AFM had to be formed at room temperature.

In this chapter we begin to develop methodologies to measure the interactions

between the supported cationic surfactant bilayers formed at the end of the previous

chapter. These bilayers need to be formed not only on a flat substrate but also on

a glass bead as part of a colloidal AFM probe. The temperature at which bilayers

are formed is identified as a key issue with the formation of DIPEDMAMS bilayers

on both the substrate and the colloidal probe.

Below the transition temperature only patchy bilayers could be formed therefore

an investigation into methods to reduce the transition temperature of the surfactant

system by the addition of alkyl alcohols was carried out. Whilst the main objective

of this investigation was to form supported surfactant bilayers with good surface

coverage at room temperature, the impact of the alkyl alcohol additives on other

properties of the system was also investigated. The bulk phase behaviour of alkyl

alcohol/surfactant/water system was investigated by small and wide angle x-ray

scattering was investigated and the nanomechanical properties of the supported

bilayers were also investigated by force spectroscopy. Enabling the comparison of

the room temperature formed systems with the pure DIPEDMAMS bilayers formed

at 65 ◦C to judge the technique’s suitability as a method for forming bilayers at room

temperature.

Finally DIPEDMAMS bilayers were formed on both the probe and the flat sub-

strate simultaneously at room temperature enabling the measurement of interactions
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between supported cationic vesicles. Both mica and glass were investigated as the

flat substrate for use in colloidal probe force spectroscopy studies.

5.2 Experimental

5.2.1 Preparation of Alkyl Alcohol Modified DIPEDMAMS

Systems

DIPEDMAMS/alkyl alcohol/water systems for x-ray scattering and DSC studies

were prepared by the methods described in Chapter 3. Samples were hydrated to

20 wt% by mass.

5.2.2 Differential Scanning Calorimetry

Experiments were performed using a Perkin-Elmer Diamond DSC. Sample mass of

3 - 5 mg using aluminium TZero pans from TA instruments. For each sample three

cycles were run between 15 to 55 ◦C at a rate of 5 ◦C min−1. Samples run against an

empty sample pan for reference, see Chapter 3.

5.2.3 Small and Wide Angle X-ray Scattering

SAXS and WAXS were performed at the Diamond Light Source (Oxfordshire) on

beamline I22, as detailed in Chapter 3.

5.2.4 Atomic Force Microscopy

All measurements were made using a JPK Nano wizard 4 AFM and analysed using

the JPK data processing software as detailed in Chapter 3
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Preparation of Supported Surfactant Bilayers

Supported surfactant bilayers were formed by the vesicle deposition technique from

a DIPEDMAMS/alkyl alcohol vesicle dispersion as described in Chapter 3.

AFM Imaging

All imaging was performed in quantitative imaging (QI) mode. Multiple images of

different areas of each supported bilayer were collected. Further details on QI mode

and on the imaging protocols can be found in Chapter 3.

Force Spectroscopy

Multiple force measurements were performed against the supported bilayer samples

using sharp imaging probes. Forces were measured against each of the different areas

of the samples observed during imaging. Further details on the force spectroscopy

protocols can be found in Chapter 3.

Bilayer-Bilayer Interactions by Colloidal Probe Force Spectroscopy

Multiple force measurements were collected for each sample in an 8 x 8 grid with

a constant approach and withdrawal velocity of 1 µm s−1, as detailed in Chap-

ter 3. Force curves were collected both before and after the formation of supported

DIPEDMAMS bilayers.
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5.3 Results and Discussion

5.3.1 Issues with formation of bilayers on probe

Bilayers have shown to be easy to form on several well known substrates. However

until now they have all been formed at 60 ◦C, above the gel to fluid transition

temperature of the system. Bilayers can be formed on the substrate with ease

by placing the sample in the oven, allowing to cool then washing to remove any

unadhered vesicles. This kept the bilayers hydrated at all times, as dehydration is

likely to damage or destroy them. [271] This is difficult if not impossible to achieve

when the probe has to cross the water-air boundary on mounting, as this damages

the bilayer.

It was decided that the best way to form bilayers on both a colloidal probe and

a flat substrate was to form the bilayers in situ within the aqueous AFM imaging

environment. This would remove the possibility of the bilayers dehydrating and

ensure symmetry of the bilayer formation for the probe and the substrate. Initially

the ability to heat the liquid AFM environment was not available. (The facility

to heat the sample stage was available towards the end of the project) Therefore

DIPEDMAMS bilayers needed to be formed at room temperature.

DIPEDMAMS bilayers can be formed at room temperature but unlike the bi-

layers formed at temperature they tend to be patchy and the surface coverage is

almost always incomplete. Figure 5.1 shows a DIPEDMAMS bilayer formed on

mica at room temperature. Two clear domains are observed similar to the 60 ◦C

formed bilayers in figure 5.1 however as can be seen from the cross-section the

height difference is 3.5 - 4 nm. As this is roughly the theoretical bilayer thickness

as calculated from the SAXS data it is believed that the lower domain is bare mica

and the higher domain is the bilayer. This is further supported by the stiffness and

adhesion maps showing the lower phase as much stiffer than the higher phase. The

QI force curves for the lower section also bear much more of a similarity to those

for bare mica and the curves for the upper phase showing similar features to those

for the bilayers formed at temperature. It is argued that raising the vesicles above
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Figure 5.1: DIPEDMAMS bilayer formed at room temperature on freshly cleaved
mica. Imaging was done in QI mode and the topographical, adhesion and measured
slope maps are shown. A crossection of the topographical image is included as well
as an example of the QI force curves for upper (left) and lower (right) regions.

the transition temperature aids bilayer formation. [272–275]

Even though the bilayers were patchy the surface coverage was always greater

than 50%. If this were achieved on the probe as it was on the mica substrate it

maybe be possible to measure the interaction between the bilayers if averaged over

an area of the surface to avoid mica bilayer interactions. Formation of DIPED-

MAMS surfactant bilayers on both the mica substrate and the glass colloidal probe

in situ at room temperature was not successful. As can be seen in figure 5.2, the

forces measured between the clean glass colloidal probe and freshly cleaved mica in

DI water are repulsive. This is as predicted. The surface of mica in an aqueous

environment has an intrinsic negative charge, glass also has a slight negative sur-

face charge at neutral pH. [276, 277] Therefore a repulsive Coulombic interaction is

observed as the surfaces approach one another. If DIPEDMAMS bilayers were suc-

cessfully formed on both the substrate and the probe a repulsive interaction would

be expected on approach. However as observed in figure 5.2 the forces are attractive.

These attractive interactions are fairly long range, the onset observed at separations

between 60 and 80 nm. This is too long range for the van der Waal’s forces so it is
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Figure 5.2: Approach force distance plots of the interaction measure between a glass
colloidal probe and mica both before and after incubation with a DIPEDMAMS
vesicle dispersion at room temperature.

believed to be due to attractive Coulombic interactions suggesting that the probe

and and mica are oppositely charged. Either a bilayer has not been formed on the

probe but a patchy one has been formed on the mica, as shown in figure 5.1, or ratio

of covered to bare surface is sufficiently different on the two surfaces to result in an

overall attractive interaction. This holds as the probe is moved to different points

on the surface.

These attractive interactions suggest that bilayers can not be successfully formed

on both probe and substrate below the transition temperature. As the facility to

heat both probe and sample in situ did not exist at this time it was hypothesised that

if the transition temperature could be lowered to room temperature then bilayers

could be formed in situ on both probe at substrate at room temperature.
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Figure 5.3: Structure of perillyl alcohol.

5.3.2 Alkyl Alcohol Modification

In an attempt to control the transition temperature of the DIPEDMAMS/water

system the role of alkyl alcohols on the properties of lipid bilayers was considered.

It is well known that saturated long chain alkyl alcohols will insert into a lipid

or surfactant bilayer creating more ordered regions and structures which causes an

increase in the gel to fluid transition temperature [278, 279] Whereas unsaturated

long chain alkyl alcohols, once inserted into the membrane, can disrupt the local

packing of a bilayer, fluidising it and reducing the transition temperature. [280,281]

Small chain alkyl alcohols conversely have been demonstrated to decrease the

transition temperature of lipid and surfactant bilayers. The small chain alkyl al-

cohols neither penetrate nor become incorporated in the bilayers they remain in

the aqueous phase acting as a co-solvent or solvatrope. [282–284] The short chain

alkyl alcohols decrease the dielectric constant of water essentially making the wa-

ter more hydrophobic. This decreases the interfacial tension between the aqueous

phase and the aliphatic chains ultimately decreasing the ordering of the hydrocar-

bon tails. [285,286] This results in a decrease of the transition temperature. It was

proposed that, as the short chain alkyl alcohols resided in the water, when the sup-

ported bilayers were washed to remove any excess vesicles that the alcohol would be

removed restoring the bilayer ordering. It was hypothesised that this would result

in similar bilayers to those formed above the transition temperature then allowed to
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cool back into the gel phase before imaging.

Another potential method for reducing the transition temperature of the DIPED-

MAMS/water system would be to use a hydrotrope. A hydrotrope is a compound

that increases the aqueous solubility of a second poorly soluble component. [287] It

is predicted that the addition of a hydrotrope to this system would result in a similar

affect to the addition of a solvatrope. However the hydrotrope would act upon the

surfactant bilayers decreasing the hydrophobicity of the alkyl chains as opposed to

a solvotrope which acts upon the solvent making it more hydrophobic. This results

in a weakening of the alkyl chain interactions, increasing their thermal motion and

ultimately resulting in a reduction of the transition temperature. [288]

The alkyl alcohols investigated were hexadecanol, decanol, 9-decenol, pentanol,

ethanol, and perillyl alcohol. The structure of perillyl alcohol is shown in figure 5.3.

Hexadecanol was likely to insert into the bilayers, stiffening them and increasing the

transitions temperature this having no practical use for the method development it

was useful to observe if long chained alkyl alcohols affected the system as predicted.

Decanol and 9-decenol were also predicted to reside in the bilayer but enabling us

to look at the effect of chain length and unsaturation as a potential path to explore.

Pentanol and ethanol, examples of short chained alkyl alcohols, are hypothesised to

act as co-solvents or solvatropes increasing the fluidity of the bilayers and reducing

the transition temperature. Perillyl alcohol is believed to act as a hydrotrope and

provide another method to reducing the transition temperature.

The alkyl alcohol ratio was initially set at 10 mol% with respect to the surfactant

with the overall surfactant and alkyl alcohol concentration at 10 wt% in D.I. water.

This allowed an investigation into the impact of each of the alkyl alcohol and to give

an idea of their efficacy. It would then be possible to further investigate any alkyl

alcohol which appeared promising in reducing the transition temperature towards

room temperature.
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Alkyl Alcohol Modification: DSC

The DSC curves of 10 wt% DIPEDMAMS/water systems containing 10 mol% alkyl

alcohol are shown in figure 5.4. It is observed that the addition of the alkyl alcohols

does have an effect on the transition temperature of the surfactant system. All sam-

ples show a large broad onset of the transition temperature due to the mixed nature

of the surfactant sample. As expected, the hexadecanol doped sample shows a large

increase in the transition temperature of the system. The gel to fluid transition

increased from 35 - 40 ◦C to 45 - 50 ◦C. Samples with 10 mol% pentanol and ethanol

exhibited no significant change in the transition temperature with the transition

temperature for both samples being between 35 and 40 ◦C. The surfactant samples

doped with n-decenol, decanol, and perillyl alcohol all exhibited a significant de-

crease in the gel to fluid transition temperature. Decanol and 9-decenol appear to

be similarly effective reducing the transition temperature down to between 25 and

30 ◦C. Perillyl alcohol appear to be the most effective in reducing the transition

temperature down to 20 - 25 ◦C.

The increase in the transition temperature with the addition of hexadecanol was

predicted and serves to show that the longer alkyl alcohols are successfully being

incorporated into the bilayer. As discussed above this is due to the stiffening of the

bilayer by the insertion of the long chain alkyl alcohol. Due to increased van der

Waal’s and hydrophobic interactions between the alkyl chains.

Pentanol and ethanol were both predicted to exist in the aqueous phase between

the bilayers and act as a co-solvent or a solvatrope. This was predicted to reduce

the transition temperature. However this was not observed. Instead the transition

temperature remained virtually unchanged. It is not known whether this is due to

the effect of these being minimal in comparison to other alkyl alcohols or if the effect

requires a much greater fraction of these alcohols to be effective. [289–291]

Decanol and 9-decenol similarly did not behave as expected but did have an effect

on the transition temperature. It was predicted that the decanol would increase the

transition temperature whilst the predicted impact of 9-decenol was uncertain. The

data show that both caused a similar decrease in the transition temperature. Due

112



0 5 10 15 20 25 30 35 40 45 50 55 60

0.0

0.2

0.4

0.6

0.8

1.0

N
o

rm
a

lis
e

d
 H

e
a
t 

F
lo

w
 (

m
W

)

Temperature (oC)

 9-Decenol

 Decanol

 Hexadecanol

 Perillyl Alcohol

 Pentanol

 Ethanol

Figure 5.4: Second heating cycle of normalised DSC curves for DIPEDMAMS/water
systems containing 10 mol% alkyl alcohol.

to the length of these alkyl alcohols they are expected to insert into the bilayer

and for the decanol to act in a similar if less effective manner to hexadecanol. 9-

decenol’s predicted behaviour was uncertain due to the unsaturation however a single

unsaturation in the trans configuration was not expected to have a large disrupting

effect on the packing of the hydrocarbon tails. Perhaps the decanol being much

shorter than the hydrocarbon tails in the surfactant means that the decanol has a

more disrupting influence than an ordering one.

Perillyl alcohol whilst having the effect of decreasing the transition temperature

as predicted has decreased the transition temperature to room temperature. Hy-

drotropes increase the solubility of the surfactant phase by inserting into the bilayer

and disrupting the alkyl chain interactions, increasing the thermal motion of the

chains and loosening the packing. [292] This appears to be a sufficient method for

reducing the transition temperature of the surfactant system to room temperature

for bilayer formation. Whilst some of the results as discussed above did not yield

the predicted behaviour the purpose of this investigation was to find a method of

reducing the transition temperature for ambient bilayer formation. Therefore fur-
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ther DSC investigations into the other alkyl alcohols and the effect of changing the

alkyl alcohol concentration was not pursued at this time particularly in the light of

the observation that 10 mol% Perillyl alcohol was sufficient to reduce the transition

temperature to the exact range required. Thus this alcohol was used in all further

experiments to lower the transition temperature of the system to room temperature.

Alkyl Alcohol Modification: SAXS/WAXS

Small and wide angle x-ray scattering of the alkyl alcohol doped surfactant system

was used to confirm that the addition of the alkyl alcohols was having the affect on

the bilayer packing as suggested by the DSC data. The SAXS linear intensity plots

for all alkyl alcohols at 25 ◦C is shown in figure 5.5. An ethanol doped sample is not

shown as the sample was damaged during transport.

Minimal difference is observed between the scattering pattern of the undoped

DIPEDMAMS/water system and the system containing 10 mol% pentanol. Both

show a single series of equally spaced Bragg peaks corresponding to the lamellar

phase as discussed in Chapter 4. The SAXS pattern for surfactant samples with 10

mol% decanol, 9-decenol, and perillyl alcohol all show a strongly scattering series

of equally spaced Bragg peaks shifted slightly to the left, lower scattering angle,

compared with the undoped system. The scattering peaks for these systems are

significantly sharper than those for the pentanol doped and undoped systems. The

scattering peaks for the 10 mol% hexadecanol samples show, what is believed to be,

two co-existing lamellar phases. One of the phases has a lower scattering intensity

and a similar d-spacing to that observed for the undoped sample. The peaks for the

other phase are more intense and scatter at lower angle corresponding to a larger

d-spacing.

The WAXS linear intensity plots for the alkyl alcohol doped DIPEDMAMS/water

systems, at 25 ◦C, is shown in figure 5.6. The undoped sample shows a single sharp

peak at 0.24 Å
−1

corresponding to the gel phase. [293] The 10 mol% pentanol and

hexadecanol samples similarly exhibit only a single sharp peak at 0.24 Å
−1

. Decanol

and 9-decenol exhibit both a single sharp peak at 0.24 Å
−1

and a broad peak at
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Figure 5.5: Linear intensity plots of the SAXS patterns of DIPEDMAMS/water
systems, at 25 ◦C, containing 10 mol% alkyl alcohols.

0.22 Å
−1

, corresponding to the gel and fluid phases respectively. Suggesting phase

separation and co-existence of the lamellar gel and fluid phases. The 10 mol% per-

illyl alcohol doped sample shows only the broad fluid peak at 0.22 Å
−1

. All WAXS

patterns show a series of broad peaks between 0.26 and 0.6 Å
−1

which corresponds

to the short range order inherent in water, this was discussed in Chapter 4.

No significant change in the x-ray scattering pattern of the DIPEDMAMS/ water

system is observed whit the addition of pentanol at a concentration of 10 mol%

in relation to the surfactant. Both samples exhibit a single lamellar gel phase at

25 ◦C. The addition of decanol or 9-decenol appear to have a similar affect on the

bulk structure of the DIPEDMAMS/water system. The surfactant system with the

addition of either of these alkyl alcohols adopts a codependent lamellar gel and

lamellar fluid phase at 25 ◦C compared with just a gel phase without the addition

of the alkyl alcohols. The addition of perillyl alcohol at 10 mol% solids appears to

have reduced the transition temperature far enough that the sample adopts a single

lamellar fluid phase at 25 ◦C. With the addition of hexadecanol the samples adopt

the gel phase at 25 ◦C as predicted from the DSC data. The scattering intensity of

the decanol, 9-decenol, and perillyl alcohol samples appears more intense and the
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Figure 5.6: Linear intensity plots of the WAXS patterns of DIPEDMAMS/water
systems, at 25 ◦C, containing 10 mol% alkyl alcohols.

peaks sharper than the undoped, pentanol, and hexadecanol samples. It is suggested

that the scattering from samples in the fluid phase or partially in the fluid phase is

more intense than that from the gel phase samples. This is commented upon further

in Chapter 4 where this increased scattering intensity was observed on heating the

lamellar phase above the transition temperature and further supports the belief in

the success of this method in decreasing the transition temperature of the surfactant

system.

Alkyl Alcohol Modification: AFM Imaging

With the confirmation that the addition of alkyl alcohols can lower the transition

temperature of the DIPEDMAMAS surfactant system far enough to ensure that the

bilayers are in the fluid phase at room temperature. It was necessary to confirm that

this was a potential solution to the room temperature supported bilayer formation

issue.

116



Using freshly cleaved mica as the substrate, supported surfactant bilayers were

formed at room temperature from the alkyl alcohol doped systems investigated

above. The main focus was on the 10 mol% perillyl alcohol doped system as this

appeared, from the DSC and x-ray scattering data, to be the best candidate for

the formation of complete surfactant bilayers at room temperature The other alkyl

alcohol enriched samples were investigated to provide contrast as well as an oppor-

tunity to compare bulk structural data provided by the SAXS experiments with the

structure of the supported surfactant bilayers. As well as an opportunity to further

investigate the impact of the addition of the alkyl alcohols to the surfactant system.

Supported DIPEDMAMS bilayers formed by incubating a DIPEDMAMS vesicle

dispersion at 65 ◦C for 15 - 20 minutes achieved complete coverage of the substrate.

These bilayers show two distinct regions differing in thickness by 1 - 1.5 nm. Bilayers

formed by incubation at room temperature failed to completely cover the substrate

leaving regions of bare mica and bilayer patches with a height difference of 3.5

to 4 nm. The bilayers formed at room temperature from addition of ethanol and

pentanol at 10 mol% both produce samples of two clear topographical regions. A

featureless lower region with a higher tip to sample adhesion on retraction and a

higher measured slope or stiffness. Multiple holes are observed in the upper layer

which penetrate down to the lower region. The boundary between the two regions

is fairly rough. The upper regions show less adhesion on separation and measured

slope is significantly lower and therefore less stiff than the lower regions.

The decanol and 9-decenol doped samples also show a similar pattern to the

undoped bilayers formed at room temperature and the pentanol and ethanol systems.

The AFM images of these bilayers show two clear regions differing in height by 3.5

- 4 nm. The upper region has a lower tip to sample adhesion than the lower region

and the measured slope is higher for the lower region than the upper region. There

are holes in the upper regions with a depth similar to the average upper to lower

region height difference. These holes appear to be less numerous than the with the

sample containing ethanol or pentanol. The decenol sample shows smaller regions

scattered across the lower region with similar properties to the upper region but

forming much smaller regions. This is not observed with the other alkyl alcohol

enriched samples.
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Figure 5.7: Typical QI AFM topographical images, with associated typical maps of
surface adhesion and measured slope, for DIPEDMAMS bilayers on mica containing
10 mol% alkyl alcohol. All bilayers formed and imaged at room temperature.
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Ethanol and pentanol showed no change in DSC nor SAXS/WAXS data so we

do not expect to see any change here. The supported bilayers containing ethanol

and pentanol appear almost identical to the undoped room temperature formed

samples. Incomplete bilayer coverage. Upper phase is the bilayer judging by the

height difference and the difference in interactions. The lower region is bare mica

deduced from a combination of the height difference and the measured slope images

showing that this area is much stiffer than the upper layer. The adhesion doesn’t

quite match predictions. Looking at the earlier figure for bare mica they suggest

that the tip sample adhesion is rather low but here it is higher than the bilayer

tip adhesion. This will be discussed further later in a comparison of the force

spectroscopy data from these images.

The addition of decanol and 9-decenol did show a decrease in the transition

temperature from the DSC data and co-existing lamellar gel and fluid phases in the

SAXS/WAXS. However the samples show only minor difference from the undoped

room temperature formed samples. For reasons stated above it is suggested that

these samples produce patchy bilayer coverage when formed at room temperature.

It is noteworthy however that these bilayer patches do appear to have fewer holes

within them than the ethanol, pentanol, and undoped samples potentially suggesting

that the bilayers are more fluid than the previous samples. This however can not be

confirmed by the measured slope images as these only provide a measure of relative

stiffness within the images.

The AFM images of the hexadecanol doped samples show three clear topograph-

ical regions. An upper region and middle region and a lower region, the height

difference between these different regions is 3 and 4 nm respectively. The lower

phase is relatively flat and featureless and bares a similarity to bare mica. It has

the highest tip to sample adhesion and the highest measured slope of all three re-

gions. The middle phase is mostly observed around the edges of the upper phase and

within holes in the upper phase. This phase appears to have the lowest measured

slope of the three phases and the second highest tip to sample adhesion. There are

multiple small holes in the middle phase, approximately 1 to 10 nm in diameter,

which appear to penetrate down to the lower region. The holes appear to have an

increased adhesion and measured slope and are more comparable with the lower
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region. The upper region is mostly surrounded by the middle region and contains

several holes of varying size, 10 to 500 nm in diameter, which penetrate down to the

middle layer. The upper region has the lowest adhesion on retraction and whilst the

measured slope is slightly higher than the middle region it still appears significantly

softer than the lower phase.

The DSC curves and the SAXS/WAXS data all showed a significant effect of

adding hexadecanol at 10 mol% to the surfactant/water system. The transition

temperature was observed to increase significantly and the bulk system appeared to

separate into two co-existing lamellar gel phases. It is suggested, as with the other

alky alcohol systems, that the lower phase is bare mica. Based on the measured

slope and featureless topography. As with the other samples this suggests that the

bilayer coverage is incomplete. It is suggested that the upper and middle regions are

both surfactant bilayers but separated into two distinct lamellar phases as suggested

by the SAXS/WAXS data. The SAXS/WAXS data suggests a difference in bilayer

spacing of 4.2 nm which compares favourably with the difference in thickness of 3.8

nm observed from the AFM imaging. The similarity in the relative stiffness of the

middle and upper phases compared with the lower phase further suggests that the

top two regions are surfactant bilayers. The difference in relative stiffness of the two

bilayer phases suggests that there is a difference in the internal structure or ordering

of the different phases. However it is not certain why this would lead to a difference

in the tip sample adhesion on retraction.

AFM images of supported surfactant bilayers formed by incubating a 10 mol%

Perillyl alcohol/DIPEDMAMS vesicle dispersion at room temperature on mica are

shown in figure 5.8 alongside images of DIPEDMAMS bilayers formed at room

temperature and 60 ◦C for comparison.

Two clear regions differing in height by 1 - 1.5 nm are observed in the AFM

images of supported 10 mol% Perillyl alcohol/DIPEDMAMS bilayers. The topog-

raphy of the 10 mol% perillyl alcohol DIPEDMAMS bilayers is very similar to the

topography of the bilayers formed at 60 ◦C from the unmodified surfactant system

which also show two clear regions differing in height by 1 - 1.5 nm. In contrast the

systems without perillyl alcohol formed at room temperature show a height differ-
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Figure 5.8: Typical QI AFM topographical images, with associated typical maps of
surface adhesion and measured slope, for DIPEDMAMS bilayers on mica. Top row
show images of bilayers containing only DIPEDMAMS formed at room temperature,
the middle row show pure DIPEMAMS bilayers formed at 60 ◦C and the bottom row
shows bilayers contain 10 mol% perillyl alcohol formed at room temperature.

ence of 3 - 4 nm. The measured slope of the 10 mol% perillyl alcohol samples is

higher for the upper regions than the lower regions but the tip to sample adhesion

is lower for the upper regions than the higher regions. The DIPEDMAMS bilayers

formed at 65 ◦C with no added alkyl alcohol show the same pattern of higher mea-

sured slope and lower adhesion for the upper regions than the lower regions. For

DIPEDMAMS bilayers formed at room temperature however the measured slope is

higher for the lower regions with a larger difference between the the measured slope

for the different regions. The adhesion shows a higher adhesion for the lower region

than the upper region, similar to the 10 mol% perillyl samples, but with a greater

difference between the adhesion in these two regions than for the perillyl or 65 ◦C
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incubated samples.

As discussed earlier the DIPEDMAMS bilayers formed by incubation at 60 ◦C

form a continuous bilayer on all substrates investigated and show that the bilayers

adopt two different bilayer phases differing in thickness by 1 - 1.5 nm. Formed

at room temperature only patchy bilayers were formed. Bilayers formed at room

temperature with the addition of perillyl alcohol at 10 mol% show complete coverage.

The bilayer does however separate into two distinct phases differing in thickness by

1 - 1.5 nm, almost identical to the undoped bilayers formed at 65 ◦C. The adhesion

and measured slope plots also show a good agreement between the perillyl doped

samples and the 60 ◦C samples.

As observed from the DSC curves and further confirmed by the SAXS/WAXS

data the addition of perillyl alcohol at 10 mol% reduced the transition temperature

to below room temperate such that the system was observed to be completely in

the the lamellar fluid phase at 25 ◦C. As opposed to a mixed fluid and gel phases as

observed for other alkyl alcohols. It is suggested that successful complete supported

bilayer coverage can only be achieved when the surfactant system is in a fluid phase.

There is however some disagreement between the structure of the bilayers on the

mica and the structure observed in the bulk samples by SAXS/WAXS. The pure

DIPEDMAMS supported bilayers formed at 60 ◦C show two different bilayer phases

this is shown in the SAXS/WAXS of this system, at 25 ◦C, as discussed in Chap-

ter 4. The 10 mol% perillyl doped supported bilayers also shows two distinct phases

and appear, at least topographically, indistinguishable from the pure DIPEDMAMS

bilayers samples formed at 60 ◦C. However the SAXS/WAXS patterns of the perillyl

samples, at 25 ◦C, show only a single fluid lamellar phase. However this does com-

pare favourably with the SAXS/WAXS patterns of the pure DIPEDMAMS system

above the transition temperature. This suggests that whilst the addition of perillyl

alcohol is clearly aiding the formation of supported bilayers at room temperature it

does not appear to have an effect on the topography of the bilayers once they are

formed. One possibility is that the perillyl alcohol occupies the aqueous phase and

is removed on washing, as discussed above with the idea of solvotropes. However

this is unlikely due to the alcohol’s structure. Another possible cause lies in the na-

122



ture of supported surfactant bilayers in that they are supported by a solid substrate

which is absent in the bulk samples observed by x-ray scattering. It is possible that

the binding to the mica changes the packing and structure of the surfactant bilayers

perhaps having a similar effect as decreasing the temperature for the bulk system,

causing the bilayers containing 10 mol% perillyl alcohol to appear similar to the

pure DIPEDMAMS bilayers. [294]

In order to more carefully compare the bilayers the force spectroscopy between

the bilayers and the probe was investigated in more detail.

5.3.3 Alkyl Alcohol Modification: Force Spectroscopy

Force spectroscopy can be used to investigate the interactions between the AFM

probe and the sample. As part of this investigation it was used to probe the difference

in interaction between the different regions observed from the AFM imaging in more

detail than is possible from the QI data. The nanomechanical properties of the

supported bilayers can also be investigated with this technique. Whilst it was of

interest to investigate the effect of added alkyl alcohols on the nanomechanics of the

DIPEDMAMS bilayers, the main focus here was to compare pure DIPEDMAMS

bilayers formed at 60 ◦C and those formed at room temperature with the addition

of 10 mol% perillyl alcohol.

A comparison of typical force curves measured between the sharp AFM tips and

the DIPEDMAMS bilayers containing 10 mol% alkyl alcohol are shown in figure 5.9.

As these samples are believed to form patchy bilayers, force curves are shown for

both the upper region, the bilayers, and the lower regions, bare mica (see figure 5.7).

Zero separation is set relative to the mica substrate.

The force curves measured between the probe and the upper regions of the alkyl

alcohol doped bilayers all show a similar pattern. On approaching the surface no

interaction is observed until approximately 7 nm from the hard mica substrate for

all samples shown except hexadecanol. At this point a small attraction is noted

between the probe and the surface. As the probe continues to approach the surface
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Figure 5.9: Approach force distance curves measured between a sharp AFM probe
and DIPEDMAMS bilayers containing 10 mol% alkyl alcohol. The top plot shows
forces measured against the higher areas and the bottom figure those measured
against the lower areas.
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the force increases rapidly until the probe is observed to jump to the surface 2.5 and

3 nm of separation. The force then appears to increase indefinitely as hard contact

with the surface is achieved. For the bilayers containing 10 mol% hexadecanol the

initial interactions begin approximately 10 nm from the mica substrate and the jump

to the surface occurs around 5 nm.

The forces measured between the probe and the lower regions of the DIPID-

MAMS/alkyl alcohol samples, suggested to be bare mica, are significantly different

from those observed for the upper region. On approach no interaction is measured

until a separation of approximately 7 nm where the probe is observed to jump to

the surface. This indicates a significant attractive force between the probe and the

sample. No significant difference in the forces was observed for samples containing

different alkyl alcohols.

On withdrawal (not shown here) the probe remained on the surface before jump-

ing away as the applied force increased. There was no significant difference in the

withdrawal force except the amount of force required to pull the probe from the

surface.

For the upper region this is further confirmation that this is a bilayer. The

initial attraction is most probably due to van der Waal’s forces rather than being

coulombic in nature as it short ranged and rather weak. The initial increase in force

is caused by compression of the surfactant bilayer before the probe then punches

through the bilayer to the surface. From the compression of the bilayer it is possible

to draw conclusions on the nanomechanical properties of the bilayers. [295, 296] In

terms of compressibility there appears little change apart from hexadecanol. There

is however a change in the break through forces. The break through force for the

upper region, assumed to be a surfactant bilayer, for the pure DIPEDMAMS system

formed at room temperature was between 3 and 4 nN, shown in figure 5.10. The

break through force for the ethanol containing systems was also shown to be within

this range. The systems with pentanol show a lowered break though force of between

1 and 2 nN whilst 9-decenol, decanol and hexadecanol, all showed an increase in the

force required to breakthrough the bilayers to the mica substrate. Due to the large

element of probability and variation when looking at break through forces. [297] It
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is problematic to draw too much from these breakthough events without a large

statistical analysis, requiring a far greater number of force curves to be collected,

which is beyond the scope of this investigation. However it is notable that the

thickness of the bilayers, measured from the initial contact point to contact with

the substrate, does show an increase for the hexadecanol containing bilayers but

significant difference for the other bilayers. Supporting the observations form the

topographical imaging.

The lower region shows an attraction on approach which is quite possibly Coulom-

bic in nature as it is relatively long ranged. There is however a small compression

after attraction before the hard “wall” of the solid substrate is reached, but no evi-

dence of a break through event and the compression is far to small to be a bilayer.

The attraction, if this were bare mica, is confusing as it is not observed for actual

bare mica, the interaction should be minimal. Mica should be anioinic under these

condition as should the silicon nitride of the probe. It is suggested that the probe

picks up or is some how coated by monomers of the surfactant giving the probe a

slight positive charge. This is possibly unavoidable and happens on first contact

with the surface. (This doesn’t appear to have too much of an impact on the in-

terpretation of the results as it is obviously very reproducible one just needs to be

aware of this effect when interpreting force curves.)

Figure 5.10 shows typical sharp probe force spectroscopy approach curves for 10

mol% perillyl doped DIPEDMAMS bilayers, pure DIPEDMAMS bilayers formed at

65 ◦C, and pure DIPEDMAMS bilayers formed at room temperature. Force curves

for the lower and upper regions of each sample are shown. For ease of comparison

zero separation has been defined as compliance region of the force curves, see Chap-

ter 3, where the probe is in hard contact with the substrate. For the upper regions

of these samples the force curves are very similar until a separation of approximately

2.5 nm. No long range interactions are observed between the probe the samples on

approach. Around 5 nm a weak attraction is observed for all samples followed by a

rapid increase in the measured force between the probe and the surface which has

approached a gradient similar to the compliance region by approximately 3 nm. At

a separation of 2.5 nm or an applied force of approximately 3.5 nN the force curves

diverge.
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Figure 5.10: Approach force distance curves measured between a sharp AFM probe
and DIPEDMAMS bilayers. The top and bottom plots show the forces measured
against the higher areas and lower areas of the bilayers respectively.
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The force curves for the pure DIPEDMAMS samples formed at room temperature

show a jump to hard contact at an approximate separation of 2.5 nm and an applied

force of 3.5 nN. This jump to hard contact is not observed for the DIPEDMAMS

sample formed at 60 ◦C nor for the sample containing 10 mol% perillyl alcohol formed

at room temperature. At a separation of approximately 2.5 nm and an applied force

of 4 nN the gradient of the force curve decreases until hard contact is achieved and

the gradient tends to infinity. There is some variation in the applied force at which

compliance is reached with it ranging from 8 - 10 nN. No significant difference is

observed between the sample containing perillyl alcohol and the sample formed at

60 ◦C.

The force spectroscopy curves of the lower regions show a similarity in the in-

teractions with DIPEDMAMS samples containing 10 mol% perillyl alcohol formed

at room temperature and pure DIPEDMAMS samples formed at 60 ◦C. The inter-

action with the lower regions of the pure DIPEDMAMS bilayers formed at room

temperature are significantly different from the other two samples.

On approaching the lower regions of the samples there is no observed interaction

between the probe and the samples until a separation of 5 - 7 nm. At this separation

an attraction is observed. For the pure DIPEDMAMS samples formed at room

temperature this attraction results in a jump to hard contact. The perillyl alcohol

containing and the 60 ◦C incubated samples both show an increasing measured force

below a separation of 3 or 4 nm. The measured force increase with decreasing

separation but less steeply than observed for the upper regions of these samples.

Events leading to hard contact are observed to occur after an applied force of between

1 and 2 nN for both samples and a separation of around 2 nm. Some of these show a

jump to hard contact whilst others exhibit a decrease in the gradient until reaching

the compliance region, similar to events observed for the upper regions of these

samples.

As discussed above, the small attraction observed on approaching the upper re-

gions of these samples is most likely the result of attractive van der Waals forces; the

initial increase in the measured force is due to contact with and the the subsequent

compression of a surfactant bilayer. As the load applied to the bilayers increases
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the probe eventually pushes through the bilayers. This is a sudden event for all

room temperature formed bilayers with and without the addition of 10 mol% alkyl

alcohols except for those containing perillyl alcohol. The force curves for the upper

regions of the pure DIPEDMAMS bilayers formed at 60 ◦C and those containing 10

mol% perillyl alcohol formed at room temperature do not show the probe suddenly

breaking through the bilayers after a certain applied force. Two possible expla-

nations for the observed force curves are further compression of the bilayer with

increasing applied force or a more gradual process of the probe pushing into and

through the bilayer to the mica substrate below. Of these possible phenomenon the

latter is more probable is more likely as the bilayer thickness, measured from first

contact to the start of the compliance region, is not significantly different for all

three samples shown here suggesting that the tip has traversed the whole bilayer.

A potential explanation for difference in the break through behaviour is that the

partially covered surfaces the surfactant molecules can moved laterally whereas this

would cause them to be compressed in the completely covered bilayers.

The similarities between the force curves for the lower regions of the 10 mol%

perillyl alcohol samples and the pure DIPEDMAMS samples formed at 60 ◦C and

their contrast with the force curves for the lower regions of the pure DIPEDMAMS

samples formed at room temperature provide further support for the claim that lower

regions of the first two are covered by a supported surfactant bilayer whilst the later

is bare mica. It was suggested above that the observed attraction, at least for the

areas considered to be bare mica, could be the result of the probe picking up some

or possibly being coated by surfactant monomers giving the probe a slight positive

charge. However this would not account for the attraction observed for perillyl

alcohol or 60 ◦C formed samples. For the room temperature pure DEPEDMAMS

samples the increase in measured force after the initial attraction is believed to be

contact with the hard mica substrate as evidenced by hard contact. For the perillyl

alcohol containing and 60 ◦C incubated samples, the initial increase in measured

force after attraction is suggested to be contact with, and then the compression of,

a surfactant bilayer as the force applied increases. Whilst the indentation of these

bilayer regions appear comparable to each other. The indentation per applied force

is greater for the lower regions than the upper regions of these samples. Suggesting

that the lower bilayer regions are softer and therefore more compressible than the
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upper regions. The force required to push through or break through these bilayers

to the mica substrate below is also lower than required for the upper regions. The

observation of these break through or push through events further supports the

claim that a surfactant bilayer is present. The difference in the relative stiffness of

these two regions as observed from the force spectroscopy backs up the observations

from the imaging data.

The difference in thickness of the bilayers in the two regions for the 10 mol%

perillyl alcohol samples and the pure DIPEDMAMS samples formed at 60 ◦C as

observed from the AFM imaging is also reflected in the force curves by measuring the

distance between first contact with the bilayer and hard contact with the substrate.

The 10 mol% perillyl alcohol samples incubated at room temperature and the

pure DIPEDMAMS samples formed at 60 ◦C form topographically similar bilayers

consisting of distinct thicker and thinner regions. These samples, when investigated

by atomic force spectroscopy, also exhibited no significant differences. Therefore it

is concluded that the addition of 10 mol% perillyl alcohol not only enables com-

plete DIPEDMAMS bilayers to be formed at room temperature on mica but also

form bilayers that exhibit significantly similar force interactions and nanomechanical

properties as those formed from pure DIPEDMAMS by incubation at 65 ◦C.

5.3.4 Measurement of Bilayer-Bilayer interactions by Col-

loidal Probe Atomic Force Spectroscopy

With the ability to now form complete DEPEDMAMS bilayers at room temperature

on mica. The next step was to test if this would lead to the formation of surfactant

bilayers on the probe as well. Figure 5.11 shows a series of colloidal probe force

spectroscopy curves measured between the clean probe and a freshly cleaved bare

mica surface in D.I. water and those measured after incubating the system with a

vesicle dispersion containing 10 mol% perillyl alcohol at room temperature.

From figure 5.11 it is observed that there is variation in the forces measured

between the colloidal probe and the mica surface. This variation is observed be-
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Figure 5.11: Colloidal probe AFM force distance curves measured on approach
between a glass colloidal probe and a mica surface. Each plot shows the measured
force both before and after bilayer formation.
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tween different probes, different mica surfaces, and repeat experiments. However

within a single experimental run the forces measured across different regions of the

surface are consistent. As the colloidal probe approaches the surface no interaction

between the glass sphere and the mica surface until a separation of between 80 and

120 nm. Between these separations the probe is observed to bend towards or away

from the surface resulting in an increase or decrease in the measured force between

the surfaces, corresponding to a repulsive or attractive interaction respectively. For

the samples exhibiting a repulsive interaction the measured force appears to increase

exponentially as the separation decreases. Eventually the relationship between the

force measured and separation becomes linear, this is assumed to hard contact be-

tween the probe and surface and was set as zero separation. In the attractive regime

the force measured does initially appear to decrease exponentially as the separation

decreases but then appears to decrease linearly before increasing as the probe is

assumed to come into contact with the surface. The majority of the measured in-

teractions fit into the repulsive category with only a few examples exhibiting an

attractive interaction.

After incubation at room temperature with a 10 mol% perillyl alcohol DIPED-

MAMS vesicle dispersion the system was washed with DI water to remove any

deposited vesicles and the forces between the colloidal probe and the surface were

measured again. After vesicle deposition, and subsequent bilayer formation, the

measured interactions all show similar interactions. On approach no interaction is

observed until a separation of 200 to 250 nm where the measured force begins to

increase, however there is some variation between samples. For all measurements, as

the separation decreases the force measured increases exponentially. At small sepa-

ration < 10 nm some samples show a sudden decrease in the measured force before

hard contact is achieved. The majority of samples however do not exhibit this short

range attraction and the forces remain repulsive up to hard contact. There is some

variation between samples, similar to that observed for the interactions between the

bare probe and substrate, but the measurements are generally in good agreement

especially between those using the same probe. No obvious difference was observed

between different mica samples. This is not surprising considering that the mica is

cleaved each time before use and the uniformity of the bare mica surfaces. Forces

measured in several different regions across each surface were extremely consistent.
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The interactions between the sphere and bare mica the interactions are suggested

to be due to electric double layer forces, for the repulsive interactions at least. Due

to the surface structure and charge suggest for the glass and the mica at neutral pH.

-OH dissociation for glass resulting in a net negative charge and ion disassociation of

the mica resulting in a net negative charge. The attractive interactions are surprising

and as mentioned above they are comparatively rare compared to the repulsive

interactions. It is suggested that this is simply due to some form of contamination.

Probably from the imaging buffer or attached to the colloidal probe as it is the most

difficult to clean not likely mica as it can be freshly cleaved each time before use.

Variation between the strength of the repulsion can come from various sources.

Variation in the size and roughness of the colloidal glass sphere which are outside of

our control, although size does have upper and lower limits. The spring constant of

the cantilever will vary and unlike the sharp tip probes for imaging this is difficult

to measure for the colloidal sphere due to the added weight of the glass sphere.

However this doesn’t vary too much for the type of probe used here and can be

assumed to be within 10% of the nominal force constant. The positioning of the

sphere on the cantilever will also effect the measured force, but is difficult to control

so must just be factored in to the experimental results. The surface is not considered

to have a significant effect on the variability of the measurement as they are fairly

uniform and freshly cleaved as mentioned before.

The repulsive interaction between the probe and surface after vesicle deposi-

tion is due to electrical double layer forces. This is suggested by the exponential

increase in measured force as the separation decreases. As demonstrated earlier

vesicle deposition at room temperature with a pure DIPEDMAMS vesicle disper-

sion resulted in attractive interactions which were suggested to be caused by patchy

bilayer formation on the mica substrate and no bilayer formation on the colloidal

probe. Confident that vesicle deposition with a 10 mol% perillyl alcohol DIPED-

MAMS vesicle dispersion forms complete bilayers on mica at room temperature, it

is suggested that a bilayer is also formed on the glass colloidal probe. Therefore

the long range repulsion observed for these system is caused by the electrostatic

repulsion between the two supported cationic bilayers.
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As mentioned above a minority, of experimental runs do show a strong short

range attraction around a separation of < 20 nm. A short range attraction in this

type of system would most likely be attributed to Van der Waal’s interactions, as

discussed in section 2.3.1. This combination of electrostatic repulsion and van der

Waal’s attraction has been widely studied and measured and is known as the DLVO

theory, for more information please see section 2.3.3. If this short range attraction

was the result of the van der Waal’s forces, this attraction would be expected to be

observed for all properly formed bilayers. It is suggested that this attraction could

be the result of the incomplete or improper formation of the surfactant bilayers. An-

other possible theory is that if some adhered vesicles or bilayer fragments are present

during force measurements then these contaminants may induce a depletion inter-

action as they are forced out from between the bilayers as the separation decreases.

The depletion interaction is explored in Chapter 7 and discussed in section 2.3.7.

As with the force measurements between the colloidal probe and the mica sub-

strate before the deposition of the surfactant bilayers, there is some variation in the

strength of the forces measured between the cationic surfactant bilayers. Variations

in the experimental set up between probes and between runs as discussed above in

relation to the variability in the forces measured between a clean probe and bare

mica are equally sources of error for the measurement of forces between the sup-

ported bilayers. There are additional factors that need to be considered with the

addition of the supported bilayers.

As the surfactant bilayers are formed in situ with the colloidal probe already in

place it is not possible to confirm the presence or condition of the supported bilayers

by imaging. As removing the probe will damage the bilayer. Therefore it can only

be assumed for each experimental run that the bilayers have been formed. This adds

an additional source of variability to the force measurements as there is no direct

conformation that the bilayers have been formed and whether or not they have been

formed with good surface coverage. Unruptured vesicles adhered to the surface, or

free vesicles left within the system due to insufficient washing, may further add to

the variability of the force measurements.

Although there was variation in the strength of the measured interaction between
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the supported cationic bilayers between experimental runs, there was little variation

within each run as the interactions were measured across different regions and areas

of the sample. This is noteworthy, as two different regions are observed in the

imaging. suggesting that either the interaction between the these different areas are

not sufficient to lead to significant differences in the measured interactions or that

there is no difference in the interaction or the are the forces are acting over a large

area so averages out these different regions.

Whilst mica was demonstrated to be the most practical substrate for use in

AFM imaging experiments of supported surfactant bilayers the difference in surface

structure, charge, and more complex surface chemistry compared with the glass

probe could not be ignored. Figure 5.12 shows the interactions between clean glass

substrate and probe in DI water and the interactions measured after incubating the

system, at room temperature, with a DIPEDMAMS vesicle dispersion containing

10 mol% perillyl alcohol.

The interactions between a glass colloidal probe and a glass surface in D.I. water

are generally repulsive however a few samples do show an attractive interaction, see

figure 5.12. As with the mica there is some variation in the strength and range of

the forces measured. Across the surface these force appear to be consistent but the

variation is observed between runs and probes.

After incubation with the vesicle dispersion and washing with D.I. water the

forces were measured again, to determine the interactions between supported DIPED-

MAMS bilayers on glass. The interactions were generally repulsive and compare well

with the interactions measured using mica as the substrate. However there does ap-

pear to be a greater variation in the observed forces between experimental runs

compared with mica. There is also more variation across the surface when using

glass as the substrate when compared to mica.

As discussed above for mica the main source of uncertainty and variation within

the system lies with the probe. This was discussed in terms of manufacturing toler-

ances, the surface roughness and size of the colloidal sphere, and contamination of

the system. The substrate was believed to have a minimal impact on the variation
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Figure 5.12: Colloidal probe AFM force distance curves measured on approach
between a glass colloidal probe and a glass surface. Each plot shows the measured
force both before and after bilayer formation.
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due to its uniformity and method of cleaning. The glass substrate however intro-

duces a greater surface roughness to the system, which has been shown to have an

impact on the measured forces.

Another consideration when using glass instead of mica is the cleaning and prepa-

ration of the substrate. Whilst mica is relatively facile to prepare via cleavage, glass

requires cleaning. This is was performed here by UV-ozone plasma. This has been

used in other studies but some still suggest the use of Piranha solution. Whilst

UV-Ozone plasma cleaning appeared to be sufficient, this may account for some of

the additional variation observed for the glass system.

The difficulty in reliably cleaning the glass substrate compared with the mica

means that contamination with this system was much more common. This is be-

lieved to be the cause of some of the complex interactions observed for the glass

based bilayer bilayer interactions.

Whilst the use of a glass substrate had the potential to simplify the surface

chemistry considerations, and reduce the impact of any asymmetrical affects, when

analysing the interactions between supported surfactant bilayers. The difficulties in

reproducibility suggested to be a result of the combination of the cleaning method’s

affect on the surface charge and the difficulty of ensuring that the substrate was

completely free of contamination lead to the decision to use mica as the substrate

for colloidal probe force microscopy and directly measuring the interactions between

supported cationic surfactant bilayers.

5.4 Conclusions

Supported surfactant bilayers needed to be formed in the presence of both the col-

loidal probe and flat substrate in order to begin to measure the interactions between

the surfactant bilayers. To form complete surfactant bilayers the system needed to

be above the fluid to gel transition temperature for the surfactant vesicle system.

The facility to heat samples on the AFM stage was not initially available therefore

137



a method to form complete surfactant bilayers at room temperature was required.

Various alkyl alcohols were investigated for their ability to affect the packing

density and therefore the transition temperature. At a fixed molar ration of 10

mol%, pentanol and ethanol was not observed to have a significant impact on the

bulk lamellar phase nor the structure of the supported bilayers compared with those

of pure DIPEDMAMS. Decanol, 9-decenol, and perillyl alcohol were all shown to

decrease the transition temperature with perillyl lowering the transition temperature

below room temperature. As a result the bulk systems containing decanol and 9-

decenol were found to form a co-existing lamellar gel and lamellar fluid system. The

perillyl alcohol containing sample was observed to be entirely lamellar fluid at room

temperature.

Only samples containing perillyl alcohol at 10 mol% formed complete surfac-

tant bilayers at room temperature from a vesicle dispersion. Vesicle dispersions

containing the other alkyl alcohols that were investigated or of pure DIPEDMAMS

only formed patchy bilayers at room temperature where large areas of the the mica

substrate were not covered by a surfactant bilayer.

The supported surfactant bilayers formed at room temperature with the addition

of perillyl alcohol were topologically indistinguishable from those formed at 65 ◦C

from a pure DIPEDMAMS vesicle dispersion. They were both shown to achieve

complete coverage of the mica substrate and the supported bilayers separated into

two distinct regions differing in bilayer thickness by 1 - 1.5 nm.

The nanomechanical properties of these bilayers, investigated by force spec-

troscopy, were significantly different for the thicker and thinner bilayer regions, fur-

ther supporting that these areas have different structural conformation. Comparing

the thicker phases to thicker phase and thinner phase to thinner phase there is a

significant similarity between room temperature formed perillyl alcohol containing

samples and the pure DIPEDMAMS bilayers formed at 65 ◦C.

The force spectroscopy of the room temperature formed bilayers containing the

other alkyl alcohols or pure DIPEDMAMS provided further evidence that they only
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formed bilayers with partial coverage. The areas covered by a surfactant bilayer

exhibited different nanomechanical behaviour from the room temperature formed

perillyl alcohol containing samples and the pure DIPEDMAMS bilayers formed at

65 ◦C

Finally, by using a DIPEDMAMS vesicle dispersion containing 10 mol% perillyl

alcohol surfactant bilayers were able to be formed on both the substrate and the

colloidal probe in situ at room temperature. The interaction between the supported

cationic surfactant bilayers was then measured as the probe was brought towards

the surface. The interactions between the bilayers were observed to be repulsive

and the repulsion was suggested to be the result of coulombic interactions. Whilst

there was some variation in the strength and range of the interactions there were

generally reproducible within error.

Glass was briefly investigated as an alternative flat substrate to mica as this could

simplify the surface chemistry and reduce the asymmetry of the system. However

increased variation in the measured forces and the unreliability of cleaning methods

for the glass substrate lead to the conclusion that mica was the substrate of choice

for measuring the interactions between supported cationic surfactant bilayers going

forward.
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Chapter 6

Impact of Halide Salts on the

Structure of, and Interactions

between, Supported Cationic

Surfactant Bilayers

6.1 Introduction

Surfactant vesicle dispersions have many industrial applications and are widely used

in several sectors, including healthcare, cosmetics, homecare, food and other com-

mercial products. The majority of these products are complex colloidal dispersions

composed of multiple components, and additives to fine tune the physical and the

commercial properties of the dispersion. The formulation of these products requires

precise control of the colloidal properties and an understanding of the stability of

the colloidal system. The addition of perfumes, salts, polymers, dyes and polyelec-

trolytes to these systems in commercial products makes the stability of these systems

difficult to predict and to control. With the increasing awareness of the impact of

plastic waste on our environment, and recent initiatives to reduce its use, there have

been movements within industry towards the use of more highly concentrated vesi-
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cle dispersions. This makes the understanding and prediction of the stability and

phase behaviour of these systems evermore important. To be able to predict the

stability of these systems the interactions between the surfactant vesicles must be

understood.

Vesicle dispersion can be considered as colloidal dispersions. As discussed in

section 2.2, the stability of colloidal dispersions is determined by the interactions

between the colloidal particles, in the case of vesicle dispersions the interactions

between the vesicles. If the interactions between the vesicles are not sufficiently

repulsive this can lead to the flocculation, if reversible, or coagulation, if not, of

the vesicles. This can lead to the phase separation of the vesicle dispersion if the

aggregated vesicles begin to sediment or cream out of the aqueous phase. [76] Vesi-

cles system also offer additional routes to instability such as vesicle fusion, or the

transformation of the vesicles into lamellar sheets, not possible with hard sphere

vesicle systems. [298]

Considering an uncharged hard sphere colloidal dispersion, two colloidal spheres

in solution will not interact with each other at long range but the short range inter-

actions will be dominated by the born repulsion and the attractive van der Waals

forces. [92] To counteract this, and to aid in stabilising the colloidal dispersion,

charged colloidal particles can be used. For surfactant vesicle systems ionic surfac-

tants are employed. At the surface of the resulting charged vesicles an electrical

double layer at the surfactant water interface forms. As two charged vesicles ap-

proach one another in the dispersion their electrical double layers overlap creating

a repulsive interaction, as described in detail in section 2.3.2. EDL interactions

are generally longer range than the van der Waals interactions and dominate the

interactions at large separations. The DLVO theory combines the EDL forces and

van der Waals forces to describe and understand the stability of simple colloidal

systems, as discussed in section 2.3.3. [113,114]

The DLVO theory is generally good enough to describe the interactions between

particles within a simple colloidal system and to predict the stability of the disper-

sion. [299] However for more complex multicomponent systems additional interac-

tions have been observed which can not be accounted for by the DLVO theory alone.
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These non-DLVO interactions include such interactions as depletion attraction, de-

pletion stabilisation, polymer bridging, hydration effects, and steric interactions, as

well as any ion specific effects. [126, 222, 300, 301] As the DLVO theory mostly con-

siders the colloidal particles to be hard spheres additional interactions or behaviour

not predicted by the DLVO theory may impact the stability of vesicle dispersions.

With vesicle system we must consider how additives not only effect the interaction

between the vesicles but how they may effect the structure of the vesicles themselves.

Additives acting on the bilayer or interacting with he surfactant monomers them-

selves may play a role not depicted by the DLVO theory. There has also been a push

towards more highly concentrated vesicle dispersions were the vesicle’s elasticity and

deformation may also play a role in the intervesicle forces. [302,303]

In this chapter the interactions between two supported bilayers of the cationic

surfactant DIPEDMAMS were directly measured using colloidal probe atomic force

microscopy, as shown in figure 4.1. The impact of increasing NaCl concentrations

on the interactions and how different sodium halide salts affect the bilayer bilayer

interactions were investigated. Atomic force microscopy was used to investigate

the impact of the halide ions ions and their concentration in the topography and

nanomechanical properties of the supported surfactant bilayers to try and differen-

tiate between the impact of the salts on the interactions between the bilayer and

changes in the interactions caused by the impact of the salts on the bilayers them-

selves. SAXS and WAXS were used to compare the impact of the salts on supported

bilayers and on the bulk lamellar phase as supported bilayers may impact on the

behaviour of the bilayers. Finally the behaviour of bulk vesicle dispersion in the

presence of the halide salts investigated was studied by particle sizing and zeta po-

tential. Enabling the comparison of the measured interactions and the behaviour of

the vesicle dispersion.

The interaction between the supported bilayers was observed to decrease with in-

creasing salt concentration as the electrolyte screened the vesicles’ electrical charges

from each other. This screening effect was observed to increase for halide salts fur-

ther down the periodic table with lower atomic number halides being less effective

at reducing the repulsion between bilayers. As the standard DLVO model does not

account for ion specific effect other models of the electrical double layer are discussed
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in an attempt to explain this observation. This effect of larger halide ions having a

greater impact on the behaviour of the system compared with smaller halide ions at

the same concentration was also reflect in the AFM imaging, x-ray scattering, and

the stability of the bulk vesicle dispersions. A large portion of the work presented

in this chapter has been adapted from a paper published by the author. [304]

6.2 Experimental

The cationic surfactant, di(alkyl iso-propyl ester) dimethyl ammonium methylsul-

fate (DIPEDMAMS) was provided by Procter and Gamble. Synthesised using an

industrial fatty acid mixture of C18, C16 and C18:1 chains, therefore the aliphatic

tails are a statistical mixture of the three fatty acids see Chapter 4. NaCl, NaBr,

NaI and CaCl2 were obtained from Sigma-Aldrich. All solutions were prepared with

deionised water, < 18 mS, filtered through an activated carbon filter to remove

organic impurities.

6.2.1 Preparation of supported lipid bilayers

Supported surfactant bilayers were formed by the vesicle deposition technique from

a vesicle dispersion containing 10 mol% perillyl alcohol as described in Chapter 3.

Bilayers were formed on both mica and the glass colloidal probe in situ at room

temperature as described in Chapters 3 and 5.

6.2.2 Atomic Force Microscopy

All measurements were made using a JPK Nano wizard 4 AFM and analysed using

the JPK data processing software as detailed in Chapter 3
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Figure 6.1: Schematic of the colloidal probe experimental set up used for the direct
measurement of interactions between two cationic surfactant bilayers.

Colloid Probe Atomic Force Spectroscopy

Colloidal probe force spectroscopy was used to measure force distance curves between

a colloidal sphere, attached to an AFM probe, and a flat substrate, as shown in

figure 6.1. By forming a supported cationic surfactant bilayer on both surfaces the

interactions between the bilayers could be investigated. The aqueous environment

was changed by flushing the system with the electrolyte solution of interest. Force

curves were collected in multiple positions across the surface for each electrolyte

solution. For more details please see Chapter 3

AFM Imaging

All imaging was performed in quantitative imaging (QI) mode. The aqueous envi-

ronment was changed by flushing the system with the electrolyte solution of interest.
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Multiple images of different areas of each supported bilayer in the electrolyte solu-

tions were collected. All imaging was performed at 23± 2 ◦C. Further details on QI

mode and on the imaging protocols can be found in Chapter 3

6.2.3 Small Angle X-ray Scattering (SAXS)

Sample Preparation

DIPEDMAMS/water systems were fabricated according to the protocols discussed

in Chapter 3. Samples were hydrated at 20 wt% by mass.

Beamline set up

SAXS was performed at the Diamond Light Source (Oxfordshire) on beamline I22,

as detailed in Chapter 3 Samples were measured in glass capillaries at 25 ◦C.

6.2.4 Dynamic Light Scattering and Zeta Potential

Sample Preparation

DIPEDMAMS vesicle dispersions with the electrolyte concentration and composi-

tion of interest were fabricated according to the protocols described in Chapter 3.

Particle sizing and zeta potential measurements

Particle sizing and zeta measurements were performed using a A Brookhaven zeta-

PALS as detailed in Chapter 3. All measurements were performed at 25 ◦C.
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6.3 Results and Discussion

6.3.1 Interaction between supported cationic surfactant bi-

layers with increasing NaCl concentration

Supported cationic surfactant bilayers were formed on freshly cleaved mica and the

borosilicate glass sphere of a colloidal AFM probe at room temperature. Perillyl

alcohol was added at 10 mol% to the DEPEDMAMS vesicle dispersion in order to

form good surfactant bilayers at room temperature, as discussed in Chapter 5. The

interactions between the bilayers could then be measured as the colloidal probe was

moved towards the mica supported bilayer at a constant piezo extension velocity

of 1 µm s−1. On contact the peizo continued to move towards the surface until an

applied force of 20 nN had been reached. The probe was then withdrawn at the

same rate of 1 µm s−1. The interaction between the bilayers on approach and with-

drawal will result in the deflection of the cantilever which can be used to determine

the interaction forces between the bilayer on the probe and substrate at a given

separation.

The interactions were measured at multiple locations to ensure reproducibility

and to look for any variation across the supported bilayer. The electrolyte con-

centration was then increased, and the system allowed to equilibrate, before the

interactions were measured again. As discussed in section 5.3.4 there is some vari-

ation in the forces measured between supported DIPEDMAMS bilayers between

experimental set ups. This method of changing the electrolyte concentration enable

the effect of the concentration to be investigated within the same experimental set

up.

Figure 6.2 shows the forces measured between two supported cationic surfac-

tant bilayers, on approach, as the NaCl concentration is increased from 0.01 mM to

100 mM. At all concentrations the interactions between the bilayers were repulsive,

indicated by the deflection of the cantilever away from the surface on approach.

The repulsive interaction appears to increase exponentially with decreasing probe

substrate separation. As the separation decreases the probe eventually comes into
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Figure 6.2: Forces measured between DIPEDMAMS on approach in solutions of
increasing NaCl concentration.

hard contact with the surface, typically between 15 nN to 25 nN. The separation at

which the onset of the repulsive interaction was observed decreased with increasing

salt concentration and the applied force at which the cantilever deflection became

compliant with the piezo extension also decreased. On withdrawing the bilayers, the

observed interactions were, within error identical, to the forces on approach. The

force curves shown for each salt concentration are typical of those observed across

the surface at that concentration.

To further interpret and understand the bilayer bilayer interactions and the im-

pact of salt on the forces, the data were compared to the DLVO theory. The DLVO

theory combines the attractive van der Waals forces with the repulsive interactions

arising form the electrical double layer. This is discussed in detail in section 2.3.2.

As the system studied here involves a colloidal sphere and a flat substrate the DLVO

theory will be discussed for a sphere-plate geometry.

The van der Waals interactions for the sphere-plate geometry can be described
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as:

Wvdw = −AR
6D2

(6.1)

Where A is the Hamaker constant, R is the radius of the sphere, and D is the

surface to surface distance. [35] The literature value of 1.3×10−21J for the Hamaker

constant was taken. [178]

The electrical double layer interactions for the sphere-plate geometry at constant

surface potential can be described as:

Wedl =
128πnkBTγ

2

κ
R exp−κD (6.2)

Where n is the bulk electrolyte ion concentration in m−3, kB is the Boltzmann

constant, γ = tanh(zeψ/4kBT ), where e is the elementary charge, z is the valence,

and ψ is the surface potential. κ is the Debye-Huckle coefficient given by equa-

tion 6.3. [305]

κ =

√
2e2NAI

ε0εrkBT
(6.3)

Where kB is the Boltzman constant, NA is Avogadro’s number, and I is the

electrolyte concentration in mole/m3. The total interaction WDLV O is then the sum

of the van der Waals and electrical double layer (EDL) interactions, as shown in

equation 6.4. [35, 305]

WDLV O = Wvdw +Wedl (6.4)

The DLVO theory was compared to the experimental data using the Debye

length (κ−1) and the surface potential (ψ) as fitting parameters for the electrical
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interactions. The van der Waals interactions were assumed to be constant and the

Hamaker constant was set to the literature value for this system.

The DLVO model suggested that the interactions between the two bilayers should

be repulsive at long range before becoming attractive at a separations between

2 nm to 4 nm. This is in contrast with the experimental data which shows the

interactions between the bilayers to be increasingly repulsive up until the surfaces

come into contact. Previous surface force apparatus (SFA) experiments by Anderson

et al [182] and others for surfactant and lipid bilayers, formed using a Langmuir-

Blodgett trough, but is in agreement with Horn et al, [179] where the bilayers were

formed by the vesicle deposition technique.

As the salt concentration for the model is increased, the range and strength of the

repulsive interactions decreases. Whilst this pattern is similar to the experimental

data, at concentrations above 10 mM the model suggest that the repulsive interac-

tions should be shorter ranged and weaker than those observed in the experimental

data.

A comparison of the experimental data, the DLVO model, and the model elec-

trical double layer forces are shown in figure 6.3. That data has been plotted on a

semi-log scale in order to emphasise the exponential nature of the repulsive interac-

tions. As mentioned the short range attraction, due to the attractive van der Waals

interactions, predicted by the DLVO theory, is not observed in the experimental.

This is most likely due to the repulsive effect of short range hydration forces or

due to steric repulsion caused by the surfactant’s large head group. Therefore, in

the discussion of the measured bilayer-bilayer interaction the focus will be on the

electrical double layer forces component of the DLVO theory.

The experimental data and the theoretical EDL interaction generally compare

well. There is a very good agreement between the experimental data and the the-

oretical for the initial repulsive interactions. As the separation is further decreased

the two begin to diverge. The experimental data show a greater repulsion at shorter

separations than predicted by the EDL model. The separation at which the experi-

mental data begins to diverge from the theoretical model is dependent on the NaCl
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Figure 6.3: Forces measured between DIPEDMAMS on approach in solutions of
increasing NaCl concentration, on a semi-log scale. Solid red lines show the theo-
retical DLVO fitting for each electrolyte environment and the solid black lines show
the theoretical EDL forces. See table 6.1 for fitting parameters.

concentration. The data diverge at a separation of around 60 nm for 0.01 mM, 10 nm

for 1 mM and less than 2 nm for 10 mM NaCl.

Looking at the combined DLVO theory with regards to the experimental data. At

lower salt concentrations, ≤ 10 mM, the theoretical DLVO forces fit the data rather

well at long range. In this region the model is dominated by contributions from the

EDL interactions. At short range the combined model predicts an attraction not

observed in the experimental data as discussed earlier. At NaCl concentrations ≥
10 mM the combined DLVO is poor due to the influence of the attractive forces in the

model which predicts that the force between the bilayers should be less repulsive

than shown in the experimental data. However the experimental data at these

concentrations fit well with the theoretical EDL interactions.

At low NaCl concentrations it is suggested that the attraction due to van der
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Table 6.1: Fitting parameters used in DLVO and EDL fits to the CP-AFM data in
figure 6.3

Debye length/κ−1 Fitted Surface Potential
[NaCl]/mM Theoretical/nm Fitted/nm ψ/mV Normalised ψ

0.01 97 54.5±1 60±2 1
0.1 30 30.5±1 48±2 0.80
1 10 12.5±0.5 29.5±1 0.49
10 3 3±0.5 11±1 0.18
100 1 2.2±0.5 5.5±0.5 0.09

Waals forces, as predicted by the DLVO theory, is not observable due to its short

range and weak nature compared to the EDL forces at these concentrations. Due to

the relatively large head groups of the surfactant, steric effects are also likely to be

a factor. The increased repulsion observed at short range in the experimental data,

which was not predicted by the model EDL interactions may also contribute to the

absence of measured short range attraction. This increased repulsion, compared with

the theoretical model, may be due to a combination of hydration and steric forces

or be due to charge regulation between the two bilayers. These are not accounted

for by the DLVO theory.

The model interactions due to the electrical double layer are shown in equa-

tion 6.3. This model uses several approximation and assumption that need to be

considered when comparing the experimental to the theoretical data. It assumes

symmetry within the system with the surface potential ψ of both surfaces taken to

be identical. This equation is the low potential solution to the Poisson-Boltzmann

equation and assumes that the surface potential remains constant as a function

of separation. Ducker et al, used a numerical solution to the Poisson-Boltzmann

equation, with a constant surface charge regime. Using a constant surface charge

assumption as opposed to a constant surface potential the theoretical showed a sharp

increase in the repulsion at small separation. [200]

A comparison of the DLVO theory parameters and experimentally derived values

are shown in table 6.1. The experimental and the theoretical Debye lengths decrease

with increasing NaCl concentration. Apart from at 0.01 mM NaCl the experimental

values compare well with the theoretical values. The experimental values for the

Debye length at 0.01 mM is significantly lower, only 55%, of the theoretical value.
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The Debye length can be considered as a measure of the range of the EDL interac-

tions. As the electrolyte concentration is increased the number of charged species

between the bilayers increases. These additional charged species act to screen the

electrical interaction between the charged bilayers, which is predicted by the theo-

retical model and observed from the experimental data. The discrepancy between

the theoretical and experimental data at low NaCl concentrations is suggested to be

due to impurities in the deionised water which would have a greater effect on the

Debye length in samples containing low NaCl concentrations.

The measured values for the surface potential are observed to decrease with

increasing NaCl concentration. As discussed in Chapter 5 there is some variation in

the strength of the observed repulsion between experiments. This translates into a

variation in the experimentally derived values for the surface potential, these were

generally within the range of ∼ 55 - 70 mV at 0.01mM NaCl. Due to this variation

in terms of the initially measured surface potential the decrease in surface potential

is best viewed in relation to the measured value at 0.01 mM. The normalised surface

potential is included in the table for ease of comparison between experimental runs.

The measured surface potential values are lower than those measured for similar

surfactant systems using the surface force apparatus but generally in good agreement

with the initial zeta potential measurements of 60 - 70 mV for the vesicle system

at 0.01mM NaCl. Decreasing surface potential with increasing salt concentration

has been observed for other surfactant systems and hard sphere colloidal systems

such as silica. [181, 306] In hard sphere systems the increasing salt concentration

is considered to increase the surface charge density but decreases the surface and

zeta potentials. With surfactant and other soft matter systems the impact of salt

concentration on the local packing and organisation within the bilayer must also be

considered. [307]

6.3.2 Role of Counterion in Bilayer-Bilayer Interactions

The interactions between two supported DIPEDMAMS bilayers on approach were

measured in solutions of NaI, NaBr, and CaCl2. For each of the salts the interactions

were measured as the halide concentration was increased from 0.01 mM to 100 mM.
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Figure 6.4: Forces measured between DIPEDMAMS bilayers on approach in elec-
trolyte solutions with increasing concentration.. Halide concentrations and salt iden-
tity are shown in the figure.
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Figure 6.5: Forces measured between DIPEDMAMS bilayers on approach in elec-
trolyte solutions with increasing concentration. Halide concentrations and salt iden-
tity are shown in the figure.

At least 64 force profiles were collected at each salt concentration and each exper-

iment was repeated with different probes. NaBr and NaI were used to investigate

the impact of different counterions on the surfactant system with CaCl2 probing the

impact of the co-ion and polyvalent cations. Figure 6.4 and 6.5 show the measured

interactions between the supported surfactant bilayers in increasing concentrations

of NaI and NaBr, and CaCl2 respectively. The force curves shown here are typical

of those collected at each salt concentration.

At 0.01 mM halide concentration, for all salts, the measured forces were solely

repulsive. At separations above 300 nm no interactions were observed but as the

separation was decreased and the two bilayers brought into contact a repulsive in-

teraction was measured between 300 and 250 nm. As the separation was further

decreased the repulsive force measured between the surfaces increased exponentially.

At very small separation the repulsion became indistinguishable from the compli-

ance region of a force curve and hard contact between the two bilayers was assumed.
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No significant difference between the forces measured in deionised water and in a

0.01 mM salt solutions were observed, forces in deionised water omitted for clarity.

As the salt concentration is increased from 0.01 mM to 1 mM the interactions

remain repulsive however the range and strength of the repulsive interaction appears

to decrease. Whilst this trend of decreasing repulsion is observed for all salts inves-

tigated the extent to which the interactions decrease appears to be dependent on

the halide counter ion. The NaI containing system shows a larger decrease in the

repulsive interactions than the NaBr systems, which in turn show a larger effect on

the interaction than NaCl. The CaCl2 system appears to have a similar impact on

the measured repulsive interactions as the NaCl systems discussed earlier.

Increasing the halide concentration further to 10 mM results in a further decrease

to the range and strength of the repulsive interactions. For NaBr and NaI the

measured interactions are so small that they are difficult to differentiate from the

background thermal noise. Whereas the interactions for the CaCl2 and NaCl systems

are still resolvable. As the measured forces for NaBr and NaI are so low at 10 mM

it is difficult to resolve, on this scale, any further changes to the interactions on

increasing the salt concentration to 100 mM. In CaCl2 an increase in the halide

concentration to 100 mM does result in a further decrease in the range and strength

of the repulsive interactions. However this change appears small compared with the

decrease observed over lower salt concentrations.

Figures 6.6 and 6.7 show theoretical model interactions for the interactions be-

tween two charged surfaces on approach alongside the measured interactions between

the cationic surfactant bilayers in increasing concentrations of NaI, NaBr, and CaCl2

on semi-log scales. Comparing the DLVO and EDL fits the attractive van der Waals

component of the DLVO model appears to be absent. This may be explained by

the presence of short range repulsive interactions not accounted for by the DLVO

theory, as discussed earlier. For clarity only the EDL interactions have been shown.

From the semi-log plots it is clear that the the majority of the the repulsive

interaction is exponential in nature. However at small separation the forces do de-

viate from a purely exponential relationship with the rate of increase in repulsion
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Figure 6.6: Forces measured between DIPEDMAMS bilayers on approach in elec-
trolyte solutions with increasing concentration, on a semi-log scale. Solid black
lines show the theoretical model EDL interactions interactions for each environ-
ment. Halide concentrations and salt identity are shown in the figure. See table 6.2
for fitting parameters.
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Figure 6.7: Forces measured between DIPEDMAMS bilayers on approach in elec-
trolyte solutions with increasing concentration, on a semi-log scale. Solid black
lines show the theoretical model EDL interactions interactions for each environ-
ment. Halide concentrations and salt identity are shown in the figure. See table 6.2
for fitting parameters.

increasing with shortening separation. The model EDL forces fit the experimental

data well with some divergence between the model and the data at short separations

at the lower salt concentrations. From the plots it is observed that the theoretical

model EDL forces generally fit the experimental data well for all halide salts inves-

tigated. There are however some divergences at very low salt concentrations and

at the higher salt concentrations. At 0.01 and 0.1 mM halide concentrations the

model fits the initial interaction well but diverges from the experimental data as the

separation decreases. At smaller separation the experimental data are more repul-

sive than the model predicts, this is more pronounced at at lower salt concentrations

than higher. The fitting at high halide concentrations, ≤ 10 mM, is problematic due

to the short range and weak nature of the forces at these concentrations especially

in the NaBr and NaI environments.

On a semi-log scale the model forces show a linear relationship between sepa-
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Table 6.2: Fitting parameters used in DLVO and EDL fits to the CP-AFM data in
figure 6.6 and 6.7

Debye length/κ−1 Fitted Surface Potential
[NaBr]/mM Theoretical/nm Fitted/nm ψ/mV Normalised ψ

0.01 97 58±2 73±10 1
0.1 30 28±1 51±4 0.69
1 10 9.4±0.6 21.5±1 0.29
10 3 2.5±1 5.6±0.5 0.07
100 1 2±1.5 3.8±2 0.05

[NaI]/mM
0.01 97 54±1 63±3 1
0.1 30 28±1 41±1 0.66
1 10 10±0.5 14±1 0.22
10 3 3±2.5 3±2 0.06
100 1 1±0.5 2.5±2 0.04

[CaCl2]/mM
0.005 79 47±2 66±5 1
0.05 25 26±2 52±2 0.78
0.5 8 14±4 25±4 0.38
5 2.5 4.5±0.5 7.5±1 0.17
50 0.8 2±0.5 3±0.5 0.05

ration and the force between the bilayers. The absolute value of the gradient is

inversely proportional to the Debye length whilst the intercept is directly related

to the surface potential. From the plots it can be observed that the absolute gra-

dient increases and the intercept of the model plots decrease with increasing salt

concentration. The increase in gradient with the increasing salt concentration does

not appear to be dependent on the identity of the salt but the decrease in intercept

does appear to be dependent. The increasing CaCl2 appears to have the least effect

on the intercept whilst NaI is observed to have the largest effect on the decreasing

intercept.

Table 6.2 shows the results of the DLVO fitting operation for all concentrations

of NaBr, NaI and CaCl2, giving theoretical and experimental values for the Debye

length and experimental values for the surface potential. As there is some variation

in the initial experimental surface potentials a column normalising these values at

0.01 mM has been included for ease of comparison.

The experimental Debye lengths for all salts decrease with increasing salt con-
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centration. This coincides with the qualitative observation from the experimental

data that the range of the interaction decreases with increasing salt concentration.

Comparing the Debye lengths of the different sodium salts at similar concentrations

shows no significant difference between them, the higher concentration of NaI do

appear to have a longer Debye length than their chloride and bromide counterparts,

however this is believed to be due to the difficulty of fitting with the small distances

observed in these environments. The experimental Debye lengths of CaCl2 are not

significantly different to those in NaCl.

There is a good agreement between the theoretical Debye lengths, and the ex-

perimental Debye lengths, for all sodium salts at most concentrations however they

do begin to diverge at low and high concentrations. At the lowest concentration,

0.01mM, the experimental Debye lengths are shorter than predicted by the calcula-

tions, most likely a result of impurities in the deionised water or ions from dissolved

CO2, and at the highest concentration of 100mM the experimental Debye lengths are

typically longer. The experimental Debye lengths for the CaCl2 concentrations bear

more of a similarity to the theoretical sodium chloride Debye lengths than to the

theoretical CaCl2 Debye lengths. At the lowest concentration, 0.005 mM CaCl2, the

Debye length is shorter than predicted, as with the sodium salts, the experimental

lengths for the remainder of the concentrations are longer than predicted.

The surface potentials extracted from the fitting of the DLVO forces to the

experimental data, shown in table 6.2, show that for all electrolytes the surface

potential decreases with increasing salt halide concentration. The decrease in surface

potential appears to be related to the halide counter-ion. CaCl2 and NaCl have a

very similar effect on the surface potential when compared by chloride concentration

as opposed to absolute electrolyte concentration, taking into account that CaCl2

provides two chloride ions per molecule compared to NaCl. NaBr and NaI exhibit a

much stronger effect on the surface potential as a function of concentration compared

to the chloride salts, with NaI being more effective at reducing the surface potential

than NaBr. It is worthwhile to point out that a direct comparison of the surface

potentials at each salt concentration is hindered by variation in the initial surface

potentials, measured at 0.01mM for sodium salts, and 0.005 mM for CaCl2. This

is attributed to variations in the surface roughness of the probe, the position of the
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sphere on the probe, and by variations in the spring constant of the cantilever. These

are difficult to fully control as the probes are manufactured off site and tuning the

cantilevers by thermal motion is not possible due the dampening effect of the glass

sphere. However when similar imaging probes were used, the spring constants were

found to be within 10% of the stated value To help mitigate some of this uncertainty

and for ease of comparison, an additional column, normalising the fitted surface

potential to the fitted potential at 0.01 mM halide has been included in table 6.2.

There is a clear trend with regards to the electrolytes’ efficacy to decrease the

surface potential. In order of least potent to most this is as follows CaCl2 = NaCl

< NaBr < NaI. Exhibiting a clear correlation between potency and the position

of the halides within the periodic table, potency increases as one moves down the

halide group. In contrast to the Debye length values which are independent of the

halide type.

The trend, or lack thereof, with regards to the electrolyte composition and the

experimental Debye lengths can be explained by equation 6.3. The Debye length is

a measure of the distance over which a charged species electrical effect can persist.

As the distance from the charged species increases the charge becomes increasingly

electrically screened. With each Debye length from the charge the electrical poten-

tial will decrease by 1/e. From equation 6.3 it is noted that the Debye length is

dependent on the relative permittivity of the solvent, εr, and the electrolyte concen-

tration, I. Suggesting that the nature of the charge, in this case the bilayers, and

the identity of the electrolyte are not important, which is what has been observed

in the experimental data.

Simple electrical double layer models such as the Gouy-Chapman and Stern

models can be used to begin to understand the role of the increased electrolyte

concentration on the measured surface potential. [107] Assuming the bilayer acts as a

charged surface the models suggest that there would be a layer of strongly adsorbed

couterions at the surface, the Helmholtz layer, and then a diffuse layer enriched

in the halide counter ions but not strongly held to the surface, the concentration

decreases exponentially with distance from the Helmholtz layer until it is equal to

the concentration of the bulk solution. [35,305] This model would suggest that as the
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Figure 6.8: Schematic showing a) a classic EDL with stern layer and diffuse layer
b) ionic pair model for a surfactant bilayer.

electrolyte concentration increased the Helmholtz layer would be largely unaffected

but would shorten the diffuse layer. This leads to a decrease in the potential between

the Helmhotz layer and the diffuse layer, lowering the measured surface potential.

However, these models can not account for ion specific effects, the only property of

the charged species they account for is their charge and concentration.

A potential explanation for the observed trend comes from the trend’s similarity

to the Hofmeister series. [308,309]. The Hoffmeister series was originally developed

to describe an ion’s ability to salt in or salt out proteins. That is where the solubility

of the protein increased or decreases with increasing electrolyte concentration. With

respect to surfactant systems salting in generally refers to a decrease in the surfactant

packing order whilst salting out results in an increase in the packing order. This

is generally considered to be the result of how strongly the counterion binds to the

surfactant head group and is dependent on the size and degree of hydration of the

ion. The Hoffmeister series for anions is typically ordered SO4
2– < HPO4

2– < Cl–

< NO3
– < Br– < I– . This compares well to the trend observed for halide salts here.

Salts on the left hand side of the series are typically described as kosmotropes. They

are strongly hydrated, have a small ionic radius and have a high charge density. The

right hand side, in contrast, are considered chaotropes. They are weakly hydrated,

have a large ionic radius and a low charge density. The halides can not truly be

separated into kosmotropes and chaotropes but take on a more chaotropic properties

as they move down the periodic table. It is suggested that this weakening hydration

162



sphere of the halide ions plays a role in their observed ability to decrease the surface

potential of the surfactant bilayer.

Kalinin and Radke proposed an ionic binding model to describe the species spe-

cific effects of counter ions on surfactant monolayers. [310] Using the surfactant

bilayers, monolayers in their model, as the charged surface; the model proposes an

inner Helmholtz plane of partially dehydrated counterions forming ionic pairs with

the surfactant head groups. The counter ions in the diffuse layer, as in classic EDL

models, are fully hydrated and range from the Helmholtz layer to the bulk electrolyte

solution, as shown in figure 6.8. The surface potential in this model is determined

by the number of unpaired ionic surfactant head groups and the electrolyte concen-

tration in the bulk solution.

Using this model it is possible to qualitatively explain the trend observed in the

experimental surface potentials in relation to the halide counter ions. As discussed

above, the strength of the hydration sphere around a halide ions decreases moving

down the periodic table. Using the ion binding model, shown in figure 6.8 it can

be argued that weakly hydrated ions are better able to and more likely to bind to

the surfactant head groups, than strongly hydrated ions. Therefore at any given

electrolyte concentration the number of halide counter ions bound to the surfactant

head groups depends on the identity of the counter ion. As the surface potential is

dependent on the number of unbound surfactant head groups, it is expected that the

surface potential will be lower with the addition of NaI compared to NaBr, and lower

in NaBr compared with NaCl or CaCl2, which, taking only the Cl concentration,

should behave in a similar manner. This is in good agreement with the experimental

observations discussed above which show that the declining surface potential with

increasing electrolyte concentration is dependent on the identity of the halide counter

ion.

6.3.3 AFM Imaging

It is suggested that there are two main ways in which the halide salts can impact the

forces between the surfactant bilayers. One is to change the way the interactions are
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Figure 6.9: AFM images, 5 x 5 µm and associated cross-sections for a)i0.01 mM
NaCl a)ii 100 mM NaCl b)i 0.01 mM NaBr b)ii 100 mM NaBr.
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Figure 6.10: AFM images, 5 x 5 µm and associated cross-sections for a)i0.01 mM
NaI a)ii 100 mM NaI b)i 0.005 mM CaCl2 b)ii 50 mM CaCl2.
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transmitted through the medium between the surfaces and the other is to affect the

surfaces themselves thus changing the interactions between them. A combination of

the two is most probable. To compliment the colloidal probe measurements of the

interactions between surfactant bilayers the impact of halide salts on the topography

and properties of the supported surfactant bilayers was investigated by AFM.

Supported DIPEMDMAMS bilayers, containing 10 mol% perillyl alcohol, were

formed by the vesicle deposition technique at room temperature. In the same manner

as those formed for the colloidal probe force spectroscopy. The bilayers were then

imaged in increasing concentrations of NaCl, NaBr, NaI, or CaCl2. Several bilayers

were investigated for each electrolyte series.

Figure 6.9 and 6.10 show typical topographical AFM images of DIEPDMAMS

bilayers in 0.01mM and 100mM NaCl, NaBr, NaI, and 0.005 mM and 50 mM CaCl2

along with cross-sections of each image. Formed in deionised water the bilayers all

show complete coverage of the mica substrate. The bilayers show two clearly defined

regions differing in thickness by 1 - 1.5 nm which have been attributed to bilayer

adopting different phases or structural arrangements in these areas. Occasionally

bilayer fragments or vesicles were observed on top on the supported bilayers but

these are believed to have had minimal impact on the force measurements.

At low salts concentrations < 0.1 mM, no significant change in the topography

of the bilayers is observed for all salts investigated. The bilayers still show complete

coverage of the mica substrate and exhibit the phase separation behaviour discussed

above. As the salt concentration is raised above 0.1 mM (0.05 mM for CaCl2) holes

are observed in the bilayer. These appear to be concentrated in the thinner regions

of the bilayers. These holes are typically 3 to 4 nm in depth. The number and size

of these holes increases with increasing electrolyte concentration. There is also a

change in the height difference measured between the thicker and thinner phases as

the electrolyte concentration increases. The difference in thickness is generally 1 -

1.5 nm at low salt concentrations but decreases to approximately 0.5 nm at higher

salt concentrations. The height difference between the two bilayer phases is observed

to decrease gradually from 1 - 1.5 nm at low salt concentrations, to be between 0.5

and 1 nm at high salt concentrations.
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All electrolytes investigated had the same general impact on the topography of

the surfactant bilayers. However, the number and size of the holes formed in the

surfactant bilayers not only exhibited a dependency on the electrolyte concentration

but also on the identity of the halide salt. At a given halide salt concentration, it was

observed that the system containing NaI will have more holes and larger holes in the

bilayer than systems containing NaBr or NaCl; and the system with NaCl will show

small holes and a fewer number of holes than the other sodium salts. Comparing

systems containing NaCl and CaCl2, at equivalent concentrations of chloride ions as

opposed to total molarity, show little significant difference between them in terms

of the bilayer topography.

The formation of holes in the surfactant bilayers with increasing electrolyte con-

centration offers an additional explantation for the observation that the measured

surface potential decreases with increasing salt concentration. It is suggested that

as more holes form in the supported bilayers and the surface coverage decreases the

charge density and the overall surface potential decrease. The formation of holes in

the supported surfactant bilayers also show a similar dependence on the identity of

the halide salts as the experimental surface potentials from the colloidal probe ex-

periments. Assuming the behaviour of the surfactant bilayers on the colloidal probe

is similar to that on the flat mica this would also go some way in explaining why

the repulsive interaction between the bilayers does not fully recover on decreasing

the electrolyte concentration.

Figure 6.11 shows the height, adhesion, and measured slope maps for supported

DIPEDMAMS bilayers at all NaBr concentration investigated. As discussed be-

fore the supported DIPEDMAMS bilayers form two different bilayer phases. These

phases have different surface properties and nano-mechanics. The adhesion and

measured slope maps show that there is a grater tip-sample adhesion on retraction

for the thinner bilayer phase and that the thicker phase has a greater measured

slope or relative stiffness than the thinner bilayer phase. As mentioned above, no

change in the structure of the bilayers was observed between deionised water and

0.01 mM electrolyte concentration. As the NaBr concentration is increased holes

are observed to form in the supported bilayers as mentioned. These holes appear to

increase in size and number as the concentration increases. Overall the addition of
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Figure 6.11: Typical QI AFM topographical images, with associated typical maps of
surface adhesion and measured slope, for supported DIPEDMAMS bilayers imaged
in increasing concentrations of NaBr. Concentrations shown in figure.
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the electrolyte into the system does not appear to have an significant impact on the

adhesion difference between the two bilayer phases nor are any significant changes

observed in the relative stiffness of the two phases. Commenting on the impact of

the holes on the nano-mechanics of the bilayers is problematic. In the adhesion maps

some images show a decrease in the adhesion in those areas where holes are observed

whereas other images or sections of images show an increase in the measured adhe-

sion in those areas where the holes are observed in the topographical images. This

is similarly true for the measured slope maps, with some showing a decrease in the

measured slope in the areas where holes are observed, others showing no significant

differences whilst others showed an increase in the measured stiffness in these areas.

The differing activity between the halide salts to affect the topography of the

bilayer follow the same trend as observed with the bilayer interactions and the de-

creasing surface potential. That is chloride being the least effective and iodide being

the most effective. As discussed above as the halide counter ion is changed from

chloride to bromide to iodide the ionic radius increases, the charge density decreases,

the binding strength of the hydration shell decreases, leading to an increase in the

binding affinity to the surfactant head group. As a consequence of the increased

degree of counter ion binding, the charge on the surfactant head group is increas-

ingly delocalised. This results in a decreased repulsion between the surfactant head

groups within the bilayer. In a bulk dispersion this may result in the better packing

of the surfactants, a decreased radius of curvature resulting in larger self-assembled

structures. [311,312]

6.3.4 Small Angle X-ray Scattering

Small angle x-ray scattering was used to investigate the effect of halides salts on

the structure of the bulk surfactant lamellar system. Bulk surfactant water systems

were fabricated in the same manner as in previous chapters with the deionised water

replaced with the halide salt solution of interest. The experiments into the effect of

temperature on the bulk system and the supported bilayers and into the addition

of alkyl alcohols into the system both showed the complementary behaviour of the

bulk samples and the supported bilayers. It was proposed that the SAXS of the bulk
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Figure 6.12: Linear intensity plots of the SAXS patterns of DIPEDMAMS/water
systems with varying electrolyte concentrations. Electrolyte concentrations and
identity are shown in the figure.

system with halide salts might help to elucidate the nature of the change observed

in the supported bilayers.

The radially integrated linear intensity plots of the SAXS patterns for bulk

DEPEDMAMS/water systems, 20 wt% surfactant with 0.01 - 100 mM; NaCl, NaBr

and NaI, and 0.005 - 50 mM CaCl2 are shown in figure 6.12. At 0.01 mM NaCl two

series of equally spaced Bragg peaks were observed. At low scattering angles it is

often problematic to differentiate the two peaks due to significant overlap but they

do become more resolvable at larger scattering angles. As the salt concentration

increases there is a slight shift in the peaks towards the y-axis. This applies to both

sets of peaks. As the salt concentration increases to 10 mM NaCl the peaks shift

back towards the right, an increase in the scattering angle. This shift does appear to

apply to both sets of peaks however it is accompanied by a broadening of the peaks
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making the assigning of the two sets of peaks difficult due to the increasing overlap

of the peaks. Increasing the salt concentration to 100 mM results in a significant

increase in the scattering angle, rightward shift in the Bragg peaks, along with a

significant broadening of the peaks. At 100 mM only one set of Bragg peaks are

resolvable. It is uncertain whether only one set are present, or if the second set

observed at lower salt concentrations are present, but obscured by the broadening

of the peaks.

The addition of NaBr to DIPEMAMS/water systems has a similar effect on the

bulk surfactant lamellar structure as NaCl. From 0.01 mM to 1 mM the system

exhibits two series of equally spaced Bragg peaks with a slight compression of the

scattering angle as the salt concentration increases. A broadening of the peaks is also

observed making the differentiation for the two sets of peaks more problematic as

the concentration increases. At 10 mM NaBr the scattering angle and peak spacing

increases slightly then increases significantly at 100 mM. As with NaCl there is also a

significant broadening of the peaks at these concentrations. It is uncertain whether

one or two sets of peaks are present at these concentrations due to broadness of

these peaks.

With NaI, at low salt concentrations, the pattern is again similar. Two sets of

equally spaced Bragg peaks with decreasing angle or scattering and separation with

increasing salt concentration. However, whilst NaCl and NaBr showed a decrease

in peak separation up to 1 mM salt concentration followed by an increase as the

concentration increased further. With NaI the peak separation and scattering angle

increases between 0.1 mM and 1 mM NaI. A further slight increase is observed at 10

mM followed by a significant increase in the peak spacing at 100 mM NaI. Two sets

of equally spaced Bragg peaks are easily observable up to 1 mM NaI but with the

broadening of the peaks from 10 mM to 100 mM it is increasing difficult to resolve

the two sets of peaks. It is uncertain whether one or two sets of peaks are present

at these concentrations due to broadness of these peaks.

The SAXS of samples containing increasing concentrations of CaCl2 show a sim-

ilar pattern to the other salts investigated. Two sets of equally spaced Bragg peaks

which show decreasing angle of scattering and separation as the salt concentration
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Figure 6.13: Plot of the d-spacing of DIPEDMAMS lamellar phases as a function
of halide concentration for all electrolytes investigated.

increases from 0.05 to 0.5 mM (halide concentration equivalent to 0.01 to 1 mM for

the monovalent salts investigated) followed by a small and a significant increases at 5

and 50 mM (10 and 100 mM mono-halide equivalent). This increase is accompanied

by a broadening of the peaks, as observed with the other salts. The samples con-

taining CaCl2 exhibit the smallest separation between the two sets of Bragg peaks

compared with the other halide salt containing samples, with the secondary peaks

only appear as shoulders on the main Bragg peaks at most concentrations.

As previously discussed, equally spaced Bragg peaks refer to the lamellar phase,

where the d-spacing, bilayer thickness plus water layer thickness, is inversely pro-

portional to the separation of the Bragg peaks. The two sets of equally spaced

Bragg peaks observed for most samples in figure 6.12 correspond to two co-existing

lamellar phases with differing d-spacings. This was observed and discussed when

investigating the temperature dependent phase behaviour of the surfactant system

in section 4.3.4. The difference between d-spacings is 1 - 2 nm, with no significant

trend. Similar to that observed in Chapter 4.
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The d-spacings for each sample are shown in figure 6.13, where the lines are

included to guide the eye only. The samples with increasing concentrations of NaCl,

and CaCl2 both show an increase in the d-spacing as the salt concentration increases

from 0.01 to 1 mM. This is followed by a decrease at 10 mM then by a sharp decrease

in the d-spacing as the concentration rises to 100mM.

The d-spacings of the samples containing NaBr and NaI show an increase from

0.01 to 0.1 mM with the d-spacing decreasing from 1 to 100 mM. The d-spacing

of the NaBr samples appear to decrease slowly between 0.1 and 10 mM before

sharply decreasing at 100 mM. The d-spacing of the NaI samples, by comparison,

decrease rapidly from 0.1 to 100 mM. The d-spacing for the NaBr samples appears

to show the smallest increase in the d-spacing followed by a smaller decrease at

higher concentrations than the other halide salts. NaCl, NaI, and CaCl2 all show a

similarly large range in d-spacings.

At each salt concentration there does appear to be some degree of variation in the

measured d-spacings making direct comparison at each concentration problematic

and although the variation in d-spacing at 0.01 mM halide concentration is not large

there is a more significant range in the d-spacings at 100 mM halide concentration.

There are various sources of error for this but the main source is believed to be the

broadening of the peaks increasing the error in the d-spacing measurement.

The d-spacing is a measure of the length of the repeating unit within the lamellar

phase. It is the sum of the bilayer thickness and the thickness of the aqueous layer

separating the surfactant bilayers. Therefore changes in the d-spacing can only be

the result of changes to the thickness of the bilayer, the aqueous phase, or both.

Changes to the water layer would not be observable by AFM imaging of supported

bilayers however changes to the bilayer itself may show some correlation.

The two co-existing lamellar phases observed from the SAXS patterns are be-

lieved to correspond to the two bilayers phases observed from the AFM images of

the supported surfactant bilayers, as discussed in Chapters 4 and 5. The SAXS

patterns for all halide salts investigated potentially show a merger of the two co-

existing lamellar phases into a single phase at high salt concentrations. This however

173



is not observed in the AFM images of the supported bilayers. However, due to the

broadening of the Bragg peaks at high salt concentration it is possible that the two

phase behaviour is not resolvable from the SAXS patterns. The cause of the broad-

ening of the Bragg peaks at higher salt concentrations is not clear. A broadening of

Bragg peaks is normally indicative of an increase on the variation in the d-spacing.

The formation of holes in the supported bilayers does not appear to be reflected in

any conformational changes observed from the SAXS patterns of the bulk lamellar

system.

The declining in the d-spacing at higher salt concentrations is easiest to under-

stand in comparison with the force spectroscopy data. The force spectroscopy data

suggested that the increasing salt concentration decreased the repulsive interactions

between the bilayers. It also suggested a dependency on the identity of the halide

ion, with Cl– having a the least effect and I– decreasing the repulsive interaction the

quickest. A similar pattern is observed in the d-spacings from the SAXS patterns.

The d-spacing for NaCl and CaCl2 behave in a very similar manner, both show a

decrease in the d-spacing only above 1 mM halide equivalent concentration. Whilst

the d-spacing of the samples containing NaI, in comparison, are shown to decrease

sharply above 0.1 mM. Assuming that the two phenomena are linked, it is likely

that the decreasing d-spacing is due to the shrinking water layer as the decreased

repulsion between the bilayers forces them closure together. However, the increase

in the d-spacing observed up to 1 or 0.1 mM, depending on the salt, would contra-

dict this to some degree or suggest that there are other factors and interaction that

need to be considered.

The Hofmeister series was discussed earlier in a bid to help explain the observa-

tion that the surface potential was dependent on both the electrolyte concentration

and the identity of the halide counter ion. In this application it was used to describe

the counter ion’s binding affinity to the head group as part of the ion pair model

for charged surfaces. For looking at the behaviour of the bulk surfactant system it

is better to discuss the ions by their ability to “salt in” or to “salt out” surfactant

systems. Salting in generally refers to a decrease in the packing order of the surfac-

tant system whilst salting out generally refers to an increase in the packing order of

the surfactant system. This is related to the ideas of kosmotropes and chaotropes
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as discussed earlier. The halide ions can generally be considered chaotropes, hav-

ing weakly hydrated, large ionic radius, and a low charge density. Chaotropes are

considered to lower the polarity of water making organic molecules more soluble in

an aqueous environment. This reduces the packing density of the surfactant system

potentially leading to a swelling of the surfactant bilayers.

It is suggested that the addition of halide salts at low concentrations results in

an increase in the bilayer thickness and therefore the d-spacing due to the salting

in effect of the halide counter ions. As the concentration is increased further the d-

spacing begins to collapse due to the reduction in the repulsion between the bilayers

resulting in the compression of the water layer.

6.3.5 Particle sizing and Zeta Potential of Vesicles

The colloidal probe force spectroscopy data showed how the forces measured between

the surfactant bilayers changed with increasing salt concentration and the effect

of different salts. However it is not clear from those experiments at what point

the system would become unstable. To further explore the relationship between

the measured forces and the stability of vesicle dispersions the effect of electrolyte

concentration and halide ion identity on the mean particle size and zetapotential of

DIPEMAMS vesicle dispersions were investigated.

The effect of increasing salt concentration and the effect of different halide salts

on the size and zeta potential of DIPEDMAMS vesicle dispersions are shown in

figure 6.14. For clarity, the electrolyte concentration has been plotted on a log10

scale The initial particle size, and vesicle diameter was 82 ± 4 nm There was little

observed change in the particle size as the salt concentration was increased from

0.01 mM to 1 mM. Increasing the salt concentration to 10 mM results in a five fold

increase of the the mean particle diameter for the NaI containing dispersions. No

significant change was observed in the particle size for the NaCl or NaBr containing

dispersions. At 100 mM salt concentration all salt show a large increase in the

mean particle diameter. A 10 times increase in the mean particle size of rthe NaCl

and NaBr containing dispersion and a 100 fold increase was observed for the NaI
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Figure 6.14: Plots of the mean particle diameter and zeta potential of a DIPED-
MAMS vesicle dispersion as a function of increasing electrolyte concentration.
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containing samples.

The initial zeta potential at 0.01 mM halide salt was measured as 56 ± 6 mV

for all salts investigated. As the salt concentration was increased all salts showed a

decrease in the zeta potential. From 0.01 mM to 10 mM the NaCl containing samples

exhibited a steady decline in the zeta potential from 55 to 46 mV. Further increasing

the concentration to 100 mM resulted in a large decrease in the zeta potential down

to 5.6 mV. With NaBr there is a steady decrease of the zeta potential from 0.01 to

1 mM. Above 1 mM the zeta reduces more rapidly decreasing to 3.2 mV at 100 mM.

The addition of NaI to the DIPEDMAMS vesicle dispersion results in the largest

fall in the zeta potential compared with the other halide salts and does not appear

to show a change in the rate of change at higher salt concentrations as with the

other salts. At all salt concentration, above 0.01 mM, the zeta potential for the

NaCl containing system was the highest and the the NaI containing system was the

lowest.

The increase in the average particle diameter observed at high salt concentration

is suggested to be caused by vesicle aggregation. These aggregates are suggested to

form when the repulsive interaction between the vesicles decrease enabling them to

come into contact where the attractive van der Waals interaction cause the vesicle

to adhere to one another. The merging and engulfing of vesicles in close contact are

also possible. The colloidal probe force microscopy showed the repulsive interactions

between the bilayers decreasing with increasing salt concentration. However it was

not able to comment on when the this would result in destabilising the vesicle

dispersion. The colloidal probe microscopy also showed that the interactions where

dependent on the identity of the halide ion and not just on the salt concentration.

This was also observed in the vesicle stability measure by the mean particle diameter.

The zeta potential measurements showing a decreasing potential with increasing

electrolyte concentration and showing a dependency on the identity of the halide

counter ion compliment the observations of the the calculated surface potential from

the colloidal probe experiments. However the two measurements, zeta potential and

surface potential, are not identical and should not be mistaken as being equivalent.

Whilst the surface potential is the potential difference between the colloidal surface

177



and the bulk dispersion. The zeta potential is the potential difference from the edge

of the stationary ion phase around the colloidal and the bulk dispersion. As with

the surface potential a higher zeta potential is associated with more stable colloidal

dispersions.

An increase in the electrolyte concentration would generally decrease the zeta po-

tential by increasing the charge concentration in the bulk dispersion phase resulting

in a lower potential. Whilst most models of the electrical double layer would ex-

plain the impact of the electrolyte concentration in the the measured zeta potential

they would not account for nor explain any ion specific effects. The ion specificity

observed here and the from the colloidal probe data requires the consideration of

the role of the halide counterion. It has been suggested that the chloride anions

exhibited the weakest binding to the surfactant head groups whilst iodine anions

exhibit the strongest binding. The reasons for this have been discussed earlier. Us-

ing the ionic pair model of electrical double layers, figure 6.8, it can be understood

that increased counterion binding at the head group of the surfactant bilayers can

decrease the surface potential and therefore the measured zeta potential.

6.4 Conclusions

Direct force measurements between two supported DIPEDMAMS bilayers show that

the electrical double layer forces decay at rates in agreement with theoretical Debye

lengths with some deviation at extremes of electrolyte concentrations. The measured

surface potentials of the bilayers decreased with increasing electrolyte concentration,

the potency of this effect was observed to be dependent on the the identity of

the halide anion, with chloride being the least effective and iodide being the most

effective. It is proposed that the weakening strength of the halide ion’s hydration

shell and therefore their increasing affinity for binding to the cationic surfactant

head groups offers an explanation for this observation.

It was noted that the electrical double layer’s dependency on the ion species

present can not be explained by simple Gouy-Chapmen or Stern models of the EDL.
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It has been discussed that models which treat the surface potential as being depen-

dent on the unpaired cationic surfactant head groups and account for hydration

effects can be better used to describe the relationships observed in this work.

Imaging of the supported surfactant bilayers was used to investigate the impact

of the added salts on the bilayers themselves to differentiate between their impact

on the bilayers and on the forces between them. The topographical atomic force

microscopy images of the supported surfactant bilayers in the presence of increasing

electrolyte concentrations showed the formation of holes in the bilayer penetrating

down to the mica substrate. The size and number of these holes increased with

increasing salt concentration. The hole formation was also dependent on the identity

of the halide counter ion. The potency of the halide ions to form holes in the bilayer

increased as one moves down the periodic table. Supporting the trend observed

from the colloidal probe force microscopy. The observation of hole formation also

provided an alternative explanation for the observation that the surface potential

fell with increasing salt concentration.

Small angle x-ray scattering of the bulk lamellar system was used to investi-

gate the impact of different salts and electrolyte concentration on the structure of

the surfactant bilayers. The scattering patterns showed the two phase behaviour

observed in the topographical images of the supported bilayers. The SAXS data

showed changes in the d-spacing of the lamellar phase but there was no clear impact

on the bilayers themselves. The d-spacing was observed to initially increase then

decrease with increasing salt concentrations. Again there was a dependency on the

identity of the halide counter ion. The salt concentration above which the d-spacing

stopped increasing and started decreasing decreased with increasing ionic radius of

the halide counter ion. The impact of the electrolyte on the d-spacing was suggested

to be a combination of the halide ions ability to salt in the surfactant system and

the decrease in the repulsion between the bilayers as the Debye length decreased.

Finally the impact of the halide salts on the mean particle diameter and zeta

potential of DIPEDMAMS vesicle dispersions was investigated in order to compare

the force measurements to the bulk vesicle systems. The mean particle diameter,

as measured by dynamic light scattering showed, vesicle aggregation at higher salt
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concentrations. The electrolyte concentration at which the system becomes unstable

was dependent on the identity of the halide anion. The dispersion containing NaI

saw vesicle aggregation at 10 mM whilst NaBr and NaCl were stable up to 10 mM.

The zeta potential decreased with increasing salt concentration, which supports the

observations from the colloidal probe microscopy. As with the measured surface

potential from the force curves, NaI was observed to have the greatest impact on

the zeta potential and NaCl had a least impact.
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Chapter 7

Impact of Polymers and

Polyelectrolytes on Bilayer-Bilayer

Interactions

7.1 Introduction

Polymers and polyelectrolytes are well known additives to colloidal dispersions, used

control various properties of the system from its rheology and commercial properties

to the stability of the dispersion. The impact of polymers on hard sphere colloidal

systems such as silica spheres, or nanoparticle dispersions has been widely stud-

ied. [313–315] The majority of work on such colloidal systems has focused on their

bulk behaviour as opposed to the direct impact of the polymer additives on the

interactions between the colloidal particles or in theoretical models of the interac-

tions. [316–321]

Several key interactions between colloidal particles in polymer solution, not ac-

counted for by the DLVO theory, are known. These interactions include the depletion

attraction, oscillatory forces, depletion stabilisation, and the steric stabilisation by

adsorbed polymers. [35,127,128] The depletion attraction, discussed in detail in sec-
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tion 2.3.7, is an attractive interaction caused by the depletion of the polymer coils in

the region between the colloidal particles when their separation is smaller than the

radius of gyration of the polymer coils. This results in an osmotic gradient between

inter-particle region and the bulk aqueous phase. The osmotic gradient results in an

attractive force between the colloidal particles. This phenomenon is well known and

the impact of polymers on the bulk behaviour of colloidal dispersions has been well

studied. [322, 323] Oscillatory forces arise due to the ordering of particles between

the surfaces, such as colloidal spheres, liquid crystals or polymer coils. [324,325] As

the separation is decreased a steric repulsion between the ordered coils and the sur-

faces is observed. When enough force as been applied one layer of the ordered phase

is forced out resulting in an attractive force caused by the depletion interaction.

Depending on the polymer properties and concentration several oscillation can be

observed on approach as progressive layers of polymer coils are disrupted. [155,326]

At high polymer concentrations the depletion attraction has been observed to

give way to a depletion stabilisation. This arises when it becomes energetically un-

favourable to demix the polymer chains in the inter-particle region as the colloidal

particles are brought close enough together for the depletion attraction to operate.

The work required to force the polymer coils from the inter-particle region is ob-

served as a repulsive interaction which can lead to the stabilisation of the colloidal

dispersion. [5]

Adsorbing polymers are often used to stabilise colloidal dispersions through steric

stabilisation. This often involves the adsorbing or grafting of long chained polymers

to the surface of the colloidal particles, although grafting is generally more effec-

tive. [5] As the polymer coated surfaces approach one another the outer polymer

segments begin to overlap. This compression of the polymer chains is entropically

unfavourable and leads to a repulsive entropic force. This steric repulsion is used

and observed in many colloidal systems. [35] The force is dependent on the surface

coverage of the polymer and whether the polymer is grafted onto the surface or

merely adsorbed. At low surface coverage the polymers tend to sit as individual

coils on the surface whereas at high coverage the chains are forced to extend away

from the surface. This increases the range of the steric interaction much further

than the radius of gyration of the polymer coils. [327]
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The SFA has been used to investigate the forces between two mica sheets in

various polymer solutions and melts. [158] The majority of this work has focused

on the interactions between surfaces coated with a polymer or polyelectrolyte layer

as opposed to the impact of the polymers on the interactions between the surfaces.

[159–162] This may be due to the nature of the SFA, measuring the forces between

two curved mica sheets. The SFA may not be ideal for directly measuring the

interactions between colloidal particles in the presence of polymer solutions due to

the difficulty in using surfaces other than mica and the high radius of curvature of

the crossed cylinder geometry.

The invention of colloidal probe AFM enabled the direct measurement of the

forces between a colloidal sphere and a flat substrate, and later between two col-

loidal spheres. [199–201] The main advantages over the SFA being the ability to

directly measure the interactions between a variety of materials and to vary the

radius of curvature by using different sized colloidal spheres. As with the SFA, the

colloidal probe technique has been used to investigate the interactions between poly-

mer coated particles. Directly measuring the steric, hydration, and electric double

layer interactions between such coated surfaces as measured with the SFA. [227–230]

The colloidal probe technique has also been used to directly measure the impact

of non-adsorbing polymers and polyelectrolytes on the interactions between hard

spheres. [264,328–336]

The interactions within colloidal dispersion made up of “soft” spheres such as

surfactant or lipid vesicles and micelles in aqueous polymer and polyelectrolyte solu-

tions are of particular industrial relevance. There has been a good amount of work

looking at the impact of polymers on the bulk properties and behaviour on these

colloidal dispersions. [337–341] However there has been little literature on the direct

measurement of the interactions between surfactant or lipid bilayers or monolayers

that make up these systems in polymer solutions. In recent years some SFA experi-

ments measuring the interactions between cationic surfactant bilayers in the presence

of both adsorbing and non-adsorbing polymers have been published. [181,182] How-

ever it is believed that due to the relatively low curvature of the SFA system some

non-DLVO forces, such as the depletion attraction, can not be measured with this

technique but have been measured for bare probe systems with the colloidal probe
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technique

In this chapter the impact of the cationic polyelectrolyte poly-dimethyldiallylam-

monium chloride (poly-DADMAC) and the uncharged polymer poly-ethylene oxide

(PEO) on DIPEDMAMS vesicle systems were investigated. This was investigated

in terms of polymer concentrations and molecular weight. Colloidal probe force

microscopy was used to measure the effect of polymer addition on the forces be-

tween two supported cationic surfactant bilayers. Topographical AFM imaging was

employed to investigate the impact of the polymer addition on the structure of the

supported bilayers. This was in an attempt to decouple the impact of the polymers

on the forces between the bilayers and changes to bilayers themselves. Finally the

impact of these polymers on bulk DIPEDMAMS vesicle dispersions was investigated

by measuring the zeta potential and mean particle diameter of these systems.

7.2 Experimental

The cationic surfactant, di(alkyl iso-propyl ester) dimethyl ammonium methylsulfate

(DIPEDMAMS) was provided by Procter and Gamble. Synthesised using an indus-

trial fatty acid mixture of C18, C16 and C18:1 chains, therefore the aliphatic tails are

a statistical mixture of the three fatty acids see Chapter 3. Poly-dimethyldiallylamm-

onium chloride (poly-DADMAC) poly-ethylene oxide (PEO), were obtained from

Sigma-Aldrich in the following molecular weights, Poly-DADMAC: 100,000 - 200,000

Mw, 300,000 - 400,000 Mw, and 500,000 - 600,000 Mw; PEO: 400,000 Mw, 600,000

Mw, and 900,000 Mw. All solutions were prepared with deionised water, < 18 mS,

filtered through an activated carbon filter to remove organic impurities.

7.2.1 Preparation of supported lipid bilayers

Supported surfactant bilayers were formed by the vesicle deposition technique from

a vesicle dispersion containing 10 mol% perillyl alcohol as described in Chapter 3.

Bilayers were formed on both mica and the glass colloidal probe in situ at room
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temperature as described in Chapters 3 and 5.

7.2.2 Atomic Force Microscopy

All measurements were made using a JPK Nano wizard 4 AFM and analysed using

the JPK data processing software as detailed in Chapter 3

Colloid Probe Atomic Force Spectroscopy

Colloidal probe force spectroscopy was used to measure force distance curves between

a colloidal sphere, attached to an AFM probe, and a flat substrate. By forming a

supported cationic surfactant bilayer on both surfaces the interactions between the

bilayers could be investigated. The aqueous environment was changed by flushing

the system with the polymer solution of interest. Force curves were collected in

multiple positions across the surface for each polymer solution. For more details

please see Chapter 3

AFM Imaging

All imaging was performed in quantitative imaging (QI) mode. The aqueous envi-

ronment was changed by flushing the system with the polymer solution of interest.

Multiple images of different areas of each supported bilayer in the polymer solutions

were collected. All imaging was performed at 23±2 ◦C. Further details on QI mode

and on the imaging protocols can be found in Chapter 3
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7.2.3 Dynamic Light Scattering and Zeta Potential

Sample Preparation

DIPEDMAMS vesicle dispersions with the polymer or polyelectrolyte concentration

and molecular weight of interest were fabricated according to the protocols described

in Chapter 3.

Particle sizing and zeta potential measurements

Particle sizing and zeta measurements were performed using a A Brookhaven zeta-

PALS as detailed in Chapter 3. All measurements were performed at 25 ◦C.

7.3 Results and Discussion

7.3.1 The impact of polyelectrolytes on the measured inter-

actions between supported cationic bilayers

The interactions between two supported DIPEDMAMS bilayers as they are brought

into contact with each other were measured using colloidal probe force spectroscopy,

as has been discussed in earlier chapters. As these measurements are performed in

an aqueous environment poly-DADMAC was then added to the system by flushing

the system with the polymer dispersion of interest. The polymer concentration

could be increased incrementally without having to re-form the supported bilayers

for each experimental environment. Enabling a more direct comparison of the effect

of polymer addition in the measured interactions. This was desired as there is some

variation in measured interaction between the bilayers between experimental runs.

The interaction between supported DIPEDMAMS bilayers in increasing concen-

trations of poly-DADMAC are shown in figures 7.1 to 7.3, for the three different
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Figure 7.1: Forces measured between DIPEDMAMS bilayers on approach in in-
creasing concentrations of high molecular weight poly-DADMAC. Polyelectrolyte
concentrations are shown in figure. Insert shows the forces from 5× 10−3 to 0.05
wt% poly-DADMAC on a smaller scale.

polymer molecular weights. For clarity the interactions in deionised water have not

been included as no change was observed between the interactions in deionised water

and the interactions in 5× 10−5 wt% poly-DADMAC. This was true for all molecu-

lar weights investigated. At all polymer concentrations and for all molecular weights

the forces on withdrawal were not significantly different from those on approach.

At 5× 10−5 wt% poly-DADMAC and in deionised water the interactions on ap-

proach were solely repulsive. At these low polymer concentrations no interactions

were observed until the surfaces were 300 nm apart but as the separation was de-

creased initial repulsive interactions were observed between 250 and 300 nm. As the

separation was decreased the repulsive forces appeared to increase exponentially. At

shorter separations the repulsive interactions appear to deviate from the roughly ex-

ponential relationship as the forces become more repulsive than the previous trend

would have suggested. Further decreases in the separation between the bilayers re-

sulted in one of two behaviours. Most commonly the repulsive interactions would
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Figure 7.2: Forces measured between DIPEDMAMS bilayers on approach in increas-
ing concentrations of medium molecular weight poly-DADMAC. Polyelectrolyte con-
centrations are shown in figure. Insert shows the forces from 5× 10−3 to 0.05 wt%
poly-DADMAC on a smaller scale.

increase beyond that expected if the relationship between the separation and re-

pulsion was exponential until the relationship became indistinguishable from the

compliance region and hard contact between the two bilayers was assumed. In a

minority of force curves a small attractive force was observed just before contact at

a separation between 2 and 5 nm and with an attractive force of < 0.5 nN.

As the concentration of the polyelectrolyte is increased from 5× 10−5 wt% up to

5× 10−3 wt% the interactions remain repulsive however the range and strength of

the repulsive interactions are observed to decrease with increasing poly-DADMAC

concentration. The decrease in the repulsive interactions appears to be independent

of the molecular weight of the polymer dispersion. At a polyelectrolyte concentration

of 5× 10−2 wt% the measured interaction between the supported DIPEDMAMS

bilayers are no longer solely repulsive. A small but significant attractive interaction

is observed for all poly-DADMAC molecular weights. The range and strength of this

attractive force however does appear to be dependent on the molecular weight of the
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Figure 7.3: Forces measured between DIPEDMAMS bilayers on approach in increas-
ing concentrations of low molecular weight poly-DADMAC. Polyelectrolyte concen-
trations are shown in figure. Insert shows the forces from 5× 10−3 to 0.05 wt%
poly-DADMAC on a smaller scale.

polymer. The onset of this attractive interaction appears to increase from around 30

nm, for the low molecular weight poly-DADMAC, to around 60 nm with the highest

molecular weight poly-DADMAC. The strength of this attractive interaction also

appears to increase with increasing molecular weight. This attractive force however

does not lead to hard contact between the bilayers. The attraction is only observed

down to a separation of between 10 to 20 nm. As the separation is further decreased

the interactions become repulsive and increase in an exponential fashion until hard

contact between the surfaces is achieved. At a polymer concentration of 5× 10−1

wt% no long range attractive nor repulsive interactions are observed. Only a small

repulsive interaction starting at a separation of < 10 nm and leading to hard contact

is observed. There does not appear to be any significant differences between the

measured forces at this concentration for the different poly-DADMAC molecular

weights.

The experimental interactions between the supported surfactant bilayer in in-
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creasing poly-DADMAC concentrations and the theoretical model EDL interactions

are shown in figure 7.4 and 7.5 on a semi-log scale. Only the EDL model has been

used here as the attractive van der Waal’s component of the DLVO theory is not

observed, as discussed in Chapter 6.

From the semi-log plots it is clear that the repulsive interactions observed from

1× 10−5 wt% up to 1× 10−3 wt% are exponential in nature, for all molecular

weights, except at shorter separations. At small separation there is an additional

increase in the repulsive interactions. This was also observed in the electrolyte ex-

periments was suggested that this deviation from exponential behaviour at short

separation was the result of additional short range repulsive interactions not ac-

counted for by the DLVO theory such as hydration effects or steric interactions, or

the result of charge regulating interactions between the two bilayers in close prox-

imity. At these concentrations the EDL model for the interaction fit the data well.

The model and the data did however diverge at short separations, where the data

showed a greater repulsion, as discussed above. At a poly-DADMAC concentration

of 1× 10−3 wt% and above this deviation from the model and exponential behaviour

was not observed at short separations.

At 1× 10−2 wt% all poly-DADMAC molecular weights showed an attractive

interaction followed by a repulsive interaction up until hard contact. For these

environments the EDL interactions have been fitted to the repulsive interactions

after the initial attractive forces. On the semi-log scale one can see that the repulsive

interactions following the attractive interactions are exponential in nature. There

is a good agreement between the model forces and the experimentally observed

repulsive interactions.

As with the interactions observed with increasing electrolyte concentrations the

absolute gradient of the model interaction increases whilst the intercept decreases

with increasing polyelectrolyte concentration. This suggests that the range and

strength of the inter-bilayer interactions decrease as the polyelectrolyte concentra-

tion increases.

Table 7.1 shows the results of the EDL fitting operation for all concentrations
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Figure 7.4: Forces measured between DIPEDMAMS bilayers on approach in increas-
ing concentrations of different molecular weights of poly-DADMAC, on a semi-log
scale. Solid black lines show the theoretical model EDL interactions interactions for
each environment. Polyelectrolyte concentrations and molecular weights shown in
figure.
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Figure 7.5: Forces measured between DIPEDMAMS bilayers on approach in increas-
ing concentrations of different molecular weights of poly-DADMAC, on a semi-log
scale. Solid black lines show the theoretical model EDL interactions interactions for
each environment. Polyelectrolyte concentrations and molecular weights shown in
figure.

and molecular weights of poly-DADMAC. The table gives theoretical and experi-

mental values for the Debye length and experimentally determined values for the

surface potential. As discussed previously there is some variation in the initial ex-

perimental surface potentials therefore a column normalising the surface potential

at the 5× 10−5 wt% values has been included for ease of comparison.

The experimental Debye lengths and surface potentials, for all poly-DADMAC

molecular weights, decrease with increasing polymer concentrations. This reinforces

the qualitative observations from the experimental plots that the range and strength

of the interactions decreases with increasing concentration. The Debye lengths are

independent of the molecular weight of the polyelectrolyte, as would be expected as

the counter ion concentration is independent of the molecular weight of the polymer.

No significant difference is observed between the experimental Debye lengths at a

concentrations above 5× 10−5 wt%. There is a significant variation between the
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Table 7.1: Fitting parameters used in DLVO and EDL fits to the CP-AFM data in
figure 7.4 and 7.5

Debye length/κ−1 Fitted Surface Potential
[High]/wt% Theoretical/nm Fitted/nm ψ/mV Normalised ψ

5× 10−5 177 71±2 74±5 1
5× 10−4 56 54.5±2 67±3 0.91
5× 10−3 17 25±2 46±3 0.62

0.05 5 7.4±1.2 14.5±2 0.20
0.5 1.7 4.5±0.5 5.6±0.5 0.08

[Medium]/wt%
5× 10−5 177 92±4 81±6 1
5× 10−4 56 54±2 66±4 0.81
5× 10−3 17 22±1 38±2 0.47

0.05 5 4.2±0.5 11±1 0.14
0.5 1.7 4.5±0.5 4.4±0.5 0.05

[Low]/wt%
5× 10−5 177 82±3 94±9 1
5× 10−4 56 54±2 70±4 0.82
5× 10−3 17 19±1 37±2 0.44

0.05 5 4.8±0.5 17±1 0.20
0.5 1.7 4.5±0.5 5.5±0.5 0.06

Debye lengths at 5× 10−5 wt% but due to the very low polymer concentration this

is suggested to be due to the impact of impurities in the deionised water having a

greater impact than the polymer concentration.

There is generally good agreement between the experimental and the theoretical

Debye lengths except at the highest and lowest polyelectrolyte concentrations. At

the lowest poly-DADMAC concentration of 5× 10−5 wt% there is not only signif-

icant variation in the experimental values but they are significantly lower, ∼ 70 -

90 nm, than the theoretical value of 177 nm. This is most probably the result of

impurities in the deionised water such as ions or dissolved CO2 which would have a

greater impact on the Debye length at these low polymer concentrations than the

polyelectrolyte itself. At the highest poly-DADMAC concentration of 0.5 wt% the

experimental Debye lengths are longer than predicted by the EDL model suggesting

another force may be present.

The experimental surface potential extracted from the fitting of the EDL inter-

actions to the experimental data, as shown in table 7.1, are observed to decrease as
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the polyelectrolyte concentration increases. This decrease in the surface potential

with increasing poly-DADMAC concentration is again independent of the molecular

weight of the polymer. It is important to note here that a direct comparison of the

experimental surface potential between different environments is hindered by the

variation in the initial measured surface potentials. This has been put down to the

several factors which are difficult to control such as the roughness of the colloidal

probe, the position of the probe on the cantilever, and the exact spring constant of

the cantilevers. These factors have been discussed in more detail in Chapter 5.

The declining experimental surface potentials observed with increasing polyelec-

trolyte concentration are similar to those observed with increasing concentrations

of halide salts. As discussed in Chapter 6 the decreasing surface potential was

attributed to the binding of the halide counter ions to the head groups of the sup-

ported cationic surfactant bilayers. If the cause of the declining surface potential

with increasing concentration of poly-DADMAC is attributed to same mechanisms

then one would expect that the experimental surface potential would be dependent

on the chloride ion concentration and here the monomer concentration of the poly-

DADMAC and independent of the molecular weight of the polyelectrolyte. This fits

with the experimental observation that there is not dependence on the molecular

weight of the polyelectrolyte.

The model used for the theoretical Debye lengths in poly-DADMAC is the same

as that used for calculation of the Debye length for the salt solution discussed in

Chapter 6, with some minor modifications. The electrolyte concentration param-

eters were modified to view the polyelectrolyte in terms of the concentration of

monomers present as opposed to standard molarity. This approach appears to have

been a good predictor of the experimental Debye lengths with the exception of the

highest and lowest concentrations investigated. With the deviations between the

experimental and theoretical data at low polymer concentrations explained by im-

purities in the deionised water having a greater impact on the experimental data

than the electrolytes, as previously discussed. It could be argued that treating the

addition of a polyelectrolyte to the system in the same manner as a normal salt

solution with regards to the Debye length appears to be adequate and provides an

explanation for both the dependence on the polyelectrolyte concentrations and the
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independence from the molecular weight. However the higher than predicted exper-

imental Debye lengths at 0.5 wt% poly-DADMAC however can not be explained so

simply and neither can the attractive interactions observed at 0.05 wt%.

So far the polymer has only been considered as a series of charged monomers and

we have treated it in a similar manner to a standard electrolyte in an attempt to

understand its impact on the interactions between the supported cationic bilayers.

The impact of the polymer chains themselves needs to be considered. At these con-

centrations the polymer chains would most likely be present as individual polymer

coils. Whilst these most likely do not impact on the bilayer directly due to them

both having a similar charge, it is suggested that they can play an important role

in the interactions between the supported bilayers.

If the polyelectrolyte coils are considered as hard spheres much smaller than the

radius of the colloidal probe then we can consider three different scenarios as the

probe approaches the surface. Firstly where the the separation between the probe

and the surface is greater than the diameter of the polymer coils, secondly where the

separation is similar to the diameter of the coils, and thirdly where the separation

between the bilayers is smaller than the diameter of the polyelectrolyte.

In the first regime, where the separation is larger than the polymer diameter,

there is no expected difference in the expected bilayer-bilayer interactions with the

addition of a polyelectrolyte in comparison to a traditional salt. However as the sep-

aration decreases and one moves through to the third scenario where the separation

is less than the diameter of the polymer coils the situation arises where the polymer

coils are excluded due to steric interactions from the region between the bilayers.

This sets up two regions. The bulk dispersion containing the polyelectrolyte coils

and hydrated halide counter ions and the region between the bilayers, containing the

halide counter ions but depleted of the polyelectrolyte. This sets up an osmotic gra-

dient between the two regions. The resultant osmotic pressure creates an attractive

interaction between the bilayers. This is known as the depletion interaction.

It is suggested that the attractive interactions observed for all molecular weights

at 0.05 wt% poly-DADMAC is caused by this depletion interaction. The strength
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Figure 7.6: Forces measured between DIPEDMAMS bilayers on approach in 0.05
wt% poly-DADMAC at different molecular weights. Molecular weights shown in
figure.

of the depletion interaction is generally considered to be dependent on the concen-

tration of the depletant, in this case the polymer coils. As the addition of polyelec-

trolyte also decreases the repulsive interactions between the supported bilayers it is

suggested that any depletion interaction is either too weak to be observed or masked

by the dominating repulsive EDL interactions, at lower polymer concentrations. At

the highest polyelectrolyte concentrations investigated the depletion attraction is

also not observed. This could be due to several factors including stearic hindrance

caused by the crowding of the colloidal probe by the polymer coils or the beginnings

of chain overlap such that the polymer is no longer present in the dispersion as

discrete spherical coils.

Whilst the over all trend in the forces between the bilayers showed no depen-

dency on the molecular weight of the poly-DADMAC there does appear to be some

difference observed between the measured depletion attraction at 0.05 wt%. Fig-

ure 7.6 shows the interactions measured on approach between supported cationic

surfactant bilayers in the presence of 0.05 wt% poly-DADMAC for the three differ-
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ent molecular weights investigated. For ease of comparison a smoothing function has

been applied to the data. For all three molecular weights an initial repulsive inter-

action is observed before the depletion attraction. This has been observed for other

system investigating the depletion interaction and is often ascribed to oscillatory

interactions observed in some systems. [217,218,328] It is not certain if the repulsive

interaction observed here is due to the double layer repulsion observed at higher

poly-DADMAC concentrations between the two cationic bilayers or if the repulsion

is due to steric interactions due to the ordering of the polymer coils between the

bilayers. The steric interactions are related to the oscillatory forces as an applied

force is required to force the ordered coils from the inter-bilayer region giving rise

to a repulsive interaction. [219]

The Depletion interactions appear to show some dependence on the molecular

weight of the polyelectrolyte. The range and strength of the attraction increases with

the molecular weight. This can be understood by considering the dimensions of the

polymer coils. Polymers of a higher molecular weight have a longer chain length

which corresponds to an increased radius of gyration. The onset of the attractive

depletion interactions are in some agreement with literature values for the radius of

gyration for poly-DADMAC. [342,343]

It is of note that, for all molecular weights investigated, the depletion attraction

does not lead to hard contact between the supported bilayers. Instead an expo-

nential repulsive interaction is observed. This could be attributed to the repulsive

EDL forces or be caused by the structuring of polymer coils at the bilayer surfaces

resulting in a depletion repulsion. This suggests that the overall interactions can

only be understood as a combination of DLVO theory and depletion interactions.

One model alone would not be sufficient to understand the interactions between

supported cationic surfactant bilayers in polyelectrolyte dispersions
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7.3.2 The impact of PEO on the measured interactions be-

tween supported cationic bilayers

Colloidal probe AFM force spectroscopy was used to measure the interactions be-

tween two supported DIPEDMAMS bilayers as a function of separation, with in-

creasing concentrations of the neutral polymer polyethyleneoxide (PEO). All mea-

surements were performed in an aqueous environment which enabled the polymer

concentration to be increased by flushing the system with the PEO dispersion at

the concentration of interest. By performing the experiments in this manner the

effect of the polymer concentration on the interactions between the bilayers can be

measured without having to re-form the bilayers between concentrations. This en-

ables the effect of the polymers to be compared to the initial forces between the

bilayers in deionised water minimising the impact of some of the variation observed

measured interaction between the bilayers between experimental runs.

The interactions between supported DIPEDMAMS bilayers in increasing concen-

trations of PEO measured by colloidal probe force microscopy are shown in figure 7.7

and 7.8 for three different molecular weights. Forces shown are the forces measured

on approach, there was no significant difference between the forces on approach and

those on withdrawal. For clarity the interactions in deionised water have not been

included as no change was observed between the interactions in deionised water

and the interactions in 5× 10−5 wt% PEO. This was true for all molecular weights

investigated.

In deionised water and at 5× 10−5 wt% PEO the interactions measured between

the two supported surfactant bilayers were almost solely repulsive. At long range

no interactions were observed but as the separation decreased initial repulsive in-

teractions were observed ranging from 350 to 450 nm separation. As the separation

was reduced further the repulsive interaction appeared in increase exponentially. At

short separations, relative to the separation at which the initial interactions were

observed, the repulsive forces appear to increase beyond what would be expected

of an exponential relationship. Further decreases in separation resulted in the re-

lationship between measured force and separation becoming indistinguishable from
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Figure 7.7: Forces measured between DIPEDMAMS bilayers on approach in increas-
ing concentrations of different molecular weights of PEO. Polymer concentrations
and molecular weights shown in figure. Inserts show the forces from 5× 10−3 to
0.05 wt% PEO on a smaller scale.
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Figure 7.8: Forces measured between DIPEDMAMS bilayers on approach in increas-
ing concentrations of different molecular weights of PEO. Polymer concentrations
and molecular weights shown in figure. Insert shows the forces from 5× 10−3 to
0.05 wt% PEO on a smaller scale.

the compliance region and hard contact between the two bilayers was assumed. For

some runs and at some points across the surface a small attractive force was observed

just before contact at a separation between 2 and 5 nm and with an attractive force

of < 0.5 nN

The interactions remained repulsive as the concentration of PEO was increased

from 5× 10−5 wt% up to 5× 10−2 wt%, although the range and strength of the

repulsive interaction was impacted by the polymer concentration. Increasing the

concentration from 5× 10−5 to 5× 10−3 wt% resulted in a relatively small decrease

in the strength of the repulsive interaction and no significant change in its range.

No significant dependency on the molecular weight of the polymer was observed at

these concentrations. At 0.05 wt% a more significant decrease in both the range

and strength of the measured repulsive interactions was observed, the separation at

which the initial interactions were observed dropped to between 150 and 200 nm, the

interactions still remained significantly strong. There is a possible dependency on
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the molecular weight at this concentration. The high molecular weight does appear

to show the largest decrease in the the interactions and the lightest PEO shows

the least. However it is not certain if this is a real trend or just down to variation

between experimental runs.

So far the measured interactions have been, to all intents and purposes, identical

and constant across the surface for each experimental environment. However, at

a PEO concentration of 0.5 wt% significantly different force profiles are measured

across different areas of the mica supported surfactant bilayer surface. These forces

generally fall into three categories. A weak and relativity short range repulsive

interaction followed by attraction between 5 and 10 nm leading to hard contact.

Solely attractive interactions, similar to those just mentioned but only showing an

attraction leading to hard contact at a range of 5 to 10 nm. The third type show

an almost a hard contact like interaction which rises and falls in a series of steps

with an overall trend of increasing repulsive force leading up to what is possibly

hard contact. These forces are very irregular between different areas of the surface

with no two force curves being identical. The separation at which these forces are

first observed ranges from 50 to over 400 nm however due to the irregular nature

of these interactions the point of zero separation can be problematic to define. Of

these “types” of interactions the repulsion followed by a short range attraction and

the irregular forces were dominant. With these two types being roughly equally

common. As such, typical examples of both of these types have been shown in

figure 7.7 and 7.8.

The experimental interactions between the supported surfactant bilayer in in-

creasing concentrations of PEO and the theoretical model EDL interactions are

shown in figure 7.9 and 7.10 on a semi-log scale. Only the EDL model has been

used here as the attractive van der Waal’s component of the DLVO theory is not

observed, as discussed in Chapter 6. Not shown are the step like forces that are

observed at 0.5 wt%.

It is clear, from the semi-log plots that the observed repulsive interactions from

5× 10−5 wt% up to 5× 10−3 wt% PEO are exponential in nature for all molecular

weights. At these concentrations the repulsive interactions are observed to increase
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Figure 7.9: Forces measured between DIPEDMAMS bilayers on approach in in-
creasing concentrations of different molecular weights of PEO, on a semi-log scale.
Solid black lines show the theoretical model EDL interactions interactions for each
environment. Polymer concentrations and molecular weights shown in figure.
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further, at small separations, than an exponential relationship would suggest. This

has been observed for almost all other bilayer-bilayer interactions measured using

this technique and can be attributed to additional short range repulsive interactions

not accounted for by the DLVO theory such as hydration effects, steric interactions,

or the result of charge regulating interactions between the two bilayers in close

proximity. At all concentrations and molecular weights the model EDL interactions

generally fit the data well. However they do diverge at short separations where, as

discussed, the experimental data show greater repulsive interactions than predicted.

As the concentration of PEO increases from 5× 10−5 wt% up to 5× 10−3 wt% the

separation at which this deviation is observed appears to decrease slightly with a

larger decrease observed as the concentration is increased to 0.05 wt%.

At 0.5 wt% PEO the interactions shown, and compared to the theoretical model

EDL interactions in figure 7.9 and 7.10 are those which exhibited a repulsive interac-

tion followed by a short range attraction. This is for both clarity and the observation
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that these are the only interactions at this concentrations that can be compared to

the theoretical EDL model.

From the semi-log plots of the interactions at 0.5 wt% PEO the initial repulsive

interactions are observed to be exponential in nature for all molecular weights. The

theoretical EDL model does appear to fit these repulsive interactions well suggesting

that the repulsive part of these interactions is the result of of the interactions be-

tween the electrical double layers of the supported surfactant bilayers.The addition

repulsion observed at short separations is not observed at 0.5 wt%.

As the PEO concentration increases from 5× 10−5 to 5× 10−3 wt% very little

change is observed in the absolute gradient of the model interactions nor is a sig-

nificant change observed in the intercept of the model forces. This suggests that at

these concentration the PEO has a minimal, almost negligible, impact on the inter-

action measured between the supported surfactant bilayers. At 0.05 wt% a decrease

in the absolute gradient is observed but the intercept remains almost unchanged

whilst at 0.5 wt% no obvious trend in the intercept is observed in the change from

0.05 wt% but there is a clear fall in the intercept

The results of the EDL fitting operation are shown in table 7.2 for all concen-

tration and molecular weights of PEO. The table shows experimental values for

the Debye length and experimentally determined values for the surface potential

at each concentration an molecular weight. As discussed previously there is some

variation in the initial experimental surface potentials therefore a column normalis-

ing the surface potential at the 5× 10−5 wt% values has been included for ease of

comparison.

Overall the experimentally derived Debye lengths and surface potentials, for all

PEO molecular weights, are observed to decrease as the polymer concentration is

increased from 5× 10−5 to 0.5 wt%. However this change is not uniform. Very

little change is observed between 5× 10−5 and 5× 10−3 wt% PEO whilst there is a

significant decrease in both the Debye lengths and surface potentials on increasing

the concentration to 0.05 wt% and again on increasing the concentration to 0.5

wt%. Neither the Debye lengths nor the surface potential show a dependency on the
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Table 7.2: Fitting parameters used in DLVO and EDL fits to the CP-AFM data in
figure 7.9 and 7.10

Debye length/κ−1 Fitted Surface Potential
[High]/wt% Fitted/nm ψ/mV Normalised ψ

5× 10−5 94±2 66±6 1
5× 10−4 87±2 63±5 0.95
5× 10−3 92±3 62±5 0.93

0.05 43±1 35±2 0.53
0.5 18±2 7.2±0.5 0.11

[Medium]/wt%
5× 10−5 92±2 70±9 1
5× 10−4 94±2 65±4 0.93
5× 10−3 84±2 58±3 0.83

0.05 47.5±1 40.5±2 0.58
0.5 30±1 13.5±1 0.19

[Low]/wt%
5× 10−5 93±3 69±7 1
5× 10−4 95±3 64±4 0.93
5× 10−3 78±1 59±2 0.86

0.05 34±1 42±2 0.61
0.5 52±1.5 12.5±0.5 0.18

molecular weight of the polymer. There are no theoretical models for the impact of

uncharged polymers on the distance over which a charge can be “felt” in an aqueous

environment. Therefore there are no theoretical Debye lengths for comparison.

At 5× 10−5 wt% the Debye lengths for all PEO molecular weights are observed

to be between 85 and 100 nm, this corresponds to an electrolyte concentration of

approximately 5× 10−5 M. As the concentration of PEO increases from 5× 10−5

wt% to 5× 10−3 wt% there is some variation in the measured Debye lengths but no

significant or systemic change. This is true for all molecular weights investigated.

Increasing the concentration to 5× 10−2 wt% however did result in a drop in the ex-

perimental Debye lengths, again for all molecular weights. The Debye length drops

by between one half to two thirds. At 0.5 wt% the behaviour of the Debye lengths

is mixed. It appears to increase for lowest molecular weight PEO, decrease slightly

for the medium weight and decrease further for the highest molecular weight inves-

tigated. As mentioned there is significant variation in the surface forces measured

at this concentration therefore it uncertain whether this is a dependency on the

molecular weight or an consequence of that variation.
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The experimental surface potentials from the fitting of the EDL model to the

experiential data are of the range 65 to 75 mV at 5× 10−5 wt% PEO for all molecular

weights. There does appear to be a slight decrease in the surface potential as

the concentration is increased from 5× 10−5 to 5× 10−3 wt% however this change

is small and within error of the initial surface potentials, this holds true for all

molecular weights. A significant decrease in the surface potentials is observed on

increasing the PEO concentration to 0.05 wt% with the values falling by between

one half and third. At 0.5 wt% the surface potentials decrease further. The decrease

in the surface potentials observed at higher polymer concentrations do not appear

to show any significant dependency on the molecular weight of the polymer.

As previously discussed the decreasing surface potential was understood to be

dependent on the concentration of halide anions within the system. These were

understood to bind to the head groups of the supported surfactant bilayers reducing

the surface potential. If this was the only factor affecting the measured surface

potentials then one would expect PEO not to influence the surface potential. Up

to 5× 10−3 wt% PEO this holds true as there is little significant change in the

measured surface potentials. The decrease in the surface potentials above 5× 10−3

wt% must be caused by another mechanism. Proposed causes include, impact on

the way forces are transmitted through the aqueous medium, salt impurities in the

the PEO, adsorption to the surface of the supported bilayers or another form of

interaction with the bilayers.

The Debye length as previously discussed can be viewed as a measure over which

a change can be “felt” in an aqueous environment. It is mostly understood by the

impact of electrolytes on shielding charges from one another. PEO is not charged

and therefore can not be view in the same manner as an electrolyte or polyelectrolyte

therefore it was not possible to predict its impact on the Debye lengths. However

as the concentration of PEO increases above 5× 10−3 wt% there is a clear decrease

in the Debye lengths. Whilst it is not possible to explain this observation from

the EDL model, it is possible to suggest a cause more descriptively. It is argued

that at higher polymer concentrations the polymer acts either in a similar manner

to an electrolyte shielding charge or it impacts upon the the ability of the charge

to be transmitted through the aqueous media changing the permittivity of the the
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environment.

The interactions at 0.5 wt% PEO, as discussed above, are variable showing three

different types of interaction. One of the dominant force profiles show an repulsion

followed by an attractive interaction at sort range. As the initial repulsive interaction

fit well with the EDL model it is proposed that these forces are caused by the double

layer repulsion between the supported cationic bilayers. The short range attraction

could be attributed to two interactions. Either the van der Waal’s interaction, as

part of the DLVO theory, or a depletion interaction. The van der Waals interaction

has not been observed constantly with the measurements of the interactions between

the DIPEDMAMS bilayers in a variety of environments. This has be put down to

repulsive steric and hydration interactions at short separations. For the van der

Waals interactions to be observed here it is would require the PEO to cause a break

down or a rearrangement of the hydration shell around the bilayers. The other

explanation for this short range attraction is the depletion interaction. This would

fit with observation of the depletion interaction of PEO between other cationic

surfactant bilayers measured using SFA. The range of the interaction is also of

the order suggested by other literature measurements. However there is too much

variation between the force profiles to compare this potential depletion interaction

as a function of polymer molecular weight.

The other dominant type of interactions observed at 0.5 wt% are characterised by

a rapidly increasing measured force, similar to hard contact, starting at separation

between 50 to over 400 nm. As the separation is further reduced it results in a series

of sharply increasing and decreasing peaks in the measured force. These forces

are clearly not the result of van der Waals, electrical double layer, or depletion

interactions. It is suggested that they are not the result of interaction between the

supported cationic surfactant bilayers but the result of interactions with something

on the surface of the mica supported bilayer. A proposed explanation for these

interactions involves the adsorption of PEO polymers to the surface of the supported

bilayers. As the separation is decreased contact is made with the polymers which

are compressed and deformed as the separation is decreased further resulting in a

force plot showing repeat loading and yielding of the polymer coils. Assuming that

the initial repulsive interaction is contact between the probe bilayer and the polymer
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coils suggests that the direct interaction between the polymers and the bilayers is

minimal as there are no long range forces observed. If the polymer is adsorbing onto

the supported bilayers than the small attractive force observed in some force curves

can not be due to the depletion interaction and must have another cause such as

the van der Waals interaction as the adsorbing polymer may break up the hydration

layer causing the strong short range repulsion.

7.3.3 AFM Imaging

The impact of PEO on supported cationic bilayers

In an attempt to gain a more complete understanding of the interactions measured

between the supported DIPEDMAS bilayers and the impact of the addition of poly-

DADMAC and PEO on them, supported bilayers of DIPEDMAMS were imaged in

increasing concentrations of the polymers, using AFM imaging. This was performed

for all of the molecular weights investigated in the colloidal probe work.

DIPEDMAMS bilayers were formed using the same vesicle deposition technique

as used for the colloidal probe force microscopy. The vesicle dispersion contained 10

mol% perillyl alcohol and the bilayers were formed at room temperature. The poly-

mer concentration was increased by washing the samples with the polymer solution

of interest. Several images of the bilayers in each environment were taken.

Figure 7.11 shows typical height, adhesion, and measured slope maps of the

supported DIPEDMAMS bilayers in increasing concentrations of the light weight

PEO. As has been discussed before the supported DIPEDMAMS bilayers form two

different bilayer phases. These phases have different surface properties and nano-

mechanics. The adhesion and measured slope maps show that there is a greater

tip-sample adhesion on retraction for the thinner bilayer phase and that the thicker

phase has a steeper measured slope or relative stiffness than the thinner bilayer

phase. No discernable change was observed from the bilayers formed in deionised

water to those observed at 5× 10−5 wt% PEO. This is also true for 5× 10−4 wt%

PEO where no significant changes were observed to either the topography, the sur-
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Figure 7.11: Typical QI AFM topographical images, with associated typical maps of
surface adhesion and measured slope, for supported DIPEDMAMS bilayers imaged
in increasing concentrations of 400,000 Mw PEO. Concentrations shown in figure.
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face interaction or the nano-mechanical properties. At 5× 10−3 wt% small, almost

spherical like, features are observed in the height images. These range from less

than 10 to over 100 nm in diameter with a height of between 80 and 120 nm. These

are observed across the surface. They appear to have some impact on the tip to

sample adhesion but do not appear to have a significant impact on the maps of the

measured slope. The number and size of these sphere like features increases as the

concentration is increased to 0.05 wt%. These appear to also introduce a number of

line artefacts into the images making resolving the image more difficult. These line

artefacts along with the striated changes observed in the adhesion and slope maps

suggest that at least some of these particles are mobile and most likely being picked

up by the AFM tip and moved during imaging. This makes drawing any conclu-

sions from the slope and adhesion maps problematic as it is uncertain whether they

are measuring the tip bilayer interaction or particle bilayer interactions. Increasing

the concentration further to 0.5 wt% results in a further increase in the number of

these particles and hence the number of line artefacts making the images difficult to

resolve. This also negatively impacts on the adhesion and slope maps making them

too busy to interpret in any meaningful way

This pattern is to the most part repeated across the other two molecular weights.

However the concentration at which the particles first appear for the other molecular

weights is 0.05 wt% where they are observed in lower numbers compared with the

low molecular weight PEO. These again cause line artefacts due to the proposed

mobility of these particles and render the adhesion and slope maps problematic to

interpret.

Height images and corresponding cross-sections of the highest and lowest PEO

concentrations for all molecular weights are shown in figure 7.12, 7.13, and 7.14. At

5× 10−5 wt% there is no discernable difference in the topography of the supported

bilayers. All show the expected two phase configuration with the two phases differing

in thickness by 1 - 1.5 nm. At 0.5 wt% all samples show the appearance of particles

or aggregates on the surface which induce a number of line artefacts. As briefly

mentioned above the concentration at which the particles start to appear does appear

to increase with increasing molecular weight. However from the figure one can

clearly see how the number of these aggregates at 0.5 wt% appears to be inversely
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Figure 7.12: AFM images, 5 x 5 µm and associated cross-sections in PEO solutions
a)i 5× 10−5 wt% high molecular weight a)ii 0.5 wt% high molecular weight.

proportional to the molecular weight of the PEO dispersion present. The size, in

terms of height as the diameter can be difficult to determine due to the line artefacts,

appears to increase with increasing molecular weight.

It is suggested that the particles or aggregates observed on the surface on the

supported bilayers are the the result of PEO polymer coils adsorbing to the surface

of the bilayer. The adsorption of the polymer to the surface of the bilayers at higher

polymer concentrations would offer an explanation for the observed forces. It is

proposed that the force profiles showing rapidly increasing measured force, similar

to hard contact followed by a series of sharply increasing and decreasing peaks in

the measured force as the separation is further reduced are the result of interactions

between the adsorbed polymers and the bilayer on the probe. The series of peaks

observed in the force profile as the separation is decreased are explained by the

compression and deformation of these polymer coils.
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Figure 7.13: AFM images, 5 x 5 µm and associated cross-sections in PEO solutions
b)i 5× 10−5 wt% medium molecular weight b)ii 0.5 wt% medium molecular weight.

The features on the surface are not uniform in shape or size and whilst the

polymer samples are polydisperse this can not account for the amount of variation

observed. These are attributed to polymer aggregates made up of more than one

polymer coil. The number of polymer aggregates and coils observed on the bilayer

surfaces at 0.5 wt% show a dependency on the molecular weight of the polymer

used. The images suggest that as the polymer molecular weight increases, fewer

features are observed on the surface. Whilst the number of monomers in the samples

is kept constant the number of coils will decrease as their size increases with the

molecular weight. This observation therefore may be put down simply to the number

of polymer coils present in the system. The size and height of these aggregates also

appears to increase with increasing molecular weight. Which could be explained by

the increasing size of the individual polymer coils. However the observed variation

in size with the additional complication of the line artefacts make it difficult to

comment too strongly on this.
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Figure 7.14: AFM images, 5 x 5 µm and associated cross-sections in PEO solutions
a)i 5× 10−5 wt% low molecular weight a)ii 0.5 wt% low molecular weight.

Due to the adsorption of the polymer coils onto the surfaces at higher PEO

concentration and the induction of line artefacts into the images it is difficult to

comment on the state of the supported surfactant bilayer underneath. However it

is still possible to see the two phase configuration of the surfactant bilayer system

in some areas of the images suggesting that the adsorption of the polymer to the

bilayers does not have a significant impact on the structure of the bilayers.

The impact of Poly-DADMAC on supported cationic bilayers

Figure 7.15 shows typical height, adhesion, and measured slope maps of the sup-

ported DIPEDMAMS bilayers in increasing concentrations of the medium weight

poly-DADMAC. In deioinsed water and in low poly-DADMAC concentration the

bilayers adopt the two phase configuration with the different phases showing differ-

ent surface properties and nano-mechanics. No significant changes were observed
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Figure 7.15: Typical QI AFM topographical images, with associated typical maps of
surface adhesion and measured slope, for supported DIPEDMAMS bilayers imaged
in increasing concentrations of medium poly-DADMAC. Concentrations shown in
figure.
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between the system in deionised water and 5× 10−5 wt%. As the poly-DADMAC

concentration is increased holes are observed to form in the supported surfactant

bilayers. The size and number of these holes increases with increasing polyelec-

trolyte concentration. The addition of the polyelectrolyte does not appear to have

a significant impact on the tip to sample adhesion of the two different surfactant

phases. However it does appear to show a change on the contrast of the measured

slope between the the two phases. However this does vary to some degree between

different samples. It is difficult to comment on the adhesion and measured slope

maps for the holes as some images show a decrease in the adhesion or measured

slope in those areas where holes are observed whereas other images or sections of

images can show an increase.

There were no significant differences in the bilayer images between the different

poly-DADMAC molecular weights. They all suggested an equally potent effect on

the bilayer at each concentration. All showed a steady increase in the number and

size of the holes appearing in the bilayers as the poly-DADMAC concentration was

increased.

Topographical Height images and their corresponding cross-sections at the high-

est and lowest concentration of poly-DADMAC for the light and heavy molecular

weight systems are shown in figure 7.16. In 5× 10−5 wt% poly-DADMAC both

molecular weights show the two phase configuration expected for the DIPEDMAMS

system. The height difference between the two phases being measured as 1 - 1.5

nm as expected. This is identical to the images in deionised water. At 0.5 wt%

poly-DADMAC holes have been formed in the bilayers. There does not appear to

be any dependence on the molecular weight of the polyelectrolyte on the size nor

the number of these holes. These holes are typically 3 to 4 nm in depth. A change

in the height difference between the thicker and thinner bilayer phases is observed

as the electrolyte concentration increases. The difference is typically 1 - 1.5 nm at

low salt concentrations but decreases to 0.5 - 1 nm at higher salt concentrations.

The observation of the formation of holes in the surfactant bilayers with increas-

ing polyelectrolyte concentration is very similar to those observed with the addition

of halide salts in Chapter 6. It was argued that the formation of holes in the bilay-
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Figure 7.16: AFM images, 5 x 5 µm and associated cross-sections in poly-DADMAC
solutions a)i 5× 10−5 wt% high Mw a)ii 0.5 wt% high Mw b)i 5× 10−5 wt% low
Mw b)ii 0.5 wt% low Mw.
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ers offered an additional explantation for the observation that the measured surface

potential decreased with increasing salt concentration and it was suggested that as

more holes form in the supported bilayer, the surface coverage decreased the charge

density and the overall surface potential decrease. This aided in explaining some of

the observations form the colloidal probe force spectroscopy. It was also proposed

that the binding of the halide counter ions to the surfactant head groups disrupting

the local hydration sphere and change the charge localization was a potential cause

for the break up of the bilayer. If that holds true then the observations of the inde-

pendence of the holes formation from the polymer molecular weight as the number

of monomers and hence the chloride concentration was constant between samples at

the same wt%. This does however suggest that the polyelectrolyte coils themselves

have a negligible impact on the surfactant bilayers and only act to modify the forces

between them.

7.3.4 Particle sizing and Zeta Potential of Surfactant Vesi-

cles

Whilst the colloidal probe force spectroscopy data shows how the measured forces

between the surfactant bilayers are impacted by the addition of polymers and poly-

electrolytes it is not clear whether the decreasing strength of the repulsive inter-

actions, or the appearance of small attractive interactions, are enough to induce

the flocculation and instabilities into a bulk vesicle dispersion. To explore this re-

lationship, the mean particle size and the zeta potential of DIPEDMAMS vesicle

dispersions containing increasing concentrations of PEO and poly-DADMAC were

investigated.

The effect of increasing concentrations and molecular weights of poly-DADMAC

on the mean particle size and zeta potential of DIPEDMAMS vesicle dispersion are

shown in figure 7.17. For clarity, the poly-DADMAC concentration has been plotted

on a log10 scale. The initial particle size and therefore vesicle diameter was measured

as 82± 4 nm. No significant change in the mean particle diameter was observed as

the polyelectrolyte concentration was increased form 5× 10−5 to 5× 10−3 wt%. At
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Figure 7.17: Plots of the mean particle diameter and zeta potential of a DIPED-
MAMS vesicle dispersion as a function of increasing poly-DADMAC concentration
and molecular weights.
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0.05 wt% a 10% to 18 % increase in the mean particle size was observed for all poly-

DADMAC molecular weights. Increasing the concentration to 0.5 wt% resulted in

a large increase in the mean particle diameter for all molecular weights. The mean

particle diameter increased by more than a factor of 10. Whilst some difference in

the particle diameter is observed between the different molecular weights the large

variation in the experimental measurements makes the resolving of any dependency

problematic.

The initial zeta potential measurements in 5× 10−5 wt% poly-DADMAC were

measured as 61± 6 mV at all molecular weights. As the polyelectrolyte concentra-

tion was increased from 5× 10−5 to 0.05 wt% a slight decline in the zeta potential

was observed for all molecular weights. There was some variation in the measured

zeta potentials at all concentrations making it difficult to resolve if there are any

dependency on the molecular weight. As the concentration was increased further to

0.5 wt% the zeta potential fell steeply to 18±5 mV. This was true for all molecular

weights. Despite the variation in the measured zeta potential at this concentration

it is not believed that there is any observed dependency on the molecular weight.

The initial zeta potential values at 5× 10−5 wt% poly-DADMAC compare well

with the surface potentials calculated from the colloidal probe direct force measure-

ments. With the experimental surface potentials being slightly higher than the zeta

potential measurements as would be expected. However whilst the zeta potential

values show a slight decline up to 0.05 wt% poly-DADMAC and a sharp decline

at 0.5 wt% poly-DADMAC, the surface potentials, table 7.1 show a steady decline

with each increase in the polymer concentration.

The effect of increasing concentrations and molecular weights of PEO on the

mean particle size and zeta potential of DIPEDMAMS vesicle dispersions are shown

in figure 7.18. For clarity, the PEO concentration has been plotted on a log10 scale.

The initial particle size and therefore vesicle diameter was measured as 81± 6 nm.

No significant change in the mean particle diameter was observed as the polymer

concentration was increased form 5× 10−5 to 5× 10−3 wt%. At 0.05 wt% a 20% to

30% increase in the mean particle size was observed for all PEO molecular weights.

Increasing the concentration to 0.5 wt% resulted in a large increase in the mean
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Figure 7.18: Plots of the mean particle diameter and zeta potential of a DIPED-
MAMS vesicle dispersion as a function of increasing PEO concentration and molec-
ular weights.
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particle diameter for all molecular weights. The mean particle diameter increased

by approximately five times the initial vesicle diameter. Taking into account the

variation and range of the measured particle diameters at each polymer concentra-

tion the molecular weight of the polymer does not appear to have an impact on the

mean particle size at any concentration.

The initial zeta potential measurements in 5× 10−5 wt% PEO were measured as

58±6 mV at all molecular weights. Within error the zeta potential remains constant

as the polymer concentration was increased from 5× 10−5 to 5× 10−3 wt%. However

due to the variation in the measured values this does not appear significant and can

not be stated with much certainty. Whilst there is some difference in the values

for the different molecular weights at these concentrations they are not significant

enough to suggest any dependency on the molecular weights. A significant decrease

in the zeta potential is observed as the polymer concentration is increased to 0.05

and 0.5 wt%. At 0.5 wt% the zeta potential has fallen to 27± 8 mV. The decrease

in the zeta potential observed at 0.05 and 0.5 wt% do not appear to show any

dependency on the molecular weight of the polymer.

The large increases in the mean particle diameter measured at high polymer

and polyelectrolyte concentrations are suggested to be caused by aggregation of

the DIEDMAMS surfactant vesicles. These aggregates form when the interactions

between the surfactant vesicles are not sufficiently repulsive to prevent them from

coming into contact with one another. Once in contact interactions including the

attractive van der Waals interaction, hydration effects, and depletion interactions

cause the vesicle to adhere to one another. This may also involve vesicles merging

or engulfing one another. The growth of these aggregates may eventually lead to

the system separating into a surfactant rich phase and an aqueous phase.

With the addition of poly-DADMAC the colloidal probe microscopy show that

the interaction between the surfactant bilayers was strongly repulsive up to 5× 10−3

wt%. This is reflected in the particle sizing data which showed no change in the mean

particle diameter at these concentrations. At 0.05 wt% a weak depletion interaction

was observed, for all molecular weights, in the forces measured between the bilayers.

A small but not insignificant increase in the mean particle diameter was observed
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at this concentration potentially suggesting that the system has begun to flocculate.

Whilst the colloidal probe data suggested a relationship between the strength of the

depletion interaction and the molecular weight of the polyelectrolyte this was not

reflected in the DLS data. At the highest poly-DADMAC concentration of 0.5 wt%

only minimally repulsive interactions were measured between the bilayers which,

from the large increase in the mean particle size observed in the DLS data, are weak

enough to cause the system to flocculate.

The changes in the zeta potential with increasing poly-DADMAC concentration

are similar to those observed with the addition of NaCl. Supporting the suggestion

that it is chloride counter ions which are having the largest impact in the changes in

electrical repulsion between the bilayers. The ionic pair model of electrical double

layers, as discussed in Chapter 6 suggests that the increased counterion binding at

the head group of the surfactant bilayers can decrease the surface potential and

therefore the measured zeta potential. This also reduces the thickness of the double

layer and reduces the repulsion between the vesicles.

In PEO the size of the vesicles is constant up to 0.05 wt% at which a small in-

crease is observed then large increase at 0.5 wt% but not as much as poly-DADMAC.

The colloidal probe data however shows the interactions between the supported bi-

layers as strongly repulsive up to 0.05 wt%. There appears to be a contrast between

the measured forces and the particle size data suggesting that the system is begin-

ning to flocculate. However there is another potential explantation for the observed

increase in the particle size. From the AFM imaging data of DIPEDMAMS bilayers

with the addition of PEO adsorption of the polymer coils onto the bilayers were

observed. If this was also occurring in the bulk vesicle systems it would show an

increase in the mean particle diameter of the vesicles. The system does then show a

significant increase in the mean particle diameter at 0.5 wt% PEO which can only be

understood in terms of vesicle aggregation and the beginnings of system instability.

The increase in vesicle diameter at 0.5 wt% PEO however is about half that observed

for the poly-DADMAC. The bilayer - bilayer interactions at these concentrations do

show a stronger repulsive interaction than their poly-DADMAC counter parts which

could explain why the aggregation is not to the same extent. Steric effects caused

by the adsorption of the PEO polymer coils to the bilayers may also have an effect.
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The decrease in the zeta potential with the addition of PEO is only observed at

0.05 wt% and above, echoing the observed decrease in the surface potentials observed

from the colloidal probe work. It is suggested that the adsorption of the polymer

coils to the bilayer surface as observed in the AFM data may be acting to shield the

surface charge or causing a shift in the shear plane thus reducing the measured zeta

potential.

7.4 Conclusions

Colloidal probe force spectroscopy was used to directly measure the interactions be-

tween two supported cationic surfactant bilayers in aqueous polymer and polyelec-

trolyte environments. The measured interactions before the addition of polymers or

polyelectrolytes were exponentially repulsive. With the addition of poly-DADMAC

the strength and range of the repulsive interaction declined with increasing poly-

electrolyte concentration, in a similar manner observed to the impact of electrolyte

on the measured interactions. At 0.05 wt% poly-DADMAC a small but not in-

significant attractive interaction was observed. This is thought to be a depletion

attraction.

Comparing the measured interaction with the theoretical EDL model the elec-

trical double layer forces were observed to decay at rates in agreement with the-

oretical Debye lengths, where the polyelectrolyte were treated as monomers, with

some deviation at extremes of electrolyte concentrations. The good agreement of the

theoretical and measured Debye lengths suggested that treating the polyelectrolyte

as a normal electrolyte is sufficient to describe their impact on the range of the

measured interactions. There did not appear to be any strong correlation between

the molecular weight of the poly-DADMAC and its impact on the bilayer - bilayer

interactions.

Topographical AFM images of the supported surfactant bilayers with increasing

concentrations of poly-DADMAC showed the formation of holes in bilayers pene-

trating down to the mica support. The size and number of these holes appeared
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to increase as the polyelectrolyte concentration increased. The hole formation did

not appear to show any dependence on the molecular weight of the polyelectrolyte.

This generally supported the trend observed in the colloidal probe force microscopy.

The hole formation provided an additional explanation for the observation that the

surface potential fell with increasing poly-DADMAC concentration. The similarity

of the impact of the polyelectrolytes on the bilayers with the effect of the halide salts

on the bilayers suggested that the polymer coils had only minimal impact on the

bilayers and the responsibility for the changes in the bilayers lay with the chloride

counter ions.

Looking at bulk DIPEDMAMS vesicle dispersions the systems appeared stable as

measured by DLS and zeta potential up to 5× 10−3 wt% poly-DADMAC. However

the vesicles were observed to aggregate and flocculate at higher concentrations. At

0.05 wt% poly-DADMAC, at which a depletion attraction was observed, showed

only a modest increase in the mean particle diameter. There were no significant

variations between the changes observed in the mean particle diameter and zeta

potential with the different molecular weights investigated.

The addition of PEO at similar concentration to the polyelectrolyte had a much

smaller impact on the measured forces up to 0.05 wt%. No significant change in the

repulsive interactions were observed as the concentration of PEO was increased to

5× 10−3 wt% in contrast to the steady decline in strength and range of the inter-

actions observed with poly-DADMAC. A sharp decline in the repulsive interactions

was observed at 0.05 wt% PEO followed by a short range attraction not observed

at higher concentrations. The interactions measured at 0.5 wt% were variable and

often showed behaviour not consistent with EDL interactions.

Topographical AFM images of the supported bilayers in increasing concentra-

tions of PEO showed no significant changes up to 5× 10−3 wt%. At 0.05 wt% and

above polymer coils and aggregates were observed to have adhered to the surface of

the bilayers. The number of which increased as the concentration was raised further.

The number adhered polymers decreased and the size of the features increased with

increasing polymer molecular weight.
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Finally the impact of PEO on the mean particle size and zeta potential of bulk

surfactant vesicle dispersions was investigated. No significant changes were observed

up to a concentration of 5× 10−3 wt%. At 0.05 wt% a small increase in the mean

particle size was observed, this is suggested to be related to the adhesion of polymers

to the vesicles as opposed to vesicles aggregation. A large increase in the particle

size is observed at 0.5 wt% where the measured forces are sufficiently low that the

system begins to flocculate and destabilise.
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Chapter 8

The Impact of Fatty Acids on

Bilayer-Bilayer Interactions to

Simulate Surfactant Ageing

8.1 Introduction

The cationic double tailed surfactant di(alkyl iso-propyl ester) dimethyl ammonium

methylsulfate (DIPEDMAMS), which has been the main focus of the work so far

has been designed to contain two ester bonds. This is a deliberate design decision

based around the need to make such industrial surfactant and surfactant systems

more environmentally friendly than those containing alkyl or ether linkages. The

ester enables the surfactant to under go hydrolysis reducing it to its consultant

parts. The resulting fatty acids can be broken down in the environment as they

are a natural product. [344] Whilst this design reduces the long term environmental

impact of the surfactant system on the environment it means that the composition

of the system will change over time.

The DIPEDMAMS system is synthesised using a industrial fatty acid mixture

primarily comprised of stearic, palmitic and oleic acid. Corresponding to the chain
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lengths C18, C16, and C18:1 respectively. The mixture is generally sourced from

tallow or a vegetable based system with similar fatty acid ratios. A typical tallow

composition is as follows 14% stearic acid, 26% Palmitic acid, and 47% oleic acid

any other constituents are typically present at concentrations of < 3%. [345]

Ageing or chemically inducing the breakdown of the surfactant molecules would

be both laborious and inconsistent with precisely controlling the amount of decom-

position being problematic. Instead, it was decided to mimic the decomposition of

the system by adding the fatty acids to the system. This was done in a manner

that endured the fatty acid were incorporated into the bilayers as they would be

if produced within the bilayers. This enabled the effect of increasing the bilayer

content of each individual fatty acid to be investigated as well as the impact of the

mixed tallow on the system.

Colloidal probe microscopy was used to investigate the impact of increasing fatty

acid content on the forces measured between the supported cationic bilayers in

an attempt to understand if this would be a potential cause of system instability.

Atomic force microscopy was used to image the supported bilayers to investigate

how the addition of the different fatty acids to the bilayers impacted upon the

topography and nano-mechanical properties of the surfactant bilayers. This was

in an attempt to decouple the impact of the polymers on the forces between the

bilayers and changes to bilayers themselves. Small and wide angle x-ray scattering

was used to try and understand if the impact of the fatty acids on the supported

bilayers was present in the bulk system.

8.2 Experimental

The cationic surfactant, di(alkyl iso-propyl ester) dimethyl ammonium methylsul-

fate (DIPEDMAMS) was provided by Procter and Gamble. Synthesised using an

industrial fatty acid mixture of C18, C16 and C18:1 chains, therefore the aliphatic

tails are a statistical mixture of the three fatty acids see section 4. Stearic, palmitic,

and oleic acid were obtained from Sigma-Aldrich. All solutions were prepared with
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deionised water, < 18 mS, filtered through an activated carbon filter to remove

organic impurities.

8.2.1 Preparation of supported lipid bilayers

Supported surfactant bilayers were formed by the vesicle deposition technique from

DIPEDMAMS/fatty acid vesicle dispersions, as described in Chapter 3. Bilayers

were formed on both mica and the glass colloidal probe in situ at 60 ◦C.

8.2.2 Atomic Force Microscopy

All measurements were made using a JPK Nano wizard 4 AFM and analysed using

the JPK data processing software as detailed in Chapter 3

Colloid Probe Atomic Force Spectroscopy

Colloidal probe force spectroscopy was used to measure force distance curves between

a colloidal sphere, attached to an AFM probe, and a flat substrate. By forming a

supported cationic surfactant bilayer on both surfaces the interactions between the

bilayers could be investigated. Force curves were collected in multiple positions

across the surface for each fatty acid composition. For more details please see

Chapter 3

AFM Imaging

All imaging was performed in quantitative imaging (QI) mode. Multiple images of

different areas of each supported bilayer were collected. All imaging was performed

at 23±2 ◦C. Further details on QI mode and on the imaging protocols can be found

in Chapter 3
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8.2.3 Small Angle X-ray Scattering (SAXS)

Sample Preparation

DIPEDMAMS/fatty acid/water systems were fabricated according to the protocols

discussed in Chapter 3. Samples were hydrated at 20 wt% by mass.

Beamline set up

SAXS was performed at the Diamond Light Source (Oxfordshire) on beamline I22,

as detailed in Chapter 3

8.2.4 Dynamic Light Scattering and Zeta Potential

Sample Preparation

DIPEDMAMS/fatty acid vesicle dispersions were fabricated according to the pro-

tocols described in Chapter 3.

Particle sizing and zeta potential measurements

Particle sizing and zeta measurements were performed using a A Brookhaven zeta-

PALS as detailed in Chapter 3. All measurements were performed at 25 ◦C.
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8.3 Results and Discussion

8.3.1 The impact of bilayer compositions on the interactions

measured between supported cationic bilayers

Earlier work required the addition of periyl alcohol to the surfactant vesicle dis-

persion to reduce the transition temperature of the system enabling the formation

of supported DIPEDMAMS bilayers at room temperature. At this stage in the

project a sample heating stage had been acquired for the AFM enabling imaging

and force spectroscopy to be performed at temperatures above ambient. This en-

abled the formation of supported DIPEDMAMS bilayers in situ on both the probe

and the mica substrate by heating the system. The system was then allowed to cool

and treated in the same manner as those formed in the earlier work. Being able

to form supported bilayers this way opened up the opportunity to study the im-

pact of changing surfactant compositions on the interaction between two supported

surfactant bilayers.

When investigating how additives to the system affected the interactions between

the bilayers it was possible to create the supported bilayers then measure how the

interactions changed as the system was flushed to replace the aqueous environment

with another of interest. That is clearly not possible when investigating the com-

position of the surfactant bilayers. As has been mentioned previously there is some

variation between the initial interactions. This however is thought to be primarily

caused by different cantilevers as the exact spring constant is not known and they

can be impacted by variations in the size and position of the colloidal sphere. To

compensate for this variation each fatty acid series was performed using a single

probe. This was repeated several times for each fatty acid until the trend with the

probe increasing and decreasing the fatty acid content exhibited a similar pattern.

The interactions between two supported DIPEDMAMS bilayers containing in-

creasing ratios of stearic, and palmitic acid are shown in figure 8.1. The interactions

shown in for each fatty acid were performed using the same probe to minimise vari-

ation in the force measurements. At each each fatty acid concentration the forces
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shown are typical of those observed at each concentration as there was little varia-

tion across the surface for each sample. Force curves shown are those on approach

as those on withdrawal showed no significant difference to those on approach.

The interactions between the pure DIPEDMAMS bilayers and those containing

the C18 fatty acid, stearic acid, and the C16 fatty acid, palmitic acid, exhibited

similar behaviour. All exhibited almost solely repulsive interactions on approach.

The onset of the repulsive interaction was between a separation of 300 and 350 nm.

As the separation was decreased the force measured between the bilayers appeared

to increase exponentially. At shorter separations the repulsive interactions appeared

to increase further an a purely exponential relationship would suggest. Further de-

creasing the separation resulted in one of two behaviours. Most often the repulsive

interaction would increase further until it became indistinguishable from the com-

pliance region and hard contact between the bilayers was assumed to have been

achieved. In a minority of areas a small attractive force was observed between 2

and 5 nm with an attractive force of < 0.5 nN which lead to contact between the

bilayers.

For both of the stearic and palmitic acid as the fatty acid content of the bilay-

ers was increased the strength and range of the repulsive interactions appeared to

decrease. However this decrease is subtle compared to those observed in previous

work. The relationship between the fatty acid content and the measured forces was

observed using several probes both increasing and decreasing the fatty acid content.

This suggests that the observations are not just the result of variation between ex-

perimental runs. No significant difference is observed between the impact of stearic

and palmitate acid on the interactions.

The interactions between two supported DIPEDMAMS bilayers containing in-

creasing ratios of oleic acid and a simulated tallow mixture are shown in figure 8.2.

The simulated tallow was formed by melting together stearic, palmitic and oleic

acid in the following ratio 16:30:54 in order to mimic the industrial product used

the create the surfactant and simulate the hydrolysis of the statistical surfactant

system.
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Figure 8.1: Forces measured on approach between DIPEDMAMS bilayers containing
increasing concentrations of stearic acid and palmitic acid. Fatty acid concentrations
and identity are shown in the figure.
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Figure 8.2: Forces measured on approach between DIPEDMAMS bilayers containing
increasing concentrations of oleic acid and tallow mixture. Fatty acid concentrations
and identity are shown in the figure.
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The interactions between the surfactant bilayers with increasing oleic acid con-

tent and those with increasing tallow composition exhibited almost solely repulsive

interactions on approach. The range and strength of these repulsive interactions

are observed to decrease with increasing oleic acid concentration and the increasing

inclusion of the tallow mixture showed a similar pattern. These interactions were

observed with different probes and on decreasing the fatty acid content. The onset

of the repulsive interactions were observed between a separation of 300 and 350 nm

for pure DIPEDMAMS bilayers falling to between 200 and 250 nm at the highest

fatty acid contents. The measured forces appear to increase exponentially at all

concentrations but does deviate at shorter separations as discussed earlier. Near to

contact two different behaviours, as discussed above, are observed. One showing a

very short range attraction of < 0.5 nN around a separation of 2 to 5 nm. More dom-

inantly an increase in the repulsion becoming indistinguishable from the compliance

region. The decreasing strength and range of the repulsive interactions observed

with increasing oleic acid or tallow is more marked than the changes observed with

the inclusion of stearic or palimitic acid.

The experimental interactions between the supported DIPEDMAMS bilayers

containing increasing ratios of stearic, palmitic, and oleic acid, as well as those

containing increasing amounts of the simulated tallow mixture are shown along side

the theoretical model EDL interactions for each composition in figure 7.4 and 7.5 on

a semi-log scale. Only the EDL model has been used here as the attractive van der

Waal’s component of the DLVO theory is not observed, as discussed in Chapter 6.

From the semi-log plots it is clear that the observed repulsive interactions are

exponential in nature for all bilayer compositions and fatty acid content. As dis-

cussed earlier at small separations the repulsive interactions are observed to increase

further than an exponential relationship would suggest. This was observed for all

compositions but the degree of this increase is observed to decline at higher con-

centrations of oleic acid or with the tallow mixture. This has been observed for

almost all other bilayer-bilayer interactions measured using this technique and has

been attributed to additional short range repulsive interactions not accounted for

by the DLVO theory such as hydration effects or stearic interactions, or the result

of charge regulating interactions between the two bilayers in close proximity. For all
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Figure 8.3: Forces measured on approach between DIPEDMAMS bilayers contain-
ing increasing concentrations of stearic acid and palmitic acid on a semi-log scale.
Solid black lines show the theoretical model EDL interactions interactions for each
composition. Fatty acid concentrations and identity are shown in the figure.
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fatty acid contents and identities the model EDL interactions generally fit the data

well but data and the model do diverge at shorter separations, as discussed, where

the model suggests a lesser repulsive interactions than those measured.

As the concentration of stearic or palmitic acid incorporated into the supported

bilayers increases no significant change is observed, although there is some variation,

in the absolute gradients of the model interactions for either fatty acid. There

does however appear to be a decrease in the intercepts of the model forces as the

concentration is increased. This decrease however is small compared to the changes

observed with the addition of polymers or electrolytes to the system. There does not

appear to be any significant difference between the addition of stearic or palmitic

acid.

The increasing oleic acid or tallow mixture content of the supported bilayers as

with the stearic and palmitic acids did not appear to have a significant impact on

the absolute gradient of the model interactions. Although there were some variation

in the absolute gradient no clear trend was apparent. The intercept of the model

forces however did show a more significant decrease with increasing oleic acid or

tallow content than the observed with the two saturated fatty acids. This decrease

in the model intercepts is more more pronounced for the oleic acid samples than

with the tallow containing bilayers.

The results of the EDL fitting operation are shown in table 8.1 for all fatty acid

bilayer compositions. The table shows the experimental values for the Debye length

and experimentally determined values for the surface potential for each composition

and molecular weight. As discussed previously there is some variation in the initial

experimental surface potentials therefore a column normalising the surface potential

at the pure DIPEDMAMS values has been included for ease of comparison.

The experimentally derived Debye lengths appear to show no clear dependency

on neither the identity nor the concentration of the fatty acid content of the sup-

ported bilayers. However the experimentally determined surface potentials do show

a dependency on the fatty acid content in terms of both identity and concentration.

Overall the increasing fatty acid content of the bilayers resulted in a decrease in the
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Table 8.1: Fitting parameters used in DLVO and EDL fits to the CP-AFM data in
figure 7.9 and 7.10

Debye length/κ−1 Fitted Surface Potential
[Stearic]/wt% Fitted/nm ψ/mV Normalised ψ

5× 10−5 65±2 66±6 1
5× 10−4 63±2 63±5 0.95
5× 10−3 58±3 55±5 0.83

0.05 59±1 57±2 0.86
0.5 62±2 52±0.5 0.78

[Palmitic]/wt%
5× 10−5 58±2 71±9 1
5× 10−4 56±2 67±4 0.94
5× 10−3 59±2 63±3 0.88

0.05 55±1 59±2 0.83
0.5 59±1 56±1 0.79

[Oleic]/wt%
5× 10−5 55±3 62±7 1
5× 10−4 54±3 59±4 0.95
5× 10−3 57±1 47±2 0.76

0.05 58±1 45±2 0.72
0.5 53±1.5 37±0.5 0.60

[Tallow]/wt%
5× 10−5 70±3 64±7 1
5× 10−4 70±3 61±4 0.95
5× 10−3 65±1 48±2 0.75

0.05 66±1 49±2 0.75
0.5 66±1.5 38±0.5 0.59

measured surface potentials. This decrease appears to be greater for the bilayers

containing oleic acid or the tallow mixture than for those containing stearic acid or

palmitic acid.

The Debye lengths of the pure DIPEDMAMS bilayers are observed to be between

55 and 70 nm. With no clear trend observed as the concentration is increased for

any of the fatty acids. At the highest fatty acid concentrations the Debye lengths

were observed between 53 and 66 nm which whilst appear to be a decrease is well

within error of the initial experimental Debye lengths and the values are observed

to fluctuate as the concentration increases. This degree of variation may make any

small tends unresolvable.
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The experimental surface potentials from the fitting of the EDL model to the

experimental data range from 62 to 70 nN for the pure DIPEDMAMS bilayers. This

variation appears to be related to the individual probe used. With the addition of

stearic or palmitic acid to the surfactant bilayers a small but steady decline in the

measured surface potentials is observed. The addition of oleic acid or tallow to the

bilayers resulted in more pronounced decline the in the measured surface potentials.

Whilst this decline is fairly well pronounced across the range of concentrations for

each fatty acid composition the degree of error between concentration can sometimes

be larger than the observed changing. As such it is difficult to comment on the direct

dependency of the forces on the bilayer composition.

The lack of any clear trend in the experimental Debye lengths is to be expected.

As has been previously discussed the Debye length can be understood as the distance

over which a charge can be “felt”. Changes to the composition of the surfactant

bilayers is not expected to have an impact on the Debye length. The variation in the

Debye lengths is put down to impurities within the deionised water used to prepare

the vesicle dispersion and the imaging buffer.

Stearic and palmitic acid are observed to to have a similar impact on the exper-

imental surface potentials with increasing fatty acid content. A simple explanation

for this observation would be the reduction in the DIPEDMAMS content and hence

the number of charged head groups in the bilayers as the fatty acid content increases.

However the inclusion of oleic acid to the system had a much greater impact on the

surface potentials than the stearic or palmitic acid suggesting that the structure

of the added fatty acid plays a role. The obvious difference between oleic acid

and stearic or plamitic acid is the unsaturation in the hydrocarbon chain of the

oleic acid. The addition of unsaturated fatty acids to lipid or surfactant bilayers

have been shown to causes changes in the arrangement or organisation of the bilay-

ers. [278] It is suggested that a rearrangement or reorganisation of the surfactant

bilayers due to the addition of oleic acid may be responsible for the observed changes

in the measured surface potentials.

Whilst this may explanation the differing impact of oleic acid compared with

stearic or palmitic acid the changes observed. The impact of the addition of the
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tallow mixture on the measure interactions can not be understood in this manner

as it is approximately 50% oleic acid.

However if the addition of fatty acids was causing some form of rearrangement

of the bilayers one would expect the impact to be more closely tied to the content.

For example 20 mol% having twice the impact on the surface potential then the

10 mol% sample. This may however be the result of the innate variation in the

system and as these are relatively small changes and may not be resolvable due to

this variation.

8.3.2 AFM Imaging

AFM imaging was used to investigate the impact of increasing fatty acid content on

the topographical structure of supported DIPEDMAMS bilayers. This was to gain

a more complete understanding of the impact of the bilayers fatty acid content on

the system and to try to understand how changes to the structure of the bilayers to

impact on the forces measured between the bilayers.

The DIPEDMAMS bilayers were formed using the same vesicle deposition tech-

nique as used for the colloidal probe force microscopy. The vesicle dispersions were

formed from a homogenous DIPEDMAMS/fatty acid system. Several images of the

bilayers were taken for each bilayer composition.

Figure 8.5 shows typical height, adhesion, and measured slope maps of the sup-

ported DIPEDMAMS bilayers containing increasing concentrations of stearic acid.

At 1 mol% stearic acid the system adopts the two phase configuration where the

two phases have different surface properties and nano-mechanics. As no discernable

difference was observed between pure DIPEDMAMS bilayers and those containing

1 mol% stearic acid the pure bilayers have not been shown in the figure. As the

stearic acid content is increased the thicker phase appears to become dominant, the

area covered by the thicker phase appears to increase. Whilst the coverage by the

thicker phase appears to increase the number of domains within the thicker phase

which adopt the thinner appear to increase but their size decreases. At 20 mol%
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5 mol%

10 mol%

20 mol%

Figure 8.5: Typical QI AFM topographical images, with associated typical maps
of surface adhesion and measured slope, for supported DIPEDMAMS bilayers con-
taining increasing concentrations of stearic acid. Concentrations shown in figure.
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the bilayer adopts almost solely the thicker phase only exhibiting some small, < 150

nm diameter, regions of the thinner phase. The increasing stearic acid content does

not appear to have a significant impact on the tip to sample adhesion of the two

different surfactant phases. The measured slope also shows no significant change in

the properties of the two areas as the stearic acid content is increased.

The impact of the addition of palmitic acid on the structure of supported DIPED-

MAMS bilayers exhibited practically identical behaviour to the addition of stearic

acid. At 1 mol% palmitic acid the bilayers exhibited the two phase behaviour that

has come to be expected for DIPEDMAMS bilayers. No significant difference was

observed between those formed from pure DIPEDMAMS and those containing 1

mol% palmitic acid. As the palmitic acid content increased the area covered by the

thicker phase increased until at 20 mol% only the thicker phase was observed. No

significant changes in the adhesion or nano-mechanical properties between the two

phases were observed with increasing palmitic acid content.

Figure 8.6 shows topographical AFM images, with corresponding cross-sections

at 1 and 20 mol% for stearic and palmitic acid. As mentioned at 1 mol% both the

palmitic and stearic containing samples show the two phase behaviour. From the

cross-section it is observed that the height difference between these two phases is 1 -

1.5 nm as expected. At 20 mol% whilst the two phase behaviour is about observable

due to small areas of the thinner bilayer the thicker bilayer phase is dominant. The

cross-sections show the height difference between the two phases at this fatty acid

content to still be between 1 and 1.5 nm.

Typical AFM images showing the height, adhesion, and measured slope maps of

supported DIPEDMAMS bilayers containing increasing concentrations of oleic acid

are shown in figure 8.7. No significant differences were observed between the bilay-

ers containing 1 mol% oleic acid and those of pure DIPEDMAMS. These bilayers

exhibited the two phase behaviour, as observed earlier, for supported DIPEDMAMS

bilayers. The adhesion maps show how that the thicker bilayer phase has a lower

tip to sample adhesion than the thinner phase and the the measured slope plots

suggest that the thicker phase is relatively more stiff than the the thinner one. As

the oleic acid content of the bilayers is increased the area of the bilayers adopting
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Figure 8.6: AFM images, 5 x 5 µm and associated cross-sections of DIPEDMAMS
bilayers containing a)i 1 mol% stearic acid a)ii 20 mol% stearic acid b)i 1 mol%
palmitic acid b)ii 20 mol% palmitic acid.
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Height Adhesion Slope

1 mol%

5 mol%

10 mol%

20 mol%

Figure 8.7: Typical QI AFM topographical images, with associated typical maps
of surface adhesion and measured slope, for supported DIPEDMAMS bilayers con-
taining increasing concentrations of oleic acid. Concentrations shown in figure.

245



the thicker bilayer arrangement decreases. At 20 mol% only one continuous bilayer

phase is observed, this is suggested to the the thinner phase due to the previously

mentioned trend. There does not appear to be any significant impact on the tip to

sample adhesion as the oleic acid content is increased however there does appear to

be a slight fall in the difference between he relative stiffness of the two phases at 10

mol%.

AFM images showing typical height, adhesion, and measured slope maps of

supported DIPEDMAMS bilayers containing increasing concentrations of the fatty

acid tallow mixture are shown in figure 8.8. No significant change is observed be-

tween the pure DIPEDMAMS bilayers and those containing 1 mol% tallow mixture.

These bilayers exhibited the two phase behaviour, as observed earlier, for supported

DIPEDMAMS bilayers. The adhesion maps show how that the thicker bilayer phase

has a lower tip to sample adhesion than the thinner phase and the the measured

slope plots suggest that the thicker phase is relatively more stiff than the the thin-

ner one. As the tallow content of the surfactant bilayers is increased there does not

appear to be any significant changes in the ratios between the two bilayer phases.

However at 20 mol% gaps in the bilayers are observed penetrating down to the mica

substrate. The tip to sample adhesion and the relative stiffness of the two phases

does not appear to show any significant change with the increasing tallow content.

The images at 20 mol% show the tip to sample adhesion and the measured slope for

the areas suspected of being bare mica are significantly higher than the surrounding

bilayers.

Stearic and palmitic acid had a similar impact on the supported bilayers to each

other. They both result in a change in the arrangement of the supported bilayers

away from the two co-existing phases towards the dominance of the thicker bilayer

phase. This similarity in impact on the bilayers is not unexpected as stearic and

palmitic acid only differer by 2 ◦C. The addition of long chain fatty acids or alcohols

to surfactant or lipid system have been shown increase the packing order of the

bilayers and stiffen them. [279, 346] It is suggested that the addition of stearic or

palmitic acid to the DIPEDMAMS bilayers results in the conversion of the thinner

bilayer phase into the thicker phase. It is not certain if the addition of the fatty

acids has a significant impact on the thicker phase or not.
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5 mol%

10 mol%

20 mol%

Figure 8.8: Typical QI AFM topographical images, with associated typical maps
of surface adhesion and measured slope, for supported DIPEDMAMS bilayers con-
taining increasing concentrations of the tallow fatty acid mixture. Concentrations
shown in figure.
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Oleic acid has a similar impact on the bilayers in that it results in a change

in the arrangement of the supported bilayers away from the two co-existing phases

towards the dominance of one one of the bilayer phases. In the case of oleic acid

the thinner phase becomes dominant. Stearic and oleic acid have identical alkyl

chain lengths but oleic acid contains an unsaturation, an alkene in the 9 position,

about halfway along the alkyl chain. Unsaturated alkyl alcohols or fatty acids have

been shown to decrease the packing order of surfactant and lipid systems and to

fluidise the bilayers. [347–349] It is suggested that the addition of oleic acid to the

system results in the conversion of the thicker phase into the thinner one possibly

by fluidising and disrupting the local packing of the surfactants in those regions. It

is not clear if the oleic acid has a significant impact on the thinner phase.

These observations that the saturated fatty acids cause the conversion of the

thinner phase into the the thicker and the unsaturated fatty acids cause the conver-

sion the thicker phase into the thinner phase may suggest a cause of the two phase

behaviour. This may suggest that the thinner phase is enriched in surfactants which

contain an unsaturated alkyl chain where as the thicker phase is enriched in surfac-

tants which do not have an unsaturated tail. The addition of the saturated fatty

acids to the sample causes the stiffening of the thinner phase reducing the impact

of the unsaturated tails resulting in the phase converting to the thicker phase, with

the inverse holding true for the oleic acid and the thicker phase. It is unlikely that

the added fatty acids are concentrated in those regions which have been converted

from one phase to another therefore it is suggested that the impact of the addition

fatty acid to those regions which are already enriched in surfactants containing those

alkyl chains is minimal at these molar ratios. Less closely packed bilayers may be

an explanation for the fall in the surface potential as observed in the colloidal probe

data.

The addition of the tallow mixture was designed to simulate the break down

of the statistical surfactant mixture as opposed to looking at the impact of the

individual fatty acids used to produce the surfactant system. It did not appear to

cause any significant changes to the ratio of the two bilayer phases observed before

the addition of the fatty acids, unlike the addition of the single fatty acids. However

it does cause the supported bilayers to become patchy showing incomplete coverage
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Figure 8.9: AFM images, 5 x 5 µm and associated cross-sections of DIPEDMAMS
bilayers containing a)i 1 mol% oleic acid a)ii 20 mol% oleic acid b)i 1 mol% tallow
b)ii 20 mol% tallow.
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of the mica. It is not certain as to why the addition of the fatty acid mixture

would cause holes to form in the bilayers when this was not observed for any of

the individual fatty acids. However it does offer an explanation to the decreasing

surface potentials observed in the colloidal probe data.

8.3.3 Small and Wide Angle X-ray Scattering

Small angle x-ray scattering was used to investigate the changes to the structure of

the bulk lamellar system brought about by the addition of fatty acids to the system.

The systems were fabricated by dissolving the required mass of DIPEDMAMS and

the fatty acids of interest in chloroform before reprecipitating the mixture to ensure

that the fatty acids were evenly dispersed throughout the system. It was hoped that

small and wide angle x-ray scattering would aid in the understanding of the changes

observed in the supported bilayers as studied by AFM imaging.

Linear intensity plots from the radial integration of the SAXS patterns for

DIPEDMAMS/fatty acid/water systems with increasing fatty acid content are shown

in figure 8.10. The SAXS patterns for increasing content of stearic, palmitic,

and oleic acid, as well as the tallow mixture are shown. The SAXS patterns of

pure DIPEDMAMS/water systems, as discussed in Chapter 4, exhibit two series

of equally spaced Bragg peaks indicating two co-existing lamellar phases. At low

scattering angles it can be problematic differentiating the two peaks due to the over-

lapping of the peaks. The broadness of the scattering peaks also does not help in

differentiating the two series. At higher scattering angles it is easier to resolve the

two series.

Stearic and palmitic acid had a similar effect on the SAXS patterns to each

other. Up to 20 mol% content of either palmitic or stearic acid two sets of equally

spaced Bragg peaks are observed. As the content of these fatty acids increased,

the scattering angle of the peaks decreased. Above 20 mol% only one set of equally

spaced Bragg peaks are observed. The increasing content of the saturated fatty acids

resulted in a change in the intensities of the two sets of Bragg peaks observed in

the pure DIPEDMAMS systems. The intensity of the lower scattering angle Bragg
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Figure 8.10: Linear intensity plots of the SAXS patterns of DIPEDMAMS/water
systems with varying fatty acid content. Fatty acid concentrations and identity are
shown in the figure.

peaks appears to increase until at 20 mol% only one set of evenly spaced Bragg

peaks are observed.

Increasing the oleic acid content of the surfactant/water system has a similar

impact to the stearic or palmitic acid. At low oleic acid content the SAXS patterns

show two sets of evenly spaced Bragg peaks. The scattering angle of these peaks

appears to decrease as the oleic acid content increases. With the addition of oleic

acid at between 5 and 15 mol% there are additional peaks apart from the two sets

previously mentioned. As these often appear as shoulders on more prominent peaks

it is difficult to assign them. However they do also appear to be of even spacing. At

20 mol% only one set of Bragg peaks can be observed. The intensity of the most

dominant set of peaks does appear to increase with increasing oleic acid content.
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The addition of the tallow mixture was designed to mimic the breakdown of

the statistical surfactant tail composition as opposed to looking at the impact of

the individual fatty acids. The SAXS patterns of the initial pure DIPEDMAMS

system showed the expected two series of equally spaced Bragg peaks. As the tallow

content was increased the peaks for both series were observed to shift and move to

a lower angle. The two sets of Bragg peaks are clear up to 10 mol%, above which

additional peaks are observed. As with the addition of oleic acid these often appear

as shoulders on broader or more intensely scattering peaks making assigning the

peaks difficult. At 20 mol% multiple sets of Bragg peaks are observed, as discussed,

however the pattern is dominated by two sets of equally spaced Bragg peaks which

are still observed. The intensity of both these sets of Bragg peaks appears to increase

with increasing tallow content.

Equally spaced Bragg peaks, as previously discussed in Chapter 4, correspond to

a lamellar phase. With a series of stacked surfactant bilayers separated by a layer

of water. The d-spacing of these lamellar phases, thickness of the bilayer and water

layer, is inversely proportional to the separation of the Bragg peaks. The two sets

of equally spaced peaks, observed for most of the DIPEDMAMS/fatty acid systems,

indicates two co-existing lamellar phases with different d-spacings. This co-existing

behaviour has been observed earlier when investigating the impact of temperature on

the surfactant system and the effect of halide salts on the bulk lamellar system. The

difference between the d-spacing of the two different lamellar phases was between 1

and 2 nm.

The d-spacings for each of the DIPEDMAMS/fatty acid samples are shown in

figure 8.11, lines have been included only to help guide the eye. For clarity only the

d-spacings for the most intensely scattering Bragg peaks have been shown, however

for those systems that did exhibit two co-existing lamellar phases the d-spacing of

the other phase was typically 10 to 20 Å smaller with no clear trend in the difference

between the two phases observed with increasing fatty acid content.

In general the d-spacings were observed to increase with increasing fatty acid

composition for all of the fatty acids investigated. The d-spacing of the pure DIPED-

MAMS/water systems was observed to be around 150± 5 Å. With the addition of
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Figure 8.11: Plot of the d-spacing of DIPEDMAMS lamellar phases as a function
of increasing fatty acid content.

stearic, palmitic, or oleic acid the the d-spacing increased up to 210 ± 10 Å. No

significant jumps in the d-spacing or plateaus were observed as the concentration

was increased. Taking into account the variation in the measured d-spacings there

did not appear to any significant difference between the three fatty acids. The d-

spacings with he tallow mixture however exhibited a slightly different behaviour. A

small increase from around 150 to 160 Å was observed as the tallow content was

increased to 10 mol%. The d-spacing then increased from 160 to 200 Å at 15 mol%

before increasing to 210± 10 Å.

The d-spacing is a measure of the length of the repeating unit within the lamellar

phase. It is the sum of the bilayer thickness and the thickness of the aqueous layer

separating the surfactant bilayers. Therefore changes in the d-spacing can only be

the result of changes to the thickness of the bilayer, the aqueous phase, or both.

Changes to the water layer would not be observable by AFM imaging of supported

bilayers however changes to the bilayer itself may show some correlation.
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Figure 8.12: Linear intensity plots of the WAXS patterns of DIPEDMAMS/water
systems with varying fatty acid content. Fatty acid concentrations and identity are
shown in the figure.

The observed increase in the d-spacing with increasing fatty acid content was

observed to be independent of the fatty acid identity. As the fatty acid content is

increased the DIPEDMAMS water ratio decreases. It is suggested that this change

in the surfactant water ratio is the cause of the d-spacing increase as opposed to the

impact of the fatty acids on the system.

As discussed in section 3.3 and Chapter 4 WAXS can be used to probe shorter

range ordering than SAXS. For surfactant/water systems the WAXS can provide in-

formation on the state of the alkyl chains within the lamellar bilayers. Linear inten-

sity plots from the radial integration of the WAXS patterns for DIPEDMAMS/fatty

acid/water systems with increasing fatty acid content are shown in figure 8.12. The

WAXS patterns for increasing content of stearic, palmitic, and oleic acid, as well as

the tallow mixture are shown.
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The WAXS patterns for all samples show three main features. A diffuse peak

around 0.2 Å
−1

, a sharp peak at 0.24 Å
−1

and a series of broad diffuse peaks between

0.3 and 0.6 Å
−1

. The peaks at 0.2 and 0.24 Å
−1

provide information on the alkyl

chains within the lamellar bilayers whist the peaks between 0.3 and 0.6 Å
−1

are due

to short range ordering of the water molecules. A broad peak at 0.2 Å
−1

is indicative

of the fluid phase and a sharp peak at 0.24 Å
−1

is caused by the alkyl chains being

in the gel phase. The pure DIPEDMAMS/water systems exhibited a weak diffuse

fluid peak at 0.2 Å
−1

and a sharp intensely scattering gel peak at 0.24 Å
−1

.

Increasing content of stearic or palmitic acid had a similar effect on the WAXS

patterns. The intensity of the gel peak was observed to increase and the intensity of

the fluid peak was observed to decrease as the fatty acid content was increased. The

intensity of the 0.3 and 0.6 Å
−1

peaks remained relatively unchanged. The addition

of oleic acid had the opposite effect from that of the two saturated fatty acids. The

gel peak was observed to decrease in intensity with increasing concentration of oleic

acid whilst the intensity of the diffuse fluid peak was observed to increase. With

the tallow mixture no significant changes in the relative intensities of the gel or

fluid peaks was observed although there was some variation in the overall scattering

intensity.

The WAXS observation and low fatty acid content could suggest that the two co-

existing lamellar phases observed in the SAXS are the result of co-existing lamellar

gel and lamellar fluid phases. The addition of stearic and palmitic acid appear to

increase the ratio of gel to fluid phases. This is believed to be due to their impact

as long saturated alkyl chains inserted into and stiffening the bilayer. The addition

of the unsaturated oleic acid having the opposite effect, disrupting the bilayer and

resulting in an increase in the amount of fluid phase. The tallow mixture, being a

statistical mixture of the fatty acids present in the surfactant tails, does not appear

to cause a significant change in the ratio of the two phases.

The two co-existing lamellar phases observed from the SAXS patterns for the

pure DIPEDMAMS system and those containing low fatty acid concentrations are

suggest to correspond to the two bilayer phases observed in the AFM images of the

supported bilayers. The SAXS patterns for the DIPEDMAMS systems containing
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increasing concentrations of stearic and palmitic acid showed the disappearance of

one of the lamellar phases as the concentration was increased until only one was

present at 25 mol%. This compares rather favourably with the observations from

the AFM imaging of the supported bilayers which showed an increase in the area

covered by one of the surfactant phases until at 20 mol% where the thicker phase is

dominant with only small areas of the lower phase observed. From the WAXS it is

believed that this is due to an increase in the lamellar gel phase at the expense of

the fluid phase.

With the addition of oleic acid to the system the SAXS patterns showed the

two co-existing lamellar phases giving way to a single lamellar phase above 20 mol%

oleic acid. This again compares well with the observations from the AFM images of

the supported DIPEDMAMS bilayers. The images showed an increase in the size

of the areas covered by the thinner surfactant phase until only one phase, assumed

to be the thinner one, is observed at 20 mol%. It is not possible from the SAXS

patterns to comment on which of the two phases are present above 20 mol% but the

WAXS suggests that the fluid lamellar phase is now dominant.

The SAXS patterns of the DIPEDMAMS systems with addition of the tallow

mixture showed a retention of the two co-existing lamellar phase configuration as the

the fatty acid concentration was increased. This is reflected in the AFM images of

supported DIPEDMAMS bilayers containing increasing concentration of the tallow

mixture. However the formation of holes in the supported bilayers is not reflected

in the SAXS data.

8.3.4 Particle sizing and zeta potential of vesicles

The colloidal probe force microscopy data showed how the forces between supported

cationic bilayers were effected by the increasing content of fatty acids within the

bilayers. The AFM imaging of the supported bilayers and the x-ray scattering of bulk

surfactant/water system provided information on how they effected the structure

of the bilayers. However it is not clear how these will impact on the stability of

bulk vesicle dispersions. To further explore the relationship between the changing
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structure of the bilayers, and the interactions between them, the particle size and

zeta potential of DIPEDMAMS vesicles with increasing fatty acid content were

investigated.

The size and zeta potential of DIPEDMAMS/fatty acid vesicle dispersions with

increasing fatty acid content are shown in figure 8.13. The impact of the increasing

content of stearic, palmitic, and oleic acid, as well as the tallow mixture are shown.

The initial, pure DIPEDMAMS, vesicle size was 84 ± 4 nm. As the fatty acid

content was increased from 0 to 15 mol% no significant increase in the vesicle size

was observed for any of the fatty acids. For the stearic and palmitic acid containing

samples a small increase in the average vesicle size is observed. With the average size

increasing from 86±5 nm to 100 nm. A further increase at 25 mol% to < 120 nm is

also observed. However due to the associated error with the DLS measurements this

observation is not considered to be significant. Increasing the oleic acid and tallow

content of the vesicle dispersion to 20 and 15 mol% did not show any significant

changes to the mean particle diameter.

The zeta potential for the pure DIPEDMAMS vesicles was observed to be 64±8

mV. As the content of stearic and palmitic acid was increased the zeta potentil

was observed to increase to around 75± 8 mV for the palmitic and 85± 12 mV for

stearic as the fatty acid content increased to 10 mol%. The zeta potential was then

observed to fall to 48 ± 6 mV as the content was increased to 25 mol%. The zeta

potentials for the oleic acid containing vesicle showed a small increase at 5 mol%

followed by decrease to 44±6 mV at 15 mol% with no significant further changes in

the zeta potential as the concentration was increased further to 25 mol%. The tallow

mixture had a similar effect on the zeta potential as stearic and palmitic acid. A

small rise in the zeta potential is observed as the fatty acid composition is increased

to 10 mol% follow by a decrease in the zeta potential to 47± 6 mV at 25 mol%.

Due to the large uncertainty associated with the zeta potential measurements

it would be problematic to comment and draw conclusions on the observations of

increasing and then declining zeta potential. However the overall trend of decreasing

zeta potential as the fatty acid content increases may be real.
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Figure 8.13: Plots of the mean particle diameter and zeta potential of a DIPED-
MAMS vesicle dispersion as a function of increasing fatty acid content.
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The increase in mean particle size with increasing palmitic and stearic content

is believed to be caused by an increase in the mean vesicle size, unlike with the

addition of electrolytes or polymers, discussed in Chapters 6 and 7, where a large

increase in the mean particle size was attributed to vesicle aggregation. There is a

significant difference between these particle sizing experiments and those carried out

for the salts and polymers. With the previous experiments it was possible to form

the vesicle dispersion and then increase the additive content. Here, as the additives

are incorporated into the surfactant bilayers, the vesicles have to be formed from a

surfactant dispersion containing the fatty acids. This increase in the mean vesicle

size may be result of the added stearic and palmitic acids stiffening the bilayers,

reducing the amount of curvature the membrane can achieve, therefore forming

larger vesicles. With the increasing content of oleic acid and tallow mixture did not

exhibit any significant change in the vesicle diameter as the fatty acid content was

increased.

The zeta potential measurements overall showed a slight decrease as the fatty

acid concentration was increased to 25 mol%. As discussed it is problematic to

comment on the trends observed due to the uncertainty in the measurements. A

decrease in the zeta potential could be explained by increased fatty acid content

resulting in a decrease in the number of surfactant molecules in the vesicle bilayers.

As the fatty acids are uncharged a decrease in the ratio of surfactant to fatty acid in

the vesicle bilayers could result in a decreased surface charge density and therefore

the zeta potential.

Due to the variation in the system and the small size of the changes observed

from the particle sizing and the zeta potential it is problematic to offer any strong

suggestion on the impact of the increasing fatty acid content on the vesicle size

and zeta potential. Any effect specific to the different fatty acid is also difficult to

comment on. However it can be concluded that the fatty acid content, at these

concentrations, does not cause the system to destabilise in the manner observed

with the addition of salts, polyelectrolytes or polymers.
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8.4 Conclusions

Colloidal probe force spectroscopy was used to directly measure the interactions

between catioinc surfactant bilayers containing increasing fractions of long chained

fatty acids. The impact of increasing content of stearic, palmitic, and oleic acid

were investigated as well as the impact of a statistical mixture of the fatty acids

which matched the statistical make up of the surfactant tails. The interactions

between the bilayers were observed to be exponentially repulsive at all fatty acid

concentrations investigated. Increasing the content of palmitic or stearic acid in the

bilayers did not have a significant impact on the range nor strength of the repulsive

interactions. The addition of oleic acid or the tallow mixture did however result in a

decrease in strength the repulsive interaction but the range did not appear to have

been significantly effected.

Comparing the measured interactions with the theoretical EDL model the surface

potential was shown to decrease slightly with the addition of stearic or palmitic acid

whilst the Debye lengths remained, within error, constant. The addition of oleic acid

or the tallow mixture resulted in a more significant reduction in the experimental

surface potentials but no significant change was observed in the Debye lengths.

Topographical AFM imaging of supported DIPEDMAMS bilayers containing

increasing fatty acid concentrations exhibit different behaviour depending on the

fatty acid. Stearic and palmitic acid had a similar effect on the bilayer structure.

At low fatty acid concentrations the bilayers formed two distinct phases. Increasing

the content of stearic or palmitic acid the coverage of the thicker phase increased

until it became the dominant phase and the thinner phase was not observed. The

addition of oleic acid had the opposite effect. It increased the ratio of the sample that

adopted the thinner phase until at 20 mol% only the thinner phase was observed.

The two phase behaviour persisted with the addition of the tallow mixture but holes

in the bilayers penetrating down to the mica were formed at higher concentrations.

The SAXS experiments of the surfactant/fatty acid/water systems showed the

impact increasing fatty acid contents on the surfactant lamellar phases. Pure DIPED-

MAMS/water systems were observed to form two co-existing lamellar phases. In-
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creasing the content of stearic, palmitic, or oleic acid resulted in the in a single

lamellar phase at higher fatty acid concentrations. However with the mixed fatty

acids the two phase behaviour was still present at higher concentrations. These

observations reflected those observed for the supported bilayers. The wide angle ex-

periments suggested that both the lamellar gel and fluid lamellar phases are present

in the pure DIEPDMAMS systems. The addition of stearic or palmitic acid resulted

in an increase in the gel signal and a decrease of the fluid signal, whilst the opposite

was observed with oleic acid. No significant changes were observed with he tallow

mixture. Assuming the thinner supported bilayer phase is in the fluid state and the

thicker the gel phase this further supports the observations from the AFM imaging.

The bulk vesicle dispersions did not show any significant instability with the

increasing fatty acid content. A small increase in the vesicle size was observed with

the addition of stearic or palmitic acid but no significant changes were measured

with increasing oleic acid or tallow mixture. A small decrease was observed in the

measure zeta potential with increasing fatty acid content. This appeared to be

mostly independent of the identity of the fatty acids.
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Chapter 9

Conclusions and Outlook

The aim of this work was to understand the stability of vesicle dispersions, fabricated

from the cationic surfactant DIPEDMAMS, by directly measuring the interactions

between supported surfactant bilayers. The interactions between the supported

bilayers was directly measured using the colloidal probe AFM technique. Whilst

interactions between surfactant and lipid bilayers had been investigated previously

using the surface forces apparatus minimal literature is available using the colloidal

probe technique.

The first steps were to understand the aqueous phase behaviour of the surfactant

system. This was investigated using SAXS/WAXS, and DSC which, showed that

the surfactant system adopted two co-existing lamellar gel phases below the transi-

tion temperature and a single fluid lamellar phase above the transition temperature

of 40 ± 2 ◦C. This enabled the development of protocols for the formation of sup-

ported surfactant bilayers for use in AFM experiments. Imaging of these supported

bilayers by AFM showed that they adopted two distinct bilayer phases which tran-

sitioned to a single bilayer phase on heating, the two phases re-emerging on cooling.

This supported the idea that supported surfactant bilayers would exhibit similar

behaviour to bilayers in a bulk system or a vesicle dispersion, and justified the use

of supported bilayers for investigating and understanding the impact of additives on

vesicle dispersions.
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The direct measurement of the interactions between two supported DIPED-

MAMS bilayers required the simultaneous in-situ formation of surfactant bilayers

on both the mica substrate and glass colloidal probe. Initial studies demonstrated

that complete bilayer formation was only achieved when the surfactant system was

in the fluid phase. It was therefore necessary to find a method of decreasing the

transition temperature of the surfactant system so that it would be in the fluid

phase at room temperature. To this end the impact of different alkyl alcohols on

the structure and behaviour of the DIPEDMAMS system was investigated. It was

shown that it was possible to change the transition temperature of the surfactant

system with the addition of different alkyl alcohols. The impact of their addition on

the bulk DIPEDMAMS/water structure and the topographical and nanomechanical

properties of the supported bilayers was also investigated. This enabled the control

of the transition temperature of the DIPEDMAMS system with minimal impact on

the surface interactions and nanomechanical properties of the surfactant bilayers

leading to the formation and measurement of the interactions between supported

DIPEDMAMS bilayers.

Salts and electrolytes are common additives in industrial vesicle vesicle disper-

sions such as liquid fabric enhancers, in which they are used to adjust the rheology

of the system and modify the commercial properties of the product. Therefore an

investigation into the impact of electrolytes on the DIPEDMAMS vesicle system was

conducted. The interactions between supported DIPEDMAMS bilayers were shown

to be dependent on the identity of the electrolyte and its concentration within the

aqueous environment. Whilst the concentration dependency was predicted by the

DLVO theory the impact of the salt identity was not. It was observed that larger

halide ions had a greater impact on the forces measured between the supported bi-

layers whilst changing the cation had little effect. This trend was observed not only

with the direct measurement of the interactions but by the impact of the the elec-

trolytes on the structure of the supported bilayers, the bulk lamellar phase, and the

behaviour of the bulk vesicle dispersions. The impact on the interactions between

the supported bilayers was believed to be the combined impact of the electrolytes

interacting with the bilayers themselves and by mediating the interactions through

the aqueous medium.
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Polymers and polyelectrolytes are regularly used in commercial vesicle dispersion

and other surfactant systems to adjust the rheological properties of the systems

and to control other behaviour such as rate of deposition. Therefore the impact

of like charged and uncharged polymers on the interactions between the supported

bilayers and the impact of different molecular weights was investigated. Like charged

polymers, or polyelectrolytes, were observed to affect the measured interactions in a

similar manner to other electrolytes, however an attractive interaction was observed

at certain concentrations. This is believed to the depletion interaction and is possibly

the first direct measurement of the depletion interaction between two supported

surfactant bilayers using the colloidal probe technique. Uncharged polymers had a

different impact on the measured interactions believed to be caused by the adhesion

of the polymer coils to the surface of the bilayers. This was confirmed by AFM

imaging of the bilayers. The impact of the polymers and polyelectrolytes on the

behaviour of the bulk DIPEDMAMS vesicle dispersions compared well the measured

forces. This offers insight into the mechanisms behind the complex behaviour of

polymers and polyelectrolytes within vesicle dispersions and could be developed to

create accurate predictions of the stability of such systems.

With the later capability to heat the AFM environment it was possible to form

bilayers in-situ on both substrate and probe from vesicle dispersions not in the fluid

phase at room temperature. This enabled the study of the role the bilayer composi-

tion has on the bilayer-bilayer interactions. Due to the design of the DIPEDMAMS

surfactant it is predicted to breakdown over time and in the environment releasing

free fatty acids. The impact of increasing fatty acid content of the bilayers to mimic

the break down of the surfactant system was investigated. It showed that increas-

ing saturated fatty acids had a minimal impact on the measured interactions but

AFM imaging and SAXS of the lamellar system showed a conversion from the two

phase behaviour to a single bilayer phase on increasing concentration. Unsaturated

fatty acids had a small but not insignificant impact on the directly measured forces

compared with the saturated fatty acids but also exhibited a transition from a two

phase system to a single lamellar phase at higher concentrations. Increasing the

concentration of a statistical mixture of the fatty acids within the bilayers showed a

measurable decrease in the strength of the repulsive interactions between the surfac-

tant bilayers. This showed a breakdown in the coverage of the supported bilayers.
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These interactions for all fatty acids compared well with the behaviour of the bulk

vesicle dispersions. Whilst this simulated ageing did show a measurable impact on

the bilayer-bilayer interactions they were relativity minor compared to the impact

of additives to the aqueous phase such as salts and polymers. This suggests that

whilst the degradation of the surfactant may play a role in the stability of these

systems it is not as significant as the role of additives.

Whilst the colloidal probe technique was able to directly measure the interactions

between DIPEDMAMS bilayers in changing environment and bilayer compositions

and show the trends in the these interactions. It was problematic, especially where

the forces remained weakly repulsive, to identify the exact concentration of additive

that would lead to the instability of the vesicle dispersion. Further work around

these points could develop this technique into a useful and practical analysis tool

for predicting the stability of vesicle dispersions.
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[272] Erik Reimhult, Fredrik Höök, and Bengt Kasemo. Intact vesicle adsorption

and supported biomembrane formation from vesicles in solution: Influence of

surface chemistry, vesicle size, temperature, and osmotic pressure. Langmuir,

19(5):1681–1691, 2003.
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