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Abstract 

 Oppositely charged surfactant and polymer systems have received increasing interest 

as they offer great versatility and control of highly ordered structures formed in solution for 

exploitation in various industrial and pharmaceutical applications. Early studies have focused 

on the phase behaviour of these systems as bulk mixtures or dispersions, however 

investigation across surfactant–polymer solution interfaces has been scarce.  

A novel approach was developed to study the kinetics of structure formation across 

such interfaces. Line scans were performed with synchrotron small angle X-ray scattering 

and Raman microscopy to obtain structural and compositional data spatially across SDS–

polyDADMAC interfaces at various time points. Structures identified across these interfaces 

were compared with those formed in dispersions or bulk mixtures prepared at the same molar 

charge ratio to comment on their state of equilibrium. The release behaviour of model 

hydrophilic drug from a range of industrially and biologically relevant oppositely charged 

surfactant and polymer structured capsules to certain stimuli was also assessed. 

Results demonstrated the existence of both equilibrium and nonequilibrium 

nanostructures locally across SDS–polyDADMAC interfaces. The rate of structure formation 

across these interfaces and the extent to which equilibrium was reached was determined by 

the structure and concentration gradients existing at a given time and the mobility of the 

components within or from bulk regions, and across hexagonal and/or micellar phases. 

New insights gained into the slow mixing, equilibrium phase behaviour and structural 

attributes of oppositely charged surfactant and polymer systems can be applied in the 

development cost-effective formulations with the desired physicochemical properties and 

functionality, as well as the design of novel stimuli-responsive drug delivery systems.   
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1. Introduction 

1.1 Overview 

Over the past few decades, oppositely charged surfactant and polymer systems have 

received great interest for their versatility in various pharmaceutical1-6 and industrial7-12 

applications. The rate of mixing of surfactant and polymer solutions can be significantly 

influenced by the concentration, viscosity, the order of addition of each component, and the 

amount of energy introduced to the system.15-17 The slow equilibration kinetics experienced 

in such systems often leads to formation of kinetically trapped nonequilibrium structures.18-

22 However, there is little understanding of how changes in structure and composition locally 

within the mixtures can give rise to equilibrium or nonequilibrium mesophases in oppositely 

charged surfactant and polymer systems. 

Research into the dynamics of structure formation at the interface between solutions 

of oppositely charged surfactant and polymer molecules has been scarce. Studying surfactant–

polymer interfaces can provide an interesting means of probing changes in the distribution 

of surfactant, polymer, and water molecules with the formation of liquid crystalline structures 

over time as the system approaches equilibrium. Therefore, there is a great need for suitable 

techniques, or a methodology, that enables characterisation of the internal structure of 

mesophases, as well as quantification of the concentrations of surfactant, polymer, and water 

spatially across surfactant–polymer interfaces. The findings obtained can provide new 

insights into experimental parameters that lead to the existence of equilibrium and 

nonequilibrium nanostructures across oppositely charged surfactant–polymer interfaces, as 

well as in concentrated bulk aqueous mixtures and dilute dispersions.  
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This chapter gives a general background to the classification and function of 

surfactant and polymers individually, followed by an introduction to the significance of 

oppositely charged surfactant and polymer systems. Factors influencing the phase behaviour 

and structure formation in commonly studied industrially and biologically relevant systems 

are discussed, and their potential applications as drug delivery systems are addressed. In 

addition, parameters that may have important implications in studying the state of 

equilibrium in aqueous mixtures of surfactant and polymer are considered. Lastly, methods 

commonly employed that indirectly measure composition and structurally characterise 

mesophases formed in bulk surfactant and polymer mixtures are outlined and assessed for 

their applicability for examining the dynamics across surfactant–polymer interfaces. 
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1.2 Classification of Surfactants and Polymers 

1.2.1 Surfactants 

Surfactants are amphiphilic molecules that possess both hydrophobic and hydrophilic 

moieties (Schematic 1.1) and are often classified into four main types, namely: anionic 

(negatively charged), cationic (positively charged), zwitterionic (possess both positive and 

negative charges), and nonionic (uncharged) surfactants. 

 

Anionic surfactants, such as alkyl-, alkyl aryl- and ether- sulphates, carboxylates and 

sulphonates, are commonly used as detergents and dispersants in soaps, laundry powder, and 

personal care products (e.g. skin cleansers, shampoos, hand soaps, oral care products, and 

surgical scrubs).34, 35  

Cationic surfactants, such as quaternary ammonium salts, are often used as 

pharmaceutical preservatives36, sewage flocculants,37 softeners,38, 39 conditioners,40 and 

disinfectants41 in formulations including mouth washes, sanitisers, antistatics, fabric 

softeners, and hair conditioners.  

Nonionic surfactants, such as polysorbates and carboxylic- esters and amides, are 

generally used as emulgents,42 solubilisers,43 and wetting agents.44  

Biosurfactants are often of microbial origin possessing antibacterial,45 antifungal, and 

antiviral activity, and are frequently used in the removal of pollutants.46 They are 

 
Schematic 1.1 Structure of a surfactant molecule. 
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biodegradable,47 less toxic,48 and effective at extreme temperatures49 and pH values,50 which 

make them advantageous in the treatment of certain diseases.51 Perhaps the most common 

classes of biological surfactants are phospholipids, which carry a zwitterionic charge and are 

the most abundant component of cellular membranes,52 and bile salts, which usually carry a 

negative charge and are the primary detergents in the gastrointestinal tract for solubilisation 

of fats.53 

Above the critical micelle concentration (cmc), surfactants are able to self-assemble 

into aggregates, one type of which is known as micelles. At higher concentrations they can 

form more highly ordered thermodynamically stable liquid crystalline structures (often 

termed ‘mesophases’).23, 54-57 The geometric packing of the surfactant molecules in solution 

dictates the type of structure that is formed, which can be described by the critical packing 

parameter (CPP):58 

𝐶𝑃𝑃 =
𝑉

𝑎𝑙
   [1.1] 

where , 𝑉, is the effective chain volume, 𝑎, is the area per surfactant molecule at the 

headgroup/chain interface, and 𝑙 is the chain length of the molecule in its molten state.31 

1.2.1.1 Liquid Crystalline Structures 

Mesophases can be further categorised into two types of phases which are dependent 

upon their mean curvature (Schematic 1.2). For type 1 phases, also known as the normal 

mesophases, the hydrophilic–hydrophobic interface curves away from the water phase 

leading to ‘oil-in-water’ type structures. On the other hand, for type 2 phases, also called 

inverse mesophases, the polar–apolar interface curves towards the water phase resulting in 

‘water-in-oil’ type structures. 
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Schematic 1.2 Common self-assembled structures illustrating the importance of the molecular packing geometry on the mesophase formed 

in excess water. Adapted from Holmberg et al.23 Cubic structures reproduced from Hyde et al,31 Kulkarni et al,32 and Tresset et al.33  
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Lamellar (Lα/Lß) phases are the most commonly encountered mesophases and are 

comprised of planar, parallel stacks of amphiphile bilayers forming a one-dimensional lattice. 

They are generally less viscous than hexagonal and bicontinuous cubic phases.31  

The hexagonal (H1/H2) phase is highly viscous and consists of cylindrical micelles that 

are packed on a two-dimensional hexagonal lattice.31  

Cubic phases can be further divided into two different types: discrete (I1, I2) and 

bicontinuous (V1, V2), both of which are very viscous. The first class can be defined as 

spherical micelle aggregates that are commonly faceted with cubic crystallographic space 

groups, namely Pm3n, Fm3m, Fd3m, and the less encountered hexagonally close-packed 

(P6/mmc) phase.31 Bicontinuous cubic phases are the most complex spatially organised liquid 

crystalline structures. They are portrayed as being ‘warped lamellar phases’ composed of a 

continuous lipid bilayer that is intertwined with a continuous network of aqueous channels, 

or vice versa, forming a three-dimensional symmetric cubic structure.31 Three types of 

bicontinuous cubic phases that have been observed experimentally include the gyroid (Ia3d), 

diamond (Pn3m), and primitive (Im3m) surface (Schematic 1.2).59  

 Liquid crystalline phases have the ability to solubilise a range of therapeutics. It is also 

well known that the nanostructure controls the rate of drug release from these matrices, 

which make them applicable as drug delivery systems.60, 61  

1.2.2 Polymers 

Polymers are macromolecules that have repeating structural units and are often 

classified as either homopolymers (A-A-A-A = -An-), copolymers (A-B-A-B= -(AB)n-), 

random (A-B-B-A), or block copolymers (A-A-A-A-B-B-B-B). As with surfactants, polymers 

can also be categorised based on their charge. 
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Naturally occurring polymers such as proteins, nucleic acids, and polysaccharides 

comprise the building blocks that regulate biological processes and functioning within the 

human body.62 Their biocompatibility63-65 allows them to be implemented in a variety of 

biosensors, such as tactile sensors66, 67 for use in medical robotics and thermal sensors68, 69 as 

diagnostic tools. They are also employed in thermographic imaging and as probing devices to 

detect temperature changes in particular regions in the body during surgery.70, 71 

 Polymers have also been applied to modify surface properties, such as wettability and 

adsorption,72-74 functionalisation of nanoparticle surfaces for targeted drug delivery, and 

promoting protein interaction by selecting the appropriate surface charge.75-78 They also play 

a role in regulating cell behaviour (adhesion, migration, and differentiation),79-81 improving 

the biocompatibility of implants,82-84 and in the encapsulation of cargo into liposomes and 

subsequent release at the site of interest in response to a stimulus.85-90 

 Ionic polymers are of particular interest as they are able to form electrostatic 

interactions with oppositely charged ionic species, which are inherently stronger than the van 

der Waals forces and hydrophobic interactions often present between nonionic structures. 

The layer-by-layer assembly of nanoparticles is a prominent example of a technique that 

takes advantage of the physicochemical properties of oppositely charged polyelectrolytes to 

engineer smart drug delivery systems.91-99 Surfactants in their own right can self-assemble 

into ordered mesophases in aqueous media, but their inclusion into polymeric systems 

provides a larger library of chemical structures to select from, offering superior control over 

structure manipulation, which is advantageous in attaining the desired phase behaviour at 

different conditions. Furthermore, a diversity of hierarchical structures can arise in systems 

of oppositely charged surfactant and polymer that often do not form by layer-by-layer 

polyelectrolyte assembly.  
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1.3 Oppositely Charged Surfactant and Polymer Systems 

It has been known for at least four decades that mesophases can arise in mixtures of 

oppositely charged surfactant and polymer systems.100 As mentioned earlier, the mesophase 

formed depends on the packing geometry of the molecules,58 therefore significant interest has 

been invested in the study of how various parameters can influence the primary interactions 

that govern the self-assembly of highly ordered structures. Contributions to literature have 

increasingly lead to a better understanding of how the structural attributes of these systems 

can be controlled and exploited in various industrial and biomedical applications, particularly 

as stimuli-responsive drug delivery systems.2, 5, 101-105   

1.3.1 General Phase Behaviour 

Interactions between molecules in solutions of oppositely charged surfactants and 

polymers often involve a cooperative binding process that frequently leads to an associative 

phase separation. This is where one phase is concentrated with the surfactant ion and polyion 

wherein a precipitate or liquid crystalline phase is often formed, while the dilute phase is 

comprised of the simple salts (Schematic 1.3). This phenomenon is sometimes referred to as 

coacervation, where the resulting complexes formed are known as coacervates. 

 

 
Schematic 1.3 Associative phase separation. 
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The concentration at which the surfactant begins to bind polymer chains is known as 

the critical aggregation concentration (cac), which typically occurs more than 2-4 times 

lower than the critical micellar concentration due to the strong attractive forces between the 

opposing charges on the two species. It has been proposed that polymer chains wrap around 

surfactant aggregates forming a ‘pearl necklace’ structure.106, 107 Once the complex has 

reached stoichiometric charge neutralisation, precipitation often occurs as the complex loses 

its ‘charge’ and becomes hydrophobic. As the surfactant concentration is increased above the 

point at which the observed maximum precipitation occurs, at a certain polymer 

concentration the precipitate ‘dissolves’ and the system becomes dispersed once again. This 

can be explained by the adsorption of a second layer of surfactant, which transforms the 

aggregate into a soluble charged structure following charge inversion.108, 109 It should be 

noted that the redissolution of the coacervate is not universal and most likely time dependent.  

The three distinct zones that describe the general phase behaviour demonstrated by aqueous 

mixtures of an anionic surfactant and a cationic polymer upon increasing surfactant 

concentration are illustrated in Schematic 1.4.  

 

 

Schematic 1.4 Typical phase behaviour of oppositely charged surfactant and polymer 

complexes upon increasing concentration of surfactant in solution. 
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Furthermore, the degree of binding of surfactant aggregates to the polymer and the 

resulting morphology of the colloidal particles has a direct correlation with the viscosity 

exhibited by the system at a given composition. Mukherjee et al. demonstrated changes in the 

viscosity of bulk aqueous mixtures of sodium dodecyl sulphate (SDS) and 

poly(diallyldimethylammonium chloride) (polyDADMAC) as a function of surfactant 

concentration relative to the measured viscosity of the SDS/water binary solution 

(Figure 1.1).30 Upon addition of surfactant to a solution of polymer, the viscosity of the 

mixture decreased as the cac (C) is approached due to compaction of the polymer chain by 

neutralisation of its charges with the oppositely charged headgroup of the surfactant 

(Figure 1.1).30 A significant increase in the viscosity is generally observed after the cac is 

exceeded, reaching a maximum at the concentration at which complete complexation of 

surfactant and polymer molecules has occurred, Cs (Figure 1.1).30 The magnitude in which 

the viscosity increased depends on the expansion of the polymer chain by electrostatic 

repulsion among attached surfactant/polymer complexes or formation of aggregates in 

solution.30 A further increase in the surfactant concentration (Cf) led to a decrease in the 

viscosity of the solution due to the solubilisation of the complexes by the excess surfactant 

molecules (Figure 1.1).30 
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 Data acquired through measurements of the viscosity,30, 110, 111 the strength of 

interactions between surfactant and polymer molecules, and the system composition by 

rheometry,30, 110, 111 isothermal calorimetry,112-116 or self-diffusion117-121 experiments may 

therefore be used to infer information on the other parameters stated. The relationship 

between structure, composition, rheology, and the interactions between surfactant and 

polymer molecules is therefore important in rationalising the equilibrium phase behaviour 

displayed by oppositely charged surfactant and polymer systems, a subject that will later be 

discussed in further detail.  The phase behaviour described here is often exhibited in aqueous 

mixtures of various oppositely charged surfactant and polymer solutions (Schematic 1.4).108, 

122-125 

 

Figure 1.1 Effect of surfactant concentration on the interaction of 0.005 % (w/v) 

polyDADMAC with SDS in water, and subsequently on the relative viscosity (ηR) of the 

aqueous mixtures. Annotations- C: critical aggregation concentration, Cs: maximum 

concentration of SDS that led to coacervation, and Cf: SDS in excess which led to 

resolubilisation of the complexes. Reproduced from Mukherjee et al.30   
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1.3.2 Commonly Studied Systems 

The most commonly studied oppositely charged surfactant and polymer systems are 

materials that are relevant to industrial or pharmaceutical applications (Table 1.1). 

 The physicochemical properties and phase behaviour displayed by systems comprised 

of the anionic surfactant, SDS, with either polyDADMAC30, 114, 126-137 or cationic 

hydroxyethylcellulose (cat-HEC, commercially known as JR-400),122, 124, 138-143 are of 

particular interest in the formulation of personal care and cleaning products. Knowledge of 

how the complexes will respond to exposure to different conditions, such as dilution, high or 

low temperatures, certain additives, or stress prior to or during application is valuable when 

considering the impact they have on, for example, the stability, aesthetics, feel, surface 

deposition,9 and flow behaviour of the product. 

 Similarly, diverse hierarchical structures are encountered when the antimicrobial 

cationic surfactant, cetyltrimethylammonium bromide (CTAB) is combined with counter 

charged polymers, including poly(acrylamide-acrylic acid),144 carboxymethyl cellulose,145 

poly(sodium methacrylate-co-N-isopropylacrylamide),146, 147 sodium polyacrylate,148-150 and 

sodium poly(α,L-glutamate),151, 152 rendering these systems amenable to a wide range of 

purposes (Table 1.1).  

    Lastly, the use of biomaterials is advantageous for application within the body, 

especially with the incorporation of therapeutics. Generally, these are biocompatible, 

biodegradable, and non-toxic, and are produced synthetically or often exist naturally in the 

body (Table 1.1). For example, DNA has been delivered with the cationic lipids,2 surfactants,4, 

153-156 or polymers,1, 157 as an approach to enhance transfection in gene therapy.     

What makes these oppositely charged surfactant and polymer systems very interesting 

is the ability to control the structural attributes of the complexes formed.  
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Table 1.1 Factors that influence the mesophases formed in commonly studied oppositely charged surfactant and polymer systems. 

Variable Impact on the surfactant/polymer complexes References 
Surfactant-to-
polymer molar 
charge ratio 

Minimum viscosity and particle size displayed by complexes at low [surfactant] due to initial 
extension of polymer chains.  

1, 4, 127, 131, 140, 145 

Formation of kinetically stable colloidal dispersions increases with increasing [surfactant].   156, 158, 159 

SAXS intensity and d-spacing of compact structures increases with increasing [surfactant].    1, 4, 128, 131, 145, 160 

Particle size of complexes increases with increasing [surfactant] as charge neutralisation is 
approached, leading to precipitation/phase separation. 

1, 127, 140, 149, 161 

Maximum viscosity is achieved for complexes formed at charge equivalence.  162 

Particle size decreases when [surfactant] is in excess due to resolubilisation of complexes.  127, 138, 140, 162 

Polymer 
structure 

Use of polyelectrolytes with low charge density often forms less ordered structures. 163-165 

SAXS intensity and degree of order (lattice parameter) of complexes formed increases with 
increasing polymer charge density. 

128, 166-168 

Viscosity of complexes formed is enhanced by increasing the polymer charge density, MW, or 
introducing cross-links within the polymer network. 

163, 169-172 

High loading capacity is observed by complexes comprised of a high charge density polymer. 105 

Flexible polymers tend to produce more compact complexes. 167, 168 

Surfactant 
structure 

Structure of surfactant significantly influences the type of LC structure formed. 164, 173 

Degree of order of LC structures formed increases with increasing alkyl chain length. 13, 126, 145, 151, 152, 174 

L.P. and melting temperature of LC structures formed, as well as the size of the two-phase region 
in ternary phase diagrams increases with increasing surfactant chain length.  

126, 129, 130, 175 

Abbreviations:  SAXS (small angle X-ray scattering), L.P. (lattice parameter), MW (molecular weight), LC (liquid crystalline).  
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Variable Impact on the surfactant/polymer complexes References 
Temperature Lattice parameter of lamellar phase often decreases with increasing temperature due to changes 

in the thickness of the bilayer structure. 

176, 177 

Lamellar to hexagonal phase transition results from the release of counterions upon an increase 
in temperature in systems comprised of DNA, DTAB, and DOPE. 

4, 153 

Reversible Ia3d to Im3m cubic phase transition in mixtures of the complex salt of CTAB and PAA 
(CTAPA) with C12E5 as the temperature decreases from 25 °C to 15 °C. 

178 

Salt 
concentration 

Addition of high [salt] often decreases the kinetic stability of nanoparticles due to the ‘screening 
effect’ of the electrostatic attraction between oppositely charged molecules. 

5, 15, 19, 21, 22, 109, 

156, 158, 159, 179-

182 

Addition of low to moderate [salt] often increases the electrostatic interactions between the 
oppositely charged species and facilitates the self-assembly of ordered structures.  

15, 127, 181-183 

Solution pH pH influences the degree of ionisation of acidic or basic functional groups on the polymer chains, 
and the subsequent formation of structured complexes. 

158, 184-186 

Alginate-reinforced oligochitosan complexes provide sustained release in acidic environments 
and simulated gastrointestinal fluids.  

187 

Abbreviations:  DNA (deoxyribonucleic acid), DTAB (dodecyltrimethylammonium bromide), DOPE (dioleylphosphotidyl ethanolamine), CTAB 

(hexadecyltrimethylammonium bromide), PAA (poly(acrylic acid)), CTAPA (cetyltrimethylammonium–polyacrylate complex salt), C12E5 

(penta(ethylene glycol) monododecyl ether). 
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1.3.3 Parameters that Influence the Formation of Nanostructured 

Complexes 

It is well established that the electrostatic and hydrophobic interactions that arise 

between oppositely charged surfactant and polymer molecules and the entropic gain 

experienced by the system from the subsequent release of counterions into the bulk solution 

both play an important role in driving the self-assembly of mesophases in such systems.144, 

153, 164, 188, 189 The interplay between the charged species will in turn impact the geometric 

packing of the molecules that dictates the resulting liquid crystalline structure. Therefore, 

rational design of such outcomes would be of great value when engineering tunable 

structured nanomaterials. 

1.3.3.1 Surfactant-to-Polymer Molar Charge Ratio 

The surfactant-to-polymer molar charge ratio is a significant parameter that must be 

considered during the development of formulations (Table 1.1). The phase behaviour 

exhibited by these systems is a reflection of the physical changes that transpire upon varying 

the concentration of molecules present in the mixture. The system composition is indicative 

of the initial number of molecules available to form interactions with each other, however it 

does not necessarily mean that all molecules will participate in the self-assembly of 

mesophases. This often results in phase separation and may also lead to the existence of 

kinetically trapped nonequilibrium structures.109, 190 This problem may be exacerbated when 

the inherent viscosity of the surfactant and/or polymer solution limits the ability of charged 

species to form new associations with unbound or pre-existing structures in the mixture by 

slowing diffusive transport by the same factor as the increase in viscosity.17, 25 Therefore, the 

strength of the interactions formed at a given surfactant-to-polymer molar charge ratio will 
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dictate the structure and rheology of the coacervates, and the subsequent phase behaviour 

demonstrated upon changes in the composition of the system.112-116  

1.3.3.2 Polymer Structure 

The charge density of the polyelectrolyte is another parameter that influences the 

electrostatic interactions between oppositely charged surfactants and polymers (Table 1.1). It 

refers to how closely or widely the charged monomer units are distributed along the polymer 

backbone. Use of polymers with low charge density often results in complexes that are loosely 

associated, thus producing low viscosity solutions.191 On the other hand, a high charge density 

polymer enhances the electrostatic attraction between charged surfactant molecules or 

micellar aggregates, and the formation of highly ordered complexes.146, 147, 192, 193 This in turn 

produces complexes that are more compact, stable, and resistant to changes in environmental 

conditions.158, 159     

In addition, the molecular weight, flexibility, and degree of cross-linking of the 

polymer also affects the size of complexes formed and the viscosity of the oppositely charged 

surfactant and polymer system.163, 167-172  

1.3.3.3 Surfactant Structure 

The chemical structure of the surfactant is also important in achieving the desired 

nanostructure within surfactant and polymer systems, where the hydrophilic-lipophilic 

balance associated with the surfactant dictates the strength of interactions formed 

(Table 1.1).14 The effect of the surfactant electrostatic charge, hydrophobicity, and the size of 

its headgroup on the strength of interactions between surfactant and polymer molecules was 

emphasised with the use of a nonionic polymer, poly(N-isopropyl acrylamide) (PNIPAM). Loh 

et al. demonstrated through measuring changes in enthalpy, the onset on binding of the 
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surfactants, which is often an exothermic process, with PNIPAM was greatest between an 

anionic surfactant, sodium dodecyl sulphate (SDS), followed by the cationic surfactants 

cetyltrimethylammonium bromide (CTAB), dodecylammonium chloride (DAC), then 

dodecyltrimethylammonium bromide (DTAB).194 The differences Loh et al. found between the 

enthalpic behaviour demonstrated by the various systems with increasing surfactant 

concentration could be explained by the following reasons. Firstly, it is known that anionic 

surfactants interact more strongly with nonionic polymers than do cationic surfactants.195 

Secondly, a surfactant with a longer chain length (CTAB vs. DTAB) has a much greater 

hydrophobic effect, resulting in an increase in entropy due to expulsion of water molecules 

into the bulk solution, which favours micellisation and subsequent adsorption onto the 

surface of the polymer structure. Lastly, the size of the headgroup dictates the degree of 

repulsion between like charges. Therefore, a smaller headgroup would again favour 

association of surfactant molecules into micelles more readily than surfactants with a larger 

headgroup (DAC vs. DTAB),  which the polymer can wrap around to form the typical ‘pearl-

necklace’ structure.106, 107 In summary, the degree of dehydration experienced by the polymer 

and the strength of interactions and arrangement between surfactant and polymer molecules 

can dictate the type, size, and stability of colloidal structures formed (Table 1.1). 

1.3.3.4 Temperature 

The influence of temperature on the equilibrium phase behaviour of liquid crystalline 

systems has widely been studied as a means to indirectly attain information on the nature of 

interactions that dominate in the formation of mesophases. Typically, these are hydrophobic 

or hydrogen bonding forces. Depending on the strength of these interactions, the heat applied 
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to the material may enhance the mobility of the molecules within the structured matrix, which 

most often stimulates a phase transition (Table 1.1).61, 196   

1.3.3.5 Salt Concentration 

The formation of highly ordered structures in aqueous mixtures of surfactant and 

polymer is primarily a consequence of the gain in entropy from the release of counterions 

into the bulk solution as simple salts.149, 153, 188 Further addition of salt is known to 

significantly influence the electrostatic interactions between charged ions which depend on 

the concentration and chemical structure15 of the salt added (Table 1.1). Addition of low salt 

concentrations introduces a screening effect, which often leads to a considerable drop in the 

density of packing within the nanostructures. This has been shown to enhance the molecular 

mobility of surfactant/polymer complexes and the self-ordering process.15, 182 Conversely, 

addition of intermediate to high concentrations of salt have resulted in the partial or complete 

dissociation of the complexes due to the more complete screening effect of salt that 

intrinsically lowers the electrostatic association between charged species.179, 180  

1.3.3.6 Solution pH 

Many drug delivery systems have been rendered responsive to pH by employing 

materials that carry an ionisable functional group.197-200  Changes in the ionisation state of 

an acidic or basic moiety, particularly for oppositely charged surfactant and polymer systems, 

is the key determinant dictating the charge density of the polyelectrolyte (Table 1.1), which 

has considerable influence over the electrostatic interactions involved in the self-assembly of 

nanostructured complexes.185, 189 
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Various parameters have been demonstrated to significantly influence the 

nanostructure, size, stability, flow properties, and phase behaviour of colloidal complexes 

formed in oppositely charged surfactant and polymer systems. However, limited research has 

addressed the important factors that should be considered when assessing whether 

equilibrium structures are truly formed in such systems and what causes the formation of 

kinetically trapped nonequilibrium structures. 

1.4 Practical Considerations for Studying the Equilibrium 

Behaviour of Oppositely Charged Surfactant and Polymer 

Systems 

 Oppositely charged surfactant and polymer systems have been extensively studied as 

either dispersions or bulk mixtures, but much less at solution interfaces. Here, different 

strategies and experimental parameters that are influential to the equilibrium phase 

behaviour displayed by these systems are explored. Insight into physicochemical changes that 

are likely to affect the rate of mixing and the existence of equilibrium or nonequilibrium 

structures in dispersions and bulk aqueous mixtures, such as mesophase formation, solution 

viscosity, and the diffusivity of surfactant and polymer molecules within the system, will guide 

the development of hypotheses regarding the dynamics across surfactant–polymer interfaces. 

1.4.1 Method of Preparation 

Recent studies have brought to light the impact of how selecting different routes of 

sample preparation can lead to aqueous mixtures of surfactant and polymer with the same 
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composition and internal structure, however possessing entirely different morphology, 

rheology, or other surface properties.131, 162, 201  

It has been demonstrated that the mixing protocol or blending method has a significant 

effect on the resulting particle size and the occurrence of precipitation. The two main methods 

of mixing reported in literature are either slow/gentle mixing or stop-flow mixing.20-22, 109  

Slow/gentle mixing involves adding a solution of one component dropwise to an equal volume 

of the other solution after which the sample is slowly inverted. Whereas stop-flow mixing 

often employs an apparatus that mixes equal volumes of both solutions within 10 milliseconds 

and is designed to monitor the kinetics of chemical reactions and/or coagulation of colloidal 

particles. This approach is said to provide gentler mixing rather than vigorous mixing 

exhibited by a stirrer bar. Generally, transparent mixtures are observed in samples prepared 

by stop-flow mixing that are on average smaller in particle size.109 Conversely, larger 

complexes are formed by gentle mixing and have a greater tendency to precipitate and appear 

extremely turbid at high surfactant concentrations. From a formulation perspective, a clear 

objective would be to discover a means of avoiding phase separation. This may be achieved 

by producing a colloidal dispersion where the particles are trapped in a charged-stabilised 

nonequilibrium state. Pojják et al. described through the application of rapid mixing of both 

components, charged surfactant molecules can adsorb onto the surface of complexes 

sufficiently rapidly before any precipitate can form.19 Contrary to their findings, it has been 

thought that the nonequilibrium nature of structures formed in oppositely charged surfactant 

and polymer systems would depend highly on whether or not the system displays 

redissolution or which side of charge neutrality it exists, rather than the speed of mixing.  

The order of addition of oppositely charged solutions, whether it is surfactant to 

polymer or polymer to surfactant, may also influence the state of equilibrium of structures 
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formed in such mixtures. The outcomes would depend on the concentration of each solution 

and their apparent viscosities, and how much time is allowed for the polymer and surfactant 

molecules to evenly distribute within the mixture.21 

1.4.2  Rheology of Surfactant/Polymer Complexes  

 The rheology of surfactant/polymer complexes greatly depends on the concentration 

of each component, the strength of interactions between surfactant and polymer molecules, 

as well as their morphology. Self-diffusion measurements by nuclear magnetic resonance or 

time-resolved fluorescence have demonstrated that the diffusion of polymer or surfactant-

bound polymer is much slower than solutions comprised of free micelles,13, 119, 181 and that 

the rate of diffusion of surfactant is significantly slower within the core of cross-linked 

polymer gel networks.118 More notable than the effect of concentration on the diffusivity of 

molecules within solutions or gels is the type of mesophase formed. Mezzenga et al. showed 

that monoglyceride lipids formed temperature-dependent viscoelastic Pn3m and Ia3d 

bicontinuous cubic phases that exhibited longer relaxation times than hexagonal phases 

(Figure 1.2).24 Therefore, the formation of mesophases in oppositely charged surfactant and 

polymer systems could introduce a highly viscous barrier through which existing molecules 

must diffuse in order to reach equilibrium.  

 

  

Figure 1.2 A comparison of viscoelastic 

properties of temperature-dependent 

mesophases formed in monoglyceride/water 

systems. Reproduced from Mezzenga et al.24  
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1.4.3  Exploitation of the Complex Salt 

Oppositely charged surfactant and polymer systems are comprised of four 

components. The surfactant is comprised of the surfactant ion and its counterion, while the 

polyelectrolyte is comprised of the polyion and its counterion. Hence, these systems can only 

be fully described by a three-dimensional phase diagram, such as the pyramid phase diagram 

proposed by Svenssonet al. (Schematic 1.5-A).26, 27, 141, 149, 150  

 

A relatively new approach to better understand the phase behaviour of such systems 

involves inclusion of the ‘complex salt’ (Schematic 1.6).26, 27, 148, 202-206  

  

 

Schematic 1.5 Illustration of the three-dimensional phase diagram (A) developed to study a 

truly ternary system within the surfactant ion (B) or the polyion (C) mixing plane which 

encompasses the complex salt. Adapted from Svensson et al.27 

 
Schematic 1.6 Illustration of an oppositely charged surfactant/polymer complex salt which is 

comprised of a single surfactant ion per polyion charge and the absence of other ions. Adapted 

from Svensson et al.26 
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The complex salt is the precipitate that is formed from the reaction between the 

polyion and surfactant ion which is most often stoichiometric,144 but sometimes can be 

nonstoichiometric.163, 183 This can be achieved in one of two ways. The most common method 

involves titration of the hydroxide form of the surfactant with the acid form of the polymer 

or vice versa. Alternatively, a solution of surfactant (in excess) is reacted with a limiting 

concentration of polymer and washed with copious amounts of water to remove excess 

surfactant. In both procedures, the precipitate formed is further diluted with water to ensure 

complete removal of any uncomplexed molecules, collected and freeze-dried. An elemental 

analysis of the specimen is then conducted to confirm its molar charge ratio.  

Employing the complex salt, where the same counterions are present, eliminates the 

production of simple salts and provides a true three-component system for investigation 

(Schematic 1.5). There is the assumption that the liquid crystalline structure that exists when 

the complex salt is present is at ‘equilibrium’, and therefore acts as a point of reference. This 

offers a more strategic route to studying how the equilibrium nanostructures deviate from the 

complex salt formed upon dilution and/or addition of respective surfactant or polymer. An 

extensive review of various oppositely charged surfactant and polymer systems explored by 

this methodology has been detailed by Piculell et al.207, 208 Briefly, as with surfactant/polymer 

complexes investigated in the conventional manner, formation of highly ordered structures 

is often suppressed when polyions with low charge density are used.209 Interestingly, 

incorporation of a nonionic surfactant, ethylene glycol monododecyl ether (C12Ex) into a 

system comprised of the cetyltrimethylammonium–polyacrylate (CTAPA) complex salt 

described the first occurrence of a bicontinuous cubic phase at certain surfactant 

concentrations.178 Addition of the nonionic surfactant improved the stability of the complexes 

formed and a reversible phase transition between Ia3d and Im3m cubic phases was induced 
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by switching the temperature between 25 °C and 15 °C, respectively.210 A similar effect was 

also demonstrated by complex salts prepared with hexadecyltrimethylammonium hydroxide 

and the random copolymers poly(methacrylic acid-co-methacrylate ethoxylated).211 

It has been established that the exploitation of the complex salt can yield attractive 

properties in these oppositely charged surfactant and polymer systems. However, it would be 

inconvenient in real life applications to add the complex salt as a discrete component. It is 

unknown whether or not the complex salt is formed in situ. Perhaps formation of the complex 

salt upon contact between oppositely charged solutions of surfactant and polymer can 

eliminate phase separation from occurring and produce kinetically stable liquid crystalline 

structures.  

Examination of liquid–liquid interfaces can offer a means of enhancing understanding 

the equilibrium behaviour of oppositely charged surfactant and polymer systems. Therefore, 

methods that enable acquisition of spatially resolved information on structure and 

composition across surfactant–polymer interfaces are required. 

1.5 Techniques Commonly Employed to Characterise 

Mesophase Formation and Probe Molecular Interactions 

in Surfactant and Polymer Systems 

Various techniques have been utilised to characterise the liquid crystalline structures 

formed and to study the interactions between oppositely charged surfactant and polymer 

molecules in bulk aqueous mixtures. The feasibility of these approaches to probe changes in 

structure and composition across surfactant–polymer interfaces are assessed (Table 1.2).   
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Table 1.2 An assessment of the techniques commonly used to characterise structures formed 

in bulk aqueous mixtures of surfactant and polymer for their applicability in studying 

surfactant–polymer interfaces. Abbreviations in the table are defined in the coming text.  

Technique Advantages Disadvantages 
CPLM Can visualise the formation of 

mesophases through changes in optical 
properties of the material. 
Suitable for the study of interfaces. 

Transmission of light through 
opaque or thick samples may 
be affected. 

Cryo-SEM/ 
Cryo-TEM 

Can image the morphology and 
internal structure of complexes formed. 

Preparation of samples is a 
lengthy process. 

AFM Analysis of surface properties and 
particle size. 

Slow scan time which can 
cause thermal drift of sample. 

Confocal 
microscopy 

Can view cross-sections of the sample 
in the z-direction. 
Can image the internal and external 
morphology of gel particles. 
Suitable for the study of interfaces, 
however on a three-dimensional scale. 

Charged fluorescent dye may 
interfere with the interactions 
normally arising between 
oppositely charged surfactant 
and polymer molecules in the 
absence of the probe. 

DLS 
ELS 

Measures the particle size distribution 
and surface charge of particles, 
respectively. 

Assumes that all particles are 
spherical in shape. 
Only suitable for dispersions. 

SAXS/WAXS Synchrotron X-ray source enables 
acquisition of spatially and temporally 
resolved information on the internal 
structure of mesophases and provides 
an adaptable sample working 
environment suitable for the study of 
interfaces. 

Low signal-to-noise ratio 
detection from bench-top 
instruments result in weakly 
resolved scattering. 

SANS Contrast variation allows conclusions 
to be drawn on the composition and 
arrangement of molecules in liquid 
crystalline structures.  

Very limited access. 
Large amount of sample 
required. 
Low fluxes prohibit kinetic 
studies. 
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1.5.1 Microscopic Techniques 

1.5.1.1 Crossed-Polarised Light Microscopy 

Crossed-polarised light microscopy (CPLM) is a technique commonly used to identify 

liquid crystalline phases formed in bulk samples. Polarisers are optical filters that pass light 

of particular polarisation and blocks out others. When two polarisers overlap in a parallel 

orientation, light is able to pass through. However, when the overlying polarisers are crossed 

perpendicularly, light is blocked. Structures that rotate the polarised light will allow the 

vertically polarised light to be viewed through the horizontal filter, whereas non-rotated light 

is completely blocked. Cubic and micellar phases appear dark under crossed–polarised light 

as they are isotropic and do not rotate light. In contrast, the anisotropic structure of hexagonal 

and lamellar phases rotates the polarisation of light, which is then able to pass through the 

second polariser and be observed with characteristic textures that are birefringent.212 

Hexagonal phases usually appear smoke-like or fan-like.213 While lamellar phases most often 

display streaky mosaic-like patterns, ‘Maltese crosses’, or are occasionally exhibited as spirals.  

In addition, CPLM has also been used to visualise the penetration of aqueous solvent 

into lipids or surfactants.28, 214 The viscosity of isotropic mesophases formed and/or the 

appearance of textured birefringence are often indicative of the structures present at the 

phase boundaries formed upon initial contact between water and solid material, and the 

subsequent diffusion of the solvent into the other component (Figure 1.3).   
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Figure 1.3 CPLM images (A) and corresponding synchrotron SAXS diffraction patterns (B) 

showing the phase sequence for DTA2CO3 in a concentration gradient scan. SAXS patterns 

show increasing concentrations from bottom to top. The phases and symmetry/space group 

are identified as micelles (L1), I′1 HCPS (P63/mmc), I1 cubic (Pm3n), and H1 hexagonal (p6m) 

phases. Curves are offset for clarity. Reproduced from Liu et al.28  
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1.5.1.2 Scanning Electron Microscopy 

Scanning electron microscopy (SEM) involves focussing a beam of electrons onto the 

sample of interest to gain information on the external morphology (texture) and orientation 

of materials in the form of highly resolved three-dimensional images. In addition, semi-

quantitative information, such as the chemical composition, can sometimes be attained (Table 

1.2). This technique is only viable for examination of solid state materials that are stable under 

vacuum and its use is limited to the size of the solids. To prevent charging of the specimen 

from exposure to electron irradiation during imaging and increase the signal-to-noise ratio, 

a thin layer of electrically conducting material is usually deposited onto the sample. This 

approach is known as ‘sputter coating’ which typically uses gold or palladium. On the other 

hand, dispersions may be plunged into liquid nitrogen to produce frozen samples suitable for 

analysis with cryo-SEM (Table 1.2).121 

1.5.1.3 Cryogenic-Transmission Electron Microscopy 

While SEM provides information primarily on surface morphology of materials, 

cryogenic-transmission electron microscopy (cryo-TEM) generates images that provide 

information on the morphology of particles and internal structure of soft matter (Table 1.2). 

Samples are rapidly vitrified under liquid nitrogen to preserve the specimen in a snapshot of 

its solution state with minimal artefacts and hence it is commonly employed to confirm 

mesophases that remain unidentified after investigation by X-ray or neutron scattering 

techniques. Nizri et al. revealed an evolution of mesophases formed as the surfactant-to-

polymer molar charge ratio in dispersions comprised of cetyltrimethylammonium bromide 

(CTAB) and sodium polyacrylate (NaPA) with cryo-TEM (Figure 1.4).13  
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1.5.1.4 Atomic Force Microscopy 

Atomic force microscopy (AFM) operates by measuring the force between the scanning 

probe and the sample. The solution of interest is deposited onto the surface of a mica disk and 

the vertical and lateral deflection of the cantilever is measured by the optical lever, which 

reflects the laser beam off the cantilever to be detected. Information on the size, morphology, 

or hardness of surfaces can be obtained.12, 215 However, AFM is not suitable for examining 

solution interfaces as analysis of samples in solid form is more ideal (Table 1.2). 

 

Figure 1.4 Effect of the surfactant-to-polymer molar charge ratio (R) on the zeta potential (ζ) 

and internal structure of C16TAB/NaPA complexes measured by electrophoretic light 

scattering and cryo-TEM, respectively. Appearance of highly ordered hexagonal structures 

(A), thread-like micelles (B), and ‘fingerprint’ patterns as highlighted by the white arrows (C). 

Scale bars = 50 nm. Adapted from Nizri et al.13, 14  
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Although these microscopic techniques provide great detail on structure, a major 

limitation is their inability to deliver a global representation of the sample as usually only a 

small portion of the sample size is captured (Table 1.2).   

1.5.1.5 Confocal Microscopy 

Confocal microscopy is another optical technique that has been used to visualise the 

internal and external structure of surfactant/polymer complexes. This is one of only a few 

methods that has been employed to probe the structural attributes at surfactant–polymer 

interfaces (Table 1.2). Specifically, these interfaces were created between droplets of polymer 

solution that were surrounded by a solution of oppositely charged surfactant.17, 216, 217  

Lapitsky et al. demonstrated the formation of bead-like gel particles, where the kinetics 

of gelation and release of solvent was viewed under a confocal microscope whilst loaded in a 

flow chamber designed for these experiments.218 The morphology of the gel particles 

depended on the concentration of the surfactant and polymer in solution (Figure 1.5), as well 

as the droplet size delivered and its rate of addition.29 

 

 

Figure 1.5 Confocal microscopy images of JR-400/CTAB/FC7 gel particles prepared at varying 

compositions with a 0.11 mm needle. Smooth solid gel particle (A), gel particle with a flower-

like corona layer (B), smooth hollow particle with dense thin gel shell (C), and gel particle 

with a gel corona (D). Reproduced from Lapitsky et al.29  
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Closer examination of the fluorescently labelled gel particles revealed that the 

structure formed at the surfactant–polymer interface was comprised of three layers: a dense 

shell, a sparse and porous interstitial layer, and a homogeneous core (Figure 1.6).25 

 
 Furthermore, utilisation of optical tweezers by incorporation of tracer particles was 

able to probe the transport of polymer, surfactant, and water molecules between the 

continuous phase (surfactant solution) and the gel particles. This also provided information 

on the microrheology of the structures,25 which gives an indication of the existing 

mesophase.219  

While both these techniques show promise for gaining a better appreciation of the 

equilibrium phase behaviour across oppositely charged surfactant and polymer interfaces, 

they also have limitations (Table 1.2). Interestingly, the globular three-dimensional shape of 

the gel particles offer a different perspective on the growth of structures across the interfaces 

formed. However for simplicity, it would be ideal to study the formation of nanostructures 

and distribution of molecules across planar surfactant–polymer interfaces.  

 

Figure 1.6 Fluorescent confocal micrographs showing cross-sections of the outer layer (A), the 

interstitial layer (B), and the core (C) of a sparsely cross-linked JR-400 gel particle (4-5 mm 

in diameter) following a 2 min reaction. Reproduced from Lapitsky et al.25  
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1.5.2 Scattering Techniques 

Unlike microscopic approaches utilised to observe the structural features of oppositely 

charged surfactant and polymer systems, scattering techniques offer a more statistically 

representative characterisation of the sample. 

1.5.2.1 Dynamic Light Scattering 

Dynamic light scattering (DLS) indirectly measures the size of particles based on the 

Brownian diffusion experienced by the solutes in solution, as given by the Stokes–Einstein 

equation: 

𝐻𝑅 =
𝑘𝐵𝑇

6𝜋𝜂𝐷
   [1.2] 

where 𝐻𝑅 is the hydrodynamic radius, 𝑘𝐵 is the Boltzman constant, 𝑇 is the absolute 

temperature, 𝜂 is the solvent viscosity, and 𝐷 is the diffusion coefficient. The Stokes-Einstein 

law for diffusion in solutions is only valid for measurement of spherical particles. Therefore, 

a different treatment is required to analyse the particle size of non-spherical molecules which 

considers both the rotational and translational diffusion coefficients.220, 221 Data is normally 

plotted as a size distribution and the correlation function for a given sample is often provided 

for each measurement to statistically support that the behaviour of the nanoparticles is not a 

random event. DLS has been commonly used to study how changes in the surfactant-to-

polymer molar charge ratio influences the size of the complexes formed in dispersions and 

bulk aqueous mixtures of surfactant and polymer.1, 127, 185  

1.5.2.2 Electrophoretic Light Scattering 

Electrophoretic light scattering (ELS) is based on dynamic light scattering, however it 

applies an oscillating electric field that causes movement of charged particles. This method 
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allows measurement of the electrophoretic mobility and calculation of the zeta potential of 

dispersed particles. The velocity at which the particles move is translated into the zeta 

potential, which also describes the magnitude of the electrostatic forces the charged particles 

experience, whether it is repulsive or attractive. Study of this parameter as well as size 

measurements provide useful information pertaining to the colloidal stability of dispersions; 

knowledge that would be valuable in the optimisation of formulations, particularly in 

prolonging their shelf-life.  

Over the years, ELS has become a fundamental means of examining the surface charge 

of surfactant and polymer complexes. Nizri et al. demonstrated that at low surfactant-to-

polymer molar charge ratios, the nanoparticles carried a negative charge owing to the 

presence of the anionic polymer, NaPA, in excess. The repulsive forces between the negatively 

charged complexes decreased as the system approached charge neutrality. Above this 

composition, the concentration of the cationic surfactant, CTAB, was greater than that of the 

NaPA in solution, and thus displayed an overall positive charge (Figure 1.4).13  

1.5.2.3 Small and Wide Angle X-ray Scattering 

X-ray scattering techniques have become universal for the identification of liquid 

crystalline phases. When a beam of X-ray with a known wavelength, 𝜆, is passed through a 

given sample, it interacts with the electrons and scatters the radiation at dissimilar angles, 2𝜃, 

based on the differences in electron density of the material. These two-dimensional scattering 

patterns are detected where the scattering intensities are usually presented as a function of 

the length of the scattering vector, 𝑞. Information on the shape, also known as the ‘form 

factor’, can be obtained for dilute samples, such as micelles. Whereas for more concentrated 

samples, the ‘structure factor’ can be acquired with the appearance of pronounced peaks, 
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which reveal the presence of a highly ordered structure (Figure 1.3). The position of the 

maximum Bragg peak, 𝑞𝑝𝑒𝑎𝑘, indicates the distance, 𝑑 (in units of length), between the aligned 

particles by using Bragg’s law: 

𝑞 =  
4𝜋

𝜆
∙ sin (𝜃) [1.3] 

The relative peak positions from a scattering profile allow characterisation of specific 

mesophases within the material. The lattice parameter, which defines the internal dimensions 

of the liquid crystalline phase, can be calculated from the absolute position of the peaks i.e. 

the interplanar distance within the matrix, 𝑑, when the corresponding scattering law is used 

for the mesophase present.  

𝑑 =  
2𝜋

𝑞𝑝𝑒𝑎𝑘
 [1.4] 

The main difference between small angle X-ray scattering (SAXS) and wide angle X-

ray scattering (WAXS) is that the distance from the sample to the detector is longer in SAXS, 

thus smaller angles are probed which correlates to larger structures (e.g. colloidal 

dimensions), compared to probing molecular dimensions with WAXS.  

The capabilities of these instruments are greatly broadened when coupled to a 

synchrotron source where the experimental setup and sample environment can be modified 

to achieve the desired requirements (Table 1.2).222 In addition, spatially resolved data can be 

acquired in short time frames (Figure 1.3), which also allows kinetic processes to be studied. 

These features would be advantageous when probing the phase behaviour across surfactant–

polymer interfaces.   
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1.5.2.4 Small Angle Neutron Scattering 

Neutron scattering occurs from the interaction between a neutron and the nuclei of 

samples. Neutrons have high penetration for most elements making the technique useful for 

probing bulk mixtures. Small angle neutron scattering (SANS) often exploits the phenomenon 

of ‘contrast variation’, whereby one component is rendered ‘invisible’ by matching the 

scattering length density selectively with other components of the system, such as a 

continuous aqueous phase. This allows for determination of the shape and disposition of 

labelled and unlabelled components within a complex (Table 1.2).  

1.5.3 Other Techniques 

Structural characterisation of the mesophases formed across oppositely charged 

surfactant–polymer interfaces is valuable for understanding the equilibrium phase behaviour 

of these systems. However, quantitative information pertaining to changes in the distribution 

of molecules across the interface with the formation of mesophases over time is also of great 

importance. Study of the interactions between surfactant and polymer molecules have 

included the direct measurement of properties such as the viscosity,30, 162, 223-226 surface 

tension,30, 125, 227-230 conductance,112, 125, 131, 231, 232 self-diffusion,121, 210, 233, 234 and 

thermochemical parameters,111, 112, 115, 116, 125, 189, 194, 235-242 however, only in bulk aqueous 

mixtures. A suitable approach to determine the concentrations of surfactant, polymer, and 

water spatially across surfactant–polymer interfaces is needed. Only then can comments be 

made regarding the kinetics of structure formation and the existence of equilibrium and/or 

nonequilibrium structures across surfactant–polymer interfaces. 
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1.6 A Statement of the Problem 

Existing literature on oppositely charged surfactant and polymer systems focusses on 

the study of dispersions and bulk mixtures, however little is known about the equilibrium 

phase behaviour at smaller length scales or across surfactant–polymer interfaces. 

In seeking to better understand the factors that influence the formation of equilibrium 

or nonequilibrium structures across surfactant–polymer interfaces, new approaches to 

spatially characterise the mesophases formed and quantify the concentrations of surfactant, 

polymer, and water across these interfaces are needed.  

 Studying the dynamics across the interfacial region created between solutions of 

oppositely charged surfactants and polymers will provide a new means of determining how 

certain systems will behave upon mixing. Furthermore, insights may be gained to circumvent 

phase separation and the existence of kinetically trapped nonequilibrium nanostructures in 

dispersions or bulk mixtures, which are the main issues relating to instability and limit the 

ability to design materials from a formulation perspective. Therefore, strategies to develop 

systems with the desired properties and improve the method of preparation would be 

advantageous for industrial applications. 

Stimuli-responsive liquid crystalline phases have received great attention for 

applications in the field of drug delivery.61, 200, 243, 244 Oppositely charged surfactant and 

polymer systems have shown promise in this area for the versatility they provide in controlling 

the interactions that govern the self-assembly of a diversity of mesophases. Knowledge of how 

the structural attributes of various industrially and biologically relevant oppositely charged 

surfactant and polymer respond to changes in environmental conditions can produce novel 

nanomaterials for use in a wide range of pharmaceutical applications. 
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These are the core issues that formed the basis of the hypotheses and aims developed 

in this thesis, which are outlined in their corresponding chapters.   

1.7 Hypotheses 

The broad hypotheses developed in this thesis were: 

i. That the phase behaviour demonstrated by aqueous mixtures of surfactant and 

polymer will be similar to those prepared with the complex salt, indicating the 

complex salt can be formed in situ.  

ii. That structure and concentration gradients will arise across the interface formed 

on contact between oppositely charged surfactant and polymer solutions.   

iii. That nanostructures at equilibrium are formed locally across surfactant–polymer 

interfaces, despite the existence of a global nonequilibrium state. 

iv. That systems comprised of the same surfactant-to-polymer molar charge ratio, 

but prepared at different concentration regimes will produce mesophases with 

similar internal structures, but different global morphologies. 

v. That the diffusivity of a model hydrophilic drug from nanostructured capsules 

formed by contact between oppositely charged surfactant and polymer solutions 

can be modulated by changes in solution temperature, salt concentration, or pH 

depending on the system studied. 
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1.8 Aims 

In order to address the broad hypotheses stated earlier, the following aims were achieved: 

i. To generate and compare ternary phase diagrams of bulk aqueous mixtures 

of surfactant and polymer prepared either by the conventional mixing 

protocol or with incorporation of the complex salt.  

ii. To develop an approach to spatially resolve the formation of liquid crystalline 

structures across surfactant–polymer interfaces.  

iii. To develop an approach to spatially resolve composition (surfactant, polymer, 

and water concentrations) across surfactant–polymer interfaces. 

iv. To correlate changes in structure with changes in composition across 

surfactant–polymer interfaces over time.  

v. To study factors that can influence the rate and direction of structure 

formation across surfactant–polymer interfaces. 

vi. To structurally characterise a series of surfactant and polymer dispersions 

with varying surfactant-to-polymer molar charge ratios, and compare the 

structures formed with those arising in bulk aqueous mixtures, and across 

surfactant–polymer interfaces at similar compositions. 

vii. To study the structural attributes of a range of both industrially and 

biologically relevant oppositely charged surfactant and polymer systems and 

assess their potential as novel tailored release nanomaterials.  
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2. Developing a Novel Approach for Probing Structure and 

Composition Across Surfactant–Polymer Interfaces  

2.1 Introduction 

The general phase behaviour exhibited by oppositely charged surfactant and polymer 

systems at varying compositions has extensively been reported for bulk aqueous mixtures,1-9 

however little is known about the kinetics of structure formation and distribution of molecules 

across surfactant–polymer solution interfaces.10-14 The mixing of oppositely charged 

surfactant and polymer solutions is often not an instantaneous event.12, 14, 15 The existence of 

kinetically trapped nonequilibrium structures depend on the order and speed in which the 

components are mixed,16-19 the viscosity of the bulk solutions, and the type of mesophase 

formed.20 These variables may play a significant role in the extent to which equilibrium 

structures are formed across such interfaces. Studying the dynamics of structure formation 

across surfactant–polymer solution interfaces presents a means of gaining a better 

appreciation of the changes in the local concentrations of surfactant, polymer, and water 

constituting the mesophases formed at a given time as the system approaches equilibrium 

without any input of energy. By this approach, it is anticipated that the mixing process would 

be driven by the diffusivity of molecules in solution and through mesophases formed across 

the interface. The slow kinetics can be monitored over a longer time scale and the resulting 

structures can be compared to those arising in bulk aqueous mixtures. It is hypothesised that 

a concentration gradient will form across the liquid–liquid interface after contact between 

oppositely charged solutions of surfactants and polymers, inducing a gradient in self-

assembled structures which may or may not exist at local equilibrium. 
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Liu et al. developed a ‘concentration gradient’ method based on the methodology 

pioneered by Caffrey21 as a means of reducing the time involved in preparing and structurally 

characterising numerous samples required for generating surfactant/water binary phase 

diagrams.22 The fundamentals of this method involved adding water to a solid form of 

surfactant that was placed in between a microscope slide and a cover slip. The evolution of 

different mesophases was observed under crossed-polarisers due to the existence of a 

concentration gradient across the surfactant–water interface (Figure 1.3-A).22 This technique 

is analogous to the ‘flooding’ or ‘penetration’ experiments commonly employed to visualise 

phase boundaries formed upon introducing water to lipid based formulations.23 Furthermore, 

Laughlin et al. has demonstrated the diffusive transport of molecules across interfacial regions 

through isothermal swelling studies and that near–infrared microscopy can be employed to 

quantify the concentration of water across such interfaces.24, 25   

Synchrotron small angle X-ray scattering (SAXS) was used to identify the mesophases 

formed across the surfactant–water interface. In this approach, the solid mass of surfactant 

was loaded into the bottom half of a standard SAXS capillary (~1.5 mm in diameter) then 

topped with water. Scattering curves were acquired at ~800 µm increments vertically across 

the sample showing a progression of structures from micelles, to hexagonally close-packed 

spheres, to Pm3n cubic phase, and finally hexagonal phase with increasing surfactant 

concentration (Figure1.3-B).22 This technique allows the identification of liquid crystalline 

phases and localisation of phase boundaries. It also presents a non-destructive means of 

determining artifacts due to non-random sample orientation and enables rapid data 

collection that is applicable to characterising a wide range of liquid crystalline systems.21, 26 

However, a major limitation is the need for access to a synchrotron source and the inability 

to measure the concentration of surfactant and water comprising the lyotropic mesophases.  
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As an extension to the methodology developed by Caffrey, Ricoul et al. demonstrated a 

means of determining the composition along the structure gradient upon contact between a 

solid mixture of a glycolipid and the cationic surfactant, didodecyldimethylammonium 

bromide, and excess water.26 The concentration of the glycolipid was measured by 

autoradiography of the molecule radioactively labelled with 14C, while the concentrations of 

the surfactant and water were deduced from the sample X-ray transmission measurements 

which depended on the weight fractions of the three components averaged on the illuminated 

fraction of the sample, their weight adsorption coefficients, and their densities.26 It was found 

that a large error in quantifying the concentration of these molecules by SAXS came from the 

experimental error in the thickness of the capillaries.26 Although determining the composition 

of mesophases formed after the diffusion of water into the solid material was achieved 

through measurements by SAXS and autoradiography, the use of non-radioactive materials 

would be more favourable, particularly to avoid contamination of the interior surfaces of the 

capillary in experiments involving addition or removal of solutions from the interface. 

There are several other methods that are capable of determining the composition of 

bulk mixtures which may also be feasible for quantifying the concentration of molecules 

distributed across surfactant–polymer interfaces (Table 2.1). Many of these techniques can 

produce high resolution images or spectra of the sample that are necessary to gain 

quantitative information. However, their use may be limited to various experimental factors, 

such as restrictions on the size or thickness of the sample (Table 2.1). For example, thicker 

samples would increase the detection of protons and improve the signal-to-noise ratio with 

magnetic resonance imaging (Table 2.1). As a consequence, this particular sample 

configuration would not be suitable for structural characterisation with synchrotron SAXS 

where thinner samples are preferred for efficient transmission of X-rays through the sample. 
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Samples prepared at larger volumes would increase the likelihood of creating surfactant–

polymer interfaces that are not well defined, as well as further slowing down the mixing 

kinetics of the two solutions to form mesophases. In addition, exposure to a high vacuum 

environment, as in the case for infrared spectroscopy, time-of-flight secondary ion mass 

spectroscopy and scanning electron microscopy, requires the sample to be dry which is 

impractical as surfactant–polymer interfaces must obviously be hydrated to be able to 

measure the concentration of water (Table 2.1). Coherent anti-Stokes Raman spectroscopy 

and laser ablation inductively coupled plasma mass spectrometry can damage the samples, 

which make them unfeasible for studying the kinetics of structure formation across 

surfactant–polymer interfaces at multiple time points (Table 2.1). More so, the formation of 

anisotropic mesophases across surfactant–polymer interfaces may significantly affect the 

transmission of light through the sample and accurate detection of the sample composition, 

particularly with spectroscopic techniques, such as near infrared thermal imaging (Table 2.1).  

Raman microscopy is frequently employed to analyse the chemistry and structure of 

materials. Briefly, when a sample is irradiated by an intense monochromatic laser beam, 

usually in the UV-visible region, the light interacts with the molecules and a change in its 

frequency is characteristic of the nature of each vibrational bond present.27 The Raman 

spectrum obtained is therefore a unique vibrational fingerprint of a given material. Water is 

a weak Raman scatterer, which gives Raman spectroscopy a major advantage over infrared 

spectroscopy. This signifies that Raman microscopy may be suitable for the study of aqueous 

solutions since Raman spectra may be obtained without major interference from water 

vibrations,27 and therefore seems the most feasible at measuring the concentrations of 

surfactant, polymer, and water across oppositely charged surfactant–polymer interfaces. 
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Table 2.1 Summary of the advantages and disadvantages of the various techniques explored 

to potentially quantify the composition across surfactant–polymer interfaces. 

Technique Advantages Disadvantages 
Synchrotron Infrared 
Microspectroscopy  

High signal-to-noise ratio. 
3-8 µm spatial resolution. 
Motorised stage allows for 
automated spectral mapping.  

Sample must be dry.  
Sample thickness (3-10 μm). 
Strong absorption of water. 

Coherent Anti-Stokes 
Raman Spectroscopy  

High spectral resolution. 
Issues associated with 
fluorescence is eliminated. 
 

Samples must be optically 
transparent and not be easily 
damaged by high power lasers. 
Narrow spectral range. 

Time-of-Flight 
Secondary Ion Mass 
Spectrometry  

High mass resolution. 
Mapping of 3D images after 
analysis of full mass spectrum. 

Surface sensitive. 
Operates under high vacuum.  
Qualitative analysis. 

Laser Ablation 
Inductively Coupled 
Plasma Mass 
Spectrometry  

Highly sensitive chemical 
analysis. 
Speed. 
Sub-microscale sample size.  

Destructive. 
Sample thickness and integrity is 
important. 

Scanning Electron 
Microscopy  
 

3D and topographical 
imaging. 
Obtain morphological and 
compositional information.  

Operates under high vacuum.  
Can only detect C and O; 
possibly N, Na, S, and Cl.  
Qualitative analysis only. 

Near-infrared 
Thermal Imaging  

Whole sample imaging. 
Measures water content.  
Non-destructive. 

Transmission at interface may be 
hindered by the presence of 
liquid crystalline structure. 

Magnetic Resonance 
Imaging  

Map differences in proton 
density across samples. 

Sample geometry. 
Speed. 

Raman Microscopy Low absorption of water. 
Semi-quantitative. 

Fluorescence of some samples. 
Refractive index influences 
accuracy of measured intensity. 

Nuclear Magnetic 
Resonance 

High spectral resolution. 
Self-diffusion measurements. 

Limited sample geometry. 
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In this chapter, the development of novel approaches to examine the kinetics of 

structure formation across oppositely charged surfactant–polymer interfaces is described. 

Through examination of what is occurring specifically across the interface between solutions 

of surfactant and polymer, new insights into the structural and compositional changes that 

occur as the system approaches equilibrium will be gained. Thus, careful considerations must 

be made in order to select the appropriate sample cell and the toolbox of techniques that 

would enable spatially- and time-resolved characterisation of structures formed and 

quantification of composition across such interfaces.  

The system comprising of the anionic surfactant, sodium dodecyl sulphate (SDS), and 

the cationic polymer, poly(diallyldimethylammonium chloride) (polyDADMAC), is of 

particular interest as it has been broadly explored in literature. These materials (Figure 2.1) 

are common ingredients found in haircare products, such as shampoos and conditioners. 

Thus, new insights gained into their equilibrium phase behaviour would be of great 

importance in the optimisation of formulations currently on the market or for exploitation in 

other industrial applications. For these reasons, the SDS and polyDADMAC system was used 

in developing these approaches. 

  

 

Figure 2.1 Chemical structures of sodium dodecyl sulphate (SDS) and 

poly(diallyldimethylammonium chloride) (polyDADMAC). 
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2.2 Hypothesis and Aims 

Hypothesis  

That structure and concentration gradients will arise across the interface created between 

oppositely charged solutions of surfactant and polymer.   

Consequently, the following aims were undertaken in this chapter:  

1. To develop an approach to spatially resolve the formation of liquid crystalline 

structures across surfactant–polymer interfaces.  

2. To develop an approach to spatially resolve composition (surfactant, polymer, and 

water concentrations) across surfactant–polymer interfaces.  

i. To generate calibration curves that can be employed to quantify the 

concentration of SDS, polyDADMAC, and water across SDS–polyDADMAC 

interfaces. 

In order to achieve the aims stated above, it was important to develop an approach that 

allowed both structural and compositional detail at each point across the interface on the 

same sample to be determined. This chapter describes the successful developments of such an 

approach, together with some ‘lessons learned’. 
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2.3 Materials 

Sodium dodecyl sulphate (SDS, BioXtra, ≥ 99.0 %) and 1,4-dioxane (anhydrous, 99.8 

%) were purchased from Sigma-Aldrich (Sydney, Australia). Poly(diallyldimethylammonium 

chloride) (polyDADMAC, Merquat™ 100, molecular weight: 1.5 x 105 g/mol) was sourced 

from Nalco Company (Illinois, United States). The commercial polyDADMAC solution 

obtained contained 53.3 % solid and 46.7 % water (standard deviation: ± 0.3 %) as determined 

by gravimetric analysis (n = 10). Merquat™ 100 was dried prior to preparation of 

polyDADMAC stock solutions to form a waxy solid. 

All materials were used without further purification. Milli-Q grade water purified 

through a Milli-pore system (Billerica, United States) was used throughout the studies.  

2.4 Methods 

2.4.1 Selecting the Sample Cell 

The primary goal in this chapter was to develop an approach to examine the kinetics 

of nanostructure formation across oppositely charged surfactant–polymer interfaces. To 

achieve this, an appropriate sample cell was essential. Some of the important requirements of 

the desired cell include (i) the ability to create a neat interface between the two solutions, (ii) 

openings where solutions can readily be removed and replaced, (iii) an inert material that 

allows transmittance of X-rays and light for analysis, and (iv) appropriate dimensions suitable 

for analysis by the particular techniques chosen to identify structures and determine the 

composition across surfactant–polymer interfaces. Before attaining the optimal sample cell, 

various systems were investigated.  
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Early method development stages involved placing a drop of surfactant and polymer 

solution onto a glass microscope slide within close proximity of each other and sandwiching 

them together with a glass cover slip (Schematic 2.1). Although an interface was formed 

between the flattened droplets, it was not well defined and difficult to reproduce.  

 
The next attempt entailed loading the more viscous polymer solution into the bottom 

half of a HPLC glass insert (~5 mm in diameter), while ensuring that the walls were not 

contaminated, then layering the surfactant solution above the existing solution 

(Schematic 2.2). Though a reasonably neat interface was formed upon contact of the two 

solutions, a much larger volume of the sample was required. Preliminary SAXS experiments 

conducted at the Australian Synchrotron demonstrated that scattering was obtained from this 

configuration. However, the diameter of the capillaries led to problems with the interface not 

being level in the direction perpendicular to the beam, which was approximately 100 µm in 

height. Thus, the SAXS profiles acquired were a representative average of the material the X-

ray beam passed through and would be an inaccurate characterisation of the actual 

mesophases formed at a given position across the surfactant–polymer interface 

(Schematic 2.2).  

 

Schematic 2.1 Illustration of the initial approach to creating an interface between oppositely 

charged solutions of surfactant and polymer.   
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 Following this endeavor, a simple cell comprised of Teflon cut precisely into shape, 

which either funneled or provided a more constricted route through which the opposing 

solutions could interact, was inserted between two glass cover slips and held together with 

superglue (Schematic 2.3). However, this prototype was not very successful because the 

design was prone to leaking and the formation of air bubbles.  

 

 

Schematic 2.2 Surfactant and polymer solutions loaded in a HPLC glass insert highlighting 

the issue involved when an X-ray beam is directed through a distorted meniscus (interface), 

which would produce scattering data non-representative of the true mesophases present at a 

particular position across the surfactant–polymer interface.   

 

Schematic 2.3 One-dimensional representation of the ‘simple cell’ configuration for 

examining surfactant–polymer interfaces.  
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A more detailed alternative was a custom designed cell (Schematic 2.4). It featured (i) 

conical plugs that could be screwed into the chambers to prevent leakage and when opened 

could allow for delivery of the surfactant and polymer solutions, (ii) channels where the 

solutions could passage through to meet each other at midpoint, and (iii) quartz windows to 

view the small interface created. Considering the extreme detail encompassed in the proposed 

sample cell, assembly of the device envisaged would be costly, labour intensive, and time 

consuming, therefore actualisation of this design was not pursued.  

 
The commercially available rectangular borosilicate capillaries, VitroTubesTM, sourced 

from VitroCom (New Jersey, United States) with dimensions: 0.4 x 8.0 x 50 mm were the ideal 

cells which fulfilled the prerequisites specified earlier (Schematic 2.5). Importantly, a 

reduction in the thickness of the material analysed by SAXS would yield a more accurate 

representation of the structures formed locally across the surfactant–polymer interfaces.  

 

 

Schematic 2.4 Custom designed sample cell for studying surfactant–polymer interfaces. 

 

Schematic 2.5 Dimensions of the glass ‘flat cell’ selected to study the phase behaviour across 

surfactant–polymer interfaces. Reproduced from www.vitrocom.com.. 
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2.4.2 Sample Preparation 

 In order to study the phase behaviour and distribution of molecules across oppositely 

charged surfactant and polymer interfaces, an appropriate preparation method was devised 

(Schematic 2.6). This entailed first loading the bottom half of the glass flat cell with the more 

viscous solution, in most cases by capillary action. In situations where the solution behaved 

more like semi-solids, they were loaded into the bottom of the empty flat cell via a syringe 

fitted with a 29G needle. The outer surface of the glass was wiped clean to ensure that the 

bottom of the cell was tightly sealed with parafilm. Afterwards, the less viscous solution was 

carefully pipetted into the remaining free volume within the flat cell via the top opening and 

sealed. This practice allowed a neat interface to be formed between surfactant and polymer 

solutions. The location of where the initial interface was created was marked on both edges 

of the cell to indicate the ‘point of origin’, which acts as a guide to monitoring the direction 

of growth and development of liquid crystalline structures across surfactant–polymer 

interfaces. 

 

 

Schematic 2.6 The general method of preparing samples in flat cells for studying the phase 

behaviour and distribution of molecules across surfactant–polymer interfaces. 
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2.4.3 Characterisation of the Internal Structure of Liquid 

Crystalline Phases Across Surfactant–Polymer Interfaces 

2.4.3.1 Crossed-Polarised Light Microscopy  

Crossed-polarised light microscopy (CPLM) was used as a pre-screening step to 

visualise the growth of anisotropic liquid crystalline phases formed across oppositely charged 

surfactant–polymer interfaces. Images of samples loaded in flat cells were taken at various 

time intervals using a Nikon ECLIPSE Ni-U upright microscope fitted with crossed-polarising 

filters and a DS-U3 digital camera control unit (Nikon, Japan) at room temperature. This 

technique was employed complimentary to small angle X-ray scattering to identify the 

internal structure of self-assembled mesophases. 

2.4.3.2 Synchrotron Small Angle X-ray Scattering  

Synchrotron small angle X-ray scattering (SAXS) was utilised to spatially resolve the 

structural attributes of mesophases formed across surfactant–polymer interfaces.  

Samples prepared in flat cells were inserted into a custom built holder that was drawn 

on Google SketchUp and generated by the MakerBot Replicator 2 Desktop 3D Printer 

(Brooklyn, USA), where the external framework was identical to that of the dimensions of a 

standard 96-well plate (Schematic 2.7). 

 

 

Schematic 2.7  2D drawing of the 3D printed flat cell holder employed when conducting 

line scans across multiple surfactant–polymer interfaces with synchrotron SAXS. 
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The sample holder was mounted up-right onto an appropriate fitting on the stage 

equipped with a motor that enabled automatic acquisition of sample while moving the sample 

through either the x- or y- direction. This set-up was used routinely to perform ‘line scans’ 

at the Australian Synchrotron SAXS/WAXS beamline. 

A ‘line scan’ describes the approach that involved rastering across the interface created 

between solutions of oppositely charged surfactant and polymer molecules loaded in flat cells 

with spatial resolution (Schematic 2.8). 2D SAXS patterns were acquired for 1 s at each 

position the X-ray beam (beam size: 200 x 100 µm, horizontal x vertical) passed across the 

surfactant–polymer interface, at 100 µm increments several millimetres across the initial 

interface formed upon contact of both solutions. The scattering patterns at each position were 

acquired using a 1M Pilatus detector (active area 169 x 179 mm2 with a pixel size of 172 

µm). The energy or wavelength of the X-ray beam used (keV or Å) and the distance between 

the sample and the detector (mm), which subsequently determined the q-range provided, 

varied slightly between each experiment conducted at the synchrotron depending on the 

experimental requirements during the allocated beamtime. These instrument specifications 

are specified in the methods section of each results chapter. 

 

 

Schematic 2.8 Illustration of how a SAXS profile can be obtained spatially across surfactant–

polymer interfaces by conducting a ‘line scan’ at 100 µm steps when the sample is placed in 

line with a synchrotron X-ray source. 
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The computer program ScatterBrain Analysis was used to reduce the 2D scattering 

patterns to the 1D scattering function, 𝐼(𝑞), for all data obtained at the synchrotron SAXS 

beamline. The Bragg peaks were indexed to confirm the nanostructure formed across 

surfactant–polymer interfaces, as correlated by the Miller indices (ℎ, 𝑘, 𝑙) of known 

mesophases (Table 2.2). The absolute peak positions allow for the calculation of the mean 

lattice parameter, 𝑎, of the matrix from the corresponding interplanar distance, 𝑑 (𝑑 =

2𝜋/𝑞), using the appropriate scattering law for the phase structure (Table 2.3).  

Table 2.2 List of characteristic spacing ratios between lattice Bragg reflections for 

identification of common liquid crystalline phases.28  

Mesophase Descriptor/symmetry (dimensionality) Peak ratios 
Lamellar Lα, Lβ 1:2:3:4…etc. 
Bicontinuous cubics  Primitive Im3m √2:√4:√6:√8:√10…etc.  
 Diamond Pn3m √2:√3:√4:√6:√8…etc. 
 Gyroid Ia3d √6:√8:√14:√16:√18…etc. 
Hexagonal p6m 1:√3:√4:√7:√12 
Discrete cubic Fm3m √3:√4:√8:√11:√12…etc. 
 Pm3n √2:√4:√5:√6:√8…etc. 
 Fd3m √3:√8:√11:√12:√16 

Table 2.3 List of equations used to calculate the mean lattice parameter, 𝑎, of common 

mesophases, where ℎ, 𝑘, and 𝑙 are the Miller indices for the corresponding structure.28 

Unit cell Scattering law 
Lamellar 𝑎 = 𝑑 

Cubic 𝑎 = 𝑑√ℎ2 + 𝑘2 + 𝑙2 

Hexagonal 𝑎 =  
4𝑑

3
√ℎ2 + 𝑘2 
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2.4.4 Quantifying the Concentrations of Polymer, Surfactant, and 

Water Across SDS–PolyDADMAC Interfaces 

 Raman microscopy and small angle X-ray scattering were the primary techniques 

employed in combination to measure the concentrations of surfactant, polymer, and water 

across SDS–polyDADMAC interfaces as a function of time.    

2.4.4.1 Raman Microscopy  

The Raman microscopy experiments were performed on a Renishaw inVia confocal 

Raman microscope using a Nd:YAG 532 nm green laser (Gloucestershire, United Kingdom). 

An extended grating scan (10 s exposure, 1 accumulation, 50% laser power) was employed 

to acquire Raman spectra between 100-4000 cm-1. The microscope was equipped with a long 

working distance objective lens (x20 magnification) providing a spectral resolution of ~10 

µm. A depth scan in the z-direction of samples loaded in the flat cells was conducted to ensure 

that the solution was properly focused to achieve optimal Raman signal from the sample 

volume analysed.  

Developing and Validating Standard Curves 

PolyDADMAC/Water Binary Systems 

A series of standard solutions comprised of polyDADMAC in Milli-Q water were 

prepared in triplicate between 2-50 wt%. The Raman spectrum (Figure 2.2) was collected for 

each solution and the area under the curve measured for the Raman signal at ~800 cm-1 (N-

CH2 stretch vibration)29 was plotted as a function of the polymer concentration.   
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SDS/Water Binary Systems 

Likewise, a series of standard solutions comprised of SDS in Milli-Q water were 

prepared in triplicate between 4-50 wt%. The Raman spectrum was collected for each 

solution (Figure 2.2) and the area under the curve measured for the Raman signal at ~1060 

cm-1 (stretching vibration of two S–O bonds30) representative of the sulphate moiety on the 

surfactant ion was plotted as a function of the surfactant concentration.  

 

Water 

The concentration of water was measured by probing the vibrational bonds existing 

between 3030-3770 cm-1 of the Raman spectrum (Figure 2.2).31 A calibration curve was 

generated from the area under the curve of the region representative of the O–H bond in the 

 

Figure 2.2 Raman spectra of polyDADMAC and SDS solutions loaded in flat cells highlighting 

the selected characteristic peaks, N–CH2 stretch, S–O bonds, and O–H bonds for detection of 

the polymer, surfactant, and water molecules, respectively. 
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Raman spectra obtained for the standard solutions of polyDADMAC and SDS. In addition, 

standard solutions of 1,4-dioxane, a solvent which is miscible in water, were also prepared 

and measured using the same approach to generate a calibration curve that would be valid 

for quantifying the concentration of water over a wider concentration range than is possible 

with solutions of polyDADMAC or SDS (Figure 2.3).  

 
PolyDADMAC/SDS/Water Systems 

It is known that hexagonal phases often arise upon mixing solutions of SDS and 

polyDADMAC,32-35 however the presence of anisotropic structures, as well white/opaque 

coacervates may have a significant impact on the ability of the laser light to pass through the 

sample and consequently fail to provide the true Raman signal for the existing molecular 

species analysed. In order to circumvent this problem, the relative Raman intensities (given as 

area under the curve) acquired for the peaks representative of SDS and polyDADMAC 

 

Figure 2.3 Raman spectrum of1,4-dioxane prepared in Milli-Q water. 
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(Figure 2.4) were used to determine the polyDADMAC-to-SDS molar charge ratio, expressed 

as r = ([polyDADMAC] x charge per polymer molecule)/[SDS]. Furthermore, the r value 

obtained can be compared to the approximate absolute concentrations measured for each 

component to rule out errors that may be associated with the variability in intensity or 

sensitivity of the Raman microscope. Deconvolution of Raman spectra collected for systems 

comprised of multiple components involves a methodology that has been widely accepted.36 

There were some assumptions made in the processing of data, including the disregard of the 

concentration of water in surfactant and polymer mixtures. More importantly, the refractive 

index of the mesophases formed was assumed to be the same across SDS–polyDADMAC 

interfaces. 

 

 

Figure 2.4 Raman spectrum of an aqueous mixture of SDS, polyDADMAC, and water 

highlighting the peaks characteristic of the corresponding molecules of interest. 
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Line Scans  

Similar to the approach described for characterising the internal structure of 

mesophases formed across surfactant–polymer interfaces by synchrotron SAXS, line scans 

were also performed with a Raman microscope. Samples loaded in the flat cells were placed 

flat on top of the microscope stage. The position at which the initial interface was created was 

located and set as the ‘point of origin’. The stage was moved upwards (downwards in the z-

direction of the sample) in order to focus on the sample material. Thereafter, a line scan was 

automated to collect Raman spectra every 100 µm steps from the bulk polymer solution, 

through the structured surfactant–polymer interface, and across the bulk surfactant region, 

using the same positions measured during the SAXS line scans.  

 2.4.4.2 Synchrotron Small Angle X-ray Scattering  

In addition to Raman microscopy, synchrotron small angle X-ray scattering was also 

employed to quantify the concentrations of SDS and water in micellar solutions or hexagonal 

phases.   

Developing Standard Curves for Quantifying SDS in Micellar Solutions or 

Hexagonal Phases 

A series of SDS standard solutions in Milli-Q water prepared between 4-58 wt% were 

analysed by synchrotron SAXS. The area under the curve of the broad peak representative of 

micellar phase in the scattering curves obtained for the surfactant solutions were measured 

and plotted against concentration to generate a calibration curve for quantifying the 

concentration of SDS in regions across SDS–polyDADMAC interfaces comprising of micellar 

phase (in the absence of polymer molecules as determined by Raman microscopy). In contrast, 

the concentration of SDS present in regions containing hexagonal phase (35-58 wt%) was 
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determined from the lattice parameter calculated for the Bragg reflections with the spacing 

ratio of 1:√3:√4… present in the SAXS curves acquired.  

Developing a Standard Curve for Measuring the Concentration of Water in 

Hexagonal Phases 

The concentration of water can also be estimated from the lattice parameter of the 

hexagonal phases obtained by synchrotron SAXS. The lattice parameter given for a particular 

liquid crystalline structure describes the distance between each repeating unit cell within the 

nanostructure. Since hexagonal phases are composed of cylindrical micelles packed in a 

hexagonal lattice, the space between the polar head groups in the two-dimensional slice 

through the hexagonal phase was assumed to correlate to the amount of water present in the 

three-dimensional structures (Schematic 2.9).   

 

 

Schematic 2.9 Illustration of how the concentration of water can be calculated based on the 

surface area occupied by the hydrophilic regions within a face of a model (normal, type 1) 

hexagonal phase, where 𝑠 is the lattice parameter (nm), and 𝑟 is the maximum radius of a 

micelle (nm). 
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The maximum radius, 𝑟,  of each micelle was calculated from Tanford’s law37: 

𝑟 (= 𝑙𝑚𝑎𝑥) ≤  0.154 +  0.1265𝑛  [2.1] 

where 𝑛 is the number of carbon atoms on the alkyl surfactant tail. The surface area that 

represents the water content, 𝐴, was calculated by subtracting the area of three micelles from 

the area of a single hexagon, which is given by the following equation: 

𝐴 =
3√3

2
𝑠2 − 3𝜋𝑟2  [2.2] 

where 𝑠 is the lattice parameter of the hexagonal phase (nm), and 𝑟 is the radius of a micelle 

(nm).  

It should be noted that there were various assumptions and limitations associated with 

the use of Tanford’s law. Firstly, equation 2.1 gives an overestimation of the size of spherical 

micelles as it assumes the maximum extension of alkyl chains.38  Secondly, the methyl group 

adjacent to polar headgroup lies within the hydration sphere of the headgroup, therefore do 

not possess hydrophobic properties.37 Most importantly, repulsive surfaces created by 

charged headgroups, adsorption of ionic species, and/or Stern layers were ignored.39 

However, since the lattice parameter of hexagonal phases formed in aqueous mixtures of SDS 

and polyDADMAC accounts for the repulsive interactions resulting between the charged 

species in solution, the method of analysis presented here offers a realistic approximation of 

the local water concentration surrounding hexagonal phases formed across SDS–

polyDADMAC interfaces.    
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2.5 Results 

2.5.1  Visualisation of Anisotropic Liquid Crystalline Structures 

Across Surfactant–Polymer Interfaces  

A preliminary contact study between a solution of polyDADMAC and a solution of SDS 

was initially viewed under a crossed-polarised light microscope. Several hours after the SDS–

polyDADMAC interface was created within a flat cell, an isotropic region was observed in 

between two distinct bands exhibiting birefringence with different textures (Figure 2.5). It 

should be noted that the formation of the three distinct regions across the interface was highly 

reproducible, even by collaborators at P&G in Cincinnati.   

 
In order to structurally resolve the bands displaying different optical properties across 

the SDS–polyDADMAC interface, a line scan was performed with synchrotron SAXS. 

 

Figure 2.5 CPLM image of the SDS–polyDADMAC interface ~32 hr after initial contact 

between solutions of 20 wt% polyDADMAC and 20 wt% SDS showing the formation of 

distinct bands with different optical properties. 
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2.5.2 Spatially Resolved Structural Information Across 

Surfactant–Polymer Interfaces  

A preliminary line scan with synchrotron small angle X-ray scattering was conducted 

across an aged SDS–polyDADMAC interface, where liquid crystalline structures were allowed 

to form over a week from initial contact between the oppositely charged bulk solutions.  

The SAXS profiles obtained at 100 µm spatial resolution across this interface were 

presented as a waterfall plot as a function of distance form origin (Figure 2.6). Scattering from 

the polymer solution was poorly resolved as macromolecules do not often form periodic 

structures (Figure 2.6-A).40 In contrast, micelles were present in the bulk SDS solution as 

indicated by the broad peak present at low q values (Figure 2.6-E). In addition, regions 

comprised of coexisting micellar and hexagonal phases (Figure 2.6-B and D) were found on 

either side of a region consisting of only hexagonal phases (Figure 2.6-C) across the interface. 

Moreover, the shape of the SAXS curve underlying the Bragg reflections from hexagonal 

phase were notably different between Figure 2.6-B and Figure 2.6-D.   

Clearly a gradient of nanostructures were formed across the SDS–polyDADMAC 

interface, which was in agreement with the appearance of bands displaying different optical 

textures when examined under a crossed-polarised microscope (Figure 2.5). Interestingly, 

there were significant differences in the lattice parameter of hexagonal phases formed in 

different regions across the SDS–polyDADMAC interface.  
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Figure 2.6 Waterfall plot of SAXS profiles acquired across the SDS–polyDADMAC interface 

illustrating a gradient of structures formed after a week from initial contact between solutions 

of 20 wt% polyDADMAC and 20 wt% SDS. Pertinent scattering curves obtained at different 

regions across the interface, given as distances from the origin (0 mm), are extracted to 

highlight the formation of different mesophases (A-E). Structured regions include SDS 

micellar (L1) phases, coexising micellar and hexagonal phases (L1+H1), or hexagonal phases 

only (H1) which their calculated lattice parameters (L.P.) are presented. 
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2.5.3 Generation of Calibration Curves to Quantify the 

Concentrations of Surfactant, Polymer, and Water Across 

SDS–PolyDADMAC Interfaces  

2.5.3.1 Use of Raman Microscopy for Composition Analysis 

PolyDADMAC /Water Binary Systems  

The area under the curve after background subtraction measured for the Raman signal 

at ~800 cm-1 arising from the N-CH2 stretch for polyDADMAC showed a linear relationship 

with increasing concentration (Figure 2.7-A) as might be expected from Beer’s Law. The 

linear regression fitted for the data points generated will be used to quantify the concentration 

of polyDADMAC in aqueous solutions where SDS molecules are absent or undetectable, 

which is valid between 2-50 wt% polyDADMAC (Equation 2.3). 

 

 

Figure 2.7 Standard curves generated to quantify the concentrations of polyDADMAC (A) and 

SDS (B) in Milli-Q water from the Raman intensity, as area under the curve, given by the 

characteristic peaks at ~800 cm-1 and ~1060 cm-1 of the corresponding molecules of 

interest.  
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SDS/Water Binary Systems 

The Raman intensity (area under the curve) of the peak indicative of the S–O bonds 

present in the chemical structure of SDS increased linearly with surfactant concentration 

between 4-30 wt% SDS (Figure 2.7-B). However, the data points obtained above 40 wt% SDS 

did not follow the linear trend displayed at lower concentrations. The linear regression fitted 

for the data points generated at low SDS concentrations will be used to quantify the 

concentration of SDS in solutions where polyDADMAC molecules are absent or undetectable 

and is valid between 4-30 wt% SDS (Equation 2.4). 

Water 

The area under the curve of the region representative of water in the Raman spectra 

obtained for the standard solutions of polyDADMAC and SDS was found to increase with 

increasing water content. However, there were significant differences in the Raman intensity 

of water in solutions prepared with the same amount of water but with different additives 

(Figure 2.8).  

The concentration of water in solutions of SDS or polyDADMAC became impractical 

to measure when prepared with high concentrations of the respective components due to a 

significant increase in their viscosity. Therefore, in order to access the Raman intensity for 

water at concentrations below 40 wt%, mixtures of water and 1,4-dioxane were used. 

Dioxane does not possess any O–H bonds but is fully miscible with water, allowing a series of 

solutions to be prepared at lower water concentrations to determine the changes in Raman 

intensity for water at these lower concentrations. The resulting calibration curve is also 

presented in Figure 2.8. The linear regression fitted for the data set obtained for the standard 

solutions of 1,4-dioxane is valid between 0-100 wt% water (Equation 2.9). 
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PolyDADMAC/SDS/Water Systems 

When the Raman intensity of the peak indicative of SDS was given as a fraction of the 

sum of the Raman intensity measured for SDS and polyDADMAC, it displayed a positive 

correlation with increasing mass fraction of SDS in bulk aqueous mixtures of the surfactant 

and polymer (Figure 2.9). The polyDADMAC-to-SDS molar charge ratio can be determined 

from interpolating the mass fraction of SDS in bulk aqueous mixtures of SDS and 

polyDADMAC using the linear regression fitted for the scatter plot (Equation 2.11). 

 

Figure 2.8 Calibration curve for measuring the concentration of water from either the Raman 

intensity (A.U.C.) determined between 3030-3770 cm-1 in solutions of polyDADMAC (filled 

circles), SDS (open circles), or 1,4-dioxane (triangles). 
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 2.5.3.2 Use of Synchrotron Small Angle X-ray Scattering for 

Composition Analysis 

SDS/Water Binary Systems 

Raman microscopy was able to resolve the quantity of SDS at low concentrations, but 

not at high concentrations due to the presence of hexagonal phase across the SDS–

polyDADMAC interface. Therefore, a supplementary approach using the intensity scattering 

from micelles and the lattice parameter of hexagonal phase was developed to quantify the 

concentration of SDS in solutions where polyDADMAC is absent or undetectable.  

A transformation in the broad peak observed in the low q-range of the SAXS profiles 

acquired for solutions of SDS, typically indicative of micellar phase, was evident with an 

increase in concentration (Figure 2.10-A). Specifically, a single broad peak was visible 

 

Figure 2.9  Calibration curve developed to determine the polyDADMAC-to-SDS molar charge 

ratio, expressed as r = ([polyDADMAC] x charge per polymer molecule)/[SDS], across SDS–

polyDADMAC interfaces by Raman microscopy.  
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between 4-10 wt% SDS. Above this concentration range, a second peak emerged on the left-

hand side ‘shouldering’ the pre-existing broad peak, which grew in intensity with a further 

increase in the SDS concentration (12-32 wt%). The area under the curve measured for the 

scattering patterns of the SDS micellar solutions followed a linear trend (Figure 2.10-B), 

which can be used to validate the concentration of SDS determined by Raman microscopy in 

bulk solutions between 4-32 wt% SDS (Equation 2.5). 

 

 

Figure 2.10 Quantifying the concentration of SDS by synchrotron SAXS in solutions where 

polyDADMAC is absent or undetectable. Scattering curves of micellar (L1) phase present 

between 4-32 wt% SDS (A), where the area under the curve is plotted against concentration 

(B). In addition, the lattice parameter of hexagonal phases formed across SDS–polyDADMAC 

interfaces can be used to determine the concentration of SDS between 35-58 wt% in regions 

where polyDADMAC is absent or undetectable. Coloured regions highlight the presence of 

SDS micelles (L1-yellow), coexisting micellar and hexagonal phases (L1+H1-grey), and 

hexagonal phases only (H1-purple) in the SDS/water binary phase diagram (B). The micellar-

to-hexagonal phase boundary is superimposed on the SDS calibration curves to depict the 

phase behaviour of SDS with varying water content.  
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In contrast, the lattice parameter calculated for the hexagonal phases formed at higher 

SDS concentrations decreased proportionally with increasing surfactant concentration 

(Figure 2.10-B). The linear regression fitted for this data set can be employed to interpolate 

the concentration of SDS in bulk polymer-free regions where hexagonal phase exists 

(Equation 2.6).  

Water 

As previously mentioned, the area occupied by water in a cross-section of the 

hexagonal phase, which is assumed to correlate with the volume fraction of water in the 

hexagonal phase, can be calculated using the lattice parameter of the hexagonal phase, which 

varies systematically with water content when measured experimentally in Figure 2.10-B. 

Consequently, the concentration of water can be interpolated from the approximately linear 

calibration curve generated for the SDS solutions prepared between 35-58 wt% in 

Figure 2.11.  

 This method is valid to quantify the concentration of water for any hexagonal phase 

that may arise across surfactant–polymer interfaces in the absence or presence of polymer 

present between 42-65 wt% water (Equation 2.10). The one exception would be the existence 

of other mesophases, in which case the number of water molecules associated with the 

additional liquid crystalline structure would not be accounted for.  
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Figure 2.11 Quantifying the concentration of water from the lattice parameter of hexagonal 

phases formed across SDS–polyDADMAC interfaces based on the model depicted in 

Schematic 2.9. The calibration curve shown above was generated from the data acquired with 

synchrotron SAXS, which correlates the calculated area of water molecules contained in the 

liquid crystalline structure from the lattice parameter with the localised concentration of 

water within hexagonal (H1) phases. 
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Table 2.4 Summary of the calibration curves generated to determine the concentrations of polyDADMAC, SDS, and water across SDS–  

polyDADMAC interfaces by Raman microscopy (n = 3) and synchrotron SAXS. 

Standard curve Technique Related figure Valid concentration 
range (wt%) 

Equation No. Linear regression R2 

PolyDADMAC Raman Figure 2.7 2-50 2.3 𝑦 = 6824.9𝑥 + 11986 0.998 

SDS Raman Figure 2.7 4-30 2.4 𝑦 = 5565.7𝑥 + 613.47 0.983 

SAXS Figure 2.10 4-32 2.5 𝑦 = 1251𝑥 + 2871.9 0.993 

SAXS Figure 2.10 35-58 2.6 𝑦 = −0.4612𝑥 + 7.074 0.981 

Water 
Raman 

Figure 2.8 
(polyDADMAC) 40-98 2.7 𝑦 = 109957𝑥 + 1000000 0.902 

Raman Figure 2.8 (SDS) 60-95 2.8 𝑦 = 111123𝑥 − 1000000 0.732 

Raman 
Figure 2.8 

(1,4-dioxane) 
0-100 2.9 𝑦 = 117471𝑥 − 413603 0.980 

SAXS Figure 2.11 42-65 2.10 𝑦 = 1.1924𝑥 + 26.765 0.975 

PolyDADMAC-
to-SDS molar 
charge ratio 

Raman Figure 2.9 N/A 2.11 𝑦 = 0.8254𝑥 + 0.0237 0.870 
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2.6 Discussion 

2.6.1 Probing Structures Across Surfactant–Polymer Interfaces  

2.6.1.1 Imaging Birefringent Materials  

Crossed-polarised light microscopy enabled visualisation of the growth of distinct 

bands across the SDS–polyDADMAC interface. The appearance of regions displaying 

dissimilar birefringent textures may indicate the presence of either different types of 

mesophases or the same nanostructure with varying internal dimensions.  

A limitation of this technique is that the intensity of birefringence exhibited by 

anisotropic materials does not necessarily correlate with the amount of liquid crystalline 

structure formed. For example, a white coacervate (precipitate or complex salt) is often 

formed from the reaction between oppositely charged solutions of surfactant and polymer 

molecules.41, 42 The opacity or thickness of the resulting material formed may interfere with 

the amount of light transmitted, and consequently anisotropic mesophases may not appear to 

be particularly birefringent. This was demonstrated when the structures existing within the 

middle isotropic band visualised across the SDS–polyDADMAC interface (Figure 2.5) with 

CPLM was identified as hexagonal phase (Figure 2.6-C) with synchrotron SAXS. In addition, 

it is difficult to identify the presence of coexisting liquid crystalline structures with a crossed-

polarised light microscope. Various mesophases that form across surfactant–polymer 

interfaces can be distinguished by performing line scans with synchrotron SAXS. 

2.6.1.2 Spatially Resolved SAXS Profiles with a Synchrotron Source 

Spatially resolved structural information across the surfactant–polymer interface was 

achieved through the functional capabilities of the Australian Synchrotron SAXS/WAXS 
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beamline.43 We believe this to be the first time such an approach has been taken to study 

structure formation across surfactant–polymer interfaces. The spatial resolution (100 µm) 

was limited by the beam size, which depends on the type and size of pinholes and slits 

employed, while the high flux of X-rays allowed time-resolved collection of data with high 

resolution in comparison to a bench-top SAXS instrument.43 While greater spatial resolution 

may be obtained on a microfocus beamline at a different synchrotron facility, the features 

studied here spanned millimetre dimensions, meant that it is unlikely that additional 

information about phase structures was missed as a result of the spatial resolution.  

The evolution of structures developed across surfactant–polymer interfaces can be 

attributed to changes in composition, where the increase in the local concentrations of 

surfactant or polymer would dictate which mesophases are formed (Figure 2.6). Svensson et 

al. demonstrated that increasing the concentration of polyelectrolyte in a mixture of complex 

salt/water/polyelectrolyte lead to unstructured aggregates.44 While increasing the 

concentration of surfactant resulted in the formation of more ordered and/or compact 

structures.44 Thus, the phase behaviour displayed across such interfaces would be a reflection 

of the phase changes described on a ternary phase diagram as the composition changes. 

2.6.2 Determining Composition Across SDS–PolyDADMAC 

Interfaces 

2.6.2.1 Advantages and Disadvantages of Raman Microscopy 

Raman microscopy was ideal for measurement of surfactant and polymer 

concentrations at low concentrations in isolation. The spot size for the Raman microscope was 

approximately 10 m, meaning that the spatial resolution of the SAXS experiments was 

limiting in this regard, not the microscope. However, during the development and validation 
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of calibration curves by this technique several limitations were revealed as an approach to 

quantify the concentrations of polyDADMAC, SDS, and water across these interfaces.  

Raman microscopy proved to be useful in measuring the concentration of 

polyDADMAC (in solutions where SDS is absent or undetectable) and SDS at low 

concentrations, however above 38 wt% SDS, the change in intensity with change in 

concentration of SDS did not follow Beer’s Law due to the formation of hexagonal phase.45 

Since the packing of the SDS molecules differ significantly between the self-assembly of 

micellar aggregates to more highly ordered liquid crystalline structures with an increase in 

concentration, so too do their optical properties. A change in the polarisation of the sample in 

turn influences the Raman intensity measured by the spectrometer, which explains the 

randomness observed for anisotropic materials. Therefore, the values interpolated from the 

use of the linear regression generated for SDS (Equation 2.4) would be unreliable in the 

presence of hexagonal phase, which is one of the disadvantages of Raman microscopy. Further 

comments can be made in relation to the applicability of this method and other important 

factors that should be considered when interpreting the data obtained by this technique.  

Firstly, a minor source of error in measuring the Raman intensity of samples could be 

associated with the thickness of the glass across each flat cell. The inVia confocal Raman 

microscope enables acquisition of cross-sections of materials, so the spatial resolution in the 

z-direction is very important. If thickness of the glass differs slightly across the flat cell, a true 

measurement of the components across the SDS–polyDADMAC interface may not be obtained 

during a line scan at a fixed z-position.    

Secondly, it is well known that the counterions of the surfactant and polyelectrolyte 

are released as simple salts upon interaction between the oppositely charged species, where 

the increase in entropy of the systems favours the formation of highly ordered structures.8, 46-
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50 It is assumed that the concentration of sodium chloride released upon contact of solutions 

of SDS and polyDADMAC is very small in comparison to the concentrations of SDS and 

polyDADMAC across the interface. Therefore, the concentration of salt produced as a result 

of structure formation at the interface was not measured because its quantity can be 

considered negligible when studying the phase behaviour across these interfaces. 

Thirdly, it has been reported that the strength of hydrogen bonding of water molecules 

with ions in solution may cause shifts in the frequency of the characteristic stretching band 

for water in the Raman spectrum.51-55 As a result, a significant error may be associated with 

measuring the area under the curve of a peak if there are slight differences in the lower and 

upper limits of the Raman shift assigned for O–H bonds (i.e. if it deviates from 3030-3770 

cm-1, Figure 2.2 and Figure 2.3), which would be attributed to the presence of different ionic 

species or mesophases in solution. The calibration curve comparing the Raman intensities 

obtained for varying concentrations of water prepared with either polyDADMAC, SDS, or 

1,4-dioxane clearly highlights the variance in the values generated by Raman microscopy for 

standard solutions with known water concentrations (Figure 2.8).  As a guide to follow trends 

in the water content across SDS–polyDADMAC interfaces, the linear regression developed for 

quantifying the concentration of water (in solutions of 1,4-dioxane, Equation 2.9) will be 

employed to measure the content of water in the initial bulk solutions (distance furthest away 

from the origin). Moreover, since this technique has been demonstrated to deliver unreliable 

information pertaining to the amount of water found locally across nanostructured interfaces, 

data by this approach will intentionally be omitted when mapping the composition across 

SDS–polyDADMAC interfaces. 

It has been established that it is possible to detect the vibrational bonds of certain 

chemical species present within a sample using Raman microscopy. However, it is still 
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uncertain as to whether the molecules exist freely in solution or associated with the oppositely 

charged counterpart. Certainly SAXS can provide information on the structures formed at 

corresponding positions across the interface, but it is unknown if the composition determined 

locally constitutes the entire mesophases identified or if the excess component is present 

concurrently with the existing nanostructure. Furthermore, it becomes even more difficult to 

discriminate how much of each component participates in the self-assembly of coexisting 

mesophases. Consequently in coming chapters, the focus will be on understanding (i) the 

relationship between structure and composition across SDS–polyDADMAC interfaces, (ii) the 

distribution of molecules across SDS–polyDADMAC interfaces, and (iii) determining whether 

equilibrium structures are formed across SDS–polyDADMAC interfaces.  

Finally, as discussed earlier, the formation of hexagonal phase across the SDS–

polyDADMAC interface may significantly change the Raman signal acquired resulting in an 

inaccurate measurement of the real concentration of the molecules of interest. Instead of using 

the absolute area under the curve measured for the peaks assigned to quantify the 

concentrations of SDS and polyDADMAC across the interface, the composition can 

alternatively be presented as the polyDADMAC-to-SDS molar charge ratio. Since the 

composition of bulk aqueous mixtures of SDS and polyDADMAC is known and can also be 

expressed in regards to their polyDADMAC-to-SDS molar charge ratio, the lattice parameter 

of the mesophases existing at apparent equilibrium can be compared to the hexagonal phases 

characterised across SDS–polyDADMAC interfaces with synchrotron SAXS (Flowchart 2.1). 

2.6.2.2  Using SAXS to Interpret Composition 

The phase behaviour displayed at low concentrations of SDS was in agreement with 

the spherical-to-rod-like transition of SDS micelles induced by the addition of salt,56-59 where 



Chapter 2 - Developing a Novel Approach for Probing Structure and Composition Across 
Surfactant–Polymer Interfaces 

104 
  

spherical micelles exist between 4-10 wt% SDS and rod-like micelles formed between 12-32 

wt% SDS (Figure 2.10).  Furthermore, the shape of the SAXS curves can act as a guide to predict 

the concentration range of SDS present in solution and its preferred geometry in regions 

across the SDS–polyDADMAC interface where there is still some uncertainty from the data 

obtained with Raman microscopy (Flowchart 2.1).  

In addition to enabling identification of nanostructures formed across surfactant–

polymer interfaces, synchrotron SAXS also provides a means for quantifying the 

concentration of SDS in bulk binary micellar solutions and hexagonal phases, as well as the 

concentration of water in hexagonal phases. Essentially this technique can be utilised in 

combination with Raman microscopy to attain similar information. However, it should be 

noted that this approach assumes that all the surfactant molecules accounted for are either 

associated into micelles or participate in the formation of hexagonal phase. In other words, 

the method for analysing the SAXS data described in this chapter cannot distinguish between 

the different states SDS can exist as, namely free, micelles, or polymer-bound. 

It has been demonstrated that the scattering data obtained from synchrotron SAXS can 

allow the composition across SDS–polyDADMAC interfaces to be determined. However, there 

are still limitations associated with the methodology described in this chapter. Firstly, as 

mentioned earlier, polymers scatter X-rays poorly, thus its concentration cannot be quantified 

by this approach. Secondly, slight differences in the energy of the X-ray beam employed 

during each beamtime may result in significant variances in the scattering intensities 

achieved. As a consequence, a less accurate concentration of surfactant present locally across 

the interface will be determined since the value is correlated with the area under the curve 

measured for micellar solutions. This error can also arise from poor background subtraction. 
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Flowchart 2.1  Summary of the methodology developed to study the equilibrium phase behaviour and the structure–composition 

relationship across SDS–polyDADMAC interfaces. 
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2.7 Conclusions 

 A novel approach was developed to study the kinetics of structure formation across 

oppositely charged surfactant–polymer interfaces. Line scans at 100 µm steps performed by 

synchrotron small angle X-ray scattering and Raman microscopy can spatially resolve 

information on the internal structure of mesophases formed and the concentrations of 

polyDADMAC, SDS, and water across surfactant–polymer interfaces. Together, these 

techniques will be employed to study changes in structure and composition across SDS–

polyDADMAC interfaces over time as the nanostructures approach equilibrium or become 

kinetically trapped at nonequilibrium.  
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3. Investigation of Structure Formation Across the SDS–

PolyDADMAC Interface 

3.1 Introduction 

Oppositely charged surfactant and polymer systems have been a growing field of 

research since their emergence in the late 1970s.1 Early studies revolved around 

understanding their mechanism of interaction in bulk aqueous mixtures by measuring 

changes in surface tension,3-6 rheology,7, 8 enthalpy,9-11 particle size,12-14 zeta potential,15 and 

conductivity16, 17 as a function of concentration. Moreover, factors influencing the 

equilibrium phase behaviour of nanostructures formed in such systems have also been studied 

for exploitation in various industrial18-22 and pharmaceutical23-27 applications.  

The phase behaviour demonstrated by bulk aqueous mixtures of oppositely charged 

surfactants and polymers are generally illustrated as ternary phase diagrams, however a more 

recent approach has been developed to account for the presence of four components within 

the system. Specifically, these consist of the surfactant ion and polyion, and their 

corresponding counterions. In order to study the phase behaviour of a true ternary system 

Piculell et al. examined the ‘complex salt’.28, 29 The complex salt is the solid precipitate formed 

from the reaction between the surfactant ion and the polyion (Schematic 3.1). Copious 

washing of the product ensures removal of the simple salts released after complexation. There 

is an assumption that the mesophases formed with the complex salt are at equilibrium, 

therefore, this approach allows for a more accurate investigation into how the addition of 

either the surfactant ion or polyion influences the equilibrium phase behaviour of the 

complex salt in aqueous mixtures. It would be impractical to introduce the complex salt as an 
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additional component into formulations as a means to favour the formation of kinetically 

stable equilibrium structures. However, it is unknown if the complex salt is formed in situ 

when bulk aqueous mixtures of surfactant and polymer are prepared employing the 

conventional method, which typically involves dropwise addition of one solution into the 

other followed by some form of mixing. Thus, it is hypothesised that employing different 

methods of preparing samples with the same final composition will yield comparable 

structures at equilibrium.   

 
Although equilibrium structures often arise upon mixing of oppositely charged 

surfactant and polymer solutions, the existence of kinetically trapped nonequilibrium 

structures have also been reported.30-33 The order of addition and the rate of mixing of the 

two components have been shown to significantly influence the structural characteristics of 

the complexes formed in solution.31, 34-36 Furthermore, the molar concentration of molecules 

in solution is known to dictate its viscosity,7, 17 which can impact the diffusivity of the 

molecules through the mixture and the number of associations formed between the oppositely 

 
Schematic 3.1 Illustration of an oppositely charged surfactant/polymer complex salt which is 

comprised of a single surfactant ion per polyion charge and the absence of other ions. Adapted 

from Svensson et al.2 
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charged species in solution. The mesophase existing in solution also creates a barrier through 

which the molecules must pass in order to form further interactions, which is determined by 

the degree of order and rheology of the mesophases formed.37 All of these factors are 

important in rationalising the formation of equilibrium or nonequilibrium structures in 

aqueous mixtures of oppositely charged surfactants and polymers. 

Extensive research has been performed on bulk aqueous mixtures of oppositely 

charged surfactants and polymers, however little is known about the kinetics of structure 

formation across surfactant–polymer interfaces. Babak et al. were one of the earliest to 

examine the formation of an ordered structure at the interface between solutions of an anionic 

surfactant and a cationic polymer.38 Babak et al. showed the formation of bead-like gels after 

the dropwise addition of chitosan into a solution of SDS. Over time, a lamellar phase evolved 

from the outer surface of the gel beads towards the inner core. The rate of structure formation 

was limited by the frontal diffusion of SDS molecules, which was calculated based on 

measuring the thickness of the structure formed at the interface as a function of time. It was 

indicated that the movement of SDS molecules into the chitosan gel resulted in the self-

assembly of an ordered structure at the interface. The diffusion of chitosan within the gel 

beads was not measured. However, since the final thickness of the structured layer within the 

beads was found to correlate with the total mass of chitosan present in the droplet, it can be 

assumed that the polymer molecules must have diffused toward the outer surface of the bead 

to complex with the incoming SDS molecules, thus resulting in gel beads with a water rich or 

hollow core. Lapitsky et al. also reported the formation of gel particles upon dropwise addition 

of a solution of the partially cross-linked cationic polymer, JR-400, into a bath of mixed 

surfactant solution, where the structures formed across the surfactant–polymer interface 

comprised of a dense shell, a porous interstitial layer, and a homogeneous core.39 Overall, 
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these findings demonstrate that the diffusivity of molecules within the initial bulk solutions 

can limit the rate of structure formation at the interface. The local interfacial composition and 

inherent viscosity of the existing nanostructures is hypothesised to significantly influence the 

diffusion of these molecules across the surfactant–polymer interface, and if the structures 

reach equilibrium or become trapped in a nonequilibrium state.  

  Many combinations of oppositely charged surfactants and polymers have been 

studied. One example is the industrially relevant system comprising of the anionic surfactant, 

sodium dodecyl sulphate (SDS), and the cationic polymer, poly(diallyldimethylammonium 

chloride) (polyDADMAC) (Figure 3.1). Both are commonly employed in hair care products. 

 
Formation of highly ordered structures, specifically hexagonal phase, has been 

identified in bulk aqueous mixtures of SDS and polyDADMAC by small angle X-ray scattering, 

where the scattering intensity of the Bragg reflections at 1:√3:√4:√7… increased with 

increasing surfactant concentration.40 It has been demonstrated that the melting temperature 

and the lattice parameter of the nanostructures formed were dependent on the length of the 

surfactant chain, where the internal dimensions increased proportionally to the number of 

carbon atoms on the surfactant alkyl chain for similar lattice types.41 Khokhlov et al. studied 

 

Figure 3.1 Chemical structures of sodium dodecyl sulphate (SDS) and 

poly(diallyldimethylammonium chloride) (polyDADMAC). 
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the effect of the chemical structure of salts on the structural integrity of the highly ordered 

structures formed. The complexes Khokhlov et al. studied were destroyed when salt ions 

competed with the surfactant ion. Whereas, the formation of ordered structures was more 

favourable at intermediate salt concentrations comprised of weakly competitive anions.42 The 

surfactant-to-polymer molar charge ratio has been shown to control the size and zeta 

potential of SDS and polyDADMAC nanoparticles,43 which in turn was found to dictate the 

viscosity of the system at a given composition.7, 17  

 The phase behaviour of systems comprised of SDS and polyDADMAC have been well 

reported for dispersions and bulk aqueous mixtures, however there is little understanding of 

the dynamics involved across the SDS–polyDADMAC interface as the system approaches 

equilibrium. It is anticipated that hexagonal and/or micellar phases will form across the 

interface when solutions of SDS and polyDADMAC come in to contact as illustrated in 

Schematic 3.2. The charged species in respective solutions will continue to diffuse across the 

SDS–polyDADMAC interface as mixing occurs, forming more mesophases until the 

composition and/or the degree of order within nanostructures existing locally across the 

interface no longer permits the diffusion of molecules through a given region of material. In 

other words, the distribution of surfactant, polymer, and water molecules, as well the 

structures formed across the SDS–polyDADMAC interface are expected to change over time 

until equilibrium structures form or when they are kinetically trapped in a metastable state.  
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This chapter studies the equilibrium phase behaviour of systems comprising of SDS 

and polyDADMAC in concentrated aqueous mixtures and how the method of preparation 

influences the nanostructures formed, as well as the kinetics of structure formation across the 

SDS–polyDADMAC interface. The methods previously developed in Chapter 2 were employed 

to examine changes in structure and composition across the interface over time, and the 

mesophases formed will be compared to those existing in bulk mixtures at the same 

composition to determine the presence of equilibrium or nonequilibrium structures across 

the SDS–polyDADMAC interface.  

  

 

Schematic 3.2 A model depicting the possible movement of surfactant (S), polymer (P), and 

water (w) molecules, and the formation of nanostructures across an interface created 

between a solution of polyDADMAC (left) and a micellar solution of SDS (right).  
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3.2 Hypotheses and Aims 

Hypothesis 1  

That the phase behaviour demonstrated by aqueous mixtures of SDS and polyDADMAC 

will be similar to those prepared with the complex salt. 

Hypothesis 2 

That the diffusion of surfactant, polymer, and water molecules across the SDS–

polyDADMAC interface will occur in both directions. 

Hypothesis 3 

That the rate of structure formation across the SDS–polyDADMAC interface is dictated by 

the existing concentration and structure gradients and is diffusion-controlled. 

Hypothesis 4 

That nanostructures at equilibrium are formed locally across the SDS–polyDADMAC 

interface. 

In order to investigate these hypotheses, the following aims were undertaken: 

1. To generate ternary phase diagrams of mixtures of SDS, polyDADMAC, and water 

prepared by the conventional mixing method or with the complex salt.   

2. To identify mesophases formed across the SDS–polyDADMAC interface. 

3. To study the rate of structure formation across the SDS–polyDADMAC interface. 

4. To quantify the concentrations of SDS, polyDADMAC, and water across the SDS–

polyDADMAC interface. 

5. To establish the existence of equilibrium and/or nonequilibrium structures across the 

SDS–polyDADMAC interface. 
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3.3 Materials 

Sodium dodecyl sulphate (SDS, BioXtra, ≥ 99.0 %) was purchased from Sigma-Aldrich 

(Sydney, Australia). Poly(diallyldimethylammonium chloride) (polyDADMAC, Merquat™ 

100, molecular weight: 1.5 x 105 g/mol) was sourced from Nalco Company (Illinois, United 

States) and comprised 53.3 % solid and 46.7 % water (standard deviation: ± 0.3 %) as 

determined by gravimetric analysis (n = 10). Merquat™ 100 was dried prior to preparation 

of polyDADMAC stock solutions to form a waxy solid. 

All materials were used without further purification. Milli-Q grade water purified 

through a Milli-pore system (Billerica, United States) was used throughout the studies.  

3.4 Methods 

3.4.1 Synthesis of the Complex Salt, PolyDADMADS 

The complex salt of SDS and polyDADMAC, poly(diallyldimethylammonium-dodecyl 

sulphate) (polyDADMADS), was synthesised by utilising the method described by Svensson et 

al.44 Briefly, a solution of the polymer (8 g of 0.03 mM polyDADMAC) was added dropwise 

to a stirred solution of surfactant, which was in excess (992 g of 44 mM SDS), in a plastic 

beaker. Under these conditions a cloudy homogeneous solution formed, which became clear 

after 4 hr. Milli-Q water (4.2 L) was added dropwise to the solution whilst stirring which 

resulted in precipitation of the complex. The gel-like milky dispersion was allowed to 

sediment overnight, after which the solution was decanted to separate the precipitate from 

the supernatant. This involved vacuum filtration and centrifugation of the suspension to 

remove the complex salt from the excess solution. The white precipitate collected was washed 

with fresh Milli-Q water (3 x 1 L). After the last washing step, the supernatant was removed 
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and the precipitate was freeze-dried to yield a white gum-like material (4.89 g, ~49 %), which 

was pulverised to allow ease of handling. 

3.4.2 Preparation of Bulk Mixtures 

3.4.2.1 Conventional Mixing Protocol 

Bulk aqueous mixtures of SDS and polyDADMAC were prepared by weight by utilising 

the conventional mixing protocol. This involved dropwise addition of the surfactant solution 

into a solution of polymer to reach the desired sample composition.  

3.4.2.2 Employing the Complex Salt, PolyDADMADS 

Samples comprising of the complex salt were prepared by dropwise addition of either 

SDS or polyDADMAC solution of known concentration (wt%) into a glass vial (2 mL) 

containing the solid polyDADMADS. The total concentration of surfactant, polymer, and 

water in these mixtures were calculated based on the theoretical moles of surfactant ion and 

polyion present in the known mass of polyDADMADS incorporated in the system assuming 

1:1 charge stoichiometry of the complex salt. Only a selected number of sample mixtures were 

studied. These compositions represent a region within the ternary phase diagram where 

interesting structures form in situ, hence there would be greater sensitivity in detecting the 

presences of mesophases in systems comprising of polyDADMADS. 

All the samples were mixed with a vortex mixer then manually stirred and left to 

equilibrate on rollers in a 37 °C incubator oven approximately a month prior to analysis by 

small angle X-ray scattering to promote homogeneous mixing of the materials and to prevent 

the formation of hydrated SDS crystals at lower temperatures.45-48  
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3.4.3 Characterisation of Mesophases in Bulk Mixtures 

Identification of the mesophases existing in the bulk mixtures prepared by the 

conventional mixing method (150 samples) enabled the generation of the 

SDS/water/polyDADMAC ternary phase diagram for comparison with the phase behaviour 

exhibited by mixtures prepared with the complex salt (23 samples).  

Bulk mixtures were loaded into Nunc™ MicroWell™ 96-Well Microplates from 

Thermo Scientific (Roskilde, Denmark) and structurally characterised on the SAXS/WAXS 

beamline at the Australian Synchrotron. Automated static scans were performed with 1 s 

exposure to an X-ray beam with a wavelength of 1.127 Å (11 keV), with a sample to detector 

distance of 1431 mm providing a q-range between 0.011 < q < 0.63 Å-1. The two-

dimensional SAXS patterns were acquired using a Pilatus 1M detector (active area 169 x 179 

mm2 with a pixel size of 172 µm) and integrated into the one-dimensional scattering function 

𝐼(𝑞) using ScatterBrain. 

3.4.4 Studying the Phase Behaviour Across the SDS–

PolyDADMAC Interface  

The equilibrium phase behaviour displayed across the SDS–polyDADMAC solution 

interface was examined in this chapter. The concentrations of the bulk solutions were selected 

based on the phase behaviour exhibited by an industrially relevant oppositely charged 

surfactant and polymer system studied by Procter and Gamble, which comprised of alkyl 

ethoxysulphates (AES) and polyDADMAC (Appendix-Figure A3.1). Since the chemical 

structure of AES closely resembles that of SDS, the composition at which a rich pool of 

mesophases were identified in a mixture of polyDADMAC, water, and AES was viewed as a 

suitable starting point. The formation of highly ordered structures was anticipated upon 
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contact between solutions of 20 wt% SDS and 20 wt% polyDADMAC, therefore the phase 

behaviour across the SDS–polyDADMAC interface was studied at this composition.   

3.4.4.1 Preparation of SDS–PolyDADMAC Interfaces 

Samples were prepared as described in Section 2.4.2 (Schematic 2.6). Briefly, the 

solution of polyDADMAC was drawn half way up from the bottom end of the flat cell by 

capillary action, after which the surface of the glass was cleaned to ensure a tight seal of the 

opening with parafilm. The SDS solution was then carefully pipetted into the top opening of 

the flat cell to create a neat interface, which was marked as the ‘point of origin’. The top was 

also sealed with parafilm to prevent evaporation and the formation of bubbles. 

3.4.4.2 Characterisation of Nanostructures Formed Across the SDS–

PolyDADMAC Interface 

 The growth and development of nanostructures exhibiting birefringence across the 

SDS–polyDADMAC interface were visualised under a crossed-polarised light microscope 

(CPLM). For more details, see Section 2.4.3.1. 

 The mesophases formed across the SDS–polyDADMAC interface at various time 

points were spatially characterised by small angle X-ray scattering (SAXS) at the Australian 

Synchrotron. Line scans were performed, collecting SAXS patterns for 1 s at every 100 µm ± 

5 mm from where the initial interface was created at time zero employing an X-ray beam 

with a wavelength of 1.13 Å (11 keV) and a sample to detector distance of 1650 mm providing 

a q-range between 0.01 < q < 0.65 Å-1. The lattice parameter of hexagonal phases identified 

across the SDS–polyDADMAC interface was calculated by using the equation listed in Chapter 

2 (Table 2.3). 
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3.4.4.3 Quantifying the Concentrations of PolyDADMAC, SDS, and 

Water Across the SDS–PolyDADMAC Interface 

Line scans were also performed with a Raman microscope to acquire Raman spectra 

at 100 µm steps across the SDS–polyDADMAC interface. The calibration curves generated in 

Chapter 2 (Table 2.4) were employed to determine the concentrations of polyDADMAC, SDS, 

and water from the area under the curve measured for the corresponding peaks present in 

the Raman spectra. However, it was revealed that this method resulted in significant error in 

quantifying the concentrations of water and SDS especially where hexagonal phases formed.   

Additional approaches described in Chapter 2 in greater detail (Section 2.5.3.2) were 

developed which enabled a reliable approximation of the amount of SDS and water molecules 

associated within the hexagonal phases existing locally across the SDS–polyDADMAC 

interface, as well as the concentration of SDS in micellar regions (where polyDADMAC is 

absent or undetectable). Briefly, the scattering curves obtained from line scans conducted with 

synchrotron SAXS not only allowed identification of the mesophases formed at a particular 

positions across the interface, but also the determination of the lattice parameter of the 

nanostructures analysed, namely hexagonal phases. The calculated lattice parameter can be 

used to interpolate the concentrations of SDS and water from the linear regressions fitted for 

the corresponding molecules of interest, Equation 2.6 and Equation 2.10, respectively (Table 

2.4). Furthermore, the shape of the scattering curve of micellar phases can also give an 

indication of the concentration range of SDS. Specifically, a single symmetric peak at low q 

values is indicative of spherical micelles existing between 4-10 wt% SDS, while two broad 

peaks within an asymmetric peak suggests the presence of rod-like micelles between 12-32 

wt% SDS (Figure 2.10-A).  
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3.5 Results 

3.5.1 Phase Behaviour of SDS/PolyDADMAC Homogeneous 

Aqueous Mixtures  

Ternary phase diagrams were generated for aqueous mixtures of SDS and 

polyDADMAC that were prepared using two different approaches. 

Samples prepared by the conventional mixing protocol showed the appearance of 

multiple phase regions (Figure 3.2-A). Single-phase regions comprised of either purely 

hexagonal phases or SDS micelles in the presence or absence of polymer, whereas two-phase 

regions were composed of either mixed micellar and hexagonal phases, or mixed hexagonal 

and lamellar phases. Lastly, three-phase regions consisted of coexisting micellar, hexagonal, 

and lamellar phases. Phase boundaries drawn highlight the approximate compositions over 

which these liquid crystalline phases exist.  

In order to directly compare the phase behaviour resulting from the different methods 

of preparation, the theoretical mass of dodecyl sulphate and poly(diallyldimethylammonium) 

present in the complex salt were summed with the concentration (wt%) of SDS or 

polyDADMAC added to produce the final mixture. The total composition was then plotted on 

the corresponding apex of the ternary phase diagram as denoted by an asterisk (Figure 3.2-

B). This methodology assumed that the content of the surfactant ion and polyion within the 

solid polyDADMADS were at molar charge equivalence. The ternary phase diagram of 

samples prepared with the complex salt, polyDADMADS, revealed similar phase behaviour 

with bulk mixtures prepared by the conventional mixing approach. However, lamellar phases 

did not arise in mixtures prepared with the complex salt at high concentrations of SDS or 

polyDADMAC.  
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Figure 3.2 Ternary phase diagrams of aqueous mixtures of SDS and polyDADMAC prepared 

by the conventional mixing protocol (A) or with the complex salt (B). Coloured regions 

highlight approximate phase boundaries. Asterisks denote the estimated total concentration 

of surfactant ion or polyion in mixtures prepared with the complex salt. 
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 To better understand the relationship between structure and composition, the lattice 

parameter of hexagonal phases formed in samples containing these structures were plotted 

as a function of the polyDADMAC-to-SDS molar charge ratio, expressed as r = 

([polyDADMAC] x charge per polymer molecule)/[SDS] (Figure 3.3). Below molar charge 

equivalence, only hexagonal phases were formed, whereas above this value, micellar phases 

coexisted with the hexagonal phases (Figure 3.3-A). Futhermore, the lattice parameter of the 

hexagonal phases was found to increase with increasing number of moles of SDS at a fixed 

molar concentration of polyDADMAC. Similarily, with increasing number of moles of 

polyDADMAC at a fixed molar concentration of SDS, the lattice parameter of the hexagonal 

phases increased (Figure 3.3-A). These trends were also demonstrated by bulk aqueous 

mixtures prepared with polyDADMADS (Figure 3.3-B), suggesting that equilibrium 

structures can form upon mixing of oppositely charged solutions of surfactant and polymer 

without inclusion of the complex salt.   

 

 

Figure 3.3 Trends in the lattice parameter of hexagonal phases existing in bulk aqueous 

mixtures of SDS and polyDADMAC (M100) prepared by the conventional mixing protocol 

(A) or inclusion of the complex salt, (B) with varying polyDADMAC-to-SDS molar charge 

ratios, r.  
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3.5.2 Structure Formation Across the SDS–PolyDADMAC 

Interface 

When solutions of 20 wt% SDS and 20 wt% polyDADMAC were brought into contact, 

a band exhibiting birefringence was visualised under a crossed-polarised light microscope 

(Figure 3.4). The growth and development of the anisotropic structure was directed 

predominantly towards the bulk SDS solution and the area over which the newly formed 

material occupied the SDS–polyDADMAC interface increased over time. Notably, three bands 

with distinct optical properties were observed after 32 hr from initial contact. The intensity 

and texture displayed by the material continued to change subtly as time progressed 

(Figure 3.4).    

 
When the measured total width of the birefringent nanostructures was plotted as a 

function of square root of time, an approximate linear relationship was evident up to ~3 days 

after intial contact between the solutions of SDS and polyDADMAC (Figure 3.5). After this 

point, the rate of structure formation significantly slowed as marked by a plateau in the width 

vs. time1/2 plot (Figure 3.5). 

 

Figure 3.4 The growth and development of bands exhibiting birefringence across the interface 

created between solutions of 20 wt% polyDADMAC (P) and 20 wt% SDS (S) viewed under a 

crossed-polarised light microscope. The dashed line marks the point of origin. 
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 The internal structure of the liquid crystalline phases formed across the SDS–

polyDADMAC interface was further characterised by synchrotron SAXS. Spatially resolved 

scattering curves were obtained in steps, every 100 µm, from the bulk polyDAMAC solution, 

through the structured interface, and across to the bulk SDS solution. These are illustrated as 

function of the distance from origin (0 mm) on three-dimensional SAXS waterfall plots 

(Figure 3.6). 

Before contact of the SDS solution with the polyDADMAC solution, SDS existed as 

micelles as indicated by the broad peak at low q values (Figure 3.6). In contrast, scattering 

from the polyDADMAC solution was not easily resolved in the flat cell configuration as the 

polymeric solution scattered the X-rays poorly.49 The absence of any birefringence within the 

bulk polymer and surfactant solutions which occupied both ends of the flat cell when 

visualised under a crossed-polarised light microscope confirmed the presence of 

unstructured or isotropic materials, respectively (Figure 3.4). 

After 2 hr from initial contact between the two solutions, Bragg reflections indexed as 

hexagonal phase emerged at the SDS–polyDADMAC interface (Figure 3.6-A). In agreement 

 

Figure 3.5 Rate of structure growth across the SDS–polyDADMAC interface, where the width 

of the anisotropic bands is plotted against the square root of time. 
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with the CPLM images, hexagonal phases continued to form across the interface, which grew 

progressively in the direction of the bulk SDS micellar region at 36 hr (Figure 3.6-B), 3 days 

(Figure 3.6-C), and 7 days (Figure 3.6-D) after time zero.  

 

 

Figure 3.6 Spatially resolved SAXS waterfall plots showing the formation of hexagonal (H1) 

and coexisting micellar (L1) phases phase upon contact between 20 wt% polyDADMAC (P) 

and 20 wt% SDS (S), which grew predominantly towards the bulk SDS region from where the 

initial interface was created (0 mm) over time. 
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Slight shifts in the peaks identified as hexagonal phase were also noted. Since the 

absolute peak positions convey information on the internal size of the mesophases formed, it 

was of interest to further process the data by calculating the lattice dimensions to interrogate 

the structural attributes over different regions across the SDS–polyDADMAC interface over 

time. 

The lattice parameter of the hexagonal phases mapped across the SDS–polyDADMAC 

interface differed significantly between different regions and time points (Figure 3.7). As 

depicted in the SDS/polyDADMAC/water ternary phase diagrams (Figure 3.2), regions 

comprised of coexisting micellar and hexagonal phases or just hexagonal phase were also 

formed across the SDS–polyDADMAC interface. The distance over which these different 

phase regions spanned across the interface changed over time, however the order at which 

they appeared remained constant. These observations were in accordance with the images 

taken under a crossed-polarised light microsope which revealed the formation of bands 

possesing dissimilar optical properties (Figure 3.4). 

At the earliest time point studied, 2 hr after initial contact between the SDS and 

polyDADMAC solutions, hexagonal phase was present directly at the interface, with a small 

portion of coexisting micellar phase on the side closest to the bulk surfactant region 

(Figure 3.7-A). This hexagonal phase was found to be the most compact nanostructure with 

a lattice parameter of ~42.1 Å, which existed across the interface throughout duration of the 

study. 

After 36 hr, regions of coexisting micellar and hexagonal phases appeared on both 

sides of the original band of hexagonal phase (Figure 3.7-B).  

After 3 days, the entire cluster of mesophases that had already formed across the 

interface moved in the direction of the bulk SDS micellar phase (Figure 3.7-C). The trend in 
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the lattice parameter of the hexagonal phases formed across the SDS–polyDADMAC interface 

persisted even after approximately a week following the primary growth of hexagonal phase 

at the interface. Interestingly, the area comprised of purely hexagonal phase significantly 

increased with time. 

 

 

Figure 3.7 Differences in the lattice parameter of hexagonal phases formed across the SDS–

polyDADMAC interface over time. Coloured regions highlight the presence of SDS micelles 

(L1-yellow), coexisting micellar and hexagonal phases (L1+H1-grey), and hexagonal phases 

only (H1-purple). 
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This data set was further used to determine the concentrations of SDS and water 

existing locally where hexagonal phases formed across the SDS–polyDADMAC interface. 

3.5.3 Mapping Composition Across the SDS–PolyDADMAC 

Interface 

Raman microscopy was the primary technique employed to determine the composition 

across the SDS–polyDADMAC interface, as described in Chapter 2. One of the limitations of 

performing a line scan with a Raman microscope was the length scale associated with 

acquiring spatially resolved Raman spectra across the sample. Typically, lines scans at 100 

µm increments require several hours to collect data depending on the distance across the 

surfactant–polymer interface to be measured. Since it was recognised earlier that the rate of 

structure formation was retarded after ~3 days from initial contact between the two solutions 

(Figure 3.5), it was feasible for these experiments to run automatically overnight once this 

time point was surpassed. Any measurements taken at an earlier time point could be 

confounded by changes in the actual composition present during the measurement. For these 

reasons, information pertaining to the distribution of molecules across the SDS–

polyDADMAC interface was only obtained for the corresponding structural data at 

approximately three and seven days after contact (Figure 3.8). The concentrations of SDS and 

water across the SDS–polyDADMAC interface were also determined from the lattice 

parameters of hexagonal phases identified from line scans performed with synchrotron SAXS. 

The data obtained from both methods were plotted as a function of distance across the 

interface to produce a map of the distribution of molecules across the SDS–polyDADMAC 

interface at these two time points (Figure 3.8).  
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  Prior to contact and mixing of the two solutions, the measured concentrations of SDS 

and polyDADMAC in their respective bulk solutions (±15 mm from origin) were both close to 

20 wt%, which functioned as an indicator of the validity of the measurements across the SDS–

polyDADMAC interface. 

 

 

Figure 3.8 Mapping the concentrations of polyDADMAC (squares), SDS (triangles), and water  

(circles) across the SDS–polyDADMAC interface 3 days (A) and 7 days (B) after initial contact 

between solutions of 20 wt% SDS and 20 wt% polyDADMAC measured by Raman microscopy 

(filled) and synchrotron SAXS (unfilled). Coloured regions highlight the presence of SDS 

micelles (L1-yellow), coexisting micellar and hexagonal phases (L1+H1-grey), and hexagonal 

phases only (H1-purple). 
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After contact of the solutions of oppositely charged surfactant and polymer, both SDS 

and polyDADMAC molecules were detected across the SDS–polyDADMAC interface where 

liquid crystalline structures had formed. The distribution of these molecules across the 

structured interface varied slightly over the regions comprised of different mesophases at t ≈ 

3 days (Figure 3.8-A). However, the concentration of water existing locally where hexagonal 

phases were present remained constant. The water content at the interface decreased 

significantly, almost by half the amount in comparison to the initial concentration measured 

in the bulk solutions. Hexagonal phases are characteristically viscous materials,37 so the 

presence of a large water depleted region further supports the formation of highly ordered 

structures across the SDS–polyDADMAC interface as the complexation process generally 

involves the release of counterions into the bulk solution and the dehydration of the polymer 

structure upon adsorption of surfactant micelles onto its surface.7, 25, 50-52   

The concentration gradient, particularly for SDS and polyDADMAC, across the 

structured interface, changed significantly at t ≈ 7 days in comparison to the measured 

composition at the previous time point (Figure 3.8-B). Specifically, the concentration of both 

molecules across the interface increased considerably suggesting the continual influx of SDS 

micelles and polyDADMAC from their respective bulk solutions into the interface. However, 

the local concentration of water did not differ greatly between the hexagonal phases existing 

across the SDS–polyDADMAC interface. 

Interestingly, there was also a concentration gradient formed across the bulk 

polyDADMAC region. The concentration of polyDADMAC at a position furthest away from 

the interface was significantly higher (~20 wt%) in comparison with the number of 

uncomplexed polymer molecules detected near the interface (Figure 3.8-A). The polymer 

concentration gradient decreased over time, as evident with a decrease in the number of 
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polyDADMAC molecules in the bulk region at -15 mm, which was a consequence of the 

diffusion of more polymer molecules into the interfacial region (Figure 3.8-B). Conversely, 

there was no obvious concentration gradient existing in the bulk SDS solution, which 

indicates that polyDADMAC was able to diffuse more efficiently across the interface into the 

micellar region than the ability of SDS micelles to move in the opposite direction.     

Line scans with the Raman microscope demonstrated that there are certainly some 

difficulties associated with the capability of the technique in quantifying the composition 

across surfactant–polymer interfaces with a high degree of confidence. One of the major 

issues is the formation of a thick anisotropic material at the interface, which interferes with 

the amount of light transmitted through the sample and as a result may give a false 

representation of the actual composition. This was revealed when the sum of the 

concentrations of SDS, polyDADMAC, and water measured across structured interface was 

either well below or above the expected 100%. Therefore, an alternative approach was sought 

in order to more accurately describe the distribution of molecules across the SDS–

polyDADMAC interface. This entailed a different means of interpretation of the data already 

obtained. Instead of treating the data in absolute concentrations, a relative comparison 

between the concentrations of surfactant and polymer, given as the polyDADMAC-to-SDS 

molar charge ratio, 𝑟, would potentially be more informative. Since the phase behaviour of 

bulk aqueous mixtures of SDS and polyDADMAC was already determined and presented as 

the lattice parameter of hexagonal phases as a function of 𝑟 (Figure 3.3-A), the mesophases 

identified across the SDS–polyDADMAC interface (Figure 3.7) can be compared to those 

existing in bulk mixtures at the same composition. This methodology was introduced in 

Chapter 2 (Flowchart 2.1) as an approach for determining the existence of equilibrium or 

nonequilibrium structures across the SDS–polyDADMAC interface.  
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3.5.4 Correlating Changes in Structure and Composition Across 

the SDS–PolyDADMAC Interface Over Time  

  The aforementioned results acknowledged the structural and compositional data 

obtained spatially across the SDS–polyDADMAC interface by synchrotron SAXS and Raman 

microscopy as separate components. Studying the correlations between them and how these 

parameters change over time will help explain the formation of equilibrium or 

nonequilibrium structures locally across the SDS–polyDADMAC interface. 

As mentioned, the composition across the interface can be given as the polyDADMAC-

to-SDS molar charge ratio by using the calibration plot developed in earlier (Figure 2.9). The 

formula describes the relationship between the relative intensity of the peaks representative 

of SDS and polyDADMAC that appear in the Raman spectra with the known fraction of SDS 

in bulk aqueous mixtures of SDS and polyDADMAC (Figure 2.9, Equation 2.11).  Therefore, 

the polyDADMAC-to-SDS molar charge ratio determined by this approach can be 

superimposed over the map of liquid crystalline phases resolved across the SDS–

polyDADMAC interface (Figure 3.9).    

If it was found that there was a difference between the nanostructures present in bulk 

mixtures and across the interface at a comparable composition, it was concluded that 

mesophases formed at that particular region across the interface had not yet reached 

equilibrium. On the other hand, if the structures did match then they were regarded as being 

locally at equilibrium. Regions containing equilibrium or nonequilibrium structures formed 

across the interface were annotated on the phase map in Figure 3.9. These findings 

demonstrate that the distance over which the hexagonal phase exists at apparent equilibrium 

grew overtime. Whereas, the regions comprising of nonequilibrium structures across the 

SDS–polyDADMAC interface slowly became smaller as time progressed.    
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Figure 3.9 Mapping the polyDADMAC-to-SDS molar charge ratio across the surfactant–

polymer interface 3 days (A) and 7 days (B) after initial contact between solutions of 20 wt% 

SDS and 20 wt% polyDADMAC interpolated from the Raman intensity calibration plots for 

bulk polyDADMAC and SDS standard solutions (filled circles) or from the relative intensity 

vs. mass fraction calibration plot (open circles). Coloured regions highlight the presence of 

SDS micelles (L1-yellow), coexisting micellar and hexagonal phases (L1+H1-grey), and 

hexagonal phases only (H1-purple). Annotations indicate structures existing at equilibrium 

(Eqm) or nonequilibrium (NE). 
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3.6 Discussion 

3.6.1 Formation of the Complex Salt in Bulk Mixtures 

It was hypothesised that similar liquid crystalline phases would arise in samples 

prepared with or without use of the complex salt as a specific component but with the same 

final SDS and polyDADMAC molar content. This statement was somewhat proven true since 

the small area of the ternary phase diagram generated for aqueous mixtures of SDS and 

polyDADMAC comprising of the complex salt was comparable to that produced for the 

systems formulated using the conventional mixing protocol. It is acknowledged in the 

literature that the complex salt is the coacervate produced after complete reaction between 

the surfactant and polyelectrolyte,28, 29 in this case it was SDS and polyDADMAC. 

Furthermore, the existence of the complex salt, polyDADMADS, exemplifies the system having 

reached equilibrium. Thus, it was concluded that the complex salt was most likely formed 

upon mixing of separate solutions of SDS and polyDADMAC, resulting in mesophases at 

apparent equilibrium. This is advantageous in product formulation where additional 

processes involved in the formation of equilibrium structures via synthesis of the complex salt 

becomes unnecessary, which can be avoided by employing the conventional mixing protocol 

instead.  

A major discrepancy that resulted from this study was the appearance of lamellar 

phases when mixtures of SDS and polyDADMAC were prepared using the conventional 

method (Figure 3.2-A). The lamellar phases may be an artifact from the formation of crystals 

due to the release of the counterions into the bulk mixture as sodium chloride, particularity 

at high SDS and polyDADMAC concentrations (Appendix-Figure A4.2), or more likely, the 

hydration of SDS crystals at high surfactant concentrations (Appendix-Figure A3.3 and Figure 
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A3.4) either at or below room temperature.45-48 These lamellar structures are probably Lß 

phases as they have been known to arise in surfactant/water binary systems at high surfactant 

concentrations.53 The alkyl chains in these types of systems are in a ‘solid state’ resulting in a 

rigid bilayer structure with restricted molecular motion. Consequently, Lß phases can be 

characterised with sharp Bragg peaks, while Lα phases display broader peaks which appear 

equidistant in their corresponding SAXS profiles. Interestingly, Lß phases have not yet been 

reported for C12 surfactants at room temperature.  

On the other hand, lamellar phase was absent in the ternary phase diagram that 

represented the phase behaviour exhibited by mixtures prepared with the complex salt as the 

concentration of either the surfactant ion or polyion was varied (Figure 3.2-B). Many 

researchers exploit the complex salt as it removes the simple salt from the picture and allows 

the study of a true ternary system. Nevertheless, an appropriate trajectory to attain the desired 

end point can be selected to bypass this instability issue without the inclusion of the complex 

salt.  

3.6.2 Self-Assembly of Nanostructures Across the SDS–

PolyDADMAC Interface  

The formation of hexagonal phase in aqueous mixtures of SDS and polyDADMAC has 

been extensively reported in the literature,40-43 however, this is the first known study of the 

kinetics of structure formation across liquid–liquid interfaces. Examining the SDS–

polyDADMAC interface by the novel approaches developed in this thesis provides a new 

insight into the phase behaviour of oppositely charged surfactant and polymer systems that 

would not otherwise be achieved when studied as a bulk mixture. 
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3.6.2.1 Development of Micellar and Hexagonal Phases Towards the 

Bulk SDS Region 

The growth and development of mesophases across the SDS–polyDADMAC interface 

predominantly toward the bulk SDS micellar region was an unexpected outcome. Movement 

of the nanostructures toward the bulk SDS micellar region was not a random event as the 

same behaviour was observed during experiments employing CPLM, synchrotron SAXS, and 

Raman microscopy regardless of the orientation of the sample cell; whether it was propped 

up vertically within the flat cell holder or lying flat whilst examined under the microscope. A 

possible explanation could be that the structure of the polymer, being relatively long and 

flexible, allows it to traverse through the tightly packed internal structure of hexagonal phases 

formed across the SDS–polyDADMAC interface more easily than spherical or rod-like SDS 

micelles. Upon contact of the two solutions, an entropically driven mixing process initially 

occurs at the interface. After the initial hexagonal phase was formed, polymer molecules 

diffused in the opposite direction at a greater extent across the structured interface, which led 

to the formation of more liquid crystalline phases toward the bulk SDS micellar region. This 

proposed model for rationalising the growth and development of nanostructures toward the 

bulk surfactant solution was supported by a distinct concentration gradient created in the 

bulk polymer solution as the interface was approached, where it decreased over time 

(Figure 3.8). In contrast, there was no obvious concentration gradient existing within the bulk 

SDS solution, however this did not mean that SDS micelles were not involved in the formation 

of mesophases across the interface through interactions with polyDADMAC molecules.  

An understanding of the distribution of surfactant, polymer, and water molecules 

across the SDS–polyDADMAC interface would support the postulations gathered to 

rationalise this phenomenon.  
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3.6.2.2 Diffusion-Controlled Rate of Structure Formation Across the 

SDS–PolyDADMAC Interface 

 Changes in the relative concentrations of surfactant, polymer, and water across the 

SDS–polyDADMAC interface at different time points suggest that the self-assembly of 

mesophases did not hinder the diffusion of the system components through the 

nanostructured complexes across the interface.  

The width of the band of nanostructures formed across the interface seemed to 

increase approximately linearly with the square root of time during the first ~3 days from 

initial contact between the solutions of SDS and polyDADMAC. This behaviour is similar to 

what is often used to describe the passive release of drugs into bulk solutions which is a 

diffusion-controlled process.54 After this time, the presence of more hexagonal phases across 

the interface introduced a thicker and more highly viscous material37 which molecules had 

to diffuse through in order for new associations or nanostructures to form. This water 

deprived region created a difficult pathway for the molecules to overcome and redistribute 

across the interface, which was apparent when the rate of structure formation across the 

interface slowed down. Furthermore, since the bulk solutions still contained detectable 

amounts of SDS and polyDADMAC at the end of the study, the formation of hexagonal and 

micellar phases across the interface did partially restrict the diffusion of more molecules into 

the structured region.   

Significant changes in the rate of transport of molecules across the SDS–polyDADMAC 

interface were observed since the diffusion of molecules is inversely proportional to the 

viscosity of the material formed.7, 17, 37, 55 The formation of rod-like micelles across the 

interface demonstrates the importance of not just the type of mesophase formed, but also its 

specific structure. It should be emphasised that the micellar phases present across the 
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structured interface is very different from the spherical micelles in the bulk SDS solution,56, 

57 which further impacts the diffusivity molecules across the SDS–polyDADMAC interface.    

3.6.2.3 The Slow Kinetics Involved in the Formation of Equilibrium 

Structures Across the SDS–PolyDADMAC Interface 

Examination of the phase behaviour demonstrated in bulk aqueous mixtures of SDS 

and polyDADMAC, as well as at the SDS–polyDADMAC interface provided a new perspective 

on the existence of equilibrium and nonequilibrium structures in this system.   

There is often a misconception that the liquid crystalline structures identified in 

aqueous mixtures of oppositely charged surfactant and polymer systems are present at 

equilibrium when left to ‘equilibrate’ for a substantial period of time, a month for example, 

prior to analysis. It should be clarified that the mesophases characterised for bulk mixtures 

presented in the form of ternary phase diagrams were a representation of the system as a 

whole. In other words, globally they may appear to be comprised of particular coexisting 

phases when actually there may have been regions in the mixture that contain a single 

equilibrium phase and others with multiple self-assembled structures at nonequilibrium. 

There is, however, a high probability that inhomogeneities would arise in mixtures with high 

concentrations surfactant and/or polymer, where some regions in the mixture are at 

equilibrium and others not.   

A major advantage of employing the novel approach developed for studying the phase 

behaviour across liquid–liquid interfaces is the ability to examine the formation of different 

bands of equilibrium and/or nonequilibrium nanostructures across the SDS–polyDADMAC 

interface. Coexisting micellar and hexagonal phases were identified in a sample prepared by 

vigorous mixing of equal volumes of 20 wt% SDS and 20 wt% polyDADMAC solutions 
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(Appendix-Figure A3.2). While regions of only hexagonal phase or coexisting hexagonal and 

micellar phases were evident across the SDS–polyDADMAC interface when studied at a 

comparable composition. This may justify the existence of both equilibrium and 

nonequilibrium structures in the bulk mixtures. This subject will be discussed in greater detail 

in Chapter 5 where the phase behaviour exhibited by dilute dispersions and concentrated 

bulk mixtures, as well as structures formed across solution interfaces of SDS and 

polyDADMAC will be compared to understand the formation of equilibrium and/or 

nonequilibrium structures in these systems.     

The hexagonal phase initially formed at the SDS–polyDADMAC interface was at 

apparent equilibrium. The lattice parameter and polyDADMAC-to-SDS molar charge ratio 

remained constant at ~42.1 Å and r ≈ 0.8, respectively, even though the group of mesophases 

shifted toward the bulk SDS solutions at three and seven days after initial contact of the 

solutions. In contrast, the structure and composition in regions comprising of coexisting 

micellar and hexagonal phases continued to change over time. Interestingly as time passed, 

more and more of these two-phase regions transitioned to purely hexagonal phase once a 

specific composition was reached, suggesting that the micelles acted as a mechanism of 

transport on both sides of the structured interface.  

In summary, these kinetic studies have demonstrated that nanostructures apparently 

at equilibrium were formed locally across the SDS–polyDADMAC interface. Furthermore, the 

area over which the equilibrium hexagonal phases spans across the interface is predicted to 

increase until complete complexation of the molecules in the system occurs or when the 

diffusion of molecules through the structured interface is no longer possible. These findings 

shed light on how true equilibrium can be reached after very long time scales as described by 

Dedinaite et al.58  
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3.7 Conclusions 

This chapter presented new insights into the equilibrium phase behaviour across the 

interface created between solutions of the anionic surfactant, sodium dodecyl sulphate (SDS), 

and the cationic polymer, poly(diallyldimethylammonium chloride) (polyDADMAC).  

Comparison of the ternary phase diagrams generated for bulk aqueous mixtures of 

SDS and polyDADMAC prepared by the conventional mixing protocol or by incorporation of 

the complex salt demonstrated that the method of sample preparation did not significantly 

influence the resulting mesophases formed, suggesting that the complex salt may be formed 

in situ during the reaction between surfactant ions and polyions. 

Information acquired from line scans performed with synchrotron SAXS and Raman 

microscopy enabled the study of the kinetics of structure formation across the SDS–

polyDADMAC interface. Regions comprised of different mesophases developed across the 

SDS–polyDADMAC, where the distribution of molecules continued to change until 

equilibrium hexagonal phases were formed. Diffusion of surfactant, polymer, and water 

molecules occurred in both directions across the structured interface, where the rate of self-

assembly of mesophases was substantially reduced as more hexagonal phases formed across 

the SDS–polyDADMAC interface. This, to some extent, hindered the passage of molecules to 

participate in associations with existing structured complexes or unbound molecules and 

subsequent formation of more equilibrium structures, which resulted in the existence of 

kinetically trapped nonequilibrium nanostructures. 

It is still unclear as to why these mesophases grew predominantly towards the bulk 

SDS micellar region across the SDS–polyDADMAC interface, thus it will be addressed in the 

following chapter.  
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3.9 Appendix 

A3.1 Phase Behaviour of an Industrially Relevant 

Surfactant/Polymer System  

 A ternary phase diagram (Figure A3.1) was developed for an industrially relevant 

system comprised of poly(diallyldimethylammonium chloride) (polyDADMAC), water, and 

an undisclosed mixture of alkyl ethoxysulphates (identity AES paste). Since the chemical 

structure of alkyl ethoxysulphates (AES) is similar to that of sodium dodecyl sulphate, the 

phase behaviour exhibited by this system was used a basis to select the most suitable 

composition to study the phase behaviour across the SDS–polyDADMAC interface. 

 

 

Figure A3.1 Ternary phase diagram developed by Procter and Gamble for systems comprised 

of poly(diallyldimethylammonium chloride), water, and a mixture of alkyl ethoxysulphates 

(AES) by visual observation with CPLM. Unpublished data.  



Chapter 3 - Investigation of Structure Formation Across the SDS–PolyDADMAC Interface  

   155 
  

A3.2 Equilibrium Structure of the 20 wt% SDS: 20 wt% 

PolyDADMAC System as a Bulk Mixture 

This chapter studies the phase behaviour across the interface between solutions of 20 

wt% SDS and 20 wt% polyDADMAC. Since approximately equal volumes of both components 

were loaded into the sample flat cells, the final composition of the overall system would be 

comprised of 10 wt% SDS, 10 wt% polyDADMAC, and 80 wt% water. The liquid crystalline 

structures present in this surfactant/polymer/water mixture is representative of the system 

that has reached apparent equilibrium, which can act as a guide to what is the expected to 

exist across the SDS–polyDADMAC interface if a complete reaction has occurred. 

Characterisation of the sample mixture by SAXS showed the presence of micelles from the 

broad peak at low q values coexisting with hexagonal phase (Figure A3.2).    

 

 

Figure A3.2 SAXS profile shows coexisting micellar and hexagonal phases in a mixture 

comprised of 10 wt% SDS, 10 wt% polyDADMAC, and 80 wt% water.  
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A3.3 Structural Characterisation of a Concentrated Aqueous 

Mixture of SDS and Water by SAXS 

 

 

 

Figure A3.3 SAXS profile of 62 wt% SDS prepared in Milli-Q water showing a mixture of 

liquid crystalline structures. The Bragg peaks were indexed as lamellar (A, B) and hexagonal 

(C) phases. Unknown mesophases are marked with an asterisk (*). 

 

Figure A3.4 Graphs of d-spacing vs. Miller indices generated from the corresponding Bragg 

reflections observed in the SAXS profile (Figure A3.3) in an aqueous mixture of 62 wt% SDS 

prepared in Milli-Q water indicating the coexistence of two lamellar phases with differing 

lattice parameters (A, B), and a hexagonal phase (C). 
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4. Controlling the Mobility of System Components Across 

Surfactant–Polymer Interfaces 

4.1 Introduction 

An unforeseen phenomenon discovered during the study of the equilibrium phase 

behaviour across the SDS–polyDADMAC interface in Chapter 3 was the growth and 

development of hexagonal and micellar phase structures toward the bulk SDS solution. In 

order to understand such phenomena it is necessary to understand the relative diffusivity of 

surfactant, polymer, and water within and across the surfactant–polymer solution interface 

under nonequilibrium conditions.  

It is known that the strength of interactions and geometric packing between oppositely 

charged surfactant and polymer molecules in solution dictates the self-assembly of colloidal 

structures in dispersions, which in turn can influence the viscosity of the system.1-9 Thalberg 

et al. demonstrated that the self-diffusion of surfactant in a solution of polymer significantly 

decreased with increasing concentrations due to intermolecular interactions formed between 

the polymer chains and the micelles in solution.10 Furthermore, the type of liquid crystalline 

phase formed in these systems may also be important in determining the diffusivity of 

molecules through these complex structures as the rheological behaviour has been shown to 

differ between lamellar, cubic, and hexagonal phases.11-14 Generally, an increase in the 

diffusivity of molecules in solution is expected to occur with a decrease in viscosity, while a 

decrease in the rate of diffusion of molecules in solution would correlate to an increase in 

viscosity of the system. An example that highlights the relationship between the rate of 

diffusion of molecules and the formation of inherently viscous nanostructures across 
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surfactant–polymer interface is given by Lapitsky et al. and Babak et al. Their studies showed 

the formation of a ‘structured shell’ within gel capsules upon dropwise addition of polymer 

solution into a pool of surfactant solution. It was revealed that the rate of structure formation 

depended on the frontal diffusion of surfactant across the interface between the surfactant 

solution and the polymer droplet, which was also limited by the thickness and permeability 

of the material formed.15-18 Clearly, the ability of the molecules to diffuse through the bulk 

surfactant or polymer solution and across ordered structures is critical in determining the 

rate and extent to which mixing occurs across surfactant–polymer solution interfaces.  

One means of controlling the distribution of molecules and formation of mesophases 

across surfactant–polymer interfaces may involve employing an immobilised or highly 

viscous phase as one of the initial structures in the system to essentially constrain the 

movement of one or more components and enable study of the movement of other 

components. Some surfactants, such as SDS and CTAB, are known to often form highly 

ordered structures, such as hexagonal phases, when prepared at high concentrations.19, 20 It 

is anticipated that when a dilute solution of polymer is placed into contact with a gel of 

hexagonal phase, the polymer molecules would have difficulties penetrating the very compact 

structure of the bulk surfactant region, therefore driving the formation of new nanostructures 

toward the opposite direction (Schematic 4.1). In chapter 3, the SDS–polyDADMAC interface 

was studied with micellar SDS solution as the ‘donor’ phase, where surfactant has high 

mobility. Hexagonal phase has been shown to form at concentrations in excess of 38 wt% SDS 

in water (Figure 2.10-B).20 Thus, using a hexagonal phase as the donor phase would impart 

restricted mobility of the surfactant in the system and may enable investigation of polymer 

mobility somewhat decoupled from surfactant movement, or at least with significant 

hindrance of polymer movement into the surfactant phase. 
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Another approach to direct the growth of nanostructures across surfactant–polymer 

interfaces could be achieved by immobilising the polymer through cross-linkings. Cross-

linked polymers are commonly exploited as hydrogels for their swelling behaviour in certain 

conditions, such as changes in pH.21-23 The rate of diffusion of surfactant micelles measured 

within the core of these gels was considerably slower than in the external surfactant solution, 

which was found to increase with an increased swelling of the network.24, 25 Nilsson et al. 

demonstrated that the formation of nanostructures within the core of the gel can be 

manipulated by effectively rendering the polymer immobile.26, 27 The kinetics of deswelling 

of a cross-linked polyacrylate gel with a series of alkyltrimethylammonium bromide 

surfactants were studied by the use of a micromanipulator.26 The deswelling process was 

governed by the ion-exchange kinetics for the transport of surfactant from the bulk solution 

to inside the gel core, where the concentration of the surfactant was measured by steady-state 

fluorescence.26 The rate of diffusion of surfactant molecules into the core of the gel was driven 

greatly by the free energy gained by the system due to the association between the charged 

 

Schematic 4.1 A model depicting the possible movement of surfactant (S), polymer (P), and 

water (w) molecules and the formation of nanostructures across an interface created between 

a dilute polymer solution (left) and a surfactant hexagonal phase (right).  
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cross-linked polymer gel and the oppositely charged surfactant molecules, and the 

subsequent formation of complexes.26 Therefore, it is anticipated that an increase in the initial 

concentration gradient existing across the CTAB–PA gel interface by introducing more 

concentrated CTAB micellar solution would accelerate the rate of structure formation within 

the macrogel more than if the gel was in contact with a solution of surfactant prepared at 

lower concentrations. Nilsson et al. also showed that the adsorption of CTAB micelles onto the 

surface of the gel caused an initial collapse of the polymer due to the formation of Pm3n cubic 

phase within the surface layer of the gel.28 As increasing amounts of micelles diffused into the 

gel, the surface layer now comprised of densely packed hexagonal phase structures with a 

reduced water content continued to exert pressure toward the core until it fully collapsed.26, 

28, 29 The global phase behaviour of the system was examined, as well as the distribution of 

the cationic surfactant molecules form the aqueous solution to inside the gel, however, 

spatially resolved information on structure and composition across the surfactant–polymer 

interface was not determined. Thus, the interface formed between a cross-linked polyacrylate 

gel and solution of alkyltrimethylammonium bromide surfactants provides a means of 

constraining diffusion of the polymer phase, to enable insight into surfactant mobility in these 

systems, and is therefore complementary to the SDS hexagonal phase approach for restricting 

the movement of surfactant molecules. It was shown previously that both concentration and 

structure gradients were formed across the interface created between 20 wt% SDS and 20 

wt% polyDADMAC. Hence, it is expected that a gradient of surfactant concentration will be 

established across the CTAB–PA macrogel interface, leading to a gradient of different 

structures also formed over time.   

In this chapter, synchrotron SAXS and Raman microscopy were again used to spatially 

resolve the structure and composition across surfactant-polymer interfaces where one 
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component has been constrained using the aforementioned approaches of constraining the 

movement of materials in the system. Specifically, the constraint of the surfactant in the SDS 

and polyDADMAC system by formation of the hexagonal phase as the donor phase for 

surfactant has been studied in contact with a low concentration polyDADMAC solution, as 

has the constraint of the polymer component by cross-linking the polyacrylate gel and 

introducing cetyltrimethylammonium bromide (CTAB) as the surfactant phase. In addition, 

the rate and direction of structure formation and diffusion of components across these 

oppositely charged surfactant–polymer interfaces has been elucidated. 

4.2 Hypotheses and Aims 

Hypothesis 1 

That constraining the mobility of a system component will influence the direction in which 

structures are formed across surfactant–polymer interfaces. Specifically: 

i. That cross-linking of polyacrylate will direct the formation of liquid crystalline 

structures toward the core of the macrogel upon contact with CTAB solution.  

ii. That an SDS hexagonal phase will serve as a ‘donor’ for the release and diffusion 

of SDS micelles across the SDS–polyDADMAC interface into a dilute polymer 

solution where a gradient of different mesophases will form over time.  

Hypothesis 2 

That a gradient of surfactant concentration will be established across the CTAB–

polyacrylate macrogel interface, leading to a gradient in different structures over time.  
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Hypothesis 3 

That the diffusion of mobile components from their initial phase regions and across the 

CTAB–polyacrylate macrogel or SDS–polyDADMAC interface will determine the rate of 

structure formation.     

In order to investigate these hypotheses, the following aims were achieved: 

1. To study the phase behaviour and distribution of molecules across the SDS–

polyDADMAC interface where the surfactant region exists as a highly viscous 

hexagonal phase. 

i. To spatially characterise the nanostructures formed across the SDS–

polyDADMAC interface at different time points. 

ii. To map the distribution of SDS, polyDADMAC, and water molecules across the 

SDS–polyDADMAC interface at different time points. 

2. To study the kinetics of structure of formation across the CTAB–polyacrylate 

macrogel interface. 

i. To spatially characterise the nanostructures formed across the CTAB– 

polyacrylate macrogel at different time points. 

ii. To spatially map the relative concentrations of CTAB and water across the 

CTAB–polyacrylate macrogel interface at different time points. 

iii. To determine how the CTAB concentration influences the rate of structure 

formation toward the core of the polyacrylate macogel.      
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4.3 Materials  

Sodium dodecyl sulphate (SDS, BioXtra, ≥ 99.0 %), acrylic acid anhydrous (contains 

180-200 ppm MEHQ as inhibitor, 99 %), N,N′-methylenebis(acrylamide) (NMBA, 99%), 

ammonium persulphate (AP, reagent grade, 98 %), and N,N,N′,N′-

tetramethylethylenediamine (TEMED, ReagentPlus®, 99 %) were purchased from Sigma-

Aldrich (Sydney, Australia). Potassium hydroxide (KOH, Emsure) was obtained from Merck 

Millipore (Darmstadt, Germany). Poly(diallyldimethylammonium chloride)(polyDADMAC, 

Merquat™ 100, molecular weight: 1.5 x 105 g/mol) was sourced from Nalco Company 

(Illinois, United States). The commercial solution of polyDADMAC obtained contained 53.3 % 

solid and 46.7 % water (standard deviation: ± 0.3 %) as determined by gravimetric analysis (n 

= 10). Merquat™ 100 was dried prior to preparation of polyDADMAC stock solutions to form 

a waxy solid. 

 All materials were used without further purification. Milli-Q grade water purified 

through a Milli-pore system (Billerica, United States) was used throughout the studies. 

4.4 Methods 

4.4.1 Synthesis of the Cross-linked Polyacrylate Macrogel 

Cross-linking of polyacrylate effectively produces a macrogel that is immobile. 

Constraining the polymer by this approach provides a means of directing the diffusion of 

CTAB molecules and growth of nanostructures toward the core of the PA macrogel.  

The synthesis of the PA macrogel was based on the procedure outlined by Nilsson et 

al.26 Briefly, a solution of 1.6 M acrylic acid, 14 mM NMBA (cross-linker), and 6 mM TEMED 

(initiator) was prepared and degassed under vacuum. The solution was transferred into a glass 
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beaker and heated to 65 °C for 3 hr. The gel was transferred to a 0.5 M KOH solution 

overnight. After washing (3 x 12 hr) in large excess of Milli-Q water the fully swollen gel 

was dehydrated in a vacuum oven to prevent degradation. The PA macrogel contained ~98 % 

water content as determined by gravimetric analysis (n = 10). The cross-linked polyacrylate 

crystals were rehydrated prior to sample preparation.  

4.4.2  Preparation of the Surfactant–Polymer Interfaces  

4.4.2.1 CTAB/Polyacrylate Macrogel System 

To closely compare the phase behaviour across the CTAB–polyacrylate macrogel 

interface with the system investigated by Nilsson et al., the concentration of CTAB was 

prepared at 0.2 wt% (5 mM). In addition, CTAB was also prepared at a concentration 5-fold 

greater than the control system at 1 wt% (~27 mM) to study the effect of surfactant 

concentration on the kinetics of structure formation across the CTAB–PA macrogel interface.     

The polyacrylate macrogel was loaded into the flat cell in its swollen state. This was 

achieved by delivering the gel by a syringe fitted with a 29G needle to produce a disk ~2 mm 

in diameter. The bottom end of the flat cell was sealed with parafilm, and then CTAB solution 

was carefully pipetted into the free volume to ensure complete contact with the polymer gel 

disk. The centre of the disk was marked as a reference to determine the extent of which the 

gel swelled upon contact with the surfactant solution.  

4.4.2.2 SDSH1/PolyDADMAC System 

The SDS component was prepared at 40 wt% where it exists as a hexagonal phase at 

room temperature,30 while a comparatively dilute polymer solution was prepared with 4 wt% 

polyDADMAC. 
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Due to the high viscosity of the hexagonal phase, the surfactant ‘gel’ component was 

delivered into the bottom end of the flat cell also via a syringe fitted with a 29G needle. Once 

the material occupied half the volume of the flat cell, the bottom was then wiped clean and 

sealed with parafilm. The firm boundary residing at the interface was marked as the point of 

origin, above which the polyDADMAC solution was added carefully by pipette and the top 

end of the flat cell was sealed with parafilm.  

4.4.3 Characterisation of Nanostructures Across Surfactant–

Polymer Interfaces 

The growth and development of liquid crystalline structures across the surfactant–

polymer interfaces studied in this chapter were viewed under a crossed-polarised microscope 

and spatially resolved at 100 µm steps with synchrotron small angle X-ray scattering as 

described in Chapter 2 (Section 2.4.3). Line scans across the CTAB–PA macrogel interfaces 

were conducted from the centre of the polymer disk to the outer surfactant solution (see 

Appendix A4.1 for details on the instrument specifications). 

4.4.4 Determining the Distribution of System Components 

Across Surfactant–Polymer Interfaces  

4.4.4.1 CTAB/Polyacrylate Macrogel System 

Raman microscopy was employed to measure changes in the relative concentrations 

of CTAB and water within the PA macrogel over time. A Raman signal was not detectable for 

the polyacrylate gel itself since it only contained 2 wt% dry crystal granules. However, the 

Raman intensity (measured as area under the curve) of the C–H bending energy exhibited at 



Chapter 4 - Controlling the Mobility of System Components Across Surfactant–Polymer 
Interfaces 

   167 
  

~1440 cm-1 for CTAB was used to map its relative concentration across the PA macrogel in 

comparison to the bulk surfactant solution (Figure 4.1). In addition, the relative water content 

across the interface was determined from the vibrations between 3000 and 3760 cm-1 

(Figure 4.1). 

 

4.4.4.2 SDSH1/PolyDADMAC System 

Line scans were performed with Raman microscopy across SDS–polyDADMAC 

interfaces using the same approach described in Chapter 2. The area under the curve 

calculated for the peaks representative of the SDS and polyDADMAC molecules in the Raman 

spectra were used to interpolate the concentration present from the calibration curves 

generated for the corresponding constituents (Table 2.4). The concentrations of water and 

SDS across SDS–polyDADMAC interfaces were determined from the lattice parameter of the 

hexagonal phases characterised by synchrotron SAXS as described in Chapter 2 (Section 

2.4.4.2). 

 

Figure 4.1 Raman spectrum of CTAB prepared in Milli-Q water. The Raman intensity (area 

under the curve) obtained for the peaks at ~1440 cm-1 and between 3000-3760 cm-1 were 

used to map the relative concentrations of CTAB and water across CTAB–PA gel interfaces. 
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4.5 Results 

4.5.1 Kinetics of Structure Formation Across the CTAB–

Polyacrylate Macrogel Interface 

4.5.1.1  Growth of Mesophases Within the Polyacrylate Macrogel 

A gradient of structures formed across the CTAB–PA macrogel interface was visualised 

with crossed-polarised light microscopy (Figure 4.2) and spatially resolved with synchrotron 

SAXS (Figure 4.3 to Figure 4.6). Isotropic Pm3n cubic phase (Figure 4.3 and Figure 4.5) was 

the earliest structure to form within the gel. Almost immediately after initial contact between 

the two components, a birefringent band of hexagonal phase appeared within the outer 

circumference of the gel disk, which subsequently developed toward the core of the gel over 

time (Appendix-Figure A4.1). The kinetics involved in the complete transition from Pm3n 

cubic to hexagonal phases existing within the PA gel was significantly influenced by the initial 

concentration of CTAB in the bulk solution.  

 

 

Figure 4.2 CPLM images of the growth of anisotropic structures across a disk of polyacrylate 

macrogel after contact with a solution of CTAB at 0.2 wt% (A) and 1 wt% (B). The approximate 

radius (mm) of the polymer disk at the various time points are annotated on the images.   
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Figure 4.3 Representative SAXS profile of Pm3n cubic phase formed within the polyacrylate 

macrogel at t = 3 days after initial contact with 0.2 wt% CTAB solution (A) and the 

corresponding Miller indices vs. q (Å-1) plot (B).  

 

Figure 4.4 Representative SAXS profile of hexagonal phase formed within the polyacrylate 

macrogel at t = 7 days after initial contact with 0.2 wt% CTAB solution (A) and the 

corresponding Miller indices vs. q (Å-1) plot (B).  

.  
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Figure 4.5 Representative SAXS profiles Pm3n cubic phase (A) and hexagonal phase (C) 

existing across the polyacrylate macrogel at t = 2 hr after initial contact with 1 wt% CTAB 

solution, and the corresponding Miller indices vs. q (Å-1) plots (B, D).  

 

 
Figure 4.6 Representative SAXS profile of hexagonal phase formed within the polyacrylate 

macrogel at t = 3 days after initial contact with 1 wt% CTAB solution and the corresponding 

Miller indices vs. q (Å-1) plot (B). 
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4.5.1.2 Frontal Diffusion of CTAB Molecules into the PA Macrogel 

The growth of mesophases toward the centre of the PA macrogel was supported by the 

diffusion of CTAB molecules into the polymer disk. The local relative concentration of CTAB 

was initially highest in the outermost regions of the gel at early time points (Figure 4.7-A). 

Over time, the CTAB molecules became well distributed throughout the gel with formation of 

ordered structures (Figure 4.7-B, C). A reduction in the water content within the gel was also 

observed. The rate at which the composition changed across the interface greatly depended 

on the initial CTAB concentration in the bulk solution, which was in agreement with rate of 

structure formation determined by CPLM and synchrotron SAXS. 

 

 

Figure 4.7 Normalised Raman intensity of CTAB (yellow triangles) and water (blue circles) 

molecules mapped across the PA macrogel disk over time after contact with low (A, B) or high 

(C) concentration of surfactant solution. This enables trends in the relative concentrations of 

surfactant and water to be followed rather than their absolute concentrations.   
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4.5.2 Dynamics of Structure Formation Upon Contact of SDS 

Hexagonal Phase with Dilute PolyDADMAC Solution  

4.5.2.1 Mesophases Formed Across the SDSH1–PolyDADMAC 

Interface 

 Constraining the mobility of surfactant molecules or micelles across this SDS–

polyDADMAC interface by introducing SDS in the form of hexagonal phase led to the 

formation of new hexagonal and micellar phases predominantly towards the dilute 

polyDADMAC solution (Figure 4.8 and Figure 4.10).  

Micrographs obtained with CPLM showed that the optical texture displayed by the 

birefringent structures formed across the interface a week after initial contact (Figure 4.8, t = 

6 days) differed from those originally existing in the bulk SDS region (Figure 4.8, t = 9 hr).  

 
The rate of structure formation across the SDS–polyDADMAC interface when studied 

at this composition was significantly slower in comparison with the 20 wt% SDS: 20 wt% 

polyDADMAC system described in Chapter 3. Here, the width of the band comprising of 

hexagonal phase increased approximately linearly with the square root of time throughout 

 

Figure 4.8 The growth of structures exhibiting birefringence across the interface between 

solutions of 4 wt% polyDADMAC (P) and 40 wt% SDS (S) viewed under crossed-polarisers. 

The dashed line marks the point of origin. Note: black circles represent bubbles. 
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the duration of the kinetic study at a rate of ~0.02 mm/hr, also indicating diffusion-controlled 

transfer of material (Figure 4.9). Whereas the mesophases formed across the SDS–

polyDADMAC interface studied at the other composition grew at a rate of ~0.06 mm/hr, 

which slowed down after ~3 days from initial contact.  

 
Characterisation of these anisotropic structures by synchrotron SAXS revealed that 

both were hexagonal phases (Figure 4.10). However, the absolute positions of the Bragg 

reflections varied significantly, indicating differences between their internal dimensions. 

Specifically, the lattice parameter of hexagonal phase present in the bulk SDS region was ~53 

Å (Figure 4.11-A), while those formed across the interface were ~41 Å (Figure 4.11-D). 

 

 

Figure 4.9 Rate of structure growth across the 40 wt % SDS–4 wt% polyDADMAC interface. 

 

 

 

 

Figure 4.10 SAXS waterfall plots of the formation of hexagonal (H1) phase upon contact 

between a 4 wt% polyDADMAC solution (P) and a 40 wt% SDS hexagonal (*H1) phase (S). 
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Interestingly at t = 3 days, a large isotropic region existed in between the two regions 

consisting of hexagonal phase (Figure 4.8), suggesting the growth of new hexagonal and 

micellar phases (Figure 4.11-B, C, D) simultaneously across the interface (Figure 4.10-B). 

Over time, more hexagonal phase formed where rod-like micelles existed previously 

(Figure 4.10-C). 

 
A gradient of structures were not only formed across the SDS–polyDADMAC interface, 

but gradients in the lattice parameter of hexagonal phase were also evident (Figure 4.12). As 

established during method development, the lattice parameter of hexagonal phases can be 

correlated within the approximate amount of SDS and water molecules present locally across 

the interface. Therefore, following trends in the internal size of mesophases formed across the 

SDS–polyDADMAC interface enabled changes in the local composition and distribution of 

molecules to be determined over time.     

 

Figure 4.11 Selected SAXS profiles across the SDS–polyDADMAC interface at t = 3 days. Bulk 

SDS hexagonal phase (A), micellar phases (B), coexisting hexagonal and micellar phases (C), 

and regions of only hexagonal phase (D) were present across the interface. 
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Figure 4.12 Changes in the lattice parameter of hexagonal phases formed across the 40 wt% 

SDS (*H1 phase)–4 wt% polyDADMAC interface over time. Coloured regions highlight the 

presence of SDS micelles (L1-yellow), coexisting micellar and hexagonal phases (L1+H1- grey), 

and hexagonal phases only (H1-purple).  
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4.5.2.2 Correlating Changes in Composition with the Formation of 

Mesophases Across the SDSH1–PolyDADMAC Interface  

Raman microscopy and synchrotron small angle X-ray scattering were both employed 

to map changes in the local composition across the SDS–polyDADMAC interface over time 

(Figure 4.13).   

At t = 40 hr, the concentrations of SDS and polyDADMAC in their respective bulk 

regions were comparable to the initial known composition present prior to contact with each 

other, however were significantly higher across the interface (Figure 4.13-A). 

At t = 3 days, there was a further increase in the polymer concentration across the 

interface, which resulted in values that were below the limit of quantification with Raman 

microscopy in the bulk polyDADMAC solution (Figure 4.13-B). On the other hand, the 

concentration of SDS where hexagonal phases were formed across the interface did not differ 

greatly to the amount measured at the previous time point. However, there was a significant 

decrease in the surfactant concentration in the region in between the new hexagonal phases 

formed and the initial hexagonal phase present in the bulk SDS region, which corresponded 

to the formation of SDS micelles. Moreover, the decrease in the concentration of SDS as the 

interface was approached from the bulk SDS region suggests that the SDS micelles diffused 

across the interface to participate in the formation of new hexagonal phase or coexist as free 

or bound micelles within that region. 

The diffusion of SDS micelles from the bulk SDS hexagonal phase and across the SDS–

polyDADMAC interface was proposed to be the main factor driving the growth of mesophases 

toward the bulk polymer solution. In addition, the redistribution of polyDADMAC molecules 

across the interface at t = 6 days highlights the large degree of mobility polyDADMAC has in 

solution and across viscous materials formed (Figure 4.13-C). 



Chapter 4 - Controlling the Mobility of System Components Across Surfactant–Polymer 
Interfaces 

   177 
  

 

 
Figure 4.13 Mapping the concentrations of polyDADMAC (squares), SDS (triangles), and 

water (circles) across the SDS–polyDADMAC interface at 40 hr (A), 3 days (B), and 6 days (C) 

after initial contact between 40 wt% SDS (*H1 phase) and 4 wt% polyDADMAC measured by 

Raman microscopy (filled symbols) or synchrotron SAXS (open symbols). Coloured regions 

highlight the presence of SDS micelles (L1-yellow), coexisting micellar and hexagonal phases 

(L1+H1-grey), and hexagonal phases only (H1-purple).  
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It should be noted that the measured Raman intensities for water in the bulk surfactant 

and polymer regions at t = 40 hr (60 wt %) and 3 days (80 wt%) disagreed with their known 

starting concentrations (> 95 wt%), which is a major limitation of Raman microscopy for 

providing quantitative analysis of materials. Nevertheless, the findings presented in 

Figure 4.13 demonstrate that the dilution of the SDS hexagonal phase with water triggered 

the release and facilitated the transport of SDS micelles across the SDS–polyDADMAC 

interface. Therefore, it was proven that the SDS hexagonal phase acted as a donor site of SDS 

micelles and structures evolved towards the polymer solution when the mobility of the 

surfactant was no longer restricted after contact with the dilute solution of polyDADMAC. 

4.6 Discussion 

4.6.1 Dynamic Phase Behaviour Across the Cross-linked 

Polylacrylate Gel Upon Contact with CTAB Solution  

Exploiting the cross-linked polyacrylate macrogel directed the diffusion of CTAB 

molecules and the formation of nanostructures toward the core of the polymer network.  

Upon contact of the polyacrylate macrogel with a solution of CTAB, a layer of liquid 

crystalline structure was formed on the ‘surface phase’ of the polymer disk as described by 

Nilsson et al.26 Under crossed-polarisers, this layer appeared to be primarily birefringent, 

however characterisation with SAXS showed the existence of Pm3n cubic phase prior to the 

formation of the anisotropic hexagonal phase (Figure 4.3). It is possible that the number of 

anionic charges presented by the polymer chains within the cross-linked polyacrylate gel 

strongly attracted the oppositely charged surfactant molecules from the bulk solution to cause 

the immediate diffusion of CTAB into the gel.31, 32 Subsequently, the cooperative binding of 
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CTAB with the polyacrylate chains led to the formation of ordered structures, as is often 

demonstrated by similar oppositely charged surfactant and cross-linked polymer systems.27, 

33, 34  

The molar concentration of CTAB within the gel determined the type of mesophase 

formed. Pm3n cubic phase developed toward the core of the polymer gel as a consequence of 

the frontal diffusion of CTAB towards the core of the polymer gel, across which a surfactant 

concentration gradient was created over time. The immediate formation of cubic phase within 

the gel also suggests that CTAB molecules were highly permeable across the gel surface. 

Afterwards, the diffusion of more surfactant molecules inside the gel resulted in the self-

assembly of hexagonal phase, which was not surprising as literature has shown that discrete 

Pm3n cubic phases can transition into hexagonal phases at higher surfactant 

concentrations.35, 36 Specifically, as the concentration of the bromide ions increased inside the 

gel, there was a greater tendency for more dense and highly ordered structures to form.26 

Therefore, further diffusion of CTAB toward the core of the gel resulted in the gradual 

appearance of anisotropic structures towards the core. Aside from the diffusional barrier 

created by the nanostructured complexes formed in the PA macrogel, the ability of the matrix 

to expand and collapse upon changes in composition may also contribute to the rate-

determining step of structure formation within the cross-linked polyacrylate gel.    

Contact of the polyacrylate gel with a higher concentration of CTAB initially in the 

bulk solution increased the driving force for the diffusion of CTAB into the gel resulting in the 

earlier formation of hexagonal phase. Lapitsky et al. also demonstrated that dropwise addition 

of a solution of a cationic polymer into higher concentrations of mixed micellar solutions was 

favourable toward the efficient production of structured gel particles.18 When a critical 

concentration of CTAB was reached inside the polyacrylate gel, reorganisation of micellar 
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aggregates from discrete cubic assemblies into hexagonal lattices occurred. In other words, 

the concentration of surfactant present inside the polyacrylate macrogel increased 

progressively with the diffusion of CTAB into the gel until the system composition ceased to 

change. Since the concentration of polyion within the cross-linked gel network remained 

constant throughout the study, the key rate-limiting step to the evolution of different 

structures across the CTAB–PA macrogel interface was the diffusion of surfactant molecules 

inside the polymer gel, which was accelerated when a higher concentration gradient was 

created between the bulk CTAB solution and the stagnant polymer gel.  

It was evident in the CPLM images that formation of birefringent material within the 

cross-linked gel was not evenly distributed. The heterogeneity of charged ions displayed 

within a polymer network has been described to possibly cause the non-uniform distribution 

of surfactant molecules across cross-linked gels.23, 27 Hence, this theory could also rationalise 

the appearance of random bright textures of hexagonal phases formed throughout the PA 

macrogel studied here. It is also worth mentioning that the degree of cross-linking within the 

polymer gel could influence the porosity of the matrix through which surfactant molecules 

must diffuse into from the bulk solution. This could also affect the distribution of CTAB 

molecules inside the PA gel disk that are most likely to exist as micelles and subsequently how 

compact or dense the resulting polyacrylate macrogel becomes due to the formation of 

complexes comprised of ordered mesophases.  

In summary, the apparent surfactant-to-polymer molar charge ratio within the 

polyacrylate macrogel determined the mesophases formed. Furthermore, the concentration 

gradient created between the cross-linked polymer and the surrounding surfactant solution 

dictated the rate of diffusion of CTAB molecules and the self-assembly of mesophases toward 

the centre of the gel. The findings presented here are in agreement with the system studied by 
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Nilsson et al. demonstrating the adaptability of synchrotron SAXS and Raman microscopy to 

study the kinetics of structure formation across interfaces created not only between two 

solutions, but also solutions and gel disks. 

4.6.2 Implications of Cross-linked Polymers and Oppositely 

Charged Molecules in Drug Delivery  

The high swelling capacity of cross-linked polymer gels demonstrated upon 

absorption of large volumes of water and responsiveness to certain stimuli render hydrogels 

desirable as a means of controlling the release of drugs from such matrices.37-47   

   Generally, when charged cross-linked polymer gels are surrounded by a solution of 

oppositely charged surfactant deswelling occurs.23, 26, 27, 33 This phenomenon can be described 

by the neutralisation of charges and the formation of dense ordered structures within the gel, 

which causes the collapse of the polymer network and expulsion of water molecules into the 

surrounding solution.26 However, slight swelling of the cross-linked polyacrylate gel resulted 

upon its contact with the CTAB solution, which contradicts the behaviour often exhibited by 

these systems. The extent of swelling demonstrated by hydrogels in aqueous solutions depends 

highly on the osmotic pressure difference existing between the bulk solution and the interior 

of the gel.43, 48 Given that only mobile ions present across the system contribute to the osmotic 

pressure, it was expected that water molecules would be transported out of the gel to 

compensate for the osmotic pressure difference. The measured relative content of water inside 

the gel was considerably lower than in the bulk solution after the formation of liquid 

crystalline structures within the polyacrylate macrogel, which supports the theory that the 

diffusion of water into the bulk surfactant solution was osmotically driven. Therefore, there 

must be a different mechanism responsible for the swelling of this gel upon contact with the 
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solution of surfactant. Perhaps the increase in ionic strength or rather the concentrations of 

charged surfactant ion and its counterion inside the gel led to an increase in the electrostatic 

repulsion experienced between the structured complexes, thus causing the gel to swell.  

The formation of ordered structures within a cationic cross-linked polymer gel upon 

the inward diffusion of anionic surfactants provides a platform for the encapsulation of 

oppositely charged therapeutics within such polymer networks. The study of the diffusion 

kinetics and distribution of proteins and peptides within oppositely charged cross-linked 

polymer gels have received increasing interest over the decades.32, 49-52 Bysell et al. 

demonstrated the formation of a thin surface layer upon interaction of poly-L-lysine with 

polyacrylic acid macroscopic gel networks, which propagated inwards at the expense of the 

swollen gel core.23 Furthermore, the rate of diffusion of protein into the gel was determined 

by the peptide concentration adsorbed onto the surface, as well as the molecular weight of the 

peptide.23 As described earlier, the degree of cross-linking within a polymer gel greatly 

influences the extent of swelling in aqueous media, which in turn controls the release 

behaviour of payload from these systems. Therefore, studying the structural attributes of 

mesophases formed across such surface layers and their response to certain stimuli, such as 

changes in temperature, salt concentration, or solution pH, would be advantageous in the 

design and delivery of charged drugs from stimuli-responsive cross-linked biomaterials.    

4.6.3 The Importance of SDS Concentration in the Formation of 

Micellar-like Ordered Structures Upon Contact with 

Solutions of Mobile PolyDADMAC Molecules 

The formation of coexisting micellar and hexagonal phases was evident across the 

SDS–polyDADMAC interfaces studied in Chapter 3 and Chapter 4, which demonstrates that 
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constraining the mobility of SDS by introducing the surfactant component as hexagonal phase 

did not inhibit the development of concentration gradients across such interfaces. More so, 

the initial concentrations within the respective bulk regions did not influence the type of 

mesophases formed across the interface, but rather the local composition.  

In both systems, polyDADMAC molecules in the bulk solutions were relatively mobile 

where its intrinsic viscosity was dictated by the degree of entanglements present, which 

depended mainly on the packing of the polymer chains.53-57 Polymers have been described to 

move in a snake-like motion in solution,58, 59 so it was not surprising that diffusion of 

polyDADMAC was greater across solutions of spherical micelles than through more compact 

structures. Essentially, the presence of hexagonal phase in the bulk SDS region hindered the 

penetration of polyDADMAC into this phase. Svensson et al. have also reported of the 

obstruction effects of polymer having to diffuse through stationary micelles within a 

concentrated matrix.35 Thus, the diffusivity of polyDADMAC across the interface immediately 

after initial contact of the two components was an early factor in determining the direction 

in which mesophases would form across the SDS–polyDADMAC interface. 

As established in this chapter, the hexagonal phase existing in the bulk 40 wt% SDS 

region represented a source of SDS micelles. Upon contact with the dilute polyDADMAC 

solution, the SDS micelles were expelled from this constrained region and temporarily 

attained greater mobility. Subsequent diffusion of these SDS micelles into the polymer solution 

resulted in the formation of hexagonal phase and rod-like micelles simultaneously, which 

constituted the initial interfacial region. Laurati et al. demonstrated a similar process where 

the breaking of bonds must occur prior to the creation of a gelation boundary upon 

interaction between solutions of colloids and polymer.60 Therefore, it is recognised that the 

time associated with the dissociation of SDS micelles to form the SDS hexagonal phase is an 
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additional rate-determining step in the formation of mesophases across the SDS–

polyDADMAC interface. As a result, the kinetics of structure formation was faster upon 

contact of polyDADMAC with SDS initially existing as spherical micelles in solution.  

Different concentration gradients existed across the SDS–polyDADMAC interface over 

time. Importantly, hexagonal phases with smaller internal dimensions were formed at the 

interface in comparison with those existing in the bulk SDS region. The increase in 

concentration of polymer at the interface and its subsequent association with the 

oppositely charged SDS micelles could explain the formation of more compact structures 

at the interface. More so, the rate of diffusion of molecules across the bulk and interfacial 

regions was controlled by the local viscosity across the system, which in turn determined the 

local composition of structures formed across the interface. While the viscosity across the 

SDS–polyDADMAC interface was not measured, the diffusion behaviour of key components 

in the system was inferred from studying both the structural and compositional changes over 

time. Furthermore, the Stokes-Einstein law for diffusion in solution (Equation 1.2) describes 

that viscosity and diffusion are inversely proportional. Thus, they are not only important in 

governing the mixing kinetics in such systems, but they may also become barriers in the 

formation of equilibrium structures as discussed previously in Chapter 3. 

 The formation of lamellar phase in a mixture of SDS and polyDADMAC with a similar 

composition to the system studied in this chapter is a potential instability issue in formulations 

(Appendix-Figure A4.2), which may be due to crystallisation of SDS at high concentrations 

(Appendix-Figure A3.3).61 Interestingly, similar hexagonal phases were formed across SDS–

polyDADMAC interfaces regardless of the initial surfactant concentration, suggesting that 

SDS hexagonal phases may be exploited as a SDS micelle-releasing film or within 

formulations to reduce the use of high volumes of water.  
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4.7 Conclusions 

Constraining the mobility of system components across surfactant–polymer interfaces 

was an approach to control the direction and rate of structure formation across the interface 

which was achieved in two ways.  

Firstly, cross-linking of polyacrylate resulted in the diffusion of CTAB molecules into 

the macrogel. A gradient of Pm3n cubic and hexagonal phases were formed across the CTAB–

PA macrogel interface. The rate at which cubic phases transitioned into hexagonal phase was 

significantly influenced by the surfactant concentration gradient existing across the interface 

after initial contact between the oppositely charged components. The phase behaviour 

demonstrated by this system was in agreement with analogous experiments performed by 

Nilsson et al., highlighting the versatility of the methods developed with synchrotron SAXS 

and Raman microscopy for examining the kinetics of structure formation across the interface 

created between other types of materials.  

Secondly, contact of a SDS hexagonal phase with a dilute solution of polyDADMAC 

led to the formation of new hexagonal phases with smaller lattice parameters and coexisting 

micellar phases, which grew predominantly toward the bulk polymer solution. It was 

proposed that the dilution of the hexagonal phase initially existing in the bulk SDS region 

with water triggered the diffusion of SDS micelles across the SDS–polyDADMAC interface to 

interact with the relatively mobile polyDADAMC molecules and the formation of ordered 

structures. Effectively, the mobility of surfactant molecules became less restricted for some 

time until they once again participated in the self-assembly of ordered structures. Therefore, 

the diffusion of SDS micelles across the SDS–polyDADMAC interface was the main rate-

determining step toward the formation of nanostructures. 
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4.9 Appendix 

A4.1 Structural Characterisation of Mesophases Formed Across 

the CTAB–Polyacrylate Macrogel Interface by SAXS 

Line scans were performed at the Australian Synchrotron, collecting SAXS patterns for 

1 s at every 100 µm across the CTAB–PA macrogel interface employing an X-ray beam with 

a wavelength of 0.62 Å (20 keV) and a sample to detector distance of 1533 mm providing a 

q-range between 0.019 < q  < 1.042 Å-1.  

 
  

 

Figure A4.1 Effect of surfactant concentration on the kinetics of mesophase formation across 

the CTAB–PA macrogel interface. The bar charts highlight changes in the distance over which 

mesophases existed across the disk of PA gel after contact with the solution of CTAB. Selected 

SAXS profiles acquired across the CTAB–PA macrogel interface and plots of d-spacings vs. 

Miller indices are provided within the main text of this chapter (Figure 4.3 to Figure 4.6). 
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A4.2 Structural Characterisation of Bulk Aqueous Mixtures of 

SDS and PolyDADMAC by SAXS 

 

 

 
Figure A4.2 SAXS profile of an aqueous mixture comprised of 40 wt% SDS, 5 wt% 

polyDADMAC, and 55 wt% water showing the presence of a lamellar phase. 

 
Figure A4.3 SAXS profile of an aqueous mixture comprised of 20 wt% SDS, 5 wt% 

polyDADMAC, and 75 wt% water showing the presence of a hexagonal phase with a lattice 

parameter of 43.1 Å. 
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5. Toward the Formation of Equilibrium Structures in SDS 

and PolyDADMAC Dispersions  

5.1 Introduction 

Aqueous mixtures of oppositely charged surfactants and polymers have received great 

interest for personal care1-4 and pharmaceutical5-8 applications, where the composition of the 

system is important in controlling the formation of ordered structures in solution. The phase 

behaviour of these systems has been demonstrated to consist of three distinct zones as the 

surfactant concentration is increased at fixed polymer concentrations. At low surfactant 

concentrations, a clear zone exists consisting of free surfactant molecules or micelles in 

solution (zone 1). As the concentration of surfactant is increased, surfactant molecules and/or 

micelles begin to bind with the polymer chains, a point that is termed the critical association 

concentration, which often occurs at least 2-fold lower than the critical micellar 

concentration of the surfactant solution in the absence of polymer.9 When charge equivalence 

is approached, the aggregates begin to lose their colloidal stability due to the absence of 

electrostatic repulsion between the opposite charges, leading to precipitation (zone 2). Usually 

an associative phase separation occurs, where one phase is surfactant and polymer rich, while 

the other aqueous phase consists of simple salts. When the concentration of surfactant is in 

excess, the surfactant molecules adsorb onto the surface of the complexes in solution, 

resulting in charge reversal and resolubilisation of the aggregates (zone 3).10, 11 Therefore, 

careful selection of the surfactant-to-polymer molar charge ratio is useful for tuning the size, 

morphology, and rheology of complexes formed in solution.12-14 However, it is unknown 
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whether the size of the internal structure (lattice parameter) of colloidal dispersions can also 

be influenced by the composition of the system.  

The phase behaviour of dispersions of oppositely charged surfactant and polymer 

systems has been well characterised,10, 12, 13, 15-19 although an emphasis has been on the study 

of factors influencing the colloidal stability of nanoparticles from a formulations perspective. 

Kinetically stable dispersions are known to arise when the surfactant is present at high 

concentrations as the excess surfactant molecules are able to adsorb to the surface of the 

nanoparticles and increase the electrostatic barrier against aggregation.11, 20 Interestingly, the 

addition of nonionic surfactants can often be employed as a means to avoid phase 

separation.21-23 Janiak et al. demonstrated the formation of bicontinuous cubic (Ia3d) or 

normal hexagonal (H1) phases when a nonionic surfactant was introduced to the complex 

salt of poly(acrylic acid) and hexadecyltrimethylammonium hydroxide.24, 25  The order of 

addition and the speed of mixing used to prepare these dispersions can also significantly 

impact the size and stability of colloidal structures where they may often become kinetically 

trapped in a nonequilibrium state.21, 22, 26-29     

Both equilibrium and nonequilibrium nanostructures were found to exist locally 

across SDS–polyDADMAC interfaces as revealed in Chapter 3 and Chapter 4. The diffusivity 

of the surfactant and polymer molecules from their bulk regions and across the interface 

where mesophases formed due to associations between the oppositely charged species were 

the two main rate-limiting steps to achieving equilibrium. Studying the phase behaviour 

across these surfactant–polymer interfaces and in bulk aqueous mixtures at such reasonably 

high concentrations would inevitably result in a slow mixing process which is unfavourable 

for producing equilibrium structures. On the other hand, fewer surfactant and polymer 

molecules present in more dilute solutions would increase the speed of the self-assembly of 
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nanoparticles that more closely represent equilibrium nanostructures. For dilute dispersions, 

it is assumed that the composition within the individual complexes formed is comparable to 

the initial composition of the system and thus can be considered as a homogeneous mixture. 

It is therefore of interest to compare mesophases that are formed in dilute dispersions of SDS 

and polyDADMAC with those arising in concentrated bulk aqueous mixtures, as well as the 

liquid crystalline phases existing across SDS–polyDADMAC interfaces at equivalent global or 

local compositions. It is anticipated that the absolute concentration of components in aqueous 

mixtures of SDS and polyDADMAC at fixed surfactant-to-polymer molar charge ratios will 

influence the global morphology and size of nanostructures formed. Moreover, it is 

hypothesised that the state of equilibrium of structures formed upon mixing of SDS and 

polyDADMAC solutions in dispersions, concentrated mixtures, or across solution interfaces is 

determined by their local composition. 

It is well reported that hexagonal phases often form in systems comprised of SDS and 

polyDADMAC,10, 30-35 however the type of phase, normal or inverse, has not yet been 

explicitly elucidated. Analogous lipid- or glycerate-based liquid crystalline systems often 

form inverse bicontinuous cubic phases or inverse hexagonal phases that when dispersed in 

excess solvent with stabilisers result in cubosomes or hexosomes, respectively, which have 

been proposed to have wide application in drug delivery.36-39  Incorporation of additives such 

as vitamin E acetate,40 capric acid,41 or hexadecane42 into these formulations have 

demonstrated characteristic changes to the typical equilibrium phase behaviour exhibited by 

these inverse mesophases. Hexagonal phase structures formed in dispersions of SDS and 

polyDADMAC have been shown to dissociate upon addition of high concentrations of salt 

solution due to the ‘screening’ of the electrostatic attraction between the oppositely charged 

species, suggesting that the mesophase is of the normal type.11, 34 If hexosomes of the inverse 
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type were present, addition of salt would be expected to lead to swelling of the structure. 

Therefore, the phase behaviour observed in response to addition of ethanol or n-hexadecane 

to dispersions of SDS and polyDADMAC will enable classification of the type of hexagonal 

phase formed in SDS and polyDADMAC systems.  

5.2 Hypotheses and Aims 

Hypothesis 1 

That the lattice parameter of liquid crystalline structures formed in aqueous mixtures of 

SDS and polyDADMAC is influenced by the polyDADMAC-to-SDS molar charge ratio.  

Hypothesis 2 

That the absolute concentration of components in aqueous mixtures of SDS and 

polyDADMAC at a fixed polyDADMAC-to-SDS molar charge ratio influences the global 

morphology and size of nanostructures formed.  

Hypothesis 3 

That the state of equilibrium of structures formed upon mixing of SDS and polyDADMAC 

solutions in dispersions, concentrated mixtures, or across solution interfaces is determined by 

their local composition. 

Hypothesis 4 

That hexagonal phase formed in systems comprised of SDS and polyDADMAC is of the 

normal (type I) phase.  

In order to investigate these hypotheses, the following aims were achieved: 

1. To structurally characterise a series of SDS and polyDADMAC dispersions at varying 

polyDADMAC-to-SDS molar charge ratios. 
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2. To compare the structures identified in SDS and polyDADMAC dispersions with those 

existing in bulk aqueous mixtures and across SDS–polyDADMAC interfaces at the 

same polyDADMAC-to-SDS molar charge ratio.  

3. To identify the type of hexagonal phase formed in aqueous mixtures of SDS and 

polyDADMAC. 

5.3 Materials 

Sodium dodecyl sulphate (SDS, BioXtra, ≥ 99.0 %) and n-hexadecane (ReagentPlus®, 

99 %) were purchased from Sigma-Aldrich (Sydney, Australia). 

Poly(diallyldimethylammonium chloride) (polyDADMAC, Merquat™ 100, molecular weight: 

1.5 x 105 g/mol) was sourced from Nalco Company (Illinois, United States). The commercial 

solution of polyDADMAC obtained contained 53.3 % solid and 46.7 % water (standard 

deviation: ± 0.3 %) as determined by gravimetric analysis (n = 10). Merquat™ 100 was dried 

prior to preparation of polyDADMAC stock solutions to form a waxy solid. 

All materials were used without further purification. Milli-Q grade water purified 

through a Milli-pore system (Billerica, United States) was used throughout the studies.  

5.4 Methods 

5.4.1 Sample Preparation 

Dispersions of SDS and polyDADMAC were prepared by dropwise addition of 5 wt% 

SDS solution to solutions of varying polyDADMAC concentration (0, 1, 2, 5, and 10 wt%) to 

obtain final mixtures with half the concentration of each component in the system. The 

samples were vortex mixed vigorously and centrifuged to ensure the absence of dust or 
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colloidally unstable particles in bulk dispersions. Dynamic light scattering (DLS) 

measurements and cryogenic-transmission electron microscopy (cryo-TEM) images were 

taken of the supernatant of each dispersed sample which were equilibrated for approximately 

24 hr prior to analysis. Samples were identified based on their polyDADMAC-to-SDS molar 

charge ratio, expressed as r = ([polyDADMAC] x charge per polymer molecule)/[SDS].  

To study the influence of certain additives on the hexagonal phase that is often formed 

in systems comprised of SDS and polyDADMAC, ethanol (100 µL) and n-hexadecane (100 

µL) were added into separate wells within a plastic 96-well plate ensuring saturation of a 100 

µL aliquot of sample dispersion (r = 1.8) for subsequent analysis by small angle X-ray 

scattering. 

5.4.2 Characterisation of Mesophases in SDS and PolyDADMAC 

Dispersions 

5.4.2.1 Dynamic Light Scattering  

Size measurements were performed with a Zetasizer Nano-ZS (Malvern Instruments, 

Worcertershire, United Kingdom). A laser power of 4 mW was used at a back scattering angle 

of 173° at room temperature. The bulk surfactant and polymer solutions, as well as the 

aqueous dispersion of SDS and polyDADMAC (r = 0.4) were separately loaded into low 

volume disposable sizing cuvettes (ZEN0112) and measured without further dilution. 

However, it was confirmed that further dilution of the sample did not change the particle size. 

As the dispersed coacervates were observed to be non-spherical under cryo-TEM, the 

apparent size rather than the absolute size measurements were obtained.  
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5.4.2.2 Small Angle X-ray Scattering  

Structural characterisation of the SDS and polyDADMAC dispersions were conducted 

on the SAXS/WAXS beamline at the Australian Synchrotron.43 Briefly, the sample dispersions 

(100 µL) were loaded into a 96-well plate, which was subsequently sealed with a silicone 

elastomer cover to prevent evaporation. A sampling robot equipped with gas-tight syringes 

drew up samples from each well into a quartz capillary (1.5 mm diameter) for analysis. The 

capillary was glued into a stainless steel holder that was mounted into a temperature-

controlled block and connected by HPLC flanged fittings essentially without dead-space. The 

sample was exposed to the beam as it was drawn up and down the capillary to avoid beam 

damage. An X-ray beam with a wavelength of 1.512 Å (8.2 keV) was used, with a sample to 

detector distance of 1651 mm providing a q-range between 0.007 < q < 0.48 Å-1, where q is 

the magnitude of the scattering vector, defined as q = 4π / λ sin(θ/2), λ being the wavelength 

and θ the scattering angle. The two-dimensional SAXS patterns were acquired for 1 s with 1 

s delay between frames, using a Pilatus 1M detector (active area 169 x 179 mm2 with a pixel 

size of 172 µm) and integrated into the one-dimensional scattering function I(q) using the in-

house developed software package ScatterBrain. Water was subtracted as background from 

all SAXS curves. The relative positions of the Bragg peaks allowed for assignment of 

mesophases present.44  

5.4.2.3 Cryogenic-Transmission Electron Microscopy  

Dispersions of SDS and polyDADMAC were visually examined by cryogenic-

transmission electron microscopy (cryo-TEM). Copper grids (200-mesh) coated with 

perforated carbon film (Lacey carbon film: ProSciTech, Queensland, Australia) were glow 

discharged in nitrogen to render them hydrophilic. Aliquots (4 μL) of the sample were pipetted 
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onto each grid prior to plunging into liquid ethane cooled by liquid nitrogen. Frozen grids 

were stored in liquid nitrogen until required. The samples were examined using a Gatan 626 

cryoholder (California, United States) and Tecnai 12 Transmission Electron Microscope 

(Eindhoven, The Netherlands) at an operating voltage of 120 kV. Images were recorded using 

FEI Eagle 4k×4k CCD camera at magnifications ranging from 15 000× to 50 000×. Further 

details have been reported previously.45 

5.5 Results 

5.5.1 Evolution of Nanostructures in Dispersed SDS and 

PolyDADMAC Systems 

In the absence of polymer (r = 0), spherical micelles were present in a 2.5 wt% solution 

of SDS as represented by a broad peak in the SAXS pattern (Figure 5.1). Although micelles are 

too small to resolve on cryo-TEM, the micrographs preclude the presence of larger structures, 

and hence it is assumed that only micelles are logically present (Figure 5.2-A). This was 

expected given that the surfactant concentration was 10-fold greater than the reported 

critical micellar concentration determined by light scattering at 25 °C (~8 mM),46 where the 

reported radius of SDS micelles in literature ranged between 1.6 to 2.1 nm.47 In contrast, 

dynamic light scattering measurements showed no sign of particles formed in a solution of 

0.5 wt% polyDADMAC in the absence of surfactant.  

When these surfactant and polymer solutions were combined at equal volumes (r = 

0.4), larger complexes with a broad size distribution resulted from the interaction of the 

oppositely charged species (Figure 5.3). The SAXS profile showed the initial appearance of a 

small peak at this composition (Figure 5.1). As the concentration of polymer was increased in 
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the sample dispersion (r = 1.8), the first order Bragg peak at q ≈ 0.1701 Å-1 became more 

resolved, grew in intensity, and was shifted slightly toward higher q values, which has not 

been reported previously. At r = 3.6 (Figure 5.1), the SAXS curve showed weak second and 

third order Bragg peaks indicative of a hexagonal phase with a lattice parameter of ~41.8 Å 

(Appendix-Figure A5.1). In addition, the slope in the low q region fits a q-2 relationship, 

indicative of a combination of hexosomes and Gaussian coils formed upon interaction of SDS 

and polyDADMAC.48 The scattering from a 5 wt% polyDADMAC solution in the absence of 

SDS did not show features indicative of coils or hexosomes (Appendix-Figure A5.4).  

 

 

Figure 5.1 SAXS profiles of SDS/polyDADMAC dispersions with increasing polyDADMAC-to-

SDS molar charge ratio, where r = ([polyDADMAC] x charge per polymer molecule)/[SDS]. 

SDS micelles were present at r = 0.0, and structures with a hexagonal lattice, indicated by the 

arrows, appeared as the concentration of polymer increased. The q-2 slope indicates the 

presence of one-dimensional complexes (r = 3.6). 
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Figure 5.2 Cryo-TEM images of SDS/polyDADMAC dispersions with increasing 

polyDADMAC-to-SDS molar charge ratio at a fixed surfactant concentration. Micelles were 

present at 2.5 wt% SDS (A). Arrows indicate the presence of worm-like micelles adsorbed 

onto the elongated hexosomes (B) and the characteristic ‘stripe’ texture exhibited by the 

hexagonal phase (C). Stringy, looped, elongated and textured assemblies with a polydispersed 

size distribution were formed in excess polyDADMAC (D).  
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Cryo-TEM images reinforced the significance of the surfactant and polymer 

composition on the resulting structures in the dispersions. Elongated structures with a 

diameter of around 50 nm decorated with worm-like micelles were observed at r = 0.4 

(Figure 5.1-B).49 The presence of hexosomes at r = 1.8 was confirmed by the appearance of 

fingerprint-like fringes (Figure 5.1-C).10 Networks of elongated structures with a diversity of 

sizes and conformations, as well as hexosomes, existed in samples comprised of higher 

polymer concentration (r = 3.6, Figure 5.2-D and Appendix-Figure A5.2).  

 

5.5.2 Effect of Additives on Nanostructure Phase Behaviour  

In this study, n-hexadecane and ethanol were incorporated into hexosomal 

dispersions of SDS and polyDADMAC (r = 1.8) to evaluate their influence on the phase 

 

Figure 5.3 Formation of a polydispersed mixture of SDS/polyDADMAC complexes upon 

interaction between oppositely charged surfactant (2.5 wt% SDS) and polymer (0.5 wt% 

polyDADMAC) molecules prepared at r = 0.4. The correlation function for this system 

measured by dynamic light scattering is presented in the appendix (Figure A5.3). 
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behaviour of nanostructures formed. The SAXS data indicated a slight shift in the first order 

Bragg peak of the hexagonal phase to a lower q value upon saturation with n-hexadecane 

(Figure 5.4-top). In comparison, saturation of the dispersion of SDS and polyDADMAC with 

ethanol (r = 1.8) led to the disappearance of the Bragg reflection of the hexagonal phase 

(Figure 5.4-bottom). An increase in intensity at low q was due to the presence of large particles 

and a correlation peak at q  ≈ 0.2 Å-1 was also observed.  

 

 

Figure 5.4 SAXS profiles demonstrating the effect of introducing n-hexadecane (+HD) or 

ethanol (+EtOH) on the equilibrium nanostructure formed in the SDS/polyDADMAC 

dispersion at r = 1.8. The dashed line acts as a guide to signify any shift in the q position of 

the first order Bragg peak of the hexagonal phase formed.  
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5.6 Discussion 

5.6.1 Effect of the PolyDADMAC-to-SDS Molar Charge Ratio on 

the Lattice Parameter of Hexagonal Phases Formed in 

SDS/PolyDADMAC Mixtures  

It is well known that the surfactant-to-polymer molar charge ratio significantly 

influences the size, zeta-potential, morphology, rheology, and colloidal stability of structures 

formed in dispersions of oppositely charged surfactants and polymers. Here, SAXS profiles 

and cryo-TEM images revealed an evolution of structures existing in dispersions of SDS and 

polyDADMAC with varying composition, which were in agreement with previous reports. 

Nizri et al. also demonstrated the progression of nanoparticles from spherical micelles, to 

lace-like aggregates, and to hexosomes with thread-like micelles attached to their surfaces 

with increasing polyDADMAC-to-SDS molar charge ratio.10  

The hexagonal structures formed in these mixtures have been described as SDS rod-

like micelles ‘bridged’ between or ‘decorated’ with chains of polyDADMAC.10, 50 A slight shift 

of the first Bragg peak of the hexagonal structure toward lower q values in the SAXS curves 

indicates that the lattice parameter of the mesophase increased with increasing SDS 

concentration. These findings can be supported by the results given by Pojja ́k et al., where the 

mean size of complexes formed in mixtures consisting of the cationic surfactant, 

cetyltrimethylammonium chloride, and the anionic polymer, poly(styrenesulphonate) 

decreased with increasing surfactant concentration.51 Higher concentrations of SDS and 

polyDADMAC led to an increase in the ionic strength of the system and an increase in the 

repulsive forces between the oppositely charged species. Therefore, the SDS rod-like micelles 

and polyDADMAC chains become loosely associated, which accounts for the increase in the 
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lattice parameter, and subsequent transition from relatively large hexosomes to smaller 

micellar aggregates. Kong et al. reported a significant decrease in the viscosity of SDS and 

polyDADMAC mixtures in this composition range due to the expansion of the polymer chains 

in solution.9 There have been some occurrences where the size of globular particles suddenly 

increases at higher surfactants concentrations due to aggregation of micelles.10, 50 However, 

monodispersed spherical nanoparticles are often formed when the molar concentration of the 

surfactant is in excess, such as those existing in dispersions of poly(ethylene oxide)-block-

polymethacrylate anions and N-alkylpyridinium cations.14 

In summary, the surfactant-to-polymer molar charge ratio not only plays an 

important role in controlling the size, morphology, and rheology of complexes formed in 

dispersions of oppositely charged surfactants and polymers, but also the lattice parameter of 

the mesophases formed. Thus, finer tuning of the structural attributes of such systems can be 

achieved.    

 5.6.2 The Importance of the Absolute Concentration in 

Determining the Global Morphology of Mesophases 

Formed in SDS/PolyDADMAC Mixtures  

The absolute concentrations of oppositely charged surfactant and polymer in aqueous 

mixtures of such systems have important implications in the overall structures existing in the 

bulk.  Trabelsi et al. demonstrated that the size of the Pm3n cubic phase structure of complexes 

formed in dispersions of dodecyltrimethylammonium bromide and carboxymethylcellulose 

was not influenced by the concentration regime studied.15 Although the global morphology 

of the mixtures differed, the internal structure present at low and high polymer 

concentrations remained unchanged. Contrary to their findings, the lattice parameter of 
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hexagonal phases formed in more concentrated SDS and polyDADMAC systems was 

influenced by the polyDADMAC-to-SDS molar charge ratio (Figure 5.5).   

 
At fixed polyDADMAC concentrations, the lattice parameter of hexagonal phase 

structures increased with increasing SDS concentration (r << 1). The same explanation can 

be given to this phase behaviour, where an increase in the ionic strength of the system 

introduced greater repulsive forces between the charged species leading to mesophases with 

large internal dimensions (Figure 5.5). This trend was also observed for the dispersions of SDS 

and polyDADMAC, however the global morphology displayed by the mixtures differed greatly 

between the concentration regimes studied. In dilute conditions, it is not surprising that 

hexosomes coexisted with micelles in solution when SDS was in excess as the concentration 

of SDS was within the micellar phase region existing in the SDS/water binary phase diagram 

 

Figure 5.5 Effect of the molar charge ratio on the lattice parameter of hexagonal phase 

structures formed in concentrated mixtures of SDS and polyDADMAC, where r = 

([polyDADMAC] x charge per polymer molecule)/[SDS]. Reproduced from Figure 3.3-A. 
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at room temperature.52 On the other hand, at higher absolute concentrations where SDS was 

in excess only hexagonal phase was present. In addition to the effect ionic strength has on the 

lattice parameter of the mesophases formed, it appears that the hexagonal phase structure 

formed upon interactions between SDS and polyDADMAC becomes closer in resemblance to 

that of the hexagonal phase structures that are known to form at higher SDS concentrations 

in the absence of polymer.30, 52 Findings from Chapter 2 demonstrated an approximate linear 

decrease in the lattice parameter of the hexagonal phase from ~55 Å to ~45 Å with increasing 

surfactant concentration from 35 wt% to 58 wt% SDS (Figure 2.10-B), which further supports 

the theory that hexagonal phases formed in concentrated mixtures of SDS and polyDADMAC 

behave more like an SDS/water binary system as the composition deviates from charge 

neutrality. 

Likewise at fixed SDS concentrations, the lattice parameter of hexagonal phases 

increased with increasing polyDADMAC concentration. The concentration range over which 

polymer was in excess comprised of coexisting micellar and hexagonal phases. Again, an 

increase in the ionic strength within the system most probably would have led to the reduction 

in the degree of order in the packing of SDS micelles and polyDADMAC chains within a 

hexagonal lattice, and subsequently the dissociation and release of SDS micelles into the bulk 

solution. A further increase in the polymer concentration (> 20 wt% polyDADMAC) would 

have caused a complete loss of electrostatic interactions between the oppositely charged 

species resulting in an aqueous mixture comprised most likely of free micelles and polymer 

coils (Figure 3.2-A). An alternative explanation could be that the increased inherent viscosity 

of the mixture upon addition of a low molar concentration of SDS into a concentrated solution 

of polyDADMAC12 may have retarded the diffusivity of the charged species through the bulk 
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mixture, preventing associations between the oppositely charged molecules and the self-

assembly of ordered structures in solution aside from SDS micelles.  

A direct comparison can also be made between mixtures comprising of SDS and 

polyDADMAC at the same polyDADMAC-to-SDS molar charge ratio prepared in both the 

dilute and concentrated regimes. For example, coexisting micellar and hexagonal phases were 

formed at r ≈ 1.8, where the lattice parameter of the hexagonal phase was found to decrease 

as the system became more dilute. Specifically, the internal dimensions of the hexagonal 

phases were measured as ~45 Å (Figure 5.5), ~43.5 Å (Figure 5.5), and ~41.8 Å (Appendix-

Figure A5.1) in systems comprised of 20 wt%, 10 wt%, and 2.5 wt% SDS, respectively. These 

findings indicate that more compact nanostructures are formed with dilute concentrations of 

SDS and polyDADMAC. 

In summary, the absolute molar concentrations of SDS and polyDADMAC in aqueous 

mixtures of such systems significantly influence the internal dimensions of nanostructures 

formed, as well as the overall morphology of the bulk mixture. 

5.6.3 Understanding the Relationship Between the Local 

Composition and the Existence of Equilibrium Structures 

in Surfactant/Polymer Mixtures  

 The existence of kinetically trapped electrostatically stable nonequilibrium structures 

has been acknowledged in mixtures of oppositely charged surfactant and polymer systems.28, 

51, 53-55 Some efforts have been made to compare the phase behaviour within bulk solution 

and at the air–water interface. In particular, Campbell et al. performed surface tension 

measurements and employed neutron reflectometry to study the interfacial properties and 

morphologies of adsorbed layers, respectively, formed at the air–water interface and the bulk 
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solution of SDS and polyDADMAC mixtures.54 Addition of polyDADMAC to a low 

concentration solution of SDS resulted in a decrease in the surface tension due to the self-

assembly of different interfacial morphologies, namely thick layers of complexes and a 

compact layer.54 For freshly mixed samples, the composition within the interfacial layers 

remained constant, however it was found to change in the bulk solution.54 Aged samples that 

where left to ‘equilibrate’ for three days became transparent due to the sedimentation of the 

precipitate formed at compositions close to charge equivalence.54 These particles were found 

to contain kinetically trapped structures due to concentration gradients created during the 

initial mixing process.54 Release of surface active material upon inversion of these samples 

reversed the effects of equilibration, therefore demonstrates the nonequilibrium nature of the 

SDS and polyDADMAC system studied.54    

A week after initial contact between solutions of 20 wt% SDS and 20 wt% 

polyDADMAC, a gradient of mesophases were formed across the SDS–polyDADMAC 

interface, where the lattice parameter of hexagonal phases differed significantly depending 

on the local composition. Notably, two regions comprised of coexisting micellar and 

hexagonal phases existed in the middle of a region where only hexagonal phase was present 

(Figure 3.6). Interestingly, an apparent equilibrium hexagonal phase with a lattice parameter 

of as low as ~42 Å appeared across the SDS–polyDADMAC interface within 2 hr from initial 

contact between the two solutions (Figure 3.6 and Figure 3.9). These structural attributes 

closely resembled those of the hexosomes formed in the dispersed systems studied in this 

chapter, suggesting that apparent equilibrium hexagonal phases may form instantaneously 

upon mixing of SDS and polyDADMAC solutions regardless of the initial composition of the 

system. The diffusivity of the remaining molecules in solution that have yet to form 

interactions with the oppositely charged species after this stage will therefore influence the 
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structures existing globally within the system and the existence of nonequilibrium structures. 

This was supported by the average value of the lattice parameter of hexagonal phases formed 

locally across the SDS–polyDADMAC interface (~43 Å, Figure 3.7) being very similar to the 

lattice parameter of the hexagonal phase coexisting with SDS micelles in the equivalent bulk 

aqueous mixture (~43.5 Å, Appendix-Figure A3.2). The study of the phase behaviour across 

the SDS–polyDADMAC interface thus presents a new approach for predicting the 

nanostructures that will exist in bulk mixtures that may or may not reach true equilibrium.   

In summary, hexagonal phases that are apparently at equilibrium can form 

spontaneously upon mixing of SDS and polyDADMAC solutions irrespective of the initial 

polymer-to-surfactant molar charge ratio in the system. 

5.6.4 Formation of Normal Hexagonal (H1) Phase in SDS and 

PolyDADMAC Systems  

Hexagonal phases are known to form in systems of SDS and polyDADMAC,10, 30-35 

however the type of phase formed, normal or inverse, has not been established yet. Small angle 

X-ray scattering is unable to directly differentiate a H1 phase from a H2 phase, however the 

type of hexagonal phase can be determined by studying the phase transition exhibited by the 

system upon incorporation of additives, such as alkanes or alcohols.  

Upon addition of n-hexadecane, a shift in the first order Bragg peak of the hexagonal 

phase formed in the dispersion of SDS and polyDADMAC prepared at r = 1.8 to a lower q 

value resulted from the swelling of the internal dimensions within the ordered lattice. 

Similarly, Bernardes et al. demonstrated an increase in the lattice parameter of hexagonal 

phase formed in aqueous mixtures of the complex salt, CTAPA, due to incorporation of alkanes 

within the surfactant aggregates.56 This phase behaviour is characteristic of the normal ‘type 
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1’ hexagonal (H1) phase as described by its critical packing parameter, a model for 

understanding the correlation between geometry of the molecules and the resulting 

structure.57 For inverse phases, the addition of increasing concentrations of hexadecane is 

expected to shift the peak to higher q values, thereby reducing the lattice parameter.42  

The hexosomes existing in dispersions of SDS and polyDADMAC at r = 1.8 were 

destroyed upon addition of ethanol to the system. Ethanol has been found to interact 

preferably with the hydrophilic head groups of the structure, resulting in an increase in the 

critical packing parameter which favours a decrease in curvature.58-60 Bernardes et al. 

described this as a ‘co-solvent effect’ where the reduced miscibility of the alcohol in water 

leads to formation of disordered structures.60 Baglioni et al. described a similar effect 

exhibited by alcohols on the structural integrity of micelles. It was reported that the degree to 

which the alcohol molecule could penetrate the micellar interface and disrupt the packing of 

the surfactant molecules to induce dissociation of micelles in solution was dependent upon its 

chain length.61 This could explain why the hexosomes may alternatively transition into an 

intermediate phase comprised of lamellar structures rather than breaking down into micellar 

aggregates after addition of ethanol.  

The phase behaviour demonstrated by hexosomes formed in SDS and polyDADMAC 

dispersions upon introduction of additives indicate that these structures are H1 phases. 

5.6.5 Implications for Use as Bioactive Delivery Systems 

Hexosomes have become an interesting vehicle for the solubilisation, encapsulation, 

and transportation of a range of active pharmaceutical compounds. Dispersions of inverse 

hexagonal (H2) phase have been shown to enhance the permeation of drug through the skin 

for transdermal, dermal, and transmucosal delivery,62 and remain stable under sink 
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conditions.38 However, in order to produce hexosomes comprised of an inverse hexagonal 

phase, an emulsification process is often involved, which requires a high input of energy and 

the addition of stabilisers, such as Pluronic® F127.63 These are major limitations associated 

with the scale-up manufacturing of dispersed liquid crystalline formulations. In contrast, the 

mixing of dilute solutions of SDS and polyDADMAC results in the self-assembly of H1 phase 

particles in water with no input of energy and the resulting dispersion is kinetically stable 

upon dilution. These properties make them potentially cost-effective and advantageous for 

the delivery of drugs, in particular for active ingredients that are sensitive to shear force or 

high energy input. Additionally, an appealing example of a delivery system would be 

incorporating charged cargo within or as a component of the self-assembled nanostructures, 

where the mesophase can be tailored to be responsive to certain stimuli, such as changes in 

temperature,64 salt concentration,7, 34 or solution pH65-67 and trigger drug release.  

5.7 Conclusions 

This chapter has highlighted the significance of the absolute molar concentration and 

ionic strength in aqueous mixtures of SDS and polyDADMAC systems in the formation of 

nanostructures that are apparently at equilibrium or become kinetically trapped in 

nonequilibrium states. In addition, SDS and polyDADMAC mixtures prepared at fixed 

polyDADMAC-to-SDS molar charge ratios can yield similar mesophases, but exhibit different 

lattice parameters and global morphologies.   

The hexosomes arising in the dispersions of SDS and polyDADMAC were established 

to be of the normal ‘type I’ phase. Moreover, employing additives, such as n-hexadecane and 

ethanol to study the loading of guest molecules provide a means of manipulating the liquid 

crystalline structures formed in oppositely charged surfactant and polymer systems. 



Chapter 5 - Toward the Formation of Equilibrium Structures in SDS and PolyDADMAC 
Dispersions  

   216 
  

5.8 References 

1. Clauzel, M.; Johnson, E. S.; Nylander, T.; Panandiker, R. K.; Sivik, M. R.; Piculell, L., 
Surface Deposition and Phase Behavior of Oppositely Charged Polyion–Surfactant Ion 
Complexes. Delivery of Silicone Oil Emulsions to Hydrophobic and Hydrophilic 
Surfaces. ACS Appl. Mater. Interfaces. 2011, 3, 2451-2462. 

2. Svensson, A. V.; Johnson, E. S.; Nylander, T.; Piculell, L., Surface Deposition and Phase 
Behavior of Oppositely Charged Polyion−Surfactant Ion Complexes. 2. A Means to 
Deliver Silicone Oil to Hydrophilic Surfaces. ACS Appl. Mater. Interfaces. 2010, 2, 
143-156. 

3. Wilgus, L. A.; Davis, K.; Labeaud, L.; Gandolfi, L.; Lochhead, R. Y., A Study of the 
Distribution of Polymer/Surfactant Coacervate between Solution and Foam in 
Archetypal Shampoo Systems. J. Cosmet. Sci. . 2011, 62, 179-189. 

4. Desbrieres, J.; Bousquet, C.; Babak, V., Surfactant-Chitosan Interactions and 
Application to Emulsion Stabilization. Cellul. Chem. Technol. 2010, 44, 395-406. 

5. Bronich, T. K.; Nehls, A.; Eisenberg, A.; Kabanov, V. A.; Kabanov, A. V., Novel Drug 
Delivery Systems Based on the Complexes of Block Ionomers and Surfactants of 
Opposite Charge. Colloids Surf., B. 1999, 16, 243-251. 

6. Amar-Yuli, I.; Adamcik, J.; Blau, S.; Aserin, A.; Garti, N.; Mezzenga, R., Controlled 
Embedment and Release of DNA from Lipidic Reverse Columnar Hexagonal 
Mesophases. Soft Matter. 2011, 7, 8162-8168. 

7. Morán, M. C.; Miguel, M. G.; Lindman, B., Surfactant−DNA Gel Particles: Formation 
and Release Characteristics. Biomacromolecules. 2007, 8, 3886-3892. 

8. Takka, S.; Çali, A. G., Bile Salt-Reinforced Alginate-Chitosan Beads. Pharm. Dev. 
Technol. 2012, 17, 23-29. 

9. Kong, L.; Cao, M.; Hai, M., Investigation on the Interaction between Sodium Dodecyl 
Sulfate and Cationic Polymer by Dynamic Light Scattering, Rheological, and 
Conductivity Measurements. J. Chem. Eng. Data. 2007, 52, 721-726. 



Chapter 5 - Toward the Formation of Equilibrium Structures in SDS and PolyDADMAC 
Dispersions  

   217 
  

10. Nizri, G.; Magdassi, S.; Schmidt, J.; Cohen, Y.; Talmon, Y., Microstructural 
Characterisation of Micro- and Nanoparticles Formed by Polymer−Surfactant 
Interactions. Langmuir. 2004, 20, 4380-4385. 

11. Abraham, A.; Mezei, A.; Meszaros, R., The Effect of Salt on the Association Between 
Linear Cationic Polyelectrolytes and Sodium Dodecyl Sulfate. Soft Matter. 2009, 5, 
3718-3726. 

12. Mukherjee, S.; Dan, A.; Bhattacharya, S. C.; Panda, A. K.; Moulik, S. P., Physicochemistry 
of Interaction between the Cationic Polymer Poly(diallyldimethylammonium chloride) 
and the Anionic Surfactants Sodium Dodecyl Sulfate, Sodium 
Dodecylbenzenesulfonate, and Sodium N-Dodecanoylsarcosinate in Water and 
Isopropyl Alcohol−Water Media. Langmuir. 2011, 27, 5222-5233. 

13. Nizri, G.; Makarsky, A.; Magdassi, S.; Talmon, Y., Nanostructures Formed by Self-
Assembly of Negatively Charged Polymer and Cationic Surfactants. Langmuir. 2009, 
25, 1980-1985. 

14. Bronich, T. K.; Kabanov, A. V.; Kabanov, V. A.; Yu, K.; Eisenberg, A., Soluble Complexes 
from Poly(ethylene oxide)-block-polymethacrylate Anions and N-Alkylpyridinium 
Cations. Macromolecules. 1997, 30, 3519-3525. 

15. Trabelsi, S.; Guillot, S.; Ritacco, H.; Boué, F.; Langevin, D., Nanostructures of Colloidal 
Complexes Formed in Oppositely Charged Polyelectrolyte/Surfactant Dilute Aqueous 
Solutions. Eur. Phys. J. E. 2007, 23, 305-311. 

16. Kabanov, A. V.; Bronich, T. K.; Kabanov, V. A.; Yu, K.; Eisenberg, A., Spontaneous 
Formation of Vesicles from Complexes of Block Ionomers and Surfactants. J. Am. Chem. 
Soc. 1998, 120, 9941-9942. 

17. Percebom, A. M.; Bernardes, J. S.; Loh, W., Complex Salts Formed by Anionic 
Copolymers with Hexadecyltrimethylammonium: Phase Equilibrium and Structural 
Characterisation using SAXS. AIP Conf. Proc. 2009, 1092, 173-175. 

18. Percebom, A. M.; Piculell, L.; Loh, W., Polyion–Surfactant Ion Complex Salts Formed by 
a Random Anionic Copolyacid at Different Molar Ratios of Cationic Surfactant: Phase 
Behavior with Water and n-Alcohols. J. Phys. Chem. B. 2012, 116, 2376-2384. 



Chapter 5 - Toward the Formation of Equilibrium Structures in SDS and PolyDADMAC 
Dispersions  

   218 
  

19. Percebom, A. M.; Janiak, J.; Schillen, K.; Piculell, L.; Loh, W., Micellization of Water-
Soluble Complex Salts of an Ionic Surfactant with Hairy Polymeric Counterions. Soft 
Matter. 2013, 9, 515-526. 

20. Mezei, A. l.; A ́braha ́m, A. g.; Pojja ́k, K.; Me ́sza ́ros, R. b., The Impact of Electrolyte on the 
Aggregation of the Complexes of Hyperbranched Poly(ethyleneimine) and Sodium 
Dodecyl Sulfate. Langmuir. 2009, 25, 7304-7312. 

21. Fegyver, E.; Meszaros, R., Fine-Tuning the Nonequilibrium Behavior of Oppositely 
Charged Macromolecule/Surfactant Mixtures via the Addition of Nonionic 
Amphiphiles. Langmuir. 2014. 

22. Pojják, K.; Mészáros, R., Novel Self-Assemblies of Oppositely Charged Polyelectrolytes 
and Surfactants in the Presence of Neutral Polymer. Langmuir. 2009, 25, 13336-
13339. 

23. Percebom, A. M.; Barbosa, L. R. S.; Itri, R.; Loh, W., How Does the Ethoxylated Grafting 
of Polyelectrolytes Affect the Self-Assembly of Polyanion–Cationic Surfactant Complex 
Salts? Langmuir. 2014. 

24. Janiak, J.; Tomšič, M.; Lundberg, D.; Olofsson, G.; Piculell, L.; Schillén, K., Soluble 
Aggregates in Aqueous Solutions of Polyion–Surfactant Ion Complex Salts and a 
Nonionic Surfactant. J. Phys. Chem. B. 2014. 

25. Janiak, J.; Bayati, S.; Galantini, L.; Pavel, N. V.; Schillén, K., Nanoparticles with a 
Bicontinuous Cubic Internal Structure Formed by Cationic and Non-Ionic Surfactants 
and an Anionic Polyelectrolyte. Langmuir. 2012, 28, 16536-16546. 

26. Mezei, A.; Mészáros, R.; Varga, I.; Gilányi, T., Effect of Mixing on the Formation of 
Complexes of Hyperbranched Cationic Polyelectrolytes and Anionic Surfactants. 
Langmuir. 2007, 23, 4237-4247. 

27. Mezei, A. l.; Pojja ́k, K.; Mésza ́ros, R. b., Nonequilibrium Features of the Association 
between Poly(vinylamine) and Sodium Dodecyl Sulfate: The Validity of the Colloid 
Dispersion Concept. J. Phys. Chem. B. 2008, 112, 9693-9699. 

28. Naderi, A.; Claesson, P. M.; Bergström, M.; Dėdinaitė, A., Trapped Non-Equilibrium 
States in Aqueous Solutions of Oppositely Charged Polyelectrolytes and Surfactants: 



Chapter 5 - Toward the Formation of Equilibrium Structures in SDS and PolyDADMAC 
Dispersions  

   219 
  

Effects of Mixing Protocol and Salt Concentration. Colloids and Surfaces A: 
Physicochem. Eng. Aspects. 2005, 253, 83-93. 

29. Naderi, A.; Claesson, P. M., Association between Poly(vinylamine) and Sodium Dodecyl 
Sulfate: Effects of Mixing Protocol, Blending Procedure, and Salt Concentration. J. 
Dispersion Sci. Technol. 2005, 26, 329-340. 

30. Yeh, F.; Sokolov, E. L.; Khokhlov, A. R.; Chu, B., Nanoscale Supramolecular Structures 
in the Gels of Poly(diallyldimethylammonium chloride) Interacting with Sodium 
Dodecyl Sulfate. J. Am. Chem. Soc. 1996, 118, 6615-6618. 

31. Sokolov, E. L.; Yeh, F.; Khokhlov, A.; Chu, B., Nanoscale Supramolecular Ordering in 
Gel−Surfactant Complexes:  Sodium Alkyl Sulfates in Poly(diallyldimethylammonium 
chloride). Langmuir. 1996, 12, 6229-6234. 

32. Sokolov, E.; Yeh, F.; Khokhlov, A.; Grinberg, V. Y.; Chu, B., Nanostructure Formation in 
Polyelectrolyte−Surfactant Complexes. J. Phys. Chem. B. 1998, 102, 7091-7098. 

33. Chu, B.; Yeh, F.; Sokolov, E. L.; Starodoubtsev, S. G.; Khokhlov, A. R., Interaction of 
Slightly Cross-Linked Gels of Poly(diallyldimethylammonium chloride) with 
Surfactants. Macromolecules. 1995, 28, 8447-8449. 

34. Mironov, A. V.; Starodoubtsev, S. G.; Khokhlov, A. R.; Dembo, A. T.; Dembo, K. A., Effect 
of Chemical Nature of 1,1-Salt on Structure of Polyelectrolyte Gel−Surfactant 
Complexes. J. Phys. Chem. B. 2001, 105, 5612-5617. 

35. Zhou, S.; Yeh, F.; Burger, C.; Chu, B., Highly Ordered Supramolecular Structures From 
Self-Assembly of Ionic Surfactants in Oppositely Charged Polyelectrolyte Gels. In 
Scattering from polymers, American Chemical Society: 1999; Vol. 739, pp 244-260. 

36. Mulet, X.; Kennedy, D. F.; Conn, C. E.; Hawley, A.; Drummond, C. J., High Throughput 
Preparation and Characterisation of Amphiphilic Nanostructured Nanoparticulate 
Drug Delivery Vehicles. Int. J. Pharm. 2010, 395, 290-297. 

37. Nguyen, T.-H.; Hanley, T.; Porter, C. H.; Boyd, B., Nanostructured Reverse Hexagonal 
Liquid Crystals Sustain Plasma Concentrations for a Poorly Water-Soluble Drug after 
Oral Administration. Drug Deliv. and Transl. Res. 2011, 1, 429-438. 



Chapter 5 - Toward the Formation of Equilibrium Structures in SDS and PolyDADMAC 
Dispersions  

   220 
  

38. Boyd, B. J.; Whittaker, D. V.; Khoo, S.-M.; Davey, G., Hexosomes Formed from Glycerate 
Surfactants—Formulation as a Colloidal Carrier for Irinotecan. Int. J. Pharm. 2006, 
318, 154-162. 

39. Fong, C.; Krodkiewska, I.; Wells, D.; Boyd, B. J.; Booth, J.; Bhargava, S.; McDowall, A.; 
Hartley, P. G., Submicron Dispersions of Hexosomes Based on Novel Glycerate 
Surfactants. Aust. J. Chem. 2005, 58, 683-687. 

40. Dong, Y.-D.; Larson, I.; Hanley, T.; Boyd, B. J., Bulk and Dispersed Aqueous Phase 
Behavior of Phytantriol:  Effect of Vitamin E Acetate and F127 Polymer on Liquid 
Crystal Nanostructure. Langmuir. 2006, 22, 9512-9518. 

41. Tran, N.; Mulet, X.; Hawley, A. M.; Conn, C. E.; Zhai, J.; Waddington, L. J.; Drummond, 
C. J., First Direct Observation of Stable Internally Ordered Janus Nanoparticles Created 
by Lipid Self-Assembly. Nano Lett. 2015, 15, 4229-4233. 

42. Phan, S.; Fong, W.-K.; Kirby, N.; Hanley, T.; Boyd, B. J., Evaluating the Link Between 
Self-Assembled Mesophase Structure and Drug Release. Int. J. Pharm. 2011, 421, 176-
182. 

43. Kirby, N. M.; Mudie, S. T.; Hawley, A. M.; Cookson, D. J.; Mertens, H. D. T.; Cowieson, 
N.; Samardzic-Boban, V., A Low-Background-Intensity Focusing Small-Angle X-ray 
Scattering Undulator Beamline. J Appl. Crystallogr. 2013, 46, 1670-1680. 

44. Hyde, S., Chapter 16- Identification of Lyotropic Liquid Crystalline Mesophases. In 
Handbook of Applied Surface and Colloid Chemistry, Holmberg, K., Ed. John Wiley & 
Sons, Ltd: 2001 pp 299-332. 

45. Phan, S.; Hawley, A.; Mulet, X.; Waddington, L.; Prestidge, C.; Boyd, B., Structural 
Aspects of Digestion of Medium Chain Triglycerides Studied in Real Time using sSAXS 
and Cryo-TEM. Pharm. Res. 2013, 30, 3088-3100. 

46. Williams, R. J.; Phillips, J. N.; Mysels, K. J., The Critical Micelle Concentration of Sodium 
Lauryl Sulphate at 25°C. Trans. Faraday Soc. 1955, 51, 728-737. 

47. Bruce, C. D.; Berkowitz, M. L.; Perera, L.; Forbes, M. D. E., Molecular Dynamics 
Simulation of Sodium Dodecyl Sulfate Micelle in Water:  Micellar Structural 
Characteristics and Counterion Distribution. J. Phys. Chem. B. 2002, 106, 3788-3793. 



Chapter 5 - Toward the Formation of Equilibrium Structures in SDS and PolyDADMAC 
Dispersions  

   221 
  

48. Arrighi, V.; Higgins, J. S., Structural Investigation of Polymers by Neutron Scattering. 
Plast, Rubber Compos. 2004, 33, 313-330. 

49. Bernheim-Groswasser, A.; Zana, R.; Talmon, Y., Sphere-to-Cylinder Transition in 
Aqueous Micellar Solution of a Dimeric (Gemini) Surfactant. J. Phys. Chem. B. 2000, 
104, 4005-4009. 

50. Hoffmann, I.; Heunemann, P.; Pre ́vost, S.; Schweins, R.; Wagner, N. J.; Gradzielski, M., 
Self-Aggregation of Mixtures of Oppositely Charged Polyelectrolytes and Surfactants 
Studied by Rheology, Dynamic Light Scattering and Small-Angle Neutron Scattering. 
Langmuir. 2011, 27, 4386-4396. 

51. Pojja ́k, K.; Bertalanits, E.; Me ́sza ́ros, R., Effect of Salt on the Equilibrium and 
Nonequilibrium Features of Polyelectrolyte/Surfactant Association. Langmuir. 2011, 
27, 9139-9147. 

52. Kékicheff, P.; Grabielle-Madelmont, C.; Ollivon, M., Phase Diagram of Sodium Dodecyl 
Sulfate-Water System. J. Colloid Interface Sci. 1989, 131, 112-132. 

53. Dedinaite, A.; Claesson, P. M.; Bergström, M., Polyelectrolyte−Surfactant Layers:  
Adsorption of Preformed Aggregates versus Adsorption of Surfactant to Preadsorbed 
Polyelectrolyte. Langmuir. 2000, 16, 5257-5266. 

54. Campbell, R. A.; Yanez Arteta, M.; Angus-Smyth, A.; Nylander, T.; Varga, I., Effects of 
Bulk Colloidal Stability on Adsorption Layers of Poly(diallyldimethylammonium 
chloride)/Sodium Dodecyl Sulfate at the Air–Water Interface Studied by Neutron 
Reflectometry. J. Phys. Chem. B. 2011, 115, 15202-15213. 

55. Braem, A. D.; Biggs, S.; Prieve, D. C.; Tilton, R. D., Control of Persistent Nonequilibrium 
Adsorbed Polymer Layer Structure by Transient Exposure to Surfactants. Langmuir. 
2003, 19, 2736-2744. 

56. Bernardes, J. S.; Norrman, J.; Piculell, L.; Loh, W., Complex Polyion−Surfactant Ion Salts 
in Equilibrium with Water:  Changing Aggregate Shape and Size by Adding Oil. J. Phys. 
Chem. B. 2006, 110, 23433-23442. 

57. Israelachvili, J. N.; Mitchell, D. J.; Ninham, B. W., Theory of Self-Assembly of 
Hydrocarbon Amphiphiles into Micelles and Bilayers. J. Chem. Soc., Faraday Trans. 2. 
1976, 72, 1525-1568. 



Chapter 5 - Toward the Formation of Equilibrium Structures in SDS and PolyDADMAC 
Dispersions  

   222 
  

58. de Campo, L.; Yaghmur, A.; Garti, N.; Leser, M. E.; Folmer, B.; Glatter, O., Five-
Component Food-Grade Microemulsions: Structural Characterization by SANS. J. 
Colloid Interface Sci. 2004, 274, 251-267. 

59. Alam, M. M., The Effect of Ethanol on the Phase Behaviour and Micro-Rheology of 
Liquid Crystals. Liq. Cryst. 2012, 39, 1427-1434. 

60. Bernardes, J. S.; Piculell, L.; Loh, W., Self-Assembly of Polyion–Surfactant Ion Complex 
Salts in Mixtures with Water and n-Alcohols. J. Phys. Chem. B. 2011, 115, 9050-9058. 

61. Baglioni, P.; Kevan, L., Structural Effects of Alcohol Addition to Sodium Dodecyl Sulfate 
Micelles Studied by Electron Spin-Echo Modulation of 5-Doxylstearic Acid Spin Probe. 
J. Phys. Chem. 1987, 91, 1516-1518. 

62. Lopes, L.; Ferreira, D.; de Paula, D.; Garcia, M. T.; Thomazini, J.; Fantini, M. A.; Bentley, 
M. V. B., Reverse Hexagonal Phase Nanodispersion of Monoolein and Oleic Acid for 
Topical Delivery of Peptides: in Vitro and in Vivo Skin Penetration of Cyclosporin A. 
Pharm Res. 2006, 23, 1332-1342. 

63. Yaghmur, A.; de Campo, L.; Sagalowicz, L.; Leser, M. E.; Glatter, O., Emulsified 
Microemulsions and Oil-Containing Liquid Crystalline Phases. Langmuir. 2004, 21, 
569-577. 

64. Fong, W.-K.; Hanley, T.; Boyd, B. J., Stimuli Responsive Liquid Crystals Provide 'On-
Demand' Drug Delivery In Vitro and In Vivo. J. Controlled Release. 2009, 135, 218-
226. 

65. Salentinig, S.; Tangso, K. J.; Hawley, A.; Boyd, B. J., pH-Driven Colloidal 
Transformations Based on the Vasoactive Drug Nicergoline. Langmuir. 2014, 30, 
14776-14781. 

66. Salentinig, S.; Phan, S.; Darwish, T. A.; Kirby, N.; Boyd, B. J.; Gilbert, E. P., pH-responsive 
Micelles Based on Caprylic Acid. Langmuir. 2014, 30, 7296-7303. 

67. Negrini, R.; Fong, W.-K.; Boyd, B. J.; Mezzenga, R., pH-responsive Lyotropic Liquid 
Crystals and Their Potential Therapeutic Role in Cancer Treatment. Chem. Commun. 
2015, 51, 6671-6674. 

  



Chapter 5 - Toward the Formation of Equilibrium Structures in SDS and PolyDADMAC 
Dispersions  

   223 
  

5.9 Appendix 

 

 

 
Figure A5.1 SAXS profile of a dilute aqueous mixture of SDS and polyDADMAC prepared at 

r = 3.6 (A) which was indexed as hexagonal phase (B).    

 

 

Figure A5.2 Cryo-TEM images of dispersed mixtures of SDS and polyDADMAC at r = 3.6 

displaying stringy, looped, elongated, and textured assemblies with a polydispersed size 

distribution (A). Arrows indicate the characteristic ‘stripe’ texture exhibited by the hexagonal 

phase (B). 
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Figure A5.3 Correlation function of the particle size distribution measured by DLS for a 

dispersion comprised of 2.5 wt% SDS and polymer 0.5 wt% polyDADMAC at r = 0.4.  

 

Figure A5.4 SAXS profile of a solution of 5 wt% polyDADMAC. 



 

 

 

Chapter 6: Novel Stimuli-Responsive Drug Delivery 

Systems Created Using Nanostructures 

Formed Across Surfactant–Polymer 

Interfaces 

 

 



Chapter 6 - Novel Stimuli-Responsive Drug Delivery Systems Created Using Nanostructures 
Formed Across Surfactant–Polymer Interfaces  

226 
   

6. Novel Stimuli-Responsive Drug Delivery Systems Created 

Using Nanostructures Formed Across Surfactant–Polymer 

Interfaces 

6.1 Introduction 

Stimuli-responsive nanomaterials have become prevalent as a means of delivering 

drugs in a controlled manner. Layer-by-layer technology has been widely employed to 

engineer capsules using oppositely charged polyelectrolytes with functionalised surfaces that 

enable release of cargo at targeted sites upon introduction to certain stimuli.4 Although layer-

by-layer assembled nanoparticles are considered to be ‘smart’ nanodevices, there has not been 

any known report of the formation of ordered structures in these materials and thus it is 

difficult to attain reproducible control over structure. On the other hand, the self-assembly of 

liquid crystalline structures in mixtures of oppositely charged surfactant and polymer 

solutions has been known since the late 1970s.5, 6 These complex nanostructures have 

potential applications in the cosmetic, food, consumer, and pharmaceutical industries.7-10 

Hence, development of oppositely charged surfactant and polymer systems is anticipated to 

provide increased control over material structure and subsequently payload release in 

controlled delivery applications.  

 Liquid crystalline systems are excellent candidates as drug carriers for their ability to 

solubilise therapeutics with a diverse range of physicochemical properties. It is also well 

known that the nanostructure controls the rate of drug release from these matrices,11, 12 

therefore it is advantageous to have dynamic control over the structural attributes of the 

mesophases formed. This may be achieved by introducing variables that can modulate the 
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electrostatic and/or hydrophobic interactions between the oppositely charged species, which 

in turn influences the molecular organisation within the resulting highly ordered structures. 

These experimental parameters which could act as triggers for a change in nanostructure and 

consequent drug release include temperature,8, 13-17 ionic strength,18-20 and pH.21, 22 

There is evidence of structured materials formed from solutions of oppositely charged 

surfactants and polymers that deliver sustained or burst release of therapeutics or other 

organic compounds.18, 23, 24 Bronich et al. demonstrated the solubilisation of 

chemotherapeutic agents, such as paclitaxel and doxorubicin, in complexes formed with 

block ionomers and the sodium salt of oleic acid, which were protected from the reticulo-

endothelial system, increasing its circulation time in the bloodstream.18 In addition, Lapitsky 

et al. showed encapsulation of an aromatic oil, cymene, into SDS–cat-HEC gel particles and 

its rapid release by diffusion through polydispersed pores.23 In recent times, cationic lipids, 

surfactants, and/or polymers have become very attractive in the development of non-viral 

vectors that enhance transfection of DNA in gene therapy.25 Moran et al. showed that the 

release of DNA entrapped in such complexes was controlled by the swelling or dissolution 

behaviour of the gel particles, which also may be triggered by addition of high salt 

concentrations.7  

There have been limited reports of oppositely charged surfactant and polymer systems 

demonstrating triggered drug release. Therefore, this chapter investigates various industrially 

and biologically relevant oppositely charged surfactant and polymer systems to exploit the 

formation of kinetically trapped nanostructures at the surfactant–polymer interface for their 

application as stimuli-responsive drug delivery systems.  
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6.1.1 SDS/PolyDADMAC System 

The anionic surfactant, sodium dodecyl sulphate (SDS), and the cationic polymer, 

poly(diallyldimethylammonium chloride) (polyDADMAC) (chemical structures shown in 

Figure 6.1), are common ingredients found in hair care products and are known to form 

hexagonal phases at certain surfactant-to-polymer molar charge ratios.15, 26-29  

The self-assembly of such mesophases upon mixing of oppositely charged surfactants 

and polymers in solution occurs as a result of association between the charged species. 

PolyDADMAC is a high charge density polymer, thus the electrostatic attractions between the 

anionic surfactant molecules or micelles and the positive charges on polyDADMAC chains 

would be the main forces that are important in determining the strength of the interactions 

between SDS and polyDADMAC.  

The interactions dominating the nanostructures formed in surfactant/polymer 

complexes in turn influences their structural integrity, which is often determined by studying 

the effect addition of salt or application of heat has on the existing mesophases. The addition 

of high concentrations of salt has been shown to destroy highly ordered structures in such 

complexes due to the screening of the electrostatic interactions between the oppositely 

charged species.30, 31 Furthermore, phase transitions between different mesophases have also 

been induced by changes in temperature, which depend on the strength of the hydrophobic 

interactions and/or hydrogen bonding between the molecules in the system.11, 15, 32 Therefore, 

it is hypothesised that the addition of salt and changes in solution temperature may be used 

to modify the geometric packing within hexagonal phases formed across SDS–polyDADMAC 

interfaces and subsequently be employed as a means to trigger the release of a drug from 

nanostructured capsules in response to stimuli.  
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6.1.2 CTAB/PAAm-AA System 

The formation of highly ordered structures that are responsive to pH is of particular 

interest as a variety of physiological and disease states involve changes in pH, and 

consequently can be used in biomedical applications to act as a trigger for the release of active 

components from surfactant/polymer complexes.33, 34 In order for a material to be responsive 

to changes in pH it must possess a functional group that is susceptible to ionisation. 

Poly(acrylic acid), poly(N,N-dimethylaminoethyl methacrylate), alginate, and hyaluronic acid 

are examples of synthetic and natural polyelectrolytes that fall under this category.35 They are 

commonly utilised as hydrogels, where differences in their swelling behaviour at varying pH 

are exploited as a means of stimulating the delivery of therapeutics. Mahdavinia et al. reported 

how pH and salt influenced the swelling capacity of cross-linked hydrogels comprised of 

poly(acrylamide-acrylic acid) grafted with chitosan. Their findings presented pH-dependent 

reversible swelling between pH 3 (‘on’) and pH 10 (‘off’), respectively, and that its swelling 

capacity was controlled by the degree of cross-linking.36 While interesting, these materials do 

not form ordered nanostructures as is often found in oppositely charged surfactant and 

polymer systems. 

 

Figure 6.1 Chemical structures of sodium dodecyl sulphate (SDS) and 

poly(diallyldimethylammonium chloride) (polyDADMAC). 
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Nizri et al. demonstrated that highly ordered nanostructures, namely hexagonal 

phases, can arise upon interaction between polyacrylate and alkyltrimethylammonium salts 

with a surfactant chain greater than eight carbons in length.37  Cross-linking of polyacrylate 

produced macrogels which when in contact with a solution of cetyltrimethylammonium 

chloride (CTAB) resulted in its deswelling. This was explained by the diffusion of micelles into 

the stagnant macrogel and the subsequent formation of Pm3n cubic phase onto its surface, 

which transformed into hexagonal phase over time.38 Hierarchical complex columnar phases 

have also been encountered when combining polyelectrolytic random copolymers with 

oppositely charged surfactants.39  

In this chapter, the formation of mesophases across the interface between solutions of 

the cationic surfactant, CTAB, and the random copolymer, poly(acrylamide-acrylic acid) 

(PAAm-AA) (chemical structures shown in Figure 6.2) is also investigated. The combination 

of these materials are hypothesised to be responsive to the solution pH, which in turn can 

modify the rate of release of a model hydrophilic drug from nanostructured capsules. 

 

 

Figure 6.2 Chemical structures of the cationic surfactant, cetyltrimethylammonium bromide 

(CTAB), and the monomer units, acrylamide (AAm) and acrylic acid (AA), that comprise the 

random copolymer poly(acrylamide-acrylic acid) (PAAm-AA). 
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6.1.3 Bile Salt/Chitosan System 

There has been much research into cationic lipids and DNA for use in gene therapy,20, 

25, 40 however, studies on biocompatible anionic surfactant and cationic polymer systems have 

received little attention.  

Bile acids, or bile salts, are biological anionic amphiphiles that exhibit great 

solubilisation capacity for lipids, such as lecithin and cholesterol,41 through formation of 

micelles at dilute concentrations. At higher concentrations, bile salts can form more highly 

ordered liquid crystalline phases, such as the hexagonal phase.42 

Chitosan is a cationic polysaccharide produced from the deacetylation of chitin, a 

natural element abundantly sourced from the shells of crustaceans. Its biocompatibility, 

biodegradability, low toxicity, and mucoadhesive properties enable chitosan to be used in skin 

products, cosmetic, and biomedical materials and it also has potential to function as a novel 

carrier of drugs for oral and intravenous administration.43 Drug delivery via the buccal route 

is advantageous as it provides a rich blood supply, good accessibility for self-medication, 

patient compliance and safety, and most importantly bypasses the hepatic first-pass 

metabolism and degradation within the gastrointestinal tract. However, this route of drug 

administration also possesses a few limitations, including poor permeability of high molecular 

weight molecules,44, 45 thus requiring penetration enhancers that tend to cause mucosal 

damage, as well as needing protection from enzymes introduced within the saliva. 

Systems comprising a combination of both bile salt and chitosan have recently become 

a growing field of interest. Lameiro et al. demonstrated encapsulation of protein into 

microparticles prepared with sodium deoxycholate and chitosan, where it remained protected 

from aqueous media until released by the onset of degradation of the microparticles after 

interaction with cell monolayers; offering a route to mucosal delivery of adenovirus vaccine.46 
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Sodium taurodeoxycholate (STDC) is a bile salt commonly employed in the in vitro model 

developed for studying the digestion of lipid based formulations.47, 48 There is evidence that 

complexes are formed after association of molecules in aqueous mixtures of bile salts and 

chitosan.49, 50 Therefore, it is highly probable that ordered structures could arise across the 

interface between solutions of sodium taurodeoxycholate and chitosan (chemical structures 

shown in Figure 6.3). The structural integrity of mesophases formed across this bile salt–

chitosan interface is also anticipated to be susceptible to changes in salt concentration and 

temperature. Therefore, it is hypothesised that the addition of salt and application of heat can 

be used to trigger the release of a model hydrophilic drug from these nanostructured capsules 

in response to the stimuli.  

 

6.1.4 Studying the Release Behaviour from Structured Capsules 

The formation of gel capsules after dropwise addition of a solution of polyelectrolyte 

into a bulk solution of oppositely charged surfactant has been demonstrated by Babak and 

Lapitsky et al.23, 51-55 By employing a similar approach described in their studies, the diffusion 

behaviour of a model hydrophilic drug encapsulated within the nanostructured 

SDS/polyDADMAC, CTAB/PAAm-AA, and bile salt/chitosan capsules in response to changes 

in salt concentration, solution pH, and temperature can be determined.  

 

Figure 6.3  Chemical structures of sodium taurodeoxycholate (STDC) and chitosan. 
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6.2 Hypotheses and Aims 

Hypotheses 

That the diffusivity of a model hydrophilic drug from oppositely charged surfactant and 

polymer capsules can be modulated by changes in the structural integrity of the mesophases 

in response to certain stimuli. Specifically: 

i. Nanostructures formed across the SDS–polyDADMAC and bile salt–chitosan 

interfaces are expected to be responsive to changes in solution temperature and 

salt concentration. 

ii. Nanostructures formed across the CTAB–PAAm-AA interface are expected to be 

specifically responsive to changes in solution pH. 

In order to investigate these hypotheses, the following aims were achieved: 

1. To develop a method to study the responsiveness of nanostructures formed across the 

SDS–polyDADMAC, CTAB–PAAm-AA, and bile salt–chitosan interfaces before and 

after changes in salt concentration, solution pH, and temperature.  

2. To develop a method to study the release behaviour of a model hydrophilic drug from 

nanostructured macro-sized capsules upon changes in solution conditions and use 

the method to study the rate of release from SDS/polyDADMAC, CTAB/PAAm-AA, and 

bile salt/chitosan nanostructured capsules upon changes in salt concentration, 

solution pH, and temperature.  
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6.3 Materials 

Sodium dodecyl sulphate (SDS, BioXtra, ≥ 99.0 %), sodium taurodeoxycholate hydrate 

(STDC, BioXtra, ≥ 97 %), chitosan (low molecular weight, ≥ 75.0 % deacetylation), acetic acid 

(ReagentPlus®, ≥ 99 %), and Rhodamine B (RhB, dye content ~90 %) were purchased from 

Sigma-Aldrich (Sydney, Australia). Hexadecyltrimethylammonium bromide (CTAB, 98 %) 

was obtained from Alfa Aesar (Lancashire, United Kingdom). Poly(diallyldimethylammonium 

chloride) (polyDADMAC, Merquat™ 100, molecular weight: 1.5 x 105 g/mol) was obtained 

from Nalco Company (Illinois, United States). The commercial solution of polyDADMAC 

obtained contained 53.3 % solid and 46.7 % water (standard deviation: ± 0.3 %) as determined 

by gravimetric analysis (n = 10). Merquat™ 100 was dried prior to preparation of 

polyDADMAC stock solutions to form a waxy solid. Poly(acrylamide-acrylic acid, sodium salt) 

(PAAm-AA, 40 % carboxy, molecular weight: >10,000,000 g/mol) was acquired from 

Polysciences Inc. (Warrington, United States). Sodium hydroxide pellets (Univar) were 

sourced from Ajax Chemicals (New South Wales, Australia). Hydrochloric acid (32 % 

concentrated, Univol) was obtained from Asia Pacific Specialty Chemicals Limited (Australia). 

Sodium chloride analytical reagent was acquired from Chem-Supply (South Australia, 

Australia).  

All materials were used without further purification. Milli-Q grade water purified 

through a Milli-pore system (Billerica, United States) was used throughout the studies.  

6.3.1 Surfactant/Polymer System Composition 

6.3.1.1 SDS/PolyDADMAC System 

As the equilibrium phase behaviour across SDS–polyDADMAC interfaces was 

established in Chapter 3 and Chapter 4, it was of interest to further study the structural 
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attributes of the hexagonal phase formed in this model system in response to stimuli. The 

system prepared at 20 wt% SDS and 20 wt% polyDADMAC was selected for these studies for 

ease of handling. 

6.3.1.2 CTAB/PAAm-AA System 

Leonard et al. showed the existence of Pm3n cubic phase in mixtures of PAAm-AA and 

CTAB at charge stoichiometric amount, where the concentration of the polymer (40 % 

carboxylate content) was fixed at 1 wt%.19 In order to favour the formation of liquid 

crystalline structures in the system of interest, PAAm-AA was also prepared at 1 wt% in Milli-

Q water. The concentration of CTAB required to ensure that stoichiometric charge 

equivalence was achieved was calculated to be 2.5 wt%. Hence, all studies were performed at 

this composition. Aqueous solutions prepared for investigation were adjusted to either pH 7 

or 2 by dropwise addition of 0.1 M NaOH or 32 % concentrated HCl as required.  

6.3.1.3 Bile Salt/Chitosan System 

All stock solutions were prepared by weight. Chitosan is known to be readily soluble 

in acidic conditions where it predominantly exists in its protonated form. For this reason, stock 

solutions of bile salt and chitosan were both prepared in 10 % (v/v) acetic acid; where the 

solution pH was not adjusted. The liquid crystalline structure formed in systems comprised of 

fixed bile salt-to-chitosan composition was not influenced by pH (Appendix-Figure A6.1). To 

ensure that the molar concentration of bile salt was in excess of chitosan to favour the 

formation of mesophase, the concentration of bile salt was prepared at 30 wt% STDC, while 

solutions of chitosan were prepared at 4 wt%.  
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6.4 Methods 

6.4.1 Characterisation of the Internal Structure of Liquid 

Crystalline Phases  

6.4.1.1 Mesophases Across Surfactant–Polymer Interfaces 

Sample Preparation 

The phase behaviour of nanostructures formed across the oppositely charged 

surfactant–polymer interfaces was spatially characterised as described previously in Chapter 

2. Briefly, polymer solution was drawn up from the bottom of an open-ended glass flat cell 

and sealed with parafilm. Surfactant solution was then carefully pipetted into the top-end of 

the flat cell and the top sealed again with parafilm. This method allowed a neat interface to 

be created between aqueous solutions of surfactant and polymer, which was marked as the 

‘point of origin’ to monitor the development of nanostructures across the surfactant–polymer 

interfaces over time. 

A second configuration was employed to study the influence of changes in salt 

concentration and solution pH on the mesophases formed across the various surfactant–

polymer interfaces investigated. Here, a circular interface was produced by delivering a disk 

of polymer solution inside the flat cell via a 29G needle, which was subsequently flooded with 

surfactant solution to achieve complete contact between the two components. Liquid 

crystalline structures were allowed to form at the circular interface over a given time, after 

which the surrounding surfactant solution was removed from the cell and replaced with 

either 4 % NaCl solution or Milli-Q water adjusted to pH 2 (Schematic 6.1).  
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Crossed-Polarised Light Microscopy  

Crossed-polarised light microscopy was employed to visualise the growth of 

anisotropic liquid crystalline phases formed across the surfactant–polymer interfaces as 

described in Section 2.4.3.1. To optically examine the effect of added salt or changes in 

solution pH on the stability of liquid crystalline phases formed across the surfactant–polymer 

interfaces, images were taken of the samples before and after addition of salt solution or Milli-

Q water adjusted to pH 2, respectively. The concentration of sodium chloride solution was 4 

%. This value was the theoretical concentration calculated to be excess of the amount required 

to drive the equilibrium reaction 𝑆𝐷𝑆 + 𝑝𝑜𝑙𝑦𝐷𝐴𝐷𝑀𝐴𝐶 ⇌ 𝑝𝑜𝑙𝑦𝐷𝐴𝐷𝑀𝐴𝐷𝑆 + 𝑁𝑎𝐶𝑙  to the 

left, which would favour the dissociation of the mesophases formed. 

Hot Stage Crossed-Polarised Light Microscopy 

Hot stage microscopy was employed to probe structural changes to the mesophases in 

response to heating. Samples loaded in flat cells were gradually heated at a rate of 5 °C/min 

from 25 °C to 60 °C using a Mettler Toledo FP82HT hot stage fitted with a FP90 Central 

 

Schematic 6.1 Sample preparation in flat cells for studying the effect of salt concentration or 

solution pH on the stability of nanostructures formed across surfactant–polymer interfaces. 
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Processor temperature controller and viewed under Nikon ECLIPSE Ni-U upright microscope 

fitted with crossed-polarising filters and a DS-U3 digital camera control unit (Nikon, Japan).  

Synchrotron Small Angle X-ray Scattering  

For spatial resolution of structures formed across the surfactant–polymer interfaces, 

samples prepared in flat cells were mounted in line with the X-ray beam (energy ≈ 11 keV, 

wavelength ≈ 1.1271 Å) on a remotely operated XYZ translation stage at the Australian 

Synchrotron SAXS/WAXS beamline. An automated line scan was conducted which involved 

rastering across the interface from the bulk polymer to surfactant solution at 100 µm steps 

(beam size: 200 x 100 µm, horizontal x vertical), acquiring 2D SAXS patterns for 1 s at each 

position using a 1M Pilatus detector (active area 169 x 179 mm2 with a pixel size of 172 µm) 

with a sample-to-detector distance of 1650 mm (SDS/polyDADMAC and bile salt/chitosan) 

or 1532 mm (CTAB/PAAm-AA). Scattering curves were obtained across the surfactant–

polymer interfaces before and after solution conditions were changed. 

6.4.1.2 Temperature Scan of Bulk Mixtures 

As a complementary technique to hot stage microscopy, a benchtop SAXS instrument 

at the Bragg Institute at the Australian Nuclear Science and Technology Organisation was 

used to verify the structural integrity of nanostructures formed in aqueous mixtures of SDS 

and polyDADMAC (20 wt%: 20 wt%), CTAB and PAAm-AA (2.5 wt%: 1 wt%), and bile salt 

and chitosan (30 wt%: 4 wt%) in response to heating.  

Sample mixtures were prepared by dropwise addition of surfactant solution (500 µL) 

into polymer solution (500 µL), vortex mixed, and then left to equilibrate at 37 °C for 

approximately a week prior to analysis. Samples were packed into quartz glass capillaries 

(Capillary Tube Supplies Ltd, Germany) with a path length of 2.0 mm, sealed with wax and 
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then inserted into a thermostatted metal heating block controlled by a Peltier system accurate 

to ± 0.1°C. The samples were introduced to the beam of a Bruker Nanostar SAXS instrument 

with pinhole collimation for point focus geometry. The instrument source was a copper 

rotating anode (0.3 m filament) operating at 45 kV and 110 mA, fitted with cross-coupled 

Gӧbel mirrors, resulting in CuKα radiation wavelength of 1.54 Å. The SAXS instrument was 

fitted with a Hi-star 2D detector (effective pixel size: 100 µm) which was located 650 mm 

from the sample to provide a q-range of 0.008-0.3910 Å-1. Scattering patterns were collected 

over 30 min under vacuum to minimise air scatter. Samples were heated stepwise from 25 °C 

to 60 °C at 5 °C increments.  

It should be noted that the scattering resolution obtained from the benchtop SAXS 

instrument was not as highly resolved as those obtained by synchrotron SAXS. If only one peak 

is observed then a definitive phase assignment is not possible. Therefore, if the second order 

Bragg reflection in the scattering profile obtained by the benchtop SAXS appeared at a 

comparable q value as shown in the scattering curve acquired with a synchrotron source then 

it was assumed that the nanostructures formed in the bulk aqueous mixture was comparable 

to those existing across the corresponding surfactant–polymer interface. 

6.4.2 In Vitro Release Studies 

6.4.2.1 Release of Model Drug from Nanostructured Capsules 

Proof of concept release studies were conducted in triplicate with the purpose of 

determining the diffusivity of the model hydrophilic drug, Rhodamine B (RhB), across 

oppositely charged surfactant–polymer interfaces. Babak et al. demonstrated the formation of 

capsules after addition of a droplet of chitosan solution to a solution of SDS where the 

thickness of the gel bead, comprised of lamellar phase, grew over time.51, 53 Employing a 
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similar approach, nanostructured spherical capsules with reproducible surface areas were 

prepared by delivering a droplet of polymer solution loaded with 1 mg/mL Rhodamine B dye 

into a stirred solution of surfactant (1 mL in a 2 mL glass vial) via a 25G needle syringe. The 

liquid crystalline structure formed within the ‘outer shell’ was allowed to develop over time 

while maintained at physiological temperature (37 °C). Aliquots (200 µL) of the release 

medium were sampled at pre-determined time points and replaced with 200 µL of fresh dye-

free solution. The release medium was comprised of the surfactant solution to initially form 

ordered structures across the surfactant–polymer interface and remained as the control 

system to avoid disruption of the capsule. For the systems tested with different stimuli, either 

(i) the temperature was increased from 37 °C to 50 °C, (ii) the surfactant solution was 

replaced with 4 % NaCl solution and kept at 37 °C, or (iii) the CTAB solution was replaced 

with Milli-Q water adjusted to pH 2 at a specific time after initial capsule formation 

(Schematic 6.2). The percentage of mass recovered was determined at the end of the study by 

comparing the initial mass of RhB loaded in the capsule with the mass of RhB measured in the 

release medium at the final time point. 

 

 

Schematic 6.2 Approach for studying the effect of temperature, salt, and pH on the rate of 

release of model drug, Rhodamine B (RhB), from nanostructured capsules.  
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6.4.2.2 Rhodamine B Assay by Fluorescence Spectroscopy 

Aliquots of the release medium (surfactant solution) were taken during the release 

study and diluted with the corresponding solvent, either 10% (v/v) acetic acid or Milli-Q 

water adjusted at a particular pH, and loaded into a 96-well plate. The fluorescence intensity 

of Rhodamine B in solution was measured at 37 °C using an EnSpire® Multimode Plate Reader 

(PerkinElmer, Singapore) with an excitation and emission wavelength of 554 nm and 627 

nm, respectively. The concentration of dye released was quantified using a calibration curve 

of Rhodamine B in blank media (Appendix-Figure A6.7). 

6.4.2.3 Data Analysis  

In order to determine the apparent diffusion coefficient, D (cm2/s), of drug across the 

single-sided matrix, the quantity expressing the moles of drug released per unit area, Q 

(mol/cm2), was plotted against the square root of time, t1/2 (s1/2). The gradient of the linear 

curve from this plot was determined, which allowed for the calculation of D by applying the 

Higuchi equation56: 

𝑄 = 2 ∙ 𝐶0 ∙ √
𝐷∙𝑡 

𝜋
  [6.1] 

where 𝐶0 is the initial concentration of drug in the capsule (mol/cm3). As previous studies 

have shown that liquid crystalline systems display diffusion-controlled release,11, 12 data were 

plotted as % RhB released vs. time1/2. The Higuchi equation is based on Fickian diffusion, which 

allows for the direct comparison between the different release rates of the same drug from 

mesophases with different structures.57 
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6.5 Results 

6.5.1 Nanostructures Across the SDS–PolyDADMAC Interface  

6.5.1.1 Effect of Temperature on Hexagonal Phases 

It was established in Chapter 3 that coexisting hexagonal and micellar phases were 

formed across the SDS–polyDADMAC interface. These structures were found to persist at 

elevated temperatures with a lattice parameter of ~43 Å (Figure 6.4). The structural stability 

exhibited by these complexes may have been the result of very strong electrostatic interactions 

governing the associations between the charged species rather than weaker hydrophobic 

forces. In either case, a high degree of energy is required to disrupt the packing of the 

molecules within the hexagonal lattice in order for a phase change to occur.  

 

 

Figure 6.4 Temperature stable hexagonal phase formed in a system comprised of 20 wt% SDS 

and 20 wt% polyDADMAC. SAXS scattering profiles obtained of the mixture when heated 

from 25 °C to 60 °C at 5 °C increments (left). A birefringent band formed across the SDS–

polyDADMAC interface persisted at high temperatures as observed under CPLM (right). 



Chapter 6 - Novel Stimuli-Responsive Drug Delivery Systems Created Using Nanostructures 
Formed Across Surfactant–Polymer Interfaces  

243 
   

6.5.1.2 Effect of Salt Concentration on Hexagonal Phases 

Scattering data acquired across the SDS–polyDADMAC interface after replacing the 

surfactant solution with a 4 % NaCl solution presented a decrease in the intensity of the first 

reflection peak indicative of a loss of hexagonal phase structure and a reduction in the 

distance over which the mesophase spanned across the SDS–polyDADMAC interface 

(Figure 6.5). This was emphasised in the image taken under crossed-polarisers where the 

previously intact band of anisotropic structure formed across the interface dissociated after 

addition of salt (Figure 6.5). These findings demonstrate that the electrostatic interactions 

between the oppositely charged surfactant and polymer molecules were the dominating 

forces that dictate the structural integrity of the mesophases formed in these complexes.   

 

 

Figure 6.5 SAXS profiles across the SDS–polyDADMAC interface before (left) and after (right) 

addition of 4 % NaCl solution. Up-down arrows indicate a change in peak intensity, which 

correlates to the relative concentration of the hexagonal phase (A) and the relative changes 

in the distance over which the mesophase spanned across the interface (z-axis). Insets: CPLM 

images.   
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6.5.2 Nanostructures Across the CTAB–PAAm-AA Interface 

6.5.2.1 Growth and Development of Coexisting Pm3n Cubic and 

Hexagonal Phases  

Upon initial contact between the oppositely charged solutions of surfactant and 

polymer, the CTAB molecules already existed as micelles as indicated by the broad peak in the 

SAXS profile, whilst the PAAm-AA molecules displayed weak scattering (Figure 6.6-left). 

Highly ordered structures that spanned ~2 mm across the interface were identified as 

coexisting Pm3n cubic (√2:√4:√5:√6…) and hexagonal (1:√3:√4…) phases by indexing the 

Bragg reflections present in the SAXS scattering curves acquired across the surfactant–

polymer interface (Appendix-Figure A6.4 and Figure A6.5). It should be reiterated that 

synchrotron SAXS offers a high flux of X-rays and signal-to-noise ratio that enables 

acquisition of highly resolved scattering profiles that is superior in comparison with those 

obtained from a benchtop SAXS instrument. This was emphasised in the appearance of the 

Bragg peak at √2 for Pm3n cubic phases when characterised by synchrotron SAXS (Appendix-

Figure A6.4 and Figure A6.5). However, it was unresolved in the SAXS profiles obtained during 

the temperature scan with a benchtop SAXS instrument (Appendix-Table A6.1, Table A6.2, 

and Figure A6.6). These self-assembled mesophases grew predominantly towards the bulk 

CTAB micellar solution after 1 week (Figure 6.6).  
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Further examination of the structures formed across the interface showed distinct 

spatial trends in their lattice dimensions (Figure 6.6-right). Notably, the lattice parameter of 

the Pm3n cubic phase followed a somewhat sigmoidal trend, where the minimum was located 

near the bulk polymer region indicating the position of the least swollen structure of the cubic 

phase, whereas the maximum was situated towards the bulk micellar region. Interestingly, 

the point of inflection in the change in lattice parameter for the cubic phase corresponded to 

the position across the interface where a significant drop in the internal dimensions of the 

hexagonal phase was observed, however the point of minimal swelling of the two phases was 

not spatially coincident. 

 

Figure 6.6 SAXS profiles as a function of distance from origin, D, across the interface created 

between solutions of 2.5 wt% CTAB and 1 wt% PAAm-AA. Coexisting cubic and hexagonal 

phases grew predominantly toward the bulk CTAB region after 1 week from initial contact (0 

mm). The differences in the internal size of the Pm3n cubic (squares) and hexagonal (circles) 

phases formed across the interface are mapped on the right panel. See the appendix for q vs. 

intensity profiles at three pertinent representative D values (Figure A6.4).  
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6.5.2.2 Effect of Temperature on CTAB–PAAm-AA Mesophases 

Following the characterisation of structures formed across the CTAB–PAAm-AA 

interface, their structural stability in response to changes in temperature was assessed. The 

coexisting Pm3n cubic and hexagonal phases persisted throughout heating of the bulk 

aqueous mixture of CTAB and PAAm-AA from 25 °C to 60 °C (Figure 6.7-A), although the 

ratio between them changed (see Table A6.1 and Table A6.2 in the appendix for how the 

mesophases were indexed). As the temperature was increased, a number of the Bragg 

reflections indexed as Pm3n cubic phase gradually disappeared giving rise to a system 

primarily of hexagonal phase. In addition, the Bragg peaks shifted towards higher q values 

upon heating, which correlated to an approximate linear decrease in the lattice parameter 

with increasing temperature (Figure 6.7-B). 

 

 
Figure 6.7 Influence of temperature on the equilibrium phase behaviour of coexisting cubic 

and hexagonal phases in a mixture comprised of 2.5 wt% CTAB and 1 wt% PAAm-AA. SAXS 

profiles obtained for the system when heated from 25 °C to 60 °C at 5 °C increments (A). 

Changes in the lattice parameter of coexisting Pm3n cubic (squares) and hexagonal (circles) 

phases in response to heating (B). 
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6.5.2.3 Effect of pH on CTAB–PAAm-AA Mesophases 

In contrast to the weak dependence on temperature displayed by the liquid crystalline 

phases present across the CTAB–PAAm-AA interface, these nanostructures were strongly 

susceptible to a change in pH (Figure 6.8). At pH 7, the carboxylic acid group (pKa ~5.4)30 on 

the polymer backbone was deprotonated giving it a negative net charge. Ionisation of this 

functional group promoted its interaction with the cationic surfactant and the formation of 

coexisting cubic and hexagonal phases across the CTAB–PAAm-AA interface (Figure 6.8-left). 

At pH 2, the opposite effect occurred, where the acrylic acid portion of the polymer became 

protonated, thus losing its negative charge. This, along with a fraction of the acrylamide (pKa 

~2.45) monomer units attaining a positive charge introduced repulsive forces that were 

greater than the hydrophobic interactions involved in maintaining its structural integrity led 

to the dissociation of the highly ordered structures in acidic environments as indicated in the 

disappearance of Bragg peaks in the SAXS profile and a loss of birefringence under crossed-

polarisers (Figure 6.8-right).  

 

 
Figure 6.8 Effect of solution pH on the structural integrity of coexisting Pm3n cubic and 

hexagonal phases formed across the CTAB–PAAm-AA interface. SAXS profile shows the loss 

of structures after reducing the solution pH from 7 to 2. Insets: CPLM images. 
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6.5.3  Nanostructures Across Bile Salt–Chitosan Interfaces 

6.5.3.1 Growth and Development of Bile Salt–Chitosan Mesophases 

When approximately equal volumes of bile salt solution (sodium taurodeoxycholate, 

STDC) was contacted with a solution of chitosan, a band exhibiting birefringence was 

observed under a crossed-polarised light microscope at room temperature (Appendix-Figure 

A6.2). Lamellar phases with a lattice parameter of ~32 Å (Bragg reflections at spacing ratios 

1 and 2-Figure 6.9) were spatially identified across the bile salt–chitosan interface, which 

grew predominantly toward the bulk chitosan solution after 1 week from initial contact. 

Micellar phase was present within the bulk 30 wt% STDC solution, which was indicated by 

the broad peak at low q values in the SAXS profiles (Figure 6.9). 

 

 

Figure 6.9 Scattering profiles as a function of distance from origin, D, across an interface 

between 4 wt% chitosan (bottom) and 30 wt% STDC solution (top) indicating the formation 

of lamellar (Lα) phases across the bile salt–chitosan interface. 
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6.5.3.2 Effect of Temperature on Bile Salt–Chitosan Lamellar Phase 

Following the identification of lamellar phase formed in systems containing solutions 

of bile salt and chitosan, the structural integrity of the lamellar phase was examined in 

response to temperature. Temperature was employed to probe the nature of the hydrophobic 

interactions between the bile salt and chitosan. In the 30 wt% STDC: 4 wt% chitosan system, 

a lamellar phase existed at room temperature (Figure 6.9). During the temperature scan, 

scattering indicative of lamellar phase persisted up until ~45 °C, above which the ordered 

structure disappeared. Images taken of the sample under a crossed-polarised light microscope 

coupled with a hot stage were in agreement with the SAXS data (Figure 6.10-left), where the 

intensity of the birefringent band across the surfactant–polymer interface decreased with 

increasing temperature (Figure 6.10-right).  

 

 
Figure 6.10 Temperature-sensitive lamellar phase formed in a system comprised of 30 wt% 

STDC and 4 wt% chitosan. SAXS profiles obtained of the mixture when heated from 25 °C to 

60 °C at 5 °C increments (left). Loss of birefringence across the bile salt–chitosan interface 

above 50 °C was observed with CPLM (right). 
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6.5.3.3 Effect of Salt Concentration on Bile Salt–Chitosan Lamellar 

Phase 

The electrostatic interactions between the oppositely charged species were probed by 

introducing a salt solution containing 4 % NaCl to the nanostructure formed across the 

interface. The amount of lamellar phase formed across the bile salt–chitosan interface was 

found to decrease upon exposure to salt solution, which was evident in a decrease in the 

scattering intensity of the first Bragg reflection peak and a blurred appearance of the band 

exhibiting birefringence across the surfactant–polymer interface under crossed-polarisers 

(Figure 6.11).  

 

 

Figure 6.11 SAXS profiles across the bile salt–chitosan interface before (left) and after (after) 

addition of 4 % NaCl solution. Up-down arrows indicate changes in peak intensity, which 

correlates to the relative concentration of the lamellar phase existing as a function of the 

distance from origin (z-axis). Insets: CPLM images.   
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6.5.4 Diffusivity of Rhodamine B from Nanostructured Capsules 

Having established that the coexisting micellar/hexagonal phases, coexisting 

cubic/hexagonal phases, and lamellar phases were destabilised with an increase in salt 

concentration, a decrease in solution pH, or heating to above 45 °C, respectively, it was of 

interest to determine whether the SDS/polyDADMAC, CTAB/PAAm-AA, and bile salt/chitosan 

systems may be useful as controlled release drug delivery systems. This concept was examined 

by determining the rate of diffusion of the model hydrophilic drug, Rhodamine B, from within 

macro-sized capsules comprised of an outer shell of highly ordered structures and how its 

diffusivity changes in response to the appropriate stimuli.  

The rate of release of Rhodamine B from nanostructured capsules into the release 

medium displayed a slow diffusion-controlled process at physiological temperature as 

indicated by a linear increase of the percentage of Rhodamine B released with the square root 

of time. The diffusivity of the dye molecules was fastest from cubic/hexagonal phases, followed 

by lamellar phases, and slowest from hexagonal phases (Figure 6.12).  

 

 

Figure 6.12 Inherent release behaviour of Rhodamine B (RhB) from the surfactant/polymer 

nanostructured capsules at physiological temperature without any applied stimulus (n = 3 ± 

S.D.). Images of mesophases reproduced from Kim et al.,1 Marques et al.,2 and Pileni et al.3    
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6.5.4.1 Triggered Release from Nanostructured Capsules 

Thermally Stable Hexagonal Phase SDS/PolyDADMAC Capsules  

At 2.25 hr after the SDS/polyDADMAC capsules were initially formed, the sample 

environment was either elevated to 50 °C or the SDS solution was replaced with a solution of 

4 % NaCl. For the first scenario, no significant change in the rate of Rhodamine B release was 

observed, which was in agreement with structural data (Figure 6.4). It was expected that the 

rate of release may increase upon addition of salt. A slight increase in % RhB released was 

observed when this stimulus was introduced (Figure 6.13-A). This in part can be explained 

by a small amount of hexagonal phase still present across the SDS–polyDADMAC after the 

addition of salt as demonstrated in the SAXS data (Figure 6.5). 

pH-Responsive Cubic/Hexagonal Phase CTAB/PAAm-AA Capsules  

The coexisting Pm3n cubic and hexagonal phases formed across the CTAB–PAAm-AA 

interface were pH-sensitive. The percentage of dye molecules released from the structured 

capsules increased approximately linearly as a function of square root of time (Figure 6.13-

B) with a calculated diffusion coefficient of 0.087 ± 0.013 x 10-6 cm2s-1 at physiological pH 

(Table 6.1). When the pH of the release medium was adjusted from pH 7 to pH 2 

approximately 30 min after the capsules were initially formed, the gradient of the release 

curve significantly increased, reaching complete release within 5 min of the pH switch. 

Temperature-Responsive Lamellar Phase Bile Salt/Chitosan Capsules  

After approximately 2.25 hr from when the capsules were initially formed, the 

temperature of a set of triplicate samples was elevated to 50 °C whereupon a significant 

increase in the gradient of the release curve was observed (Figure 6.13-C). Similarly, when 
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the bile salt solution was replaced with a 4 % NaCl solution in a different set of triplicate 

samples maintained at 37 °C, a significant rise in the slope of the % RhB released vs. time1/2 

profile was also exhibited by the system in response to a change in the concentration of salt 

in the release medium. 

The calculated diffusion coefficient, D, of Rhodamine B from the lamellar phase bile 

salt–chitosan capsules at the various experimental conditions studied (Table 6.1) were in 

agreement with the release profiles (Figure 6.13-C). Initially at 37 °C, the rate of model drug 

release from the nanostructured capsules was 0.7 × 10−6 cm2 s−1. When the temperature was 

elevated to 50 °C after 2.25 hr, the release of dye greatly increased, which was reflected in a 

40-fold increase in D when compared to the system at 37 °C. On the other hand, when the 

bile salt solution was replaced with a solution of 4 % NaCl at 37 °C, the rate of diffusion of 

model drug across the liquid crystalline matrix rose only by 10-fold, a lower increase in 

comparison with the effect of temperature.  
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Figure 6.13 Release profiles for Rhodamine B (RhB) from nanostructured capsules under 

different stimuli (n = 3 ± S.D.). The dashed arrow indicates when the external stimuli were 

introduced to the system to trigger a change in the rate of model drug release. 
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Table 6.1 Comparison of the rate of diffusion of Rhodamine B (RhB) from nanostructured 

capsules comprised of both industrially and biologically relevant materials at varying 

temperatures, from 37 ºC (control) to 50 ºC, and when the surfactant solution (release 

medium) was replaced with either 4 % NaCl solution or Milli-Q water adjusted to pH 2. 

Solution condition 

Diffusion coefficient of RhB (×10−6 cm2 s−1) n = 3 ± S.D. 
SDS/PolyDADMAC CTAB/PAAm-AA Bile Salt/Chitosan 
Micellar/hexagonal 

phases 
Cubic/hexagonal 

phases 
Lamellar phase 

Control 37  °C 0.0002 ± 0.0001 0.087 ± 0.013 0.07 ± 0.1 
Stimuli 50 ºC 0.0004 ± 0.0001 - 3 ± 2 

4 % 
NaCl 

0.03 ± 0.07 - 0.7 

pH 2 - Burst release - 

Literature value for the diffusion coefficient of RhB at 25 ℃ measured by a static imaging method in an aqueous 
solution was determined to be 4.27 ± 0.040 × 10−6 cm2 s−1 (n = 13).58 

6.6 Discussion 

6.6.1 Nanostructure-Controlled Diffusion of Molecules from 

Surfactant/Polymer Complexes  

As expected, the diffusivity of the model hydrophilic drug, Rhodamine B (RhB), from 

capsules of various oppositely charged surfactant and polymer systems differed significantly 

depending on the nanostructures formed across the surfactant–polymer interface. 

Specifically, the diffusion coefficient of RhB was determined to be the slowest from 
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SDS/polyDADMAC micellar/hexagonal phases, followed by bile salt/chitosan lamellar phases, 

and fastest from CTAB/PAAm-AA cubic/hexagonal phases.  

Philippova and Söderman et al. reported the diffusion coefficient of surfactant micelles 

in aqueous mixtures of SDS and polyDADMAC in the magnitude of 10-6 and 10-7 cm2s-1, 

respectively.59, 60 These values were much higher in comparison with the rate of diffusion of 

RhB from SDS/polyDADMAC capsules studied here, which was approximately in the 

magnitude of 10-10 cm2s-1. A relatively small molecule, such as SDS, is likely to have greater 

mobility in solution, so it was not surprising that the existence of a highly compact hexagonal 

phase structure across the SDS–polyDADMAC interface retarded the diffusion of RhB 

molecules into the surrounding release media.   

In contrast, the diffusion coefficient of CTAB molecules in solutions of polyacrylate has 

been reported to be comparable with that determined for RhB from CTAB/PAAm-AA capsules 

(10-7 cm2s-1).37 This could be explained by the lattice parameter of the cubic phase being 

more than double in size compared to the hexagonal phase alone, suggesting that the cubic 

phase is the dominant structure that exists across the CTAB–PAAm-AA interface in the 

duration of the study, and is therefore the key determinant of the release behaviour observed 

(Figure 6.6). 

Surprisingly, the frontal diffusion of SDS molecules toward a solution of chitosan was 

shown to be slightly slower than the diffusion of RhB from bile salt/chitosan capsules.53 

Although the chemical structures of SDS and bile salt (sodium taurodeoxycholate) differ 

significantly, both systems demonstrated the formation of lamellar phase upon contact of 

surfactant and chitosan solutions.53 A difference between the lattice parameters of the 

lamellar phases formed in the respective systems (~34 Å and ~32 Å) may account for the    

difference in the rate of the diffusion of the various molecules across the nanostructured 
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materials. However, this was not the case. Therefore, the packing geometry and 

physicochemical properties exhibited by lamellar phases formed upon interactions between 

bile salt and chitosan must differ greatly with those formed in the SDS and chitosan system, 

leading to a leakier matrix which RhB molecules can diffuse through.  

Overall, these findings have demonstrated that the interactions that govern the 

formation of nanostructures in oppositely charged surfactant and polymer systems play a 

notable bearing on their degree of order and physicochemical properties, such as their 

intrinsic viscosity, which could in turn influence the diffusion of molecules through the liquid 

crystalline phases. Moreover, the differences in the lattice parameter of the ordered structures 

partly support the distinct release behaviour demonstrated from the various nanostructured 

capsules.  

 6.6.2Potential Applications of Thermally Stable and Salt-

Sensitive SDS/PolyDADMAC Micellar/Hexagonal Phases  

The coexisting micellar and hexagonal phases formed across the SDS–polyDADMAC 

interface remained stable when introduced to high temperatures up to 60 °C, however their 

structural integrity was compromised upon addition of 4 % NaCl solution.    

The percent of model hydrophilic drug released from these nanostructured capsules 

increased linearly as a function of square root of time even after the solution temperature was 

increased from 25 °C to 50 °C. As anionic surfactants and cationic polymers are commonly 

found in shampoos and conditioners, these findings have implications in designing such hair 

products with improved functionalities. For example, active ingredients, such as proteins, 

amino acids, and/or silicone oils that help repair and strengthen damaged hair,61, 62 may be 

solubilised within the self-assembled ordered structures existing in the formulation. Upon 
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surface deposition of a thin layer of the material,63, 64 these molecules can be delivered in a 

controlled manner during hair washing with warm water. Use of cationic polymers with a 

more ‘branched’ structure, such as Polyquaternium 44, as conditioning agents in shampoos 

in combination with sodium lauryl ether sulphate has shown better wet compatibility, a 

creamier lather, and the feel of hair in comparison to the efficacy demonstrated with the use 

of polyDADMAC.10 Hössel et al. postulated that the uncharged regions of the polymer form 

loops that orientate away from the hair, which reduces the friction between the hairs.10  

On the other hand, immersing the nanostructured capsules into a solution containing 

4 % NaCl did not induce as significant an effect on the rate of drug release as may have been 

expected. This perhaps may have depended on the time allowed for the mesophases to form 

across the SDS–polyDADMAC interface before the stimulus was introduced; where a thicker 

‘membrane barrier’ would be produced when left for a longer duration, which in turn would 

require higher salt concentrations and/or extended time for diffusion of molecules to occur 

and disturb the electrostatic interactions between the charged species. The sensitivity of the 

material toward exposure to concentrated salt solutions may be exploited in the formulation 

of moisturising conditioners to protect the hair from becoming dry and damaged in seawater 

or hard water.65 It is envisaged that the product can be applied onto the hair prior to entering 

the ocean or hair washing, after which the release of conditioning agents, such as humectants, 

fatty alcohols, fatty esters, vegetable oils, mineral oils, and other additives,66 can be triggered 

upon contact with salty water to form an occlusive film on the surface of the hair to attract 

and retain moisture. 
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6.6.3 Novel Cubic/Hexagonal Phase Cetyltrimethylammonium 

Bromide–Poly(acrylamide-acrylic acid) Capsules for pH 

Stimulated Release 

pH is often a desirable means of imparting responsiveness to liquid crystalline 

structures by changing the extent of ionisation state of a particular component of a drug 

carrier system. Directly linking the in situ formation (and loss) of structure in these systems 

with changes in pH, and consequently demonstrating release of an encapsulated molecule is 

new for systems comprised of CTAB and PAAm-AA. This behaviour can be used to take 

advantage of changes in cellular pH,67 for example in tumours,68, 69 or even the range of pH 

across the gastrointestinal tract.70  

Of particular interest is the exploitation of hyaluronic acid, which is a naturally 

occurring polysaccharide involved in, but not limited to, the maintenance of connective 

tissues in living organisms.71 Its biodegradability, biocompatibility, and low toxicity is 

advantageous in the field of targeted drug delivery, where the carboxyl group functions as a 

ligand to hyaluronan CD-44 receptors that are overexpressed in solid tumour cells.72 When 

conjugated with the anticancer drug, paclitaxel, nanoparticles coated with chitosan to protect 

it from degradation by hyaluronidase, were found to accumulate in tumours cells via cell-

mediated endocytosis, providing a platform for oral delivery of hydrophobic drugs.73 

Furthermore, when hyaluronic acid was conjugated with poly(L-histidine), the ionisation of 

the imidazole ring of poly(L-histidine) in response to changes in solution pH was shown to 

dictate the swelling behaviour of the copolymer micelles and subsequent release of the 

encapsulated chemotherapeutic drug, doxorubicin.74 In addition, hyaluronic acid has been 

blended with poloxamers to increase the stability and mechanical properties of gels formed 
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in situ in response to physiological temperature.75 Mayol et al. demonstrated that the 

ionisation of hyaluronic acid enhanced the mucoadhesion of the polaxomer, which in turn 

increased the residence time and bioavailability of the drug, acyclovir. Here, temperature was 

used to control the viscosity of the formulation through changes in the degree of molecular 

entanglements and secondary chemical bonds within the poloxamer, offering a potential 

system for sustained-release ocular drug delivery.75    

CTAB and PAAm-AA are not biocompatible and are considered unsuitable for the 

delivery of actives in the body. Nevertheless, this system serves as a confirmatory system for 

such behaviour providing confidence that analogous biocompatible oppositely charged 

surfactant and polymer systems will show similar pH responsive behaviour. The use of these 

materials is not excluded in external applications either, such as fragrance release, or in 

sensing and diagnostic applications where the materials could provide a highly controllable 

amplification function. 

6.6.4 Novel Temperature-Sensitive Lamellar Phase Bile 

Salt/Chitosan Oral Dosage Forms 

The lamellar phase formed across the bile salt–chitosan interface was found to be 

sensitive to temperature. The most significant result that arose from the temperature scan was 

the complete loss of lamellar structure above ~45 °C (Figure 6.10). This suggests that the 

hydrophobic interactions were relatively weak, where only a small input of energy was 

required to increase the mobility of the associating molecules and cause a disruption to the 

packing within the liquid crystalline nanostructure. The temperature at which the lamellar 

phase was lost was significant in the context of this system to act as a novel stimuli-responsive 

drug delivery system. Drugs can be encapsulated within the capsule or the lamellar phase 
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itself and the mesophase would remain stable at physiological temperature. Introducing heat 

via a heat pack, for example, to the site of administration would disrupt packing within the 

liquid crystalline matrix, leading to the disintegration of the ordered structure and trigger the 

release of the therapeutic.  

 Outcomes from the temperature scans correlated well with the in vitro release studies. 

Release of Rhodamine B from the lamellar phase increased significantly at 50 °C due to the 

loss of structure. Interestingly, the time-scale of drug release from lamellar phase (Figure 

6.13-C) was consistent with the time oral dosage forms transit within the upper region of 

gastrointestinal tract (3-4 hr);76 where absorption of drug is at its highest owing to the large 

surface area provided by the small intestine.77  

6.6.4.1 In Situ Self-Assembly of Mesophase in Simulated 

Gastrointestinal Fluids 

Chitosan has been well studied for use in oral and buccal delivery due to its 

mucoadhesiveness, biocompatibility, biodegradability, and low toxicity.43 Thongngam et al. 

demonstrated (i) the temperature dependence of the hydrophobic interactions within 

insoluble complexes formed in systems comprised of chitosan and sodium taurocholate,49 and 

(ii) the exothermic binding of SDS with chitosan, the interactions of which were determined 

to be electrostatic of origin.78 Both systems were proposed for an approach to lowering 

cholesterol levels in the blood.    

When a solution of chitosan was introduced into a solution of 5 mM sodium 

taurodeoxycholate, the concentration of bile salt which was comparable to the amount 

present in the gastrointestinal tract during the ‘fasted’ state,47 no ordered structures were 

identified by SAXS (Figure A6.3-A). Interestingly, with a 4-fold increase in bile salt 
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concentration, a lamellar phase possessing a similar lattice parameter to that of the mesophase 

formed in the previously studied 30 wt% STDC: 4 wt% chitosan system was evident (Figure 

A6.3-B). This suggests that at high bile salt concentrations, which simulates the amount 

present in the gastrointestinal tract upon the digestion of even small traces of lipids (referred 

to as the ‘fed’ state),47 there was a sufficient amount of micelles in the local microenvironment 

to associate with the oppositely charged chitosan to form lamellar phase. When administered 

orally, it is envisaged that the bile salt and chitosan system could offer a novel route to the in 

situ self-assembly of liquid crystalline nanostructures in the gut and subsequent sustained 

release of therapeutics or in response to changes in temperature. 

6.6.5 Novel Colistin/Heparin Lamellar Phase Complexes for 

Antimicrobial Coating of Biomedical Devices 

Although not stimuli-responsive, a further biocompatible system comprising a 

cationic antimicrobial peptide and a negatively charged biopolymer were also studied during 

this thesis that is worth briefly mentioning here. In this case, the ‘drug’ actively participates 

in the self-assembly behaviour.  

Infections arising in hospitalised patients, particularly those who have undergone 

surgery and are reliant on receiving treatment through biomedical devices, continue to be a 

rising concern.79 Colistin is a re-emerging antibiotic used against multidrug-resistant Gram 

negative bacteria.80 The structure of colistin consists of a lipopeptide whose headgroup 

contains five positive charges, and a C8-C9 branched fatty acid tail. Its amphiphilic structure 

allows it to form micellar aggregates in solution.81 Thus, preliminary studies were performed 

to determine whether structured complexes are formed between colistin and negatively 

charged biopolymers, such as the highly sulphated anticoagulant, heparin.  
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CPLM and synchrotron SAXS were employed to visualise and identify the formation of 

a birefringent lamellar phase with a lattice parameter of ~40 Å across the colistin–heparin 

interface. In addition, in vitro release studies showed slow release of colistin from the lamellar 

phase gel complexes into the bulk media and disk diffusion bioassays revealed antimicrobial 

activity against Pseudomonas aeruginosa.  

These findings demonstrate the novelty of the therapeutic itself participating in the 

formation of highly ordered mesophases, rather than being loaded into a matrix that provided 

‘passive release’ such as previously shown with the SDS/polyDADMAC, CTAB/PAAm-AA, and 

bile salt/chitosan systems. The viscosity of the lamellar gel phase would be important during 

the application process, where it is envisaged that a more freely flowing formulation would 

allow the delivery system to, for instance, be easily painted on surfaces with a brush-like tool.  

This can be achieved by determining the optimal colistin-to-heparin molar charge ratio at 

dilute concentrations that will produce similar outcomes reported. 
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6.7 Conclusions 

Gaining an understanding of how structural attributes of mesophases formed across 

oppositely charged surfactant–polymer interfaces can be influenced by changes in the 

environmental conditions has provided an interesting route to designing tailored release 

nanomaterials. In this chapter, various industrially and biologically relevant surfactant and 

polymer systems were assessed for their potential applications as drug delivery systems.  

The micellar and hexagonal phases formed in complexes of sodium dodecyl sulphate 

and poly(diallyldimethylammonium chloride) can offer sustained release of actives and 

remain stable at high temperatures, or triggered release of materials in environments where 

the salt concentration is high. This feature along with the knowledge attained regarding the 

equilibrium phase behaviour of this system can be exploited in the development of new and/or 

improved formulations, such as hair care products.    

 pH triggered release of a model hydrophilic dye from Pm3n cubic/hexagonal phase 

capsules formed across the interface between solutions of cetyltrimethylammonium bromide 

and poly(acrylamide-acrylic acid) serves as a platform for devising systems that are 

responsive to changes in solution pH, particularly in the application of biomaterials. 

When administered orally, it is envisaged that the bile salt/chitosan system could offer 

a novel route to the in situ self-assembly of lamellar phase in the gut, and subsequent 

sustained release of therapeutics or in response to changes in temperature or salt 

concentrations. 

In summary, these studies have revealed many possibilities for employing oppositely 

charged surfactant and polymer systems as stimuli-responsive drug delivery systems.   
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6.9 Appendix 

A6.1 Effect of pH on the Bile Salt/Chitosan System 

Solutions of 4 wt% chitosan (low molecular weight) and 30 wt% sodium 

taurodeoxycholate hydrate were prepared in 10 % acetic acid. Each solution (500 µL) was 

combined into a 1.5 mL glass vial and vigorously mixed until the mixture appeared 

homogeneous. To each sample, 1 M NaOH was added dropwise until the desired pH was 

reached (tested with pH strips), then topped with Milli-Q water to a total mass of 1.5 g. The 

samples were allowed to equilibrate for a week, after which a white precipitate had formed 

in a turbid solution. SAXS data demonstrated that the formation of lamellar phase (lattice 

parameter ~32 Å) was not influenced by solution pH (Figure A6.1); apart from the slightly 

viscous opaque mixture at pH 10 where no scattering was observed. This justified the 

preparation of the capsules studied in the in vitro release studies in 10 % acetic acid (~pH 2). 

 

 
Figure A6.1 Effect of pH on the lamellar (Lα) phase formed in mixtures comprised of 30 wt% 

STDC and 4 wt% chitosan. 
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A6.2 Visualising the Growth of Nanostructures Across the Bile 

Salt–Chitosan Interface by CPLM 

 

A6.3 Phase Behaviour of Chitosan in Biorelevant Bile Solutions 

To investigate the feasibility of the bile salt and chitosan system for forming liquid 

crystalline structures in a more biological environment, solutions of chitosan were introduced 

to solutions of bile salt with varying concentrations that mimicked the amount of micelles 

released in the gut during either the ‘fasted’ or ‘fed’ state.47, 82 Fed micelles were comprised of 

20 mM STDC and 5 mM DOPC in digestion buffer at pH 6.6. Fasted micelles were prepared 

by a 1 in 4 dilution of the fed micelle solution. A disk of 4 wt% chitosan was delivered into a 

flat cell and flushed with either of the micellar solutions. A line scan with 100 µm spatial 

resolution was conducted across the bile solution–chitosan solution interfaces at the 

Australian Synchrotron SAXS/WAXS beamline to identify the formation of any mesophases. 

 
Figure A6.2 The growth and development of bands exhibiting birefringence across the 

interface created between solutions of 30 wt% sodium taurodeoxycholate (S) and 4 wt% 

chitosan (P) under crossed-polarisers, which was directed predominantly towards the bulk 

polymer region. The dashed line marks the point of origin. 
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Upon the introduction of two different bile salt-lecithin mixed micellar solutions to a 

disk of 4 wt% chitosan solution, the concentration of micelles in the ‘fasted’ state (low bile 

salt) was determined to be insufficient to produce any highly ordered structures (Figure A6.3-

A). In contrast, lamellar phase with a lattice parameter of ~34 Å was formed when 

surrounded by a higher concentration of micelles in the ‘fed’ state (Figure A6.3-B).  

 

  

 

Figure  A6.3  SAXS profiles across interfaces created between solutions of chitosan and 

simulated gastrointestinal fluid with micellar concentrations comparable to those present 

during the ‘fasted’ (A) or ‘fed’ (B) state of digestion. 
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A6.4 Characterisation of Mesophases Formed Across the CTAB–

PAAm-AA Interface by Synchrotron SAXS 

 

A6.5 Identification of Coexisting Pm3n Cubic and Hexagonal 

Phases Across the CTAB–PAAm-AA Interface  

 

Figure A6.4 SAXS profiles of pertinent D (distance from origin) values across the CTAB–

PAAm-AA interface in Figure 6.6.  

Note: The high flux of X-rays and signal-to-noise ratio provided by a synchrotron SAXS source allowed the 
Bragg peak at √2 for Pm3n cubic phases formed across the surfactant–polymer interface to be resolved. 

 
Figure A6.5 Graphs of d-spacing vs. Miller indices generated from the corresponding 

Bragg reflections observed in the SAXS profile (Figure A6.4) at D= 0 mm across the CTAB–

PAAm-AA interface indicating the coexistence of Pm3n cubic (A) and hexagonal (B) phases.  
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A6.6 Temperature-Dependent Equilibrium Phase Behaviour of the CTAB and PAAm-AA System  

Table A6.1 Effect of temperature on the spacing ratio of Bragg peaks indexed for Pm3n cubic phase in mixtures of CTAB and PAAm-AA. 

Bragg 
peak 

Temperature 
25 °C 30 °C 35 °C 40 °C 45 °C 50 °C 55 °C 60 °C 

q (Å-1) d (Å) q (Å-1) d (Å) q (Å-1) d (Å) q (Å-1) d (Å) q (Å-1) d (Å) q (Å-1) d (Å) q (Å-1) d (Å) q (Å-1) d (Å) 
√2 * * * * * * * * * * * * * * * * 
√4 0.1003 63 0.101 62 0.102 61 0.104 61 * * * * * * * * 
√5 0.117 54 0.113 56 0.114 55 0.115 55 0.116 54 0.117 54 0.118 53 0.12 53 
√6 0.1223 51 0.125 50 0.126 50 0.127 49 * * * * * * * * 

Note: The Bragg peak at √2 for Pm3n cubic phases were not evident in the SAXS profile obtained during the temperature scan of this sample mixture as the benchtop 
SAXS instrument was not able to produce highly resolved scattering curves as with synchrotron SAXS (Figure A6.4). This is true for Bragg reflections marked with 
asterisks. However, above 45 °C the disappearance of the previously existing Bragg peaks characteristic of Pm3n cubic phase was a result of a change in its proportion 
in the mixed mesophases rather than a limitation of the technique.   

Table A6.2 Effect of temperature on the spacing ratio of Bragg peaks indexed for hexagonal phase in mixtures of CTAB and PAAm-AA. 

Bragg 
peak 

Temperature 
25 °C 30 °C 35 °C 40 °C 45 °C 50 °C 55 °C 60 °C 

q (Å-1) d (Å) q (Å-1) d (Å) q (Å-1) d (Å) q (Å-1) d (Å) q (Å-1) d (Å) q (Å-1) d (Å) q (Å-1) d (Å) q (Å-1) d (Å) 
1 0.1284 49 0.129 49 0.126 50 0.127 49 0.131 48 0.132 48 0.132 47 0.134 47 
√3 0.2224 28 0.222 28 0.221 28 0.225 28 0.228 28 0.227 28 0.23 27 0.233 27 
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A6.7 Calibration Curve for Rhodamine B by Fluorescence 

Spectroscopy 

 

 
Figure A6.6 Graphs of d-spacing vs. Miller indices generated from the corresponding Bragg 

reflections observed in the SAXS profile of the bulk aqueous mixture of CTAB and PAAm-AA 

at 25°C with coexisting Pm3n cubic (A) and hexagonal (B) phases (Figure 6.7).  

Note: The Bragg peak at √2 for Pm3n cubic phases was not evident in the SAXS profiles obtained during the 
temperature scan of this sample mixture as the benchtop SAXS instrument was not able to produce highly 
resolved scattering curves as with synchrotron SAXS (Figure A6.4). 

 
Figure A6.7 Calibration curve for Rhodamine B prepared in either 10% acetic acid (~pH 2-

filled circles) or Milli-Q water (~pH 7-open circles).  
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7. Summary and Outlook 

7.1 Summary of Findings 

Oppositely charged surfactant and polymer systems have become a growing field of 

research over the past four decades for their use in a wide range of applications particularly 

in the personal care1-3 and pharmaceutical4-7 industries. With a large selection of synthetic 

and biocompatible materials available that have diverse molecular structures, the formation 

of liquid crystalline phases in such systems can be controlled to produce complexes with 

different internal structure, particle size, surface morphology, viscosity, and phase behaviour 

at varying compositions and solution conditions. Mixing of these charged species in bulk 

solutions is often not an instantaneous process. There have been reports of kinetically trapped 

nonequilibrium structures existing in bulk aqueous mixtures of oppositely charged 

surfactants and polymers.8-11 However, there is little understanding of how local changes in 

structure and composition influences the overall equilibrium behaviour of the system. This 

thesis presents approaches to study the formation of nanostructures and the distribution of 

components across surfactant–polymer interfaces over time, as well as the release behaviour 

of a model hydrophilic drug from nanostructured capsules to assess their potential as novel 

stimuli-responsive drug delivery systems.  

7.1.1 Novel Approaches to Study the Dynamics of Structure 

Formation Across Solution Interfaces 

In Chapter 2, novel approaches were developed to study the kinetics of structure 

formation across oppositely charged surfactant–polymer interfaces.  
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The growth of anisotropic materials exhibiting birefringence across surfactant–

polymer interfaces were visualised with crossed-polarised light microscopy.  

Line scans performed with synchrotron small angle X-ray scattering (SAXS) enabled 

acquisition of scattering curves across these interfaces with 100 µm spatial resolution. The 

SAXS curves obtained allowed the identification of liquid crystalline structures and 

determination of their lattice parameters. Specifically, the lattice parameter determined for 

hexagonal phases existing in solutions of SDS with or without polyDADMAC was used to 

approximately quantify the concentrations of surfactant and water locally across SDS–

polyDADMAC interfaces. In addition, the shape of the broad peak indicative of micelles in the 

low q range of the SAXS curves provided discrimination between the formation of spherical 

and rod-like SDS micelles, as well as an indication of the concentration range of SDS present 

in different micellar regions as demonstrated in Section 2.5.3.2.  

More generally, the approach developed here using synchrotron SAXS to study 

surfactant–polymer interfaces may also be employed to examine the evolution of structures 

upon contact between other types of materials in real-time. Ideally, the viscosity of one 

component should be greater than the other to ensure the formation of a neat interface, thus 

contact experiments may also be feasible with dispersions, emulsions, polymer gels, and lipids 

where ordered structures are expected to form. Additionally, using the ‘disk’ approach 

described in Section 4.4.2.1 and Section 6.4.2.1, the phase behaviour exhibited across such 

interfaces may also be studied as other components are sequentially added and/or removed 

(Schematic 6.1). The order of addition of surfactant and polymer solutions has shown to 

significantly influence the physicochemical properties of complexes formed.10 It is also 

known that hair products, such as shampoos, contain multiple ingredients.12 Thus, it is 

envisaged that the ‘step-by-step’ addition of pure or mixed components to creating such 
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interfaces described may provide a new means of gaining further insight into the formation 

of nanostructures upon mixing of all ingredients within a formulation. Lastly, achieving 

smaller beam sizes with synchrotron SAXS would allow investigation of the dynamics of 

structure formation with better resolution for earlier stages in interface formation and/or 

where the region of interest is very thin, such as microparticles produced by microfluidic 

devices.13  

Raman microspectroscopy has been widely employed for mapping the distribution of 

chemicals across various types of materials.14 Line scans performed with Raman microscopy 

enabled acquisition of Raman spectra across surfactant–polymer interfaces also with 100 µm 

spatial resolution. It is believed that this is the first time that Raman microscopy has been used 

in this way. In some cases, the concentrations of surfactant, polymer, and water present locally 

across SDS–polyDADMAC interfaces could be quantified by determining the area under the 

curve of peaks representative of the key components in the system. However, this technique 

was not able to resolve the concentration of SDS where hexagonal phases existed as 

demonstrated in Section 2.5.3.1. In addition, since water is a weak Raman scatterer, a property 

which often makes this technique favourable over infrared microscopy, Raman microscopy 

was not reliable for the measurement of water content of materials analysed. To overcome 

these limitations, the relative concentrations of each specified component were mapped across 

the surfactant–polymer interface, given as the polyDADMAC-to-SDS molar charge ratio, 

rather than their absolute concentrations as presented in Section 3.5.4. Thus, the distribution 

behaviour of surfactant, polymer, and water molecules across SDS–polyDADMAC interfaces 

was studied by determining the changes in composition with the formation of mesophases 

over time.  
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7.1.2 New Insights into the Formation of Equilibrium and 

Nonequilibrium Structures in Oppositely Charged 

Surfactant and Polymer Systems  

The phase behaviour of the model system comprising of the anionic surfactant, SDS, 

and the cationic polymer, polyDADMAC, was studied in concentrated regimes as bulk 

mixtures, dilute regimes as dispersions, and across solution interfaces. 

The method of preparation of mixtures of surfactant and polymer solutions is 

important in determining the physicochemical properties of such systems.15 In Chapter 3, it 

was found that the ternary phase diagram generated for samples prepared by dropwise 

addition and vortex mixing of SDS and polyDADMAC solutions, which was defined as the 

conventional mixing protocol, was similar for samples prepared with the complex salt, 

polyDADMADS. Therefore, taking different routes to achieving the same final composition 

can result in comparable nanostructures. These findings suggest that the complex salt can be 

formed in situ, meaning that the additional time, cost, and labour associated with synthesising 

the complex salt for addition into formulations can be avoided.  

A gradient of structures were formed across the SDS–polyDADMAC  interface, which 

was a consequence of a concentration gradient created after contact between solutions of 20 

wt% SDS and 20 wt% polyDADMAC as described in Section 3.5.3. The distance over which 

the region comprised of equilibrium hexagonal phases existed across the SDS–polyDADMAC 

interface increased over time. While the area over which coexisting micellar and hexagonal 

nonequilibrium structures existing on either side of this structured region decreased over 

time. These findings emphasise that true equilibrium may not be reached within the time scale 

of only a week. It was understood that the inherent viscosity of the starting bulk surfactant 
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and/or polymer solution and the mesophases formed significantly influenced the diffusion of 

molecules across the surfactant–polymer interface, which overall determined the state of 

equilibrium achieved.   

The development of nanostructures toward the bulk SDS region across this SDS–

polyDADMAC interface was a peculiar phenomenon. In Chapter 4, constraining the mobility 

of a component influenced the rate and direction of structure formation across the surfactant–

polymer interface. Upon contact of an SDS hexagonal phase region with a dilute solution of 

polyDADMAC, SDS micelles were able to diffuse efficiently across the SDS–polyDADMAC 

interface to form highly ordered structures in the bulk polymer region. In this case, the 

diffusion of polyDADMAC molecules into the highly concentrated surfactant region was 

hindered by the rheological barrier exhibited by the SDS hexagonal phase. Furthermore, the 

SDS molecules that were initially organised into a hexagonal lattice behaved as a ‘donor’ 

phase of micelles, where their transport across the interface was the key rate limiting factor 

toward the formation of mesophases. The phase behaviour demonstrated across this 

particular SDS–polyDADMAC interface revealed a means of producing similar structures 

with the use of less water, which will consequently reduce the costs associated in the 

manufacturing of hair products, for example. The cross-linking of charged polymers offers 

an additional approach for controlling the diffusion of oppositely charged surfactants and the 

formation of ordered structures within gels. Oppositely charged therapeutics may also be 

loaded by this process, where its release can be controlled by the swelling behaviour of the 

gel or the response of the nanostructure to certain stimuli. 

In Chapter 5, the global morphology and lattice parameter of nanostructures formed 

in aqueous mixtures of SDS and polyDADMAC were considerably influenced by the absolute 

molar concentrations and molar charge ratio of surfactant and polymer in the system. 



Chapter 7 - Summary and Outlook  

   285 
  

Generally, hexagonal phases with larger internal dimensions were formed in more 

concentrated mixtures due to an increase in the ionic strength within the system, which in 

turn resulted in an increase in repulsive forces existing between the oppositely charged 

species. In contrast, more compact structures were formed in more dilute regimes since there 

were greater chances for the charged species to interact with each other in solution. 

Moreover, the diffusion of the molecules in dilute dispersions was not significantly retarded 

as a result of an increased viscosity which was often encountered at higher compositions and 

the formation of liquid crystalline structures. Most importantly, the relationship existing 

between the local composition and viscosity of complexes formed in aqueous mixtures of SDS 

and polyDADMAC was found to play a crucial role in determining whether the 

nanostructures exist at equilibrium or become kinetically trapped at a nonequilibrium state.   

7.1.3 Tailored Release Nanomaterials  

Chapter 6 showcased a range of oppositely charged surfactant and polymer systems 

for their potential application as stimuli-responsive drug delivery systems.  The release 

behaviour of a model hydrophilic drug from macro-sized capsules was controlled by the 

mesophases formed across the surfactant–polymer interfaces, as well as the response of the 

structure to changes in solution conditions.  

Coexisting hexagonal and micellar phases formed across the SDS–polyDADMAC 

interface were temperature-stable, but sensitive to high salt concentrations, which render 

them useful in hair care products. While, the structural integrity of coexisting Pm3n cubic 

and hexagonal phases formed across the CTAB–PAAm-AA interface were lost in acidic 

environments, providing a platform for the design of pH-responsive systems comprised of 

biomaterials. Lastly, the temperature- and salt-sensitive lamellar phase formed upon contact 

between chitosan and bile salts offers a novel in situ forming drug delivery system.  
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7.2 Future Directions 

The work in this thesis has demonstrated new methods to study the correlation 

between changes in the local structure and composition across surfactant–polymer solution 

interfaces as the system approaches equilibrium. It was highlighted that the inherent viscosity 

of bulk solutions and of mesophases formed upon mixing may have been one of the key 

parameters to significantly influence the diffusion of charged species in solution and that 

possibly lead to kinetically trapped nonequilibrium structures. Hence, it would be of interest 

to further study the relationship between structure, composition, and viscosity across 

surfactant–polymers interfaces. Techniques commonly employed for probing the 

microrheology of complex fluids include optical tweezers,16, 17 particle tracking18, 19 and 

magnetic nanowire20, 21 microrheology, as well as diffusive wave spectroscopy.22-24 A major 

advantage these methodologies have over rheometers typically used to measure the viscosity 

of bulk solutions is that only microlitre volumes of the sample are required. Additionally, 

confocal microscopy may enable full real-space visualisation of the trajectory of tracer 

particles and measurements of the viscoelastic moduli of anisotropic materials.18   

Not only can therapeutics be encapsulated within gel particles formed from the 

interactions between oppositely charged surfactants and polymers in solution, but they 

themselves may be able to participate in the formation of structured complexes. Charged 

peptides are attracting interest as anticancer, antiviral, and antimicrobial agents.25 It is 

envisioned that when these molecules are delivered in combination with anionic biomaterials 

that can be found ubiquitously within the body, such as heparin sulphate26 or hyaluronic 

acid27, their release can be triggered in response to elevated levels of heparinase28 or 

hyaluronidase29, 30 present in certain disease states. Thus, these systems offer vast 

opportunities for designing novel targeted and controlled drug delivery devices.    
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