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Figure 6.5 Fitted XRR data of SDS/polymer mixtures using a 1-layer model. The data is offset 

for clarity, with increasing SDS concentration. The mixtures of SDS/Polymer A are shown in 

circles and mixtures of SDS/Polymer B are shown in diamonds. In both cases, the lower 

polymer concentration (0.2 cac) is represented by empty markers, and 2 cac polymer 

concentration represented by filled markers. ......................................................................... 150 

Figure 6.6 Fitted XRR data of SDS/polymer mixtures using a 1-layer model for SDS/polymer 

mixtures containing:  0.05 cmc SDS (yellow), 2-layer model for 0.5 cmc SDS (blue) and 5 cmc 

SDS concentration (green). The data is offset for clarity, with increasing SDS concentration. 

The mixtures of SDS/Polymer A are shown in circles and mixtures of SDS/Polymer B are 

shown in diamonds. In both cases, the lower polymer concentration (0.2 cac) is represented by 

empty markers, and 2 cac polymer concentration represented by filled markers. ................. 152 

Figure 6.7 Fitted XRR data of pure DTAB. 0.05 cmc DTAB was fitted to a 1-layer model, with 

the concentrations 0.1 to 5 cmc DTAB fitted to a 2-layer model .......................................... 155 

Figure 6.8 Fitted XRR data of DTAB/polymer mixtures using a 1-layer model. The data is 

offset for clarity, with increasing DTAB concentration. The mixtures of DTAB/Polymer A are 

shown in circles and mixtures of DTAB/Polymer B are shown in diamonds. In both cases, the 

lower polymer concentration (0.2 cac) is represented by empty markers, and 2 cac polymer 

concentration represented by filled markers. ......................................................................... 157 

Figure 6.9 Fitted XRR data of DTAB/polymer mixtures using a 1-layer model for 

DTAB/polymer mixtures containing:  0.05 cmc DTAB (yellow), 2-layer model for 0.5 cmc 

DTAB (blue) and 5 cmc DTAB concentration (green). The data is offset for clarity, with 

increasing DTAB concentration. The mixtures of DTAB/Polymer A are shown in circles and 

mixtures of DTAB/Polymer B are shown in diamonds. In both cases, the lower polymer 

concentration (0.2 cac) is represented by empty markers, and 2 cac polymer concentration 

represented by filled markers. ................................................................................................ 159 

Figure 6.10 Fitted XRR data of pure C12E5. All concentrations (0.05 to 5 cmc) were fitted to a 

2-layer model. ........................................................................................................................ 161 

Figure 6.11 Fitted XRR data of C12E5/polymer mixtures using a 1-layer model. The data is 

offset for clarity, with increasing C12E5 concentration. The mixtures of C12E5/Polymer A are 

shown in circles and mixtures of C12E5/Polymer B are shown in diamonds. In both cases, the 
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1 Introduction 

Polymer/surfactant interactions and their co-assembly are introduced, with 

focus on the interfacial properties and structures at the air-water interface. The 

polymers and surfactants relevant to the project work are described, and their 

applications are discussed. Finally, an overview of foam behaviour and 

characteristics is provided, as well as introducing the concept of using the air-

water interface as an analogous structure of foam bubbles.  

 Project Motivation 

Foams are integral to many practical applications, including personal care products, 

dishwashing and laundry detergents. The current economical and ethical efforts in industry are 

focused on reducing the amount of active ingredients needed in such formulations, improved 

efficiency at lower temperatures, and thus reduced energy consumption, and biodegradability 

of the components.  

It is well known that foam properties depend on the surfactants (or any stabilising agents 

including polymers) used [1]. However, there is no clear correlation between the macroscopic 

foaming properties and a chemical or physical property determined by a single experimental 

technique. Correlation of foam stability and foamability to surface tension measurements or 

thin film studies cannot be established universally [2, 3]. The interactions and internal ordering 

of molecules during foam formation and stabilisation is therefore of a high scientific interest 

[4]. Recent advances in surface-sensitive experimental techniques such as X-ray and neutron 

reflectivity have considerably advanced our understanding of polymer/surfactant interfacial 

structures and behaviour [5, 6]. The diffusion of surfactants from bulk of a liquid to the thin 

films stabilising foams can be likened to the adsorption of surfactants at a single air-water 

interface.  

The structures and composition of polymer/surfactant mixtures were investigated at the air-

water interface comprising of a neutral amphiphilic co-polymer consisting of polyethylene 

glycol backbone with polyvinyl acetate grafts (PEG-g-PVAc) and a set of three surfactants: 

anionic sodium dodecylsulfate (SDS), cationic dodecyltrimethylammonium bromide (DTAB) 

and non-ionic dodecylpentaethyleneglycol ether (C12E5). The adsorption behaviour of these 
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mixtures was investigated by equilibrium and dynamic surface tension measurements, and the 

structure and composition of the adsorbed layers at the air-water interface were determined by 

X-ray and neutron reflectivity. Use of these complementary techniques allowed for a thorough 

investigation of the polymer/surfactant interactions present in these systems. The choice of 

three model surfactants enabled evaluation of the effects of surfactant headgroup charge and 

size on the polymer/surfactant interactions. Furthermore, the effect of polymer molecular 

architecture on the polymer/surfactant interfacial properties was investigated by variation of 

the length and number of hydrophobic PVAc grafts on the polymer, as well as its 

hydrophobicity. These PEG-g-PVAc co-polymers are currently used in a plethora of cleaning 

products, and while their bulk aggregation behaviour has been studied, our results at the air-

water interface are unprecedented.  

Additionally, complexation behaviour of oppositely charged mixed system comprised of 

anionic SDS and cationic double-tailed surfactant (DEEDMAC) forming vesicles was 

investigated. DEEDMAC is commercially important surfactant due to its high biodegradability 

and efficiency as a fabric softener. We have therefore studied the strongly adsorbing mixed 

surfactant system at the solid-liquid interface, with correlation drawn to its complexation in the 

bulk. 

In summary, we have employed a combination of surface-sensitive techniques (predominantly 

X-ray and neutron reflectivity, surface tension measurements and surface force apparatus) to 

study interfacial properties of neutral polymer/surfactant and oppositely charged mixed 

surfactant systems.  

The ultimate goal of the project is to gain an insight into the fundamental interactions of such 

mixed systems, as well as attempt to move closer towards establishing a link between molecular 

and macroscopic scale properties (i.e. structure of polymer/surfactant complexes at the air-

water interface correlated to their foaming properties and the influence of surfactant and 

polymer characteristics on this complex behaviour), as well as linking interfacial and bulk 

complexation of strongly interacting surfactants and vesicles. Such a correlation will facilitate 

optimal design of these complexes at a molecular level, tailored to desired interfacial 

properties, which underpin their performance in a plethora of industrial applications. 
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of a complete interfacial monolayer, where no more molecules can adsorb at the interface. 

Aggregation occurs in the bulk to minimise the unfavourable interactions of hydrophobic 

moieties in the aqueous solvent; thus micelles are formed in the bulk, which are in dynamic 

equilibrium with the monolayer adsorbed at the interface. However, thermodynamics of the 

whole system should be considered as micellisation is not purely an interfacial phenomenon 

caused by the saturation of the interface. At certain concentration, the entropic gain from the 

free molecules existing in the bulk aqueous phase is overcome by the energetic loss due to the 

unfavourable interactions of the hydrophobic moieties with the aqueous solvent and the 

hydrophobic effect (i.e. the entropic gain of the free water molecules following micelle 

formation) [14]. At this concentration the cmc is reached, and aggregates/micelles form in the 

bulk phase to reach the minimum free energy of the system, while at dynamic equilibrium with 

monomers [15]. The cmc value can be measured by bulk techniques such as conductivity, 

viscosity, fluorescence and UV-vis spectroscopy, scattering (dynamic light scattering, small 

angle X-ray and neutron scattering) and NMR, as well as surface tension measurements at the 

air-water interface [16, 17]. The surface tension is lowered following surfactant adsorption to 

the interface, as the strong adhesion forces between water molecules are broken by the presence 

of higher interfacial concentration of the amphiphiles and the overall free energy of the system 

is lowered. Following formation of a complete monolayer, the surface tension is no longer 

lowered as the interfacial concentration (i.e. the surface excess) no longer increases.  

For a mixed polymer/surfactant system there are a variety of options of bulk and interfacial 

structures formed, as well as both competitive adsorption or synergistic effect can be observed 

(Figure 1.2). For example, the surfactants or polymer may adsorb preferentially at the interface, 

the polymer may adsorb first and then be replaced by the surfactants or vice versa, or a layer 

of polymer/surfactant complexes may adsorb at the interface. Equally, the structures in the bulk 

can be formed by pure surfactant micelles and pure polymer micelles, or mixed micelles 

comprised of both surfactant and polymer, as well as a combination of all three scenarios. The 

ratio of these can also be varied, depending on the kinetics of the formation of the species, and 

the overall thermodynamics of the system.  
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 Polymer/surfactant interactions 

There is a large amount of work published on polymer/surfactant mixtures and their behaviour 

in solution and at interfaces [5, 18, 19]. It is not in the scope of this work to provide an 

exhaustive account of possible polymer/surfactant combinations, architectures, and 

applications of these mixed systems ubiquitous around us. Therefore, only a brief overview of 

the main categories of polymer/surfactant interactions is provided here, with a few examples 

for each category that are directly relevant to the studied systems. More specific overview of 

the polymer/surfactant or surfactant/surfactant interactions is provided in each chapter. 

The inter-polymer and intra-polymer interactions, especially in the presence of surfactants, lead 

to in-plane association as well as out-of-plane organisation. Polymer/surfactant interfacial 

organisation is a crucial factor in determining the interfacial mechanical properties. The 

properties of polymer/surfactant mixtures at interfaces cannot be explained purely by 

electrostatic and hydrophobic interactions. There are more complex processes involved, such 

as complexation and synergistic effects, influencing the behaviour and properties of these 

mixtures. The main forces involved in polymer/surfactant interactions are the hydrophobic 

attractive forces (hydrocarbon surfactant tail and hydrophobic polymer region), electrostatic 

surfactant only polymer only surfactant/polymer mixture 

below cmc 
monomers in 

bulk 

below cmc 
adsorption at 

interface 

at cmc 
complete 

monolayer at 
interface 

above cmc 
complete 

monolayer at 
interface, 

micelles in 
bulk 

Figure 1.2 Schematic drawing of different processes involved in micellisation of pure surfactant, pure 
polymer and surfactant/polymer mixed system. 
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repulsive forces (between the charged clusters of associated surfactant clusters), and the always 

present van der Waals attractions.  

In general, polymer/surfactant mixtures can be divided into three main categories:  

a) equally charged, experiencing electrostatic repulsion and therefore weaker 

complexation 

b) neutral polymers with charged surfactants, with stronger hydrophobic interactions and 

electrostatic interactions should any partial charges arise 

c) oppositely charged systems, with strong electrostatic attractive forces in addition to 

hydrophobic interactions and therefore strong complexation. 

Examples of neutral polymer/surfactant and oppositely charged complexes are given below, 

with a model surfactant SDS. 

1.3.1 Neutral polymers 

Neutral polymers are usually described as weakly interacting with charged surfactants. One of 

such examples, arguably the most well-known, is the interaction between polyethylene oxide 

(PEO or PEG) and SDS. Firstly, a formation of stoichiometric SDS complexes along the PEG 

polymeric strands (with SDS headgroup interacting with the PEG) was observed by Cabane et 

al. in the 1980s using NMR and neutron scattering techniques [20-22]. These complexes were 

spherical with ~ 20 Å radius (similar to a pure SDS micelle in size), with aggregation number 

~ 38 (smaller than ~ 60 for a pure SDS micelle in water, possibly due to the PEG adsorption 

into the micelle palisade layer and increased micelle ionisation [23]). Increasing the SDS 

concentration in this case leads to formation of more spherical complexes along the PEG 

macromolecule unit until the polymer chain becomes saturated when the distance between two 

SDS complexes < ~ 90 Å, and the gain in free energy upon SDS binding is overcome by the 

higher electrostatic repulsion between two neighbouring micelles. Increasing the SDS 

concentration even further leads to an excess SDS concentrations and formation of free SDS 

micelles in addition to the PEG/SDS complexes. This behaviour has also been shown to be 

dependent on the ionic strength [24], where with increasing ionic strength the SDS micelle size 

increases, the radius of gyration of PEG decreases with increasing ionic strength, and the cac 

decreases. PEG/SDS complexation was also studied using surface tension measurements [25], 

and has been extended to studies of co-polymers, such as a comb co-polymer comprising a 
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methacrylate backbone and PEG grafts (MAA-PEG with 7, 11 and 20 monomer units). It was 

found that the electrostatic repulsion between the methacrylate backbone and the SDS 

molecules prevented any SDS/PEG complexation [26].  

It is not surprising that the nature and strength of polymer/surfactant interactions is governed 

not only by the charge that the moieties carry but also their molecular architecture.  

1.3.1.1 Polymer architecture 

The self-assembly process of polymers can be controlled by their structural features, e.g. non-

linear polymers containing branches, joints, and functionalised end groups which enable tuning 

of H-bonding and steric and static interactions, can be used to self-assemble into functional 

Langmuir-Blodgett (LB) films at the air-water interface [27]. The link between polymer 

molecular architecture, molecular weight and charge has been studied to certain extent, 

especially the differences between linear and branched polymers. For example, the interactions 

of SDS and linear vs branched PEI polymer were studied in aqueous solutions at different pH, 

with enhanced SDS adsorption observed in presence of the branched polymer compared to that 

of with linear PEI polymer [28].  

NR studies performed on a graft co-polymer methylmethacrylate (MMA) backbone and 

varying content of PEG grafts spread at the air-water interface, with the PEG grafts extending 

to the water subphase [29]. The number of layers needed to describe the interfacial organisation 

of the graft co-polymer increases above 2 with increasing surface concentration of the co-

polymer, as well as with increasing PEG grafts content. This dependency is overestimated by 

pure polymer brush theories (scaling or exact), and so highlights the graft co-polymer 

architecture as a separate family of functional co-polymers. Compared to this, a linear di-block 

MMA-PEO co-polymer spread at different surface pressures (2 to 10 mN m-1) at the air-water 

interface can be described by a two-layer model with the PEO block in the water subphase [30]. 

This interfacial layer exhibits visco-elastic properties, dominated by the PEO block of the co-

polymer, different to the behaviour of either of the pure homopolymers [31]. 

1.3.1.1.1 SDS with comb polymers 

Comb co-polymers can be thought of as graft co-polymers with shorter side-chains of relatively 

low grafting density. The adsorption behaviour of neutral comb co-polymer (PEOMEMA 

backbone and PEG grafts) with SDS at the air-water interface was compared to the adsorption 
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behaviour of pure PEG of different MW with SDS. The study was conducted using surface 

tension and ellipsometry measurements [32]. The adsorption isotherm of SDS was almost 

identical in the systems containing high MW linear PEG and that of the comb PEOMEMA-

PEG co-polymer. In the case of low MW PEG linear polymer with SDS, the polymer is 

replaced by SDS at the interface in greater extent compared to the high MW polymer/SDS 

mixtures. This can be explained by a high adsorption driving force for higher MW polymer, as 

well as additional amphiphilicity introduced in the structure of comb co-polymer. 

1.3.2 Oppositely charged complexes 

The interactions between oppositely charged polymers and surfactants involve an ion-exchange 

process (electrostatic attraction) and hydrophobic interactions, which induce restructuring of 

the system after charge neutralisation.  

Linear and branched polymer/surfactant systems were studied in aqueous solutions of 

polyethylenimine (PEI) and SDS at different pH [28]. The SDS adsorption was reported to be 

enhanced with branched PEI compared to the linear PEI, with the most significant difference 

observed at pH 10 when the PEI polymer becomes essentially non-ionic and the steric 

interactions become significant. 

Strong interactions were described between SDS and pseudo cationic polyvinylpyrrolidone 

(PVP), studied at different concentrations using NR and surface tension [33]. Below cac, the 

SDS adsorption at air-water interface is enhanced, which is an evidence of cooperative 

interaction. At higher concentrations, the SDS is slightly depleted from the interface and 

effectively substituted at the interface by a bound layer of PVP to the surfactant layer, again 

confirming strong SDS/PVP interactions.  

Interactions of SDS with a comb co-polymer containing high charge density cationic backbone 

(quaternary ammonium methacryloxyethyl trimethylammonium chloride, METAC) with PEO 

methyl ether methacrylate (PEO45MEMA) side chains were investigated at the silica-water 

interface by NR [34]. The organisation of interfacial polymer/surfactant layer is dependent on 

the ratio of charged part of the co-polymer (METAC) to the uncharged side chains. When 90% 

of the co-polymer is charged, there were four regimes of the interfacial behaviour observed, 

including charge-neutralisation of the polymer/surfactant complexes. When the ratio of the 

charged METAC segment is decreased to 75% of the co-polymer structure, the formation of 
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charge-neutral polymer/surfactant complexes is reduced. The SDS instead adsorbs as 

micelles/aggregates and interacts with the pre-existing layer of the comb co-polymer, causing 

the swelling of the PEO45MEMA side chains from a mushroom to a brush-like regime. 

In this work, systems containing neutral polymers with three different surfactants (anionic 

SDS, cationic DTAB and non-ionic C12E5) and a mixture of oppositely charged vesicle-forming 

surfactant and SDS are studied. 

 Foams 

Foams are defined as dispersions of gas in a liquid or solid state [35], and are divided 

accordingly into liquid and solid foams (such as polyurethane foams or marshmallows). Liquid 

foams are further divided into capious (rich, dense and tight foam with small bubbles, for 

example shaving foam), billowing (large bubbles that may collapse easily), and lacy foams 

(lack richness and tightness, such as sea foam) [36-39].  Foams have a vast variety of 

applications [40], including but not limited to use in lightweight engineering materials [41], oil 

recovery, firefighting [42], packaging, food industry, pharmaceutical applications such as drug 

delivery [43], cosmetics and cleaning consumer products. 

Pure liquids do not usually foam even though bubbles can be generated in the bulk. True foams 

are not formed due to the instability of the bubbles and the thin films stabilising them. An 

addition of a foaming agent is therefore required to produce stable foams by adsorbing at the 

interface providing stabilisation of the films, and, often lowering the surface tension too [44]. 

These agents can be of different shapes, such as simple amphiphilic surfactants [45], polymers 

[46], proteins [47] and solid nanoparticles [48]. The film stabilisation can be of steric 

(involving large polymers) or electrostatic (involving charge interactions and overlap of 

electrical double layers between the two surfaces of the foam films) characteristic. The 

electrostatic stabilisation is more long-ranged compared to the steric stabilisation, and therefore 

stabilises thick foam films rather than thin foam films [49]. Foams are often stabilised by a 

combination of two or more of such surface active species, as the combination of more than 

one species often provides improved foaming characteristics via synergistic effects, with the 

possibilities of tuning their specific interactions for a plethora of applications [40].  
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The mechanism of formation of close packed ordered crystalline structures in foams happens 

in a very short time scale and therefore cannot be guided solely by random kinetics. In addition, 

the interactions between bubbles in a foam system are of higher order than those observed for 

colloidal particles of comparable size. The observations of this internal ordering is therefore of 

a high scientific interest [4]. There are different length scales involved in foams (Figure 1.3), 

ranging from nanoscopic layers of single molecules adsorbed at the liquid-air interface and the 

thin films separating foam bubbles, through the microscopic channels and Plateau borders, all 

the way up to macroscopic foam bubbles encapsulating the dispersed gas phase [50].  

To limit the complex multiple length scales behaviour of foams, isolated vertical films can be 

used as a method of simplification for studying mechanical properties of the interfaces [51]. If 

a study of the smaller length scale is desirable, such as in this work, a single air-water interface 

can be studied as an analogy of the thin film region stabilising individual foam bubbles (Figure 

1.4). 

The two main properties of the foams are the foamability and the foam stability. The 

foamability is the ability of the solution to produce foam (i.e. the measure of the foam volume 

produced and the gas fraction) and is evaluated during the foam generation process. The foam 

stability is in contrast determined over time, as it is a measure of the foam lifetime [44]. In 

general, the foamability is considered to be better for solutions with lower viscosity and surface 

tension. In contrast, the foam stability is encouraged by higher viscosity and elasticity of the 

plateau 
border 

gas 
bubble 

thin films 

Figure 1.3 A schematic representation of the different length scales involved within a system of 
neighbouring foam bubbles. 

air 

liquid air 

air 

Figure 1.4 An analogy of the interfacial organisation of two surface active species at the air-water 
interface and when stabilising a foam bubble. 
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solutions [52]. All foams are thermodynamically unstable and will eventually break down. The 

time it takes for foam destabilisation and breakdown can be increased by kinetically stabilising 

the foam, e.g. by slowing down the liquid drainage and limiting coalescence [53].Extensive 

studies have been performed on the possible correlation of rheology [54], disjoining pressure 

[55] and single free-standing thin film stability [56], however no universally correct theory has 

yet been proposed. The disjoining pressure measurements can be linked to the kinetic stability 

of foams by influencing the liquid drainage [57]. Foams can further be stabilised by 

electrostatic or steric interactions in thin films [49], which are in turn governed by the molecular 

characteristics and interfacial structures involved. We therefore intend to link the interfacial 

structures of foam-stabilising polymer/surfactant mixtures to their foam behaviour [58], rather 

than just rheological properties and surface tension measurements. The interfacial structures 

and composition [59] can then be likened to the structures stabilising foam bubbles as each 

individual foam bubble is stabilised by two thin films at an air-water interface, separated by a 

channel of bulk liquid.  

1.4.1.1 Techniques to study foam films 

The effect of polyelectrolytes and polyelectrolyte/surfactant mixtures on the stability of foam 

films is the subject of many studies, highlighted in multiple reviews [60, 61]. Free-standing 

foam films are often used as analogues to macroscopic foams, and can be studied using thin 

film pressure balance (TFPB) [62], and scattering methods such as X-ray diffraction and small 

angle scattering [50]. While the thin film pressure balance is a productive method and 

information such as film thickness and disjoining pressure can be evaluated [63], no 

information of the film composition or structure can be gained. X-ray diffraction studies of thin 

black films have been reported in the early 1990s [64], with data analysis developed later [65]. 

The increase in hydrocarbon tail length of CTAB surfactant, from C12TAB to C14TAB was well 

correlated to the increase in foam film stability by TFPB [66] and the foam stability 

investigated by foam pressure drop technique [67]. However, the stability of thin films 

evaluated by TFPB does not always correlate exactly to the foam stability. The foam stability 

was found to be influenced by both the disjoining pressure and film elasticity. In some systems, 

such as polypropylene glycol, the surface forces (i.e. disjoining pressure measure) were found 

to be the major influencing factor, while in others (e.g. pentanol) it was the film elasticity [68]. 
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drainage and so helps the bubble film to resist deformation. Impurities can provide additional 

surface plasticity.  

In certain cases foams aid detergency by incorporating oil in the lamellas between foam 

bubbles [76, 77]. Most often, foams aid in detergent effectiveness by clinging to the surface 

the foam has been applied to, which is especially useful when vertical surfaces are cleaned. 

Furthermore, foams or foaming agents are often parts of product formulations due to the 

consumer expectation and the misleading assumption that higher foamability means better 

detergency. In certain cases, such as in automatic dishwashers or laundry washing machines, 

foam production is unwanted and can lead to ineffective cleaning and malfunctions. Foam 

stability also plays role in detergency. In general, more stable foams require multiple rinsing 

which leads to water waste and consumer dissatisfaction. Higher foam stability is however 

preferred when suds are encapsulated within the foam lamella structures, as breakage of the 

foam would lead to redeposition of the suds and non-effective detergency. 

1.4.3 Foam destabilisation 

There are three main types of foam destabilisation, or destruction, mechanisms. The first of 

which is the drainage caused by the gravitational force and the surface tension gradients, 

forcing the liquid fractions of the foam to drain towards the liquid bulk and hence lowering the 

foam volume. The other two mechanisms of foam destabilisation are the Ostwald ripening or 

coarsening and the bubble coalescence (Figure 1.6). The coarsening is driven by the diffusion 

of gas across thin films from smaller to larger bubbles which causes the larger bubbles to grow, 

and the bubbles to deform into polyhedral structures. In comparison, the coalescence results in 

Figure 1.5 A representation of the formation of foam bubbles. The surfactants align at the air-water 
interface of a gas bubble as well as on the surface of the bulk liquid phase. A lamella structure stabilised 
by a layer of surfactants is then formed. 
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a polydisperse system containing very large bubbles due to thinning and rupture of thin films 

separating individual bubbles [36-38].  

The foam properties however depend on the surfactants used and the way of generating the 

foams itself [1]. The history of the sample can also play an important role when examining the 

interfacial properties. The interfacial adsorbed amount should not be determined solely based 

on observed surface tension values, as the foams are very often non-equilibrium systems with 

a possibility of exhibiting the cliff edge effect in surface tension [78]. When determining the 

foam stability (in other words, quantifying the destruction of the foam), the foam volume is 

measured as a function of time. Two well-defined regions of the foam decay were reported. At 

first, the foam volume decays rapidly over the first few seconds following foam formation (~10 

s), followed by a much slower gradual decay which can last several hours for very stable foams. 

The foam stability and foamability are governed by different factors, and so a very stable foam 

may not be producing a large volume of the foam, and vice versa [3]. Regarding the foaming 

properties, it was shown in recent studies that the foamability and stability of the formed foam 

does not strictly correlate with neither the surface tension nor the surface elasticity [2, 3]. In 

addition, no real correlation between the thin film stability and foamability was yet established 

[51].  

 Polymers and surfactants studied 

1.5.1 PEG and PVAc 

Polyethylene glycol (PEG, or PEO) is a widely used polymer of ethylene oxide. It is used in 

various industrial applications, medicine and pharmaceuticals [79], drug delivery [80] often as 

a carrier of low molecular weight drugs, as a green reaction media [81], and a component of 

Figure 1.6 A representation of coarsening and coalescence destabilising processes within foam 
systems. Figure modified from [45]. 
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many co-polymers. PEG is a non-toxic, biocompatible and FDA approved polymer, which can 

have a large range of molecular weights (routinely commercially available from 200 Da to 

~100 kDa, even up to 8000 kDa in a powder form). PEG is biodegradable [82] and highly water 

soluble, both of these properties are highly desirable in formulations of consumer products such 

as cosmetics and detergents.  

In addition to the use of pure PEG polymer, its complexes are often desirable in various 

industries. Conjugation of PEG and other chemical species, often biological molecules, is 

referred to as pegylation [83] and was first described in 1977 by Abuchowski [84, 85] and its 

effect on toxicity and immunogenicity was studied. Pegylation is often employed in the field 

of drug delivery [86], as PEG easily conjugates with biologically relevant molecules such as 

proteins and lipids [87, 88]. It is often used as one block of di- and tri-block copolymers, as 

well as side groups (or grafts) on polymeric backbones. It is less often used as the backbone, 

with a different polymer/monomer tethered onto it. This is therefore one of the novelties of the 

polymers described here, as both PEG-g-PVAc co-polymers contain a PEG backbone with 

tethered polyvinyl acetate (PVAc) grafts. Such architectures with hydrophilic backbone and 

hydrophobic side chains are not very usual yet are extremely useful as the polymer self-

aggregates at low concentrations in water (~0.001-0.002 wt%, depending on the length and 

number of the PVAc grafts).  Polyvinyl acetate (PVAc) is a polyvinyl ester, synthesised by 

free-radical polymerisation. PVAc is often used in graft copolymers, both as the backbone 

(PVAc-g-PLLA [89]) and as grafts (PAA-g-PVAc [90]). It can gain partial negative charge 

following hydrolysis [91]. The compatibility of PEG and PVAc polymers at the air-water 

interface was shown to depend upon the surface pressure, where the two polymers are 

compatible (PEG/PVAc attractive interactions) until the surface pressure exceeds the collapse 

surface pressure of PEG and the PEG/PVAc mixture then becomes independent of its 

composition [92]. 

1.5.2 PEG-g-PVAc co-polymers 

Two neutral amphiphilic comb co-polymers comprising of PEG backbone and PVAc grafts 

were studied. Both polymers were synthesised using a radical initiator polymerisation on an 

industrial scale. The variation of the starting PEG chain MW and the ratio of PEG to PVAc, as 

well as temperature and other reaction conditions, leads to different length and grafting density 

of the PVAc side chains relative to the PEG backbone [93]. PEG-g-PVAc graft co-polymers 

can also be used as a precursor for synthesis of PEG-g-PVA (polyvinyl alcohol grafts) via the 
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 Thesis outline 

The aim of this thesis is to describe the interfacial behaviour of two neutral comb co-polymers 

and their interactions with surfactants at the air-water interface and its relevance to foaming 

behaviour, as well as complexation of charged cationic vesicles with an oppositely charged 

model surfactant.  

Chapter 1 introduces polymer/surfactant interactions and the air-water interface. 

Chapter 2 describes the main techniques used to probe the air-water interface: surface tension 

measurements, neutron and X-ray reflectivity. 

Chapter 3 describes the interactions and interfacial structures and layer composition of SDS 

and PEG-g-PVAc co-polymer at the air-water interface, with correlation to their foaming 

behaviour. A transition from synergistic adsorption to competition with increasing SDS 

concentration was observed. 

Chapter 4 compares the interfacial behaviour of cationic DTAB and the same PEG-g-PVAc 

co-polymer to the previous chapter. A distinct difference between the interfacial layer structure 

and composition was observed, dependent on the surfactant headgroup characteristics. 

Chapter 5 finalises the comprehensive study of surfactant headgroup influence on interfacial 

layer structure and adsorption behaviour of polymer/surfactant mixtures by investigation of 

interactions between non-ionic C12E5 and PEG-g-PVAc co-polymer.  

Chapter 6 focuses on the influence of polymer characteristics (of two PEG-g-PVAc co-

polymers with varying length and number of PVAc grafts) and their influence on the interfacial 

properties of polymer/surfactant complexes investigated at the air-water interface.  

Chapter 7 aims to study the interactions in a strongly interacting systems comprised of anionic 

SDS and vesicles formed by cationic surfactant DEEDMAC both in bulk and at interfaces.  

Chapter 8 provides a summary of the results and highlights their relevance to the practical 

applications of the polymers and surfactants studied. Several possible areas for future work are 

suggested. 
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