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Abstract 
Mixtures of chemically reactive polymerizable surfactants ("surfiners") have 
been employed, as a means of creating new nano-reaction and templating 
media. Aqueous micelles, and the more complex lyotropic liquid crystalline 
phases and water-in-oil (w/o) microemulsions were formulated using mixtures 
of: 

A. 11-(methacryloyloxy)undecyltrimethylammonium bromide 
B. Dodecyl(11-(methacryloyloxy)undecyl)dimethylammonium bromide 
C. 11-(acryloyloxy)undecyltrimethylammonium bromide 
D. Dodecyl(11-(acryloyloxy)undecyl)dimethylammonium bromide 
E. Cetyltrimethylammonium 4-vinylbenzoate 

The single chain A (and C) and double chain B (and D) have reactive 
hydrophobic chain tips, whereas the single chain E possesses a polymerizable 
vinyl benzoate hydrophilic counterion. Mixtures of A+B, C+D and A+E were 
found to mix ideally. Aqueous mixed surfactant micelles can be polymerized to 
yield single phase, stable solutions. Polymerization was confirmed by 
disappearance of characteristic vinyl signals in the 1H NMR spectra, and line 
broadening, as would be expected in polymerized micelles. Furthermore, small- 
angle neutron scattering (SANS) indicates that micelle structures were broadly 
retained after polymerization. SANS, transmission electron microscopy (TEM) 
and electrical conductivity measurements have shown that these polymerized 
structures persist below the c. m. c of the non-polymerized system. With 
Iyotropic mesophases polarising light microscopy, coupled with SAXS indicates 
retention of the lamellar (L(,, ) phase after polymerization, and for hexagonal (Hi) 
phases evidence for long-range order in the polymerized sample. Furthermore, 
films in w/o microemulsions composed of A and B (C and D) surfactant mixtures 
were also studied. After polymerization NMR indicated around 35% conversion 
to the surface-active polymer. SANS showed that the droplet size may be 
tuned by film composition, and that the initial droplet structure was retained after 
polymerization. 

Formation of BaSO4 nano-particles within these water-in-oil microemulsions has 
also been studied. In general; final particle sizes were found to be somewhat 
larger than the initial microemulsion droplet, but did respond in a predictable 
way to water content (i. e. w). It was found that polymerized surfactant 
microemulsions were more effective for templating cylindrical BaSO4 particles 
than similar systems stabilized by only monomeric (non-polymerized) films. 
Most significantly, starting with poly-surfactant-stabilized, cylindrical 
microemulsion droplets (initially Dcy, -3 nm, L- 60 nm), gave rise to nano-rods 
of BaSO4 (Dcy1- 30 nm, L -60 nm). On the other hand, for the same 
microemulsion but with non-polymerized films the particles were predominantly 
spherical (DSPh - 35 nm). Hence the polymer-surfactant film exerts a stronger 
influence on shape templating than the weaker un-polymerized interface. 
These results demonstrate use of polymerizable surfactants to improve 
microemulsions as templating media. 
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Project Overview 

This project investigates the use of cationic polymerizable surfactants 
("surfmers"), and their mixtures as effective nano-structured reaction and 
templating media. A wide range of self-assemblies has been studied from 

small, discrete micelles through to more complex lyotrpoic liquid crystals, and 

multi-component microemulsion phases. This thesis is composed of ten 

chapters, which are described below: 

Chapter 1 
This introductory chapter is intended to provide the reader with a basic 

understanding of surfactants. Their general uses are considered, as well as the 

vital roles they play in life. Finally, a brief introduction to this field of research is 

given, along with the main objective underpinning this project. 

Chapter 2 
In this chapter relevant background theory is discussed including general 

surfactant behaviour, synthesis of nano-structured materials using surfactant 
templates, polymerizable surfactants and polymerization reaction. 

Chapter 3 
This is a critical literature review. 

Chapter 4 
A discussion of the experimental techniques employed throughout this project is 

given. 

Chapter 5 

This chapter describes synthetic routes, and characterization of the five different 

surfmers employed in this project. 
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Chapter 6 
This chapter describes polymerization reactions carried out in dilute aqueous 

phases. A variety of techniques were used to monitor the reaction and highlight 

the effect of polymerization on phase structure. It has been demonstrated how 

composition can be used as an effective control variable for "tuning" phase 
structure in both non-polymerized and polymerized systems. In contrast to the 

non-polymerized phases, polymerized systems were found to be insensitive to 

dilution. 

Chapter 7 
Describes work carried out in Iyotropic liquid crystalline phases. It was found 

that phase structure responded in a predictable to way to mixture composition 

and concentration, and that these phases could be polymerization with 

preservation of long-range order. 

Chapter 8 

This chapter describes the use of reactive surfactant mixtures in microemulsion 
films. It was found that different types of mixtures could be used effectively for 

controlling droplet size/morphology. Microemulsion films could be partially 

polymerized, without phase separation, and whilst maintaining the original 
droplet structure. 

Chapter 9 
This chapter describes the templated-directed formation of BaSO4 nano- 
particles using partially polymerized microemulsion films developed in Chapter 

8. 

Chapter 10 

This final chapter summarizes the most significant findings of this research 
project, draws final conclusions and offers possible suggestions for further work. 

Although the surfactants employed have been synthesized according to 
literature reports, and are therefore not new, the unique contributions to the field 

made by this work are: 
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The use of small-angle neutron scattering (SANS) and transmission 

electron microscopy (TEM) to perform detailed investigation of aqueous 

micelle structures "before" and "after" polymerization (Chapter 6). In 

addition the demonstration that surfactant mixtures can be employed to 

control the aggregation structure. 

II. Studies of mesophase structures by small-angle X-ray scattering (SAXS) 

and polarizing light microscopy (PLM). Systematic experiments have 

been performed as a function of surfactant mixture composition, both 

"before" and "after" polymerization (Chapter 7). 

III. Phase behaviour and structures (SANS) of water-in-oil (w/o) 

microemulsions stabilized by surfmer mixtures (Chapter 8). These 

systems have been partially polymerized and the effects on both water 

droplet and interfacial surfmer film structures have been followed by 

contrast variation SANS. 

IV. These polymerized microemulsions have been employed as structured 

reaction media to template BaSO4 nano-particles (Chapter 9). An 

interesting finding is, that under certain conditions, cylindrical BaSO4 

particles can be templated from w/o droplets, which are themselves also 

cylindrical. Hence it has been possible to control particle shape using 

these new polymerized microemulsions. 
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Chapter One 
Introduction to Surfactants 

1.0 Surfactants 

This introductory chapter is intended to provide a basic understanding of 
surfactants and explain their scientific and economic importance. It is 
demonstrated that surfactants are an extremely important class of chemicals, 

which behold of wealth of applications and are key components in life. 

What are surfactants? 

The term surfactant is an acronym of the phrase 'surface active agent. This 

defines a class of compounds whose molecules can adsorb and orient at an 
interface between two immiscible phases (e. g. gas/liquid, liquid/liquid or 

solid/liquid), and modify the physicochemical properties by lowering the surface 

or interfacial tension. These phenomena have important consequences which 

are key in natural, industrial and domestic situations. An excellent example'of 

the application of surfactants to modify surface or interfacial tensions is 

detergency [1 ]. 

Another fundamental property of surf actants is their ability to spontaneously 
form self-assembled phases such as micelles and vesicles above a certain 

concentration, referred to as the critical micelle concentration (c. m. c); Iyotropic 

liquid crystalline mesophases form typically above 40% by weight. This 

characteristic property of surfactants distinguishes them from other surface- 

active agents such as alcohols, and is related to their amphiphilic nature. (The 

word "amphiphilic" is derived from the Greek term, amphi meaning 'on both 

sides' and phileein meaning 'to love'). A surfactant molecule is composed of 
two distinct parts, one has an affinity for the solvent (lyophilic) and the other is 

Iyophobic. The most important solvent used in discussing surfactant behaviour 

is water. In this case these two moieties are termed hydrophilic and 
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hydrophobic, respectively. By convention, the hydrophilic part is referred to as 
the surfactant head-group, whereas the hydrophobic part is referred to as the 

tail-group. 

Why are surfactants so important to us? 

The unique physicochemical properties of surfactants are central to their 

widespread applications. In addition to their large-scale use in detergency [1], 

surfactants are major constituents used in mineral processing [2], enhanced oil 

recovery [3], agrochemicals [1], paints [1], cosmetics [2], foods [4] and 

pharmaceuticals [5,6], to name just a few. In fact, not only are surfactants key 

components to the life-style we are accustomed, but are essential for life itself. 

The human body is composed of 75% water therefore, it comes as no surprise 

that without surfactants the body would be unable to function properly. For 

example, dry-eye syndrome is a common problem caused by lack of a certain 

surfactant. Surfactants, amongst other surface-active agents, adsorbed at the 

air-tear interface cause thickening of the tear film by spreading of a surface- 

active monolayer via the Marangoni effect [7]. In the absence of surfactants, 

spreading is inefficient and leaves dry spots on the film. 

On a more serious note, pulmonary surfactant (a complex mixture of surface 

active phospholipids and specific proteins) is an essential component of the 

lung and is necessary for normal breathing [8]. A thin liquid surfactant film lines 

the alveolar air spaces and acts to minimise surface tension of the air-liquid 
interface, thereby stabilising the alveoli against collapse at the end of 

exhalation. When there is not enough surfactant respiratory distress syndrome 
(RDS) can develop. This condition may occur in premature infants. 

However, in addition it is true to say that in the absence of surfactants living 

organisms would cease to exist. Cell membranes, conceivably the most 

essential feature of all living organisms, owe their primary structure to surfactant 

aggregation [2]. Phospholipids are the surfactants that make up mammalian 

cells. 

2 



Introduction to Surfactants 

1.1 Types of Surfactants 

The nature and relative sizes of the head- and tail-groups are important 

parameters that dictate the effectiveness of a given surfactant. There are many 
different types of surfactant molecules, both natural and synthetic. Surfactants 

can be classified into four main categories: cationic, anionic, zwitterionic or non- 
ionic, according to the nature of their hydrophilic head-group. Shown in Table 1 

are some classic examples of surfactants. 

1.1.1 Anionics 

Anionic surfactants are those that carry a residual negative charge in their 
hydrophilic head-group. Typical examples include metal carboxylates, metal 

alkyl sulphonates and metal alkyl sulphates. These types of surfactants are 
found extensively in cleaning formulations. 

1.1.2 Cationics 

Cationic surfactants are those that carry a residual positive charge in their 

hydrophilic head-group. Typical examples include quaternary ammonium, 
imidazolinium and pyridinium halides. These types of surfactants are used as 
fabric and hair conditioners. 

1.1.3 Zwitterionics 

Zwitterionic surfactants, sometimes referred to as amphoteric surfactants, are 
those that carry both positive and negative charges in its structure. Typical 

examples include betaines and sulphobetaines. These types of surfactants find 

use as toiletries, cosmetics and baby shampoos as they are kinder on skin and 
have low 'eye-sting' effects. 

1.1.4 Non-ionics 

Non-ionic surfactants have a polar head-group, but carry no residual charge. 
Ethoxylates are the most common non-ionic surfactants. Other examples 
include phosphine oxides, suiphoxides and the alkanolamides. These types of 

surfactants are used in low temperature detergency and as emulsifiers. 

3 
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Category Example Surfactants 

ýH3 

Cationic ± CH3 H3C i 
Br 

CH3 

Dodecyltrimethylammonium bromide (DTAB) 

Anionic Hic S04 Na+ 

Sodium dodecylsulphate (SDS) 

Zwitterionic 

CH3 
I+ý/SO3 

HC 

CH3 

N-dodecyl-N, N-dimethyl-3-ammonio-l-propanesulfonate 

Non-ionic HP oýoýýoýý°ý/ýoH 3 

n-dodecylpentaoxyethylene glycol ether 

Table 1.1 Examples of some common surfactant molecules. 



Introduction to Surfactants 

1.2 Functionalised Surfactants 

Many other types of surfactants molecules exist (Table 2), which posses an 

additional chemical property to the pronounced surface activity. Such 

surfactants can be thought of as 'functionalised' and common examples are: 

1.2.1 Polymerizable surfactants 
Certain surfactants may contain somewhere within their structure a 

polymerizable group. An extensive discussion of this type will be given in 

Chapters 2 and 3. 

1.2.2 Fluorinated surfactants 
Fluoro-surfactants may be either partially (hydrogen containing) or fully 

fluorinated. A new use for fluorinated surfactants is formulation of water-in-C02 

microemulsions [9]. These novel systems show great potential as a universal 

'green' alternative to petrochemical solvents in chemical processing and 

cleaning. 

1.2.3 Polymeric surfactants 
Polymeric surfactants, otherwise known as surface-active polymers, consist of 

either hydrophilic/hydrophobic chains grafted to a hydrophobic/hydrophilic 

backbone respectively, or alternating segments of both. These systems find 

wide use in the stabilisation of dispersions. For example, in the formulation of 

pesticides as water based suspension concentrates [10]. 

1.2.4 Gemini surfactants 
Gemini surfactants can be viewed as dimeric surfactants. They consist of two 

hydrophilic head-groups and two hydrophobic tail-groups linked by a spacer. 
Gemini surfactants are very efficient in reducing surface tension and have a 

very low critical micelle concentration (c. m. c). For example DTAB has a c. m. c 

of 16 mM, whereas for the corresponding gemini (ethane-1,2- 

bis(dodecyldimethylammonium bromide) it is 0.9 mM [2]. 

5 
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Category Example Surfactants 

CH 
II / 

Br 
HZCýCN ± CH3 

Polymerizable Surfactant I\ 
CH3 CH3 

11-(methacryloyloxy)undecyltrimethylammonium bromide 

H/CF2 'ý'-CF2"'CF2"-CF2'--' CC 
CH2,,, 

ý 

Fluorinated Surfactant 
ý; 

H-,, F2"ý-CF2 CFZ"', 
CHZ 

O i SO Na` CF -"'C 
2 l 

O 

Sodium bis(1 H, 1 H, 5H octafluropentyl)-2-sulfosuccinate 

Polymeric Surfactant -[-OCHZCHZ-]ý _f OCHZCH(CH3)-]m -[-OCHZCHZ ]n 

Triblock PEO-PPO-PEO copolymer 
CH3 

Br 

H3 N -CH3 

Gemini Surfactant Br 
H3 i -CH3 

CH, 

Ethane-1,2-bis(dodecyldimethylammonium bromide) 

cý0 

so; Na 
H3C 

Hydrolysable Surfactant 

Stearyl isethionate 

H3 
Br' 

Photosensitive Surfactant H3 N=N o-`-/; CH3 

CH3 

4-Butylazobenzene-4'-(oxyethyl)trimethylammonium bromide 

Table 1.2 Examples of some functionalised surfactants 
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1.2.5 Hydrolysable surfactants 
Hydrolysable surfactants contain a weak bond within their structure that can be 

catalytically cleaved by acid, alkali, or enzymes. Recent environmental 

concerns about biodegradability have stimulated a branch of research into such 
"green" surfactants. 

1.2.6 Photosensitive surfactants 

Photosensitive surfactants contain a photochromic group, which allows them to 

switch between different isomeric forms (e. g. cis/trans) when exposed to a 
specific wavelength of radiation. Surfactants that exhibit such properties could 
find use as molecular switching devices [11,12], micellar catalysis [13] and 
photochemical recording [14]. 

1.3 Surfactants Through Time 

The first synthetic detergent was soap (anionic surfactant), which dates back to 

2500 -2200 BC. An original recipe, based on alkali, water and cassia oil has 

been found inscribed on Sumerian clay tablets for the use of soap to wash wool 
[15]. Ancient Egyptians also produced and used soaps made of animal and 

vegetable oils mixed with alkaline salts [15]. It is currently believed that 

Romans learnt the skill of soap making from the Gauls. Roman legend granted 

soap its name from Mount Sapo, where the fats of sacrificed animals were 

washed into the Tiber River with wood ash [15]. There is no evidence to 

suggest Germanic people used soap before the Romans. Yet, if the Gauls 

were responsible for educating the Romans about soap, it is conceivable that 

the other Indo-European groups may well have developed the skill of soap 

making. 

Recognition of the beneficial factors of soap saw the launch of synthetic 
detergents in the 1940s [2]. Since this time, worldwide consumption of 
synthetic surfactants has stretched beyond a staggering ten million tonnes per 

year. The largest sector of surfactant production is undoubtedly in industrial 

7 
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and domestic cleaning formulations. In 1998 this accounted for 55% of total 

surfactant production [16]. Growth has been strong throughout the 1990s for 

the major surfactants, namely anionics which account for over half of total 

industrial surfactant use [17]. Alcohol ethoxysulfates have emerged as the 

major surfactant in consumer products, closely followed by soap and linear 

alkylbenzene sulfonates [18]. Shown in Figure 1.1 is the global surfactant 

consumption in 2000 (excluding soap) [19]. 

  0.9 Alcohol ethoxylates 

  1.0 Alcohol ether sulfates 

0.5 Alcohol sulfates 

3.4 Alkylbenzene sulfonates 

  0.7 Alkylphenol ethoxylates 

  3.9 Others 

Figure 1.1 Global surfactant consumption in 2000 (excluding soap) (million 

metric tons). 

However, formulation changes are being constantly driven by shifting industrial 

alliances, changes in washing conditions and new technologies, which mainly 

impacts laundry detergent products. In most practical applications surfactant 

mixtures are normally employed. Technical-grade surfactants are themselves 

mixtures of chain lengths and isomers due to the difficult, and expensive 

separation techniques involved. Employing surfactant mixtures can be 

advantageous in the sense that the monomer concentrations of one or both 

components can be dramatically reduced. An excellent example is in the 

formulation of baby shampoos where a mixture of anionic and zwitterionic 
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surfactants show much less skin and eye irritation than a pure anionic. The 

other important factor is that mixtures often exhibit synergism i. e. gives 

enhanced performance over individual components. For example, liquid 

detergents and rinse cycle fabric softeners [20]. 

1.4 Research 

In academia it is true to say that surfactants represent a field of science within 
their own right. A fairly recent, but ever increasing field of research is the 

synthesis of tailored made nano-structured materials, based on self-organized 

surfactant phases [21,22]. This area is central to the research described in this 

thesis. A relatively new class of surfactants, commonly known as 'surfmers', 

are the subject of extensive studies. These are polymerizable surfactants and 

will be discussed in the proceeding two chapters. 

9 
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Chapter Two 
Background Theory 

2.0 Introduction 

A central theme in modern materials chemistry and physics is template-directed 

fabrication of nanostructured architectures. Monodisperse nanocolloids have 

intrigued scientists since 1857 when Faraday first prepared gold sols that 

exhibited different colours [1]. However, systematic studies in this area have 

only received significant attention during the last quarter century (late 1980s). 

Up until this time, leading theoreticians had almost unanimously declared 

nanotechnology an unobtainable objective. Few scientists questioned this view 

until the late 1950s when Aurther von Hippel, an electrical engineer from 

Massachussetts Institute of Technology, predicted the feasibility for constructing 

nanoscale devices [2]. Around the same time, the Nobel prize-winning 

physicist, Richard Feynman, began a high profile campaign to promote the 

production of nanomachines [3]. During the early 1980s to the present, Drexler 

has published key work on nanotechnology [4,5] and set up the Foresight 

Institue, Palo Alto, California, in 1986, an organisation seen by many as the 

world headquarters of nanotechnology. 

What is so fascinating about the "nano-world"? 

Nanoparticles exhibit unique optical, electrical, thermal, magnetic and chemical 

properties that differ from bulk state and are, themselves size dependent. 

Nanometer-scale engineering primarily causes the impressive properties of 

many biological structural materials (e. g. bone) [6]. Significant interest in 

nanotechnology is constantly expanding due to a vast domain of potential 

applications. The ongoing miniaturisation of electronic devices, high 

performance construction materials, high density magnetic recording media and 

magnetically responsive fluids provide a fraction of the areas that justify 

research in the `nano-world'. Nanoscale materials also posses potential 
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breakthroughs for medicinal sciences. In theraputic applications, size control is 

of paramount importance to avoid blockage of capillaries as well as targeting to 

specific body sites. Furthermore, specific nano-engineered materials may 
initiate the function of proteins and enzymes in molecular recognition. 
Therefore, an easily attainable, robust reaction and templating medium, offering 
selective control over domain size and structure could pre-determine the 

physicochemical properties of the subsequent material, and its potential 

application. 

The initial problem encountered by scientists is the fabrication of a suitable 

microstructured template. Owing to rich self-assembly that extends over the 

nanometer range surfactant phases appear ideal for such design. Further 

discussion of the mediated synthesis of nano-colloids will follow, however at this 

stage it is important to consider general surfactant behaviour. 

2.1 General Surfactant Behaviour 

This section serves as an introduction to general surfactant behaviour and is not 
intended to provide a comprehensive review. Further detailed discussions are 

given in later chapters, however for a full account of surfactant behaviour the 

reader is referred to references [7,8]. 

As previously described in Chapter 1, the amphiphilic nature of surfactant 

molecules permits the formation of self-assembled phases. Numerous factors, 

such as: surfactant structure, concentration, temperature, electrolyte 

concentration, pH, etc effect surfactant aggregation. In an aqueous surfactant 

solution there are three main types of association, which are a function of 

concentration, the formation of monolayers, micelles and mesophases. 
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2.1.1 Monolayers 

In a dilute aqueous phase, where the overall surfactant concentration is below 

the critical micelle concentration (c. m. c), surfactant molecules exist as free 

monomers. Due to the hydrophobicity of the surfactant tail groups a state of 
lower free energy exists when the surfactant molecules adsorb and orient at the 

air-water interface. It is important to realise this is not due to repulsive 
hydrocarbon-water interactions, in fact the attraction is similar between pure 

hydrocarbons. At higher concentrations, adsorption is increased which causes 

tighter packing at the air-water interface (Figure 2.1). In this case surfactant 

molecules no longer act independently, and enhanced intermolecular 

interactions give the film a measurable viscoelasticity. 

Air 

"--- 
ýý 

Water 

Figure 2.1 Packing of surfactant molecules at the air-water interface. 

2.1.2 Micelles 

At a well-defined concentration there is a pronounced change in solution 

properties, as shown in Figure 2.2. This concentration is defined as the critical 

micelle concentration (c. m. c). Above the c. m. c a wide variety of self-assembled 

phases may form; these aggregates include micelles, vesicles and liposomes, 

and bilayers (Figure 2.3). The term vesicle can be ambiguous, however is 

normally used to describe a closed single surfactant bilayer, whereas liposomes 

refer to closed multilayer bilayers. 
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C. M. C 
turbidity 

osmotic 
pressure 

surface tension 

equivalent 
conductivity 

surfactant concentration 

Figure 2.2 Variation of solution properties with surfactant concentration. 

McBain and Salmon proposed the existence of micelles in 1920 [9]. It was not 

until 1936 that the first representation of a micelle was suggested by G. S. 

Hartley [10]. Hartley suggested that micelles were spherical with a liquid-like 

hydrocarbon core, and radius approximately equal to the length of the 

surfactant tail. These pioneering studies have lead to a generally accepted 

picture of the surfactant micelle. For a typical single-chain, mono-valent ionic 

surfactant such as SDS, the fundamental micelle structure is regarded as 

spherical, consisting of a liquid-like hydrocarbon core, encapsulated by a 

charged surface. Previous investigations have shown that, only in the surface 

region is there any significant water contact [11]. The surface boundary has 

been reported as extremely sharp; the water content falls from 100% in the 

Stern layer to 0% over a distance of 3A (the approximate size of a water 

molecule) [12,13]. To achieve electrical neutrality there is a fraction of tightly 

bound counterions whilst the remainder form a diffuse electrostatic double layer. 

Micelles can adopt various geometries such as spheres, cylinders and disks, 

and the energy barrier between states is small. Various parameters influence 

the natural morpholgy adopted by the aggregate, and in order to understand 

15 
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self-assembly structures with surfactants it is useful to consider the packing 
parameter P, 

P_ 
V 

aeff "Ic 
(2.1) 

where V is the volume of the surfactant molecule, aeff is the effective molecular 

area occupied per molecule in the aggregate and Ic is the extended length of 

the hydrocarbon chain. This model of molecular packing constraints on the final 

aggregate morphology was first discussed by Israelachvili et al., 1976 [14], and 
is directly related to the 'hydrophilic-lipophilic balance' (HLB) concept. 
Aggregate shape changes occur at critical values of P, and changes in V, 

and/or, the effective molecular area (aff) can drive structural transitions. The 

influence of the packing parameter (P) on the geometry of aggregation is 

highlighted in Figure 2.3. 

For example, in the case of ionic surfactants addition of electrolyte suppresses 
the electrostatic double layer, causing a decrease in aeff, favouring growth to 

cylindrical micelles. Non-ionic surfactants exhibit a similar effect with increasing 

temperature owing to dehydration of the ethyleneoxide units. Therefore, 

changes in P can be brought about by the addition of electrolyte, temperature 

changes, changing the nature of the counterion, co-surfactant, pH, etc. 

In the case of a single surfactant, V is essentially constant, and since aeff is 

controlled, principally, by head group interactions there is only limited scope for 

achieving different aggregation structures. A convenient, easily accessible way 

of changing P and therefore aggregation morphology is by employing surfactant 

mixtures. For example using single- and double-chained counterparts changes 
in V can be made whilst keeping aeff and I. essentially constant. In theory this 

should allow all curvatures to be accessed. These structures will be discussed 

in further detail in Chapter 6, including a thermodynamic treatment of ideal and 

non-ideal mixing in surfactant mixtures. 
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P<_ 1/3 

Spheres 

1/3 <P< 1/2 

Cylinders 

1/2<P<1 

Vesicles 

P=1 

Bilayers 

P>1 

Inverted Micelles 

Figure 2.3 Influence of packing constraints on the geometry of aggregation. 
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2.1.3 Lyotropic liquid crystalline mesophases 

A further increase in surfactant concentration is accompanied by a decrease in 

intermicellar separation. As the volume fraction reaches typically 40% a series 

of regular geometries form to maximise surface separation, reducing repulsive 
head-group interactions and consequently lowering the free energy of the 

system. These homogenous single phases are known as lyotropic liquid 

crystals or mesophases, and posses long-range translational order intermediate 

between liquid and crystal. For surfactants there are several possible 

geometries that can be adopted, which include lamellar, normal and inverse 

hexagonal, and cubic mesophases (Figure 2.4). 

The lamellar phase consists of flexible bilayers of indefinite area but arranged 

parallel to each other. It can swell extensively and yet remain as a single 
homogenous phase. Hexagonal mesophases on the other hand consist of 

cylindrical aggregates packed together in a hexagonal array. Finally, for the 

less common cubic phase several possible geometries exist, which include the 

bicontinuous (VI) and discrete cubic (I1) phases. The former is composed of 
interconnected aqueous and hydrocarbon domains, whereas the later is thought 

to consist of closed globular aggregates, similar to short rods or ellipsoids, 

arranged in a cubic close-packed body centred array. As in the dilute regime, 
the energy gap between the respective mesophases is relatively small and 

altering solution conditions and water content can bring about changes in 

structure. In principle, the phenomenon of surface curvature control can be 

applied to mesophases. Therefore, employing surfactant mixtures should allow 

switching between relative structures. These phases will be discussed in 

further detail in Chapter 7, including characteristic diffraction patterns observed 
in small-angle X-ray scattering (SAXS) studies. 
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Hexagonal Phase (Hj) 

Cubic Phase (I, ) Bicontinuous Cubic Phase (V1) 

Figure 2.4 Lyotropic liquid crystalline surfactant phases. 
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In addition to the clear link between self-assembly and concentration, surfactant 

properties may be temperature dependent (Figure 2.5). As for most solutes in 

water, the solubility limit increases with increasing temperature. However, 

aqueous surfactant solutions show a very dramatic increase in solubility at a 

critical temperature, referred to as the Kraft point (TK). Below the Kraft 

boundary (i. e. T< TK) micelles cannot form and surfactant molecules exist in a 

crystalline state. Raising the temperature above TK induces melting and 

promotes micellization. Therefore, it comes as no surprise that TK is related to 

the crystal lattice energy and hence surfactant molecular structure. For 

example ionic surfactants with a long alkyl chains exhibit a high TK. 

turbid micellar 
emulsion (2 phase) 

CL micelles -º 
liquid crystals / 

E mesophases 

surfactant 
crystals 

surfactant concentration 

Figure 2.5 General surfactant behaviour. 

Above a certain temperature, often termed the cloud point, a two-phase region 
is encountered. In this part of the phase diagram two liquid micellar phases are 
in equilibrium, which produces a turbid solution that extends over a 

characteristic temperature range known as the 'miscibility gap'. The extent of 
this 'miscibility gap' is a characteristic property of the surfactant molecule. In 

general, increasing the relative hydrophilicity reduces the gap size. The 'cloud 

point' phenomenon is therefore especially pertinent to non-Ionics. 
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This brief overview of aqueous surfactant behaviour highlights the importance of 
chemical structure for influencing phase stability and characteristics. 

2.1.4 Microemulsion phases 

The hydrophobic core of a normal aqueous micelle may be swollen with added 

oil. For suitably high loading of the dispersed phase an emulsion, or 

microemulsion, may be formed. By definition, a microemulsion is an optically 
transparent, thermodynamically stable mixture of two or more immiscible fluids, 

stabilised by surfactant molecules. The microemulsion concept was introduced 

as early as the 1940s by Hoar and Schulman [15]. They demonstrated that by 

titrating a milky emulsion of oil, water, and ionic surfactant with hexanol 

(cosurfactant), formulated a transparent single-phase, which they referred to as 

an oleophatic hydromicelle. Later on in 1959 Schulman and coworkers 

subsequently concocted the phrase "microemulsion" [16]. 

Shown in Figure 2.6 is a water-in-oil microemulsion (referred to as w/o or L2), 

which has a typical composition of 10,5 and 85%, water, surfactant and oil 
respectively. On a macroscopic scale it appears homogenous, but 

microscopically is seen to be composed of individual nanometre-sized aqueous 
domains (in the range of 20 - 500 A) dispersed in an oil continuous phase. The 

structural dimension of microemulsions is somewhat smaller than the 

wavelength of light (4000 - 8000 A); hence they are generally weak scatters of 
light, which explains their transparency. 

Pioneering work by Winsor and others has lead to a great understanding about 
the phase behaviour of multicomponent microemulsion systems [17]. Winsor 

classified these systems, and today these are referred to as Winsor phases 
(Figure 2.7). A WI phase represents an oil-in-water microemulsion (referred to 

as o/w or Li) that is in equilibrium with excess oil. Conversely, a WII phase 

represents a w/o microemulsion coexisting with excess water. Finally, a WIII 

phase represents a middle phase, or bicontinuous microemulsion. In a 
bicontinuous microemulsion the oil and water domains coexist in an 
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interconnected network stabilised by surfactant molecules adsorbed at the 

interface. 

Figure 2.6 Schematic of a water-in-oil (w/o or L2) microemulsion droplet. 

WI Will WII 

o/w oil 
oil ..., 

middle 
water 

w/o water 
phase 

Figure 2.7 Schematic of possible Winsor phases. 

Depending on the nature of the surfactant it is possible to induce a WI to WII 

transition by altering solution conditions. For a non-ionic amphiphile this is 

achieved by increasing temperature, while for ionic surfactant systems it 

requires addition of electrolyte. The underlying principle that governs phase 
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structure is the spontaneous (also referred to as preferred or natural) film 

curvature. By convention curvature is defined as negative with respect to water. 
It has been well documented how microemulsion phase structure, reflected in 

physical properties is set by film curvature [18,19]. 

The same packing parameter that governs micelle morphology is also 

applicable to interfacial film curvature. However, the presence of oil adds new 

constraints on surfactant molecules and lifts others. Changes in the preferred 

or natural curvature can be rationalised in terms of the relative values of the 

head-group area (aeff) and the effective tail-group area 
V 

(Equation 2.1) as 

discussed by Israelachvili et al., 1976 [14]. aeff is governed by repulsive 
hydrophilic forces, and the attractive forces operating at the hydrocarbon-water 

interface, whilst V and Ic are controlled principally by steric chain-chain 
interactions and oil penetration effects. The extent of oil penetration depends 

upon the nature of the oil, in particular its size relative to the surfactant tail. 

Ninham et al. [18,19] and Warr et al. [20] have shown clearly how the preferred 

system curvature is a function of oil chain length, for all other parameters equal. 
Figure 2.8 demonstrates the effect of film curvature on microemulsion phase 

structure, highlighting the importance of surfactant architecture. 

In summary if, 

aeff > o/w microemulsion. 

aeff bicontinous/middle phase microemulsion. 

aeff <V w/o microemulsion. 

Further discussion on microemulsion phases is given in Chapter 8, including a 

thermodynamic treatment of microemulsion formation. 
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Figure 2.8 Effect of film curvature on microemulsion phase structure. 
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2.2 Synthesis of Nano-structured Architectures using Self- 

Assembled Surfactant Phases 

The in situ generation of nanoscale materials that exploits surfactant self- 

assembly falls into two categories, "template-directed" synthesis and nanoscale 

"compartmentalization". In the former approach, Langmuir monolayers, 

Langmuir-Blodgett (LB) films, micelles or liquid crystalline phases have been 

employed as a microstructured templating media. Owing to the nature of these 

phases the local concentration of reactants can be dramatically increased. For 

example, micelles have a high local concentration of counterions in the Stern 

layer, which provide effective nucleation sites and allow a reaction to be 

instigated at the surface. In such a way these phases act as chemically and 

spatially specific interfaces for the site-directed nucleation and growth of 

structured materials. MCM (Mobil Composition of Matter) materials provide a 

classic example of how self-assembled surfactant phases are employed as 

templating media in the synthesis of nanostructured architectures. Synthesis of 

the well-known MCM-41 (Figure 2.9) employs a hexagonal liquid crystal phase 

as a template. The exact mechanism of formation has been a matter of debate 

over recent years. Beck et al. [21 ] proposed the liquid-crystal templating (LCT) 

mechanism, which involves the addition of silicate to a pre-organised hexagonal 

liquid crystal phase (route 1). A second theory that has now been fairly well 

accepted [22], suggests the addition of silicate to a micellar solution and the 

consequent co-operative ordering of the subsequent silcate-encased surfactant 

micelles into a hexagonal array (route 2). A detailed mechanistic analysis is 

beyond the scope of this thesis and the reader is referred to references [21-23] 

for further reading. A resultant silca wall is formed around the hexagonal 

network. The organic surfactant template is burnt (calcination) yielding a one- 

dimensional cylindrical pore system embedded in a solid silica matrix. These 

systems may find extensive use as molecular sieves [22], separation 

membranes [23] and catalysts [23], etc. 
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Figure 2.9 Synthesis of MCM-41 using a self-assembled surfactant template. 

Microemulsions, vesicles, reverse micelles and the inverted hexagonal phase 
(H2) on the other hand provide an alternative pathway for synthesizing 

nanostructured materials. These systems can be employed as 

compartmentalisation media to initiate reaction and constrain growth. Wide 

ranges of size-quantised dispersed inorganic nanoparticles and novel types of 

nanoscale polymers have been prepared via this method. For example, 

metallic [24,25], semiconductor [26-28] and magnetic nanoparticles [29] have 

been prepared in reverse micelles and microemulsion phases. 

Microemulsions appear ideal reaction media for synthesising nanoparticles as 
they are thermodynamically stable; can solubilise a large variety of compounds; 
have a large internal interface (up to 100 m2/ml) [30]; and consist of individual 

domains which display typical dimensions in the nanometer size range. Hence, 

in principle microemulsions can act as "nano-reactors". Nanoparticle formation 

relies on the dynamic nature of these systems via the droplet exchange process 
known to occur in microemulsion droplets. When mixing two equivalent w/o 

microemulsions, containing the respective reactants in their aqueous cores, 

there are continuous collisions between droplets as a result of Brownian motion. 
Depending on the attractive interactions between the surfactant tails and the 

rigidity of the interface, droplet fusion may occur. The droplet exchange relies 

on the formation of an interconnecting water channel as shown schematically in 

Figure 2.10. This situation is energetically unfavourable as it alters the `natural' 
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film curvature, and it has been shown that only 0.1-1% [31,32] of all binary 

collisions result in coalescence of the droplets. There is subsequent fission of 

this larger droplet, and the resulting particle is stabilised by the adsorption of 

surfactant molecules at its surface. 

Figure 2.10 Schematic representation of the proposed mechanism for 

nanoparticle formation in water-in-oil microemulsion droplets. 
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An alternative pathway involves the addition of a reducing or precipitating agent 

as a liquid or gas to a microemulsion containing the primary reactants. 
However, this method has not been employed here. 

Although self-organised surfactant phases exhibit great potential as versatile 

reaction and templating media for nano-materials, an inherent problem is their 

kinetic instability, and consequent lack of mechanical stability. Surfactant 

molecules are in a state of dynamic equilibrium between aggregates and the 

bulk. Micellar kinetics falls into two broad domains (Figure 2.11); the time taken 

for a single surfactant molecule to leave a micelle in exchange for the bulk, 

(microseconds [7]), and the time taken for complete micelle dissolution (10-3 to 

1s [7]). Typically w/o microemulsion droplets exhibit lifetimes of the order of 

10-3 -1s [31 ]. 

oh- -+ 

Monomer Exchange 

10-6 s 

Micelle Dissolution 

1 -10-3s 

. --- 
r. ý. 

-ý- -ý-. 
Figure 2.11 Schematic representation of dynamic equilibrium between micelles. 
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Therefore, the end product rarely retains the structure of the original surfactant 

template. In some specific cases where microemulsions are employed, the 

particle size and shape is influenced by the composition of the parent droplet, 

as shown by Pileni et al. [33]. However, in general, self-assembled surfactant 
films (essentially stabilized by weak van der Waals forces) are too mechanically 

weak to limit particle growth and other factors such as, nucleation and growth 
kinetics, or surface free energies become important. This means that currently 

available microemulsions are of limited use as "rigid" nano-reactors. Further 

discussion on this area is given in Chapter 9 (section 9.1). 

To overcome these problems a means of "locking-in" the parent structure is 

desirable, thereby prolonging the template lifetimes. Polymerizable surfactants 

offer an attractive solution and they have been successfully employed to 

polymerize a wide variety of surfactant phases. The enhanced interactions 

brought about by covalent linking surfactant molecules should give rise to 
improved templating effects, as compared with the initial un-polymerized 

systems. The next section briefly introduces polymerizable surfactants, and the 
following chapter gives an overview of the relevant literature. 

2.3 Polymerizable Surfactants 

Polymerizable surfactants, or "surfmers" can simply be defined as amphiphilic 

molecules that contain somewhere within their structure a polymerizable entity 

such as an acrylic, methacrylic, vinylic, allylic or styrene group. The word 
surfmer is an acronym of the phrase surfactant monomer. The polymerizable 
group can be located either in the hydrophilic head group region, at the end of 
the hydrophobic tail, as pendant groups or even as the counterion. Not 

surprisingly, the nature and physicochemical properties of the polymer formed 

depend largely on the location of the polymerizable group. Surfmers can be 

classified in terms of the location of the polymerizable group. For example, a 

surfmer that possesses a polymerizable group in its hydrophilic head group 

region is referred to as an H-type surfmer. Conversely, a surfiner with a 
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reactive group located at the end of its hydrocarbon tail is referred to as a T- 

type surfmer. 

The first reported surfiner synthesis was by Freedman et al. in 1958 [34]. Since 

this time, especially over the last 15 years or so extensive research has been 

carried out in this area. Polymerizable surfactants have been successfully 

employed to polymerize aqueous micelles [35-40], vesicles [41-43], lyotropic 

liquid crystals [44-50] and microemulsions [51-53]. With reference to 

microemulsions, most work has centred on polymerization, in, or of, one or 

other of the bulk phases to produce new polymeric materials [e. g 51,54]. The 

approach described in this thesis, to polymerise the oil-water interface is 

distinctly different and has surprisingly received little attention so far. 

Having briefly mentioned general surfactant behaviour and surfmers it is now 

appropriate to discuss the polymerization mechanism. For a more 

comprehensive coverage on polymerization reactions the reader is referred to 

references [55,56]. 

2.4 Polymerization mechanism 

Throughout this research free-radical chain polymerization has been employed. 
This is the most common type of addition polymerization and is widely adopted 
in both industrial and laboratory scale polymer syntheses. It is generally 
preferred over other polymer syntheses owing to a greater tolerance towards 

trace impurities and oxygen. The most important aspects of free-radical 

polymerization were identified in the 1940s and 1950s [55] and was classified 
into three main steps; initiation of the chain reaction by the formation of initiating 

radicals, propagation, involving growth of the chain carriers, and bimolecular 

termination of the chain reaction to yield the polymer (Figure 2.12). 
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Figure 2.12 Schematic representation of the main steps involved in free-radical 

polymerization. 
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Although this representation provides a convenient mechanism, and the basis 

of primary discussion, the true mechanisms that operate are somewhat more 
complex and involve other side steps such as chain transfer reactions. 
Therefore, difficulties arise in understanding the detailed chemistry of polymers. 
This has lead to the awareness of the influence defect structures can have on 

the final polymer properties. Defect groups can be introduced to the polymer 

chain during any stage of the polymerization. Obvious examples are those 

formed by chain initiation and termination. 

2.4.1 Initiation 

Initiation in free-radical chain polymerizations involves two reactions. The first 

is the production of free radicals, and this can be achieved through a variety of 
different paths, for example, homolytic decomposition of an initiator or catalyst. 
The second part involves the addition of a radical to a monomer molecule to 

yield a chain initiating species. Common initiators used in free-radical 

polymerizations are azo-compounds. In this case the driving force for 
homolysis is not the weak C-N bonds, but the formation of a highly stable 
nitrogen molecule (Figure 2.13). 

? H3 H3 CH3 

by 
H3C-C-N=N-C-CH3 2 H3C- 

iC"+ 
N2 

CN CN CN 

Figure 2.13 Homolytic decomposition of Azo-linkage. 

However, the production of primary radicals is often less than 100%, and 

subsequently these may undergo a variety of different reactions. For example, 

rearrangement or fragmentation to produce secondary radicals, interact with the 

solvent, impurities or other radicals present in solution to produce non-radical 

products. Figure 2.14 illustrates possible side reactions that may occur after 
initiation of azoisobutyronitrile (AIBN). 
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Figure 2.14 Initiation of AIBN. 

2.4.2 Propagation 

Free-radical chain propagation comprises of successive additions of monomer 
molecules to a growing polymer chain. As already mentioned, various 

undesirable side reactions, such as chain transfer reactions may occur with 
impurities, other radicals or the solvent to produce a `dead' polymer. 
Intramolecular rearrangement of the initially formed radical may occur (e. g. 

backbiting) or even be the dominant pathway (e. g. cyclopolymerization) (Figure 

2.15). 
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Figure 2.15 Backbiting and cyclopolymerization of a radical. 

2.4.3 Termination 

Free-radical termination predominantly consists of the combination of two 

radical centres by combination, or more rarely, by disproportionation whereby a 
hydrogen radical that is beta to one radical centre is transferred to another 

radical centre. Termination yields two polymer molecules; one saturated and 

one unsaturated. However, this process is also complicated by the possibility of 

other termination mechanisms, which include: 

i. Primary radical termination. 

A 
/A 

R CH2 i CHZ C"+ 

Tn 

\B 

B 

-1 R CH2 i CH2 i -I 

n 
BB 

ii. Reaction of propagating radical with inhibitor (i. e. "stable" radical or non- 
radical species), which yields a `dead' polymer. 

R CHZ C CH2 C"+ Inb No R CHZ C CHZ C-Inb 

n 
\B In 

BBB 

34 



Background Theory 

iii. Chain transfer reactions. Reaction of propagating radical with a non- 
radical substrate, which yields a'dead' polymer and radical capable of 
initiating a new polymer chain. 

/A CH, -C CHz C" + D-T No 

\B B 

/A 
T"+ HZC=C\ -º 

B 

A, A, 

CHZ C CHZ C-D +T" 
InI 

BB 

/A 
T- CHZ C" 

\B 

This brief discussion on free-radical polymerization highlights the steps involved 

and complexity of this reaction. It suggests that careful consideration must be 

given to the type of monomers and initiators, and reaction conditions if a 

polymer of specific molecular weight and properties is required. 

2.5 Concluding Remarks 

The challenge is to engineer easily obtainable, robust templating and reaction 

media with control over domain sizes and shapes in the nanometer range. 
Such versatile systems open doors to various applications, including the 

preparation of MCM-type materials [21], polymeric electrodes [57], polymer 

nano-composites [58-60], high surface area catalysts [61], encapsulated metals 
[62] and drug delivery systems, whereby the increased film rigidity could yield a 

nanocapsule capable of resisting break down by enzymes and the 

immunological system. The central aim of this project was to investigate 

possibilities for employing cationic surfmers, and their mixtures, to gain insight 

into the effectiveness of these systems for making nano-encapsulated reaction 
domains. 
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Chapter Three 
Review of Background Literature 

3.0 Introduction 

In 1958, Freedman et al. [1] reported the first synthesis of vinyl monomers, 

which also functioned as emulsifying agents. Since this time, especially over 

the last fifteen years or so, polymerizable surfactants ("surfiners") have received 

much attention. A wide variety of surfmers have been synthesized and studied 

by different groups world-wide [2-7]. A vast amount of literature exists in this 

field, and there are a number of excellent reviews [8-12]. This review focuses 

on three main areas including the polymerization of micelles, vesicles, lyotropic 

liquid crystals or mesophases and microemulsions. 

3.1 Micelles 

One of the earliest reports on micelle polymerization was by Larrabee and 

Sprague in 1979 [13], using y-irradiation to polymerize aqueous micelles 

composed of sodium 1 0-undecenoate. Polymerization was confirmed by the 

disappearance of vinyl signals in the 1H NMR spectrum. Furthermore, 

polymerization was only observed at concentrations above the c. m. c., 
demonstrating that micelle formation is a necessary condition for 

polymerization. This is a typical phenomenon observed with all surfmers, and is 

explained by a `condensation effect of monomer' [8], which produces an 

accelerated propagation step. This would suggest polymerization is strongly 
influenced by the structure and properties of the parent micelles. Poly(sodium 

10-undecenoate) was further characterized by Paleos et al. [14], who 
demonstrated, by electrical conductivity measurements, that the polymer 

exhibits a c. m. c. equal to zero. The phrase "polymerized micelle"; used by 

Paleos et al. to describe the polymer was later questioned by Sherrington et al. 

[15]. Sherrington has published a number of papers describing the synthesis 
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and characterization of a wide scope of mono- and divalent quaternary 

ammonium cationic surfmers [16-19] and a series of alkyl pyridinium bromide 

maleate diester surfmers [20]. He proposed that the phrase, "polymeric 

micelle", insinuates a topochemical polymerization, which involves the linking of 

monomers in such a manner that the final polymer geometry mirrors that of the 

original monomeric micelle, as shown in Figure 3.1 a. However, the fact that 

rapid monomer exchange between micelles is in the range 10"5 -10"6 s [8], 

which on average is much smaller than the rate of chain propagation (10-2 -10-6 

s) [8], implies that monomer exchange occurs during the polymerization. This 

lead Sherrington to believe a topochemical polymerization of a micelle is 

extremely unlikely. Instead he proposed that a more realistic representation 

was the formation of a "polysoap" i. e. an oligomeric species that exhibits 

micellar-like physical properties (Figure 3.1 b). 

The issue of stereoselectivity of the polymers formed from surfactant micelles is 

also an interesting subject. Previous reports demonstrate that both monomer 

reactivity and location of the polymerizable group have a profound effect on the 

nature of the polymerized species [21]. Dais et al. [21] have demonstrated how 

the position of a polymerizable methacrylate group in micelle-forming 

quaternary ammonium surfiners, and the corresponding polymers, causes 

pronounced differences in solubility, aggregation number, micellar size and 

molecular weight. 
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(a) 

(b) 

Figure 3.1 Schematic representations of a "polymerized micelle" (a) and a 

"polysoap" (b) suggested by Sherrington [15]. Reproduced from reference [17]. 

Furthermore, 13C NMR spectroscopy was employed to elucidate the 

microstructure of the final polymers. They found that polymerization was 

essentially complete after just 5 minutes for the T-type surfiner (polymerizable 

moiety located in the hydrophobic tail), whereas the H-type surfiner 

(polymerizable moiety located in the hydrophilic head-group) took approximately 

2 hours [211. This dramatic change was readily explained by a combination of 

the high concentration of methacrylate groups in the interior of the micelle for 

the T-type surfmer, and the electrostatic repulsion between adjacent head- 

groups retarding the propagation rate for the H-type surfmer. The absence of 

any observed splitting patterns in the 130 NMR spectrum in the latter case was 
indicative of a purely syndiotactic stereoregular polymer [21]. 

Polymerized micelles/polysoaps exhibit potential to function as catalysts, 

depending on the specifics of micelle-substrate association, via electrostatic or 

hydrophobic interactions. The rapid dissociation equilibrium of conventional 

micelles is not favourable to association and therefore the catalytic process. 

The effect of micelle polymerization on the based-catalyzed hydrolysis of p- 
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nitrophenyl hexanoate was studied by Roque et al. [22]. Various polymers and 
telomers were prepared from two monomeric methacrylic surfiners [22]. They 

found that polymerization lead to a polymer capable of solubilizing hydrophobic 

solutes much more efficiently than their unpolymerized counterparts [23], and 
that they exhibited a higher catalytic activity, which increased with the degree of 

polymerization. 

Fairly recently Candau et al. [24-26] have developed multicomponent polymeric 

micelles (MCPMs) capable of specific solubilization of mutually incompatible 

hydrophobic compounds. These MCPMs formed well-segregated hydrophobic 

hydro- and fluorocarbon domains along a hydrophilic polyacrylamide backbone, 

as illustrated in Figure 3.2. 
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Figure 3.2 Schematic representation of MCPMs proposed by Candau et al. 
Reproduced from reference [26]. 

MCPMs were synthesized by an aqueous radical terpolymerization of a water- 

soluble monomer (acrylamide) with both hydrocarbon and fluorocarbon 

surfmers in the micellar state. Surface tension and conductivity measurements 

confirmed the demixing behaviour of the two surfmers in the micellar state, and 

fluorescence experiments provided evidence of hydrophilic polymer chains 

composed of two different types of non-compatible hydrophobic microdomains. 
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In order to improve micelle polymerization and be able to effectively enhance 

templating of the parent micelles, an understanding of the kinetics and evolution 

of microstructure during reaction is essential. Recently published work by Kline 

[27,28] followed the evolution of microstructure, by small-angle neutron 

scattering (SANS) (Figure 3.3), during the in situ free-radical polymerization of 

cetyltrimethylammonium 4-vinylbenzoate. The physical stability of the 

polymerized aggregates towards dilution and temperature change was also 
investigated. Kline [27,28] has shown that polymerization proceeded through a 
highly turbid phase, resulting in a stable, non-viscous solution where the 

cylindrical structure of the parent micelle is partially preserved. These 

polymerised aggregates were reported to be insensitive to temperature changes 

and dilution, whereas their parent rodlike structures rearrange to spherical 

micelles at elevated temperatures. The resulting polymerized cylinders are 

stable and redispersable, contrary to typical polymerized surfactants or 1: 1 

polymer-surfactant complexes. 

This account by Kline clearly demonstrates, as suggested by Sherrington [15], 

that micelle polymerization does not represent a true templating (or topological) 

process, but is microstructure mediated in the sense that polymerization only 

occurs above the c. m. c, and the parent micellar structure does influence the 

final polymer morphology. 
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Figure 3.3 Schematic representation of the evolution of microstructure of 

cetyltrimethylammonium 4-vinylbenzoate during polymerization. Reproduced 

from reference [28]. 

3.2 Bilayers and Vesicles 

Specific amphiphilic molecules such as lipids are known to form closed bilayer 

assemblies, known as vesicles, in aqueous solution. Much attention has been 

devoted to these systems due to their ability to mimic biological cell 

membranes. Vesicles are larger than micelles, have a smaller surface 

curvature and a higher degree of organization. Lateral diffusion can occur 

within a layer, however, dissolution times are expected to be comparatively 

slow, and therefore these phases can be stabilized through polymerization 

without any dramatic change in morphology, or catastrophic phase separation. 

The concept of polymerized vesicles was first introduced by Regen et al. [29] in 

1980. Vesicles of cetyl(11-(methacryloyloxy)undecyl)dimethylammonium 

bromide were polymerized, yielding a clear stable solution. Polymerization was 

confirmed by 1H NMR spectroscopy, and electron micrographs confirmed the 

presence of spherical vesicles. The enhanced stability of polymerized vesicles 

was demonstrated by the unchanged absorbance in the addition of ethanol. In 

contrast, non-polymerized vesicles showed a dramatic reduction in turbidity. 
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Since these pioneering studies there has been numerous reports on the 

synthesis and characterization of polymerized vesicles [30-33]. 

The unique character of bilayer vesicles has been used to synthesize novel 

polymer architectures not available by conventional methods. This was 
demonstrated by O'Brien et al. [34] using a novel two-tailed heterobifunctional 

lipid, 1 -palm itoyl-2-(2,4,12,14-tetraenehexadecanoyl)phosphatidycholine, 

containing a diene and a dienoyl group in a single chain was used. The 

difference in polarity of the local environment of each reactive group within the 

vesicle made it possible to perform either a simultaneous, or selective 

polymerization, depending on the mode of initiation (Figure 3.4). 
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Figure 3.4 Simultaneous and selective polymerization of 1 -palmitoyl-2-(2,4,12, 
14-tetraenehexadecanoyl)phosphatidycholine. Reproduced from reference [9]. 
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Polymerization of both groups proceeded through the 1,4-addition mechanism 
irrespective to the initiation chemistry [34]. The polymerized vesicles formed in 

each case were linearly-linked, as the addition of Triton X-1 00 disrupted their 

structures, and the dried polymers were soluble in organic solvents. Linear and 

cross-linked assemblies (Figure 3.5), whether referring to monolayers, bilayers 

or nonlamellar phases, exhibit significant differences in physical properties such 

as permeability [35,36], chemical stability [37,38] and solubility [37,38]. The 

manner in which molecules link together in polymer chains largely depends on 

the number and location of reactive groups per monomer, as well as the mode 

of initiation. Bifunctional monomers containing polymerizable groups in both 

hydrocarbon chains typically afford cross-linked assemblies, yielding insoluble, 

intractable polymers [39]. 
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Figure 3.5 Schematic representation of a ladder-like and cross-linked polymer. 

Reproduced from reference [40]. 

Therefore, by employing mixtures of mono- and bis-substituted monomers 

allows the cross-link density of the poly(lipid) structure to be varied accordingly, 

and provides a convenient way of modifying the physical properties of the final 

polymer. 

Jung et al. [40] proposed an alternative method in which bilayer vesicles can be 

used for preparing novel vesicle-polymer colloids. Initially, they investigated the 

effect of polymerizing styrene adsolubilized in a supported bilayer membrane 
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composed of the non-polymerizable surfactant, dioctadecyldimethylammonium 

bromide. However, this attempt was unsuccessful as phase separation 

occurred irrespective of reaction conditions. However, Jung et at. [41,42] 

showed that styrene and divinylbenzene could be successfully copolymerized in 

a bilayer matrix composed of polymerizable surfactants, without any phase 

separation. Novel single- and double-chained quaternary ammonium 

surfactants were employed bearing one or two terminal styrene groups. A free- 

radical polymerization was carried out using the oil-soluble photoinitiator 2,2- 

dimethoxy-2-phenylacetophenone. They found that unilamellar vesicles were 

obtained with the monofunctional surfiner, whereas the bisfunctional surfmer did 

not form vesicles itself, but could be incorporated into a matrix of the 

monofunctional surfmer. As demonstrated by O'Brien et at. [39] the cross- 

linking activity of the bisfunctional surfiner enhanced stability, and produced a 

rippled bilayer morphology. 

3.3 Lyotropic Liquid Crystals 

Condensed high curvature lyotropic liquid crystals or mesophases, with well 

ordered periodic nanodomains offer great potential as templates. Although 

conventional mesophases are more constrained than micellar and bilayer 

media, they are fluid, and their well-ordered structures can be easily disrupted 

by physical or chemical forces. One of the first reports on the polymerization of 
lyotropic liquid crystal phases was by Friberg et al. [43] in 1980. A free-radical 

polymerization was carried out on a hexagonal liquid crystal phase formed from 

sodium 10-undecenoate. IR spectroscopy showed the disappearance of the 

vinyl groups was consistent with essentially complete conversion and small- 

angle X-ray scattering and polarizing light microscopy monitored the structures. 
It was found that a structural change occurred during polymerization; the 

original hexagonal phase was converted to a lamellar phase with an amphiphilic 
layer thickness of 15.9 A. This was linked to directional constraints of the end 
groups. In contrast to the polymerization of bilayers and vesicles, which has 

been well-established [30-33], the reaction of lyotropic liquid crystal phases, and 
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subsequent preservation of the initial mesophase structure is quite rare. Most 

of the pioneering work carried out in the early 1980s centered upon the 

polymerization of lamellar phases [44,45]. 

The first successful representative example of polymerization of non-lamellar 

phases was carried out by O'Brien et al. [46]. A polymerizable mono-dienoyl- 

substituted phosphoethanolamine and bis-dienoyl-substituted phosphocholine 

were employed, containing an isomethyl branch at the chain terminus in order 

to adjust the lamellar-to-nonlamellar phase transition temperature to a 

convenient range for subsequent polymerization [47]. A 3: 1 molar mixture was 

used, and at 60 °C an inverted hexagonal phase formed that was polymerized, 

to yield a hexagonal phase (stable over 20 to 60 °C). The same lipids at lower 

concentration were characterized by 31P NMR and transmission electron 

microscopy (TEM), and were consistent with a sample of isotropic symmetry as 

expected for a cubic phase. This sample was successfully polymerized, 

maintaining the initial structure. 

McGrath et al. [48-51] published a series of papers on the polymerization of 

mesophases. In the first of four parts McGrath investigates the aqueous phase 
behaviour, and effect of polymerization on two quaternary ammonium 

surfactants containing an allyl function in the head group; the single-chain 

allyldodecyldimethylammonium bromide and its double-chained counterpart 

allyldidodecylmethylammonium bromide. Using small-angle X-ray scattering 
(SAXS) and polarizing light microscopy (PLM) McGrath studied the effect of 

polymerization on a number of mesophases. In general, it was found that a 

maximum polymerization of approximately 30% could be achieved with the 

single-chained surfmer, which agreed well with that found by Rodriguez et al. 
[52]. On the other hand polymerization did not occur for the double-chained 

surfmer. The initial phase structure was clearly retained, and McGrath 

assumed that the final structure was composed of a non-polymerized surfactant 

matrix interwoven with polymer chains. It was found that partial cross-linking of 
the mesophases enhanced their stability towards temperature changes. This 

low conversion was attributed to a reduced molecular mobility favouring 
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termination, as polymerization in dilute aqueous micelles was found to be 

essentially 100% [52]. McGrath conducted further investigations with (0- 

undecenyltrimethylammonium bromide; a surfiner containing a polymerizable 

allyl group at the chain terminus. It was found that mesophases formed by this 

surfiner could by polymerized to 40%, which was a slight improvement on the 

H-type analogue, but was still well below the 80% found for its non-aggregated 
form. The Authors claimed that this was due to the aggregated liquid crystal 
domains acting as a cage, inhibiting polymerization. The increase in rigidity of 
the hydrocarbon chains lead to a decrease in solubility at high surfactant 

concentrations, and reduced phase stability. However, the partially polymerized 

phase did exhibit an increased stability towards temperature changes. This 

lead the group to investigate the effect of head-group type. Another T-type 

surfmer, sodium 10-undecenoate, was employed and as before only partial 

polymerization was achieved (approximately 30%), and where chains were in a 
fluid-like state (i. e. micellar and hexagonal phase) the original monomeric matrix 

was largely unchanged. In contrast, partial polymerization of the lamellar gel 

phase resulted in a phase transformation. To complete the study McGrath 

investigated the effect of the polymerizable group. 
Dodecyldimethylammoniumethylmethacrylate bromide, an H-type surfmer 

containing a large flexible hydrophilic moiety was investigated. In contrast it 

was found that polymerization of both the non-aggregated and aggregated 

states went to near completion, producing a polymer that was insoluble in 

water. McGrath's investigations clearly demonstrate the influence surfmer 

architecture has on the polymerization process. 

Further research by O'Brien et al. [53] lead to the successful polymerization of 
an inverted hexagonal phase (H2), formed by phosphoethanolamine; a di- 
functional phospholipid with a polymerizable dienoyl group in each chain. The 
dimensions of the H2 unit cell were shown to be temperature dependent prior to 

polymerization, and then fixed by polymerization at a desired temperature. 
Consequently, this permits the formation of encapsulated aqueous lipid 

nanotubes with "tuneable" dimensions and the capability of acting as novel 
nanometer sized building blocks. 
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Significant advances in this area have been made by Gin et al. [54-57] who 

successfully polymerized an inverted hexagonal phase and synthesized a 

variety of novel materials inside the encapsulated aqueous nanochannels. In 

an initial effort a hexagonally ordered poly(p-phenylenevinylene) (PPV) 

nanocomposite was formed by mixing an aqueous solution of poly(p- 

xylylenedimethylsulfonium chloride), with monomer 1 (Figure 3.6) and an 

organic solution of a radical photoinitator (2-hydroxy-2-methylpropiophenone). 

<H)IiOOCCHCH? 

H. 

H2)J'C+000H. CH7 ` ;? ' ... 

monomer 1 

Figure 3.6 Schematic representation of the formation of building blocks from 

the polymerization of the inverted hexagonal phase. Reproduced from 

reference [54]. 

The PPV precursor could be accommodated up to 20% by total weight and was 

assumed to reside in the cylindrical pores of the monomeric and polymeric 

surfactant templates, as it is a highly charged polyelectrolyte that is completely 
insoluble in nonpolar media. The sample was photopolymerized and the initial 

microstructure was successfully retained; however a slight volume contraction 

was observed. The nanocomposite could be fabricated into highly aligned free- 

standing thin films, or fibres depending on the method of preparation [54]. PPV 

entrapped in the aqueous nanochannels exhibited a significant increase in 

photoluminescence, which was attributed to separation and architectural control 

on the nanometer level. 

Having successfully demonstrated the novel templating effect of the inverted 

hexagonal liquid crystal phase, and the influence of size control on material 

properties, Gin et al. investigated the relationship between template geometry 

and surfiner architecture [55]. The effect of employing different metal cations, 
including transition-metals and lanthanide ions on the hexagonal assembly was 
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investigated. Polymerization was monitored by the loss of acrylate bands (1637 

and 810 cm's) using FT-IR spectroscopy. They found that samples containing 

metal ions of the same charge exhibited inverted hexagonal phases with very 

similar d100 spacings, regardless of metal ion size. Furthermore, samples 

containing trivalent lanthanide salts exhibited significantly smaller unit cell 
dimensions than their divalent transition-metal analogues. In addition, 
incorporation of these various counterions introduced new properties into the 

nanostructured polymer networks with the potential of performing chemistry. 

In a recent publication Gin et al. [57] proposed a new strategy for synthesizing 

catalytic Pd nanoparticles using a polymerized inverted hexagonal network 
formed by monomer 1. Initially a Pd(II) salt of 1 was synthesized through an ion 

exchange with dichloro-(1,5-cyclooctadiene)palladium (II) in acetonitrile. 
Although monomer 2 did form the desired inverted hexagonal network, attempts 

to cross-link the structure was unsuccessful, and resulted in a reduction of 
Pd(II) to Pd(O) causing disruption of the original microstructure. Instead, they 

found that carrying out an ion exchange on the cross-linked inverted hexagonal 

formed by monomer 1 lead to a 95% exchange and the initial structure was 

preserved. In order to create catalytically active Pd(O) particles in the matrix, 
the system was reduced with hydrogen gas, yielding a shiny black material. 
However, powder X-ray diffraction demonstrated that the order in the system 
disappeared on reduction. Roughly spherical particles with a diameter 

somewhat larger than the original nanochannels, 4-7 nm were observed 
through TEM, and a high catalytic activity was observed for hydrogenation and 
Heck coupling. 

3.4 Microemulsions 

Microemulsions exhibit unique microenvironments for performing chemistry, and 
therefore, there has been a lot of interest devoted to the use of these systems 
as host media for polymerization reactions. The majority of work in this area 
has centred upon the polymerization, in, or of, one or other of the bulk phases 

51 



Review of Background Literature 

to produce new polymeric materials. Stoffer and Bone [58,59] and Atik and 
Thomas [60,61 ] carried out pioneering research of polymerization in 

microemulsions in the early 1980s. Since this time there have been numerous 

attempts to prepare polymeric nanomaterials by polymerization of a suitable 

monomer (e. g. methyl methacrylate or styrene) in water-in-oil (w/o) [62,63] or 

oil-in-water (o/w) [64-69] microemulsions and bicontinous (middle phase) [70- 

73] microemulsions. Polymeric materials were traditionally stabilized by 

nonpolymerizable surfactants, such as sodium dodecylsulfate (SDS) [58], and 

were usually found to be opaque and very often phase separated. Gan and 
Chew [74] discovered through incorporating polymerizable acrylic acid as a 

cosurfactant, stable transparent polymeric materials could be obtained at low 

water contents (< 15 wt. % [74]). However, no well-defined microstructures were 

observed by scanning electron microscopy. They later found that by replacing 
SDS with a polymerizable surfactant, such as (11- 

acryloyloxy)undecyltrimethylammonium bromide, transparent nanoporous 

polymeric materials could be obtained [75-81]. In a relatively recent study, 

microporous polymeric composite electrolytes were obtained from 

microemulsion polymerization of 4-vinylbenzenesulfonic acid lithium salt, 

acrylonitrile, and a polymerizable nonionic surfactant, co-methoxy 

poly(ethyleneoxy)� undecyl-a-methacrylate. Polymerization proceeded steadily, 

forming a soft gel within 20 minutes. The polymerized microemulsion solids 

exhibited open-cell structures, and a reduced specific conductivity compared to 

the parent, liquid micromeulsion. Although, this change in conductivity was less 

pronounced at higher water contents. Furthermore, they demonstrated that 

water could be freely exchanged with organic solvents or electrolyte solutions in 

these microporous membranes. Such systems could find use in 

electrochemical devices. 

Microemulsion polymerization has also been used to synthesize highly 

functionalized nanoparticles. Larpent et al. [82] prepared styrene-in-water 

microemulsions using SDS and polymerizable cosurfactants, such as 
hydroxyalkyl acrylates or methacrylates. Polymerization went to completion and 
lead to stable suspensions of well-defined highly functionalized nanoparticles in 
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the 15 - 25 nm diameter range. This technique proved economically sound as 

a component of the surfactant system is incorporated within the resulting 

polymer, and is a convenient way of controlling the level of surface functionality. 

A similar method was employed by Tieke et al. [83], however polymerizable 

surfactants were used instead of polymerizable cosurfactants. Styrene and 11- 

(acryloyloxy)undecyltrimethylammonium bromide formed transparent, o/w 

microemulsions without the addition of any cosurfactant. y-irradiation induced 

polymerization resulting in nanolatex particles, about 21 nm in diameter, 

composed of a copolymer with a mole ratio of styrene to surfmer of 

approximately 1.5: 1. Excess surfactant self -polymerized, forming a 
homopolymer. The coplymerized surfactant formed a polar shell, which 
increased particle stability and allowed them to be easily redispersed in solution 
(Figure 3.7a). They extended their study by investigating a H-type surfmer, (2- 

(methacryloyloxy)-ethyl)dodecyldimethylammonium bromide [84]. 

Polymerization produced copolymers with a completely different morphology to 

that previously seen with the T-type surfmer. Highly organized, transparent 

nanogels with high water contents (Figure 3.7b), and a large inner surface were 
formed, which could be used as potential drug delivery systems, 

chromatographic resins, or catalyst carriers. SANS experiments showed that 

the structure formed by the polymerized H-type surfiner closely resembled its 

monomeric analogue, whereas distinct changes were observed for the T-type 

surfmer. A relatively recent study by Tieke et al. [85] employed a combination 

of polymerizable and non-polymerizable surfactants. They found that by 

varying the composition of the amphiphilic interface larger single-phase 

microemulsion regions could be obtained, resulting in copolymers with a higher 

styrene content. This offers a versatile method for synthesizing amphiphilic 

copolymers of tailor-made composition, which cannot be prepared by any other 

polymerization technique. 
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Figure 3.7 Schematic representation of T-/H-type surfiner copolymerized with 

styrene. Reproduced from reference [84]. 

Pileni et al. [86,87] proposed an alternative method for synthesizing 

nanoparticle latexes using surfmers, and showed for the first time that it is 

possible to obtain particles in the size range 2-5 nm. Reverse micelles in 

toluene were formed by didecyldimethylammonium methacrylate; a surfiner 

containing a polymerizable counterion. A UV initiated free-radical 

polymerization was carried out, yielding stable latex particles similar in size to 

the original microemulsion droplets. Mackay and Pileni [87] extended this 

research by investigating the effect sodium methacrylate, added to the water 

cores of the reverse micelles had on the final polymer. They found sodium 

methacrylate in the aqueous cores caused an increase in the efficiency of 
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polymerization (50 to 83%), with a polydispersity index of 1.1. These particles 

also showed a tendency for film formation. 

Mackay later produced inorganic-organic nanocomposites from a one-system 

reverse micellar synthesis [88]. CdS nanoparticles were prepared in reverse 

micelles, stabilized by Aerosol OT in a methyl methacrylate solvent. 

Polymerization produced opaque solids containing 20 - 80 nm aggregates of 
CdS nanoparticles. By employing a 1: 1 weight ratio of methyl methacrylate and 

a polyethylene diacrylate, aggregation was eliminated but the solid remained 

opaque. However, replacing AOT with didecyldimethylammonium methacrylate 
lead to the formation of a transparent solid matrix containing non-aggregated 
CdS nanoparticles. 

On a similar theme Hirai et al. [89] synthesized CdS and coprecipitated CdS- 

ZnS semiconductor nanoparticles in reverse micelles composed of cetyl-p- 

vinylbenzyldimethylammonium chloride. Through an in situ free-radical 

polymerization using AIBN or visible light irradiation, these nanoparticles could 
be successfully incorporated into the polymerized matrix, whilst still maintaining 

their size and all important quantum size effects. As well as increasing stability, 

the polymerized PCV shell suppressed undesirable particle growth of the CdS. 

Although there was no direct linking between the CdS particles and the polymer 

matrix in both composites, PCV clearly acts as a rigid nanocapsule, capable of 

entrapping and immobilizing nanoparticles more effectively. However, this may 
limit the potential of the system to act as a photocatalyst. Furthermore, the PCV 

matrix was effective in stabilizing Au nanoparticles, as well as for CdS. 

Therefore, this technique does not appear system specific, and might be 

employed as a general method for preparing and stabilizing inorganic 

nanoparticles. 
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3.5 Review Conclusions 

Since the pioneering work on surfmer synthesis [1 ], there has been a vast 

amount of literature published on the polymerization of, or in organized 

amphiphilic assemblies. This has lead to the formation of a number of unique 

nanomaterials including open-cell polymer networks, ultrafine polymer latexes 

and inorganic/organic nanocomposites, which exhibit novel properties, and 

would be unobtainable through conventional techniques. Amongst other 

parameters, surfmer composition and molecular structure play an extremely 
important role in the polymerization process, and essentially govern the final 

properties of the polymer. For example, using analogous H- and T-type 

surfmers yields very different polymers with contrasting properties. Significant 

advances in this field over recent years reflect the high level of attention it has 

received, which will undoubtedly continue in the foreseeable future as the 

potential of nanotechnology projects to higher levels. 
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Chapter Four 
Techniques 

4.0 Introduction 

This chapter describes basic principles underpinning experimental techniques 

employed in the research project. 

4.1 Small-Angle Neutron Scattering (SANS) 

SANS is an extremely powerful, non-perturbative technique for examining 

structures in situ. Structural characteristics, such as particle sizes, and 

morphologies and inter-particle interactions can be elucidated. 
However, this wealth of information comes at a high price, which has lead to 

necessitated funding by Governments or International consortia. World wide 

there are some thirty seven neutron sources in twenty one different countries 
[1]. Twenty three are in continental Europe (including Russia and Scandinavia), 

ten in North America (including Canada), two in Japan with one in each 

Australia and India [1]. SANS is a central method in this project, and has been 

employed to study the structures of micelles (Chapter 6) and microemulsion 

droplets (Chapter 8) both, "before" and "after" polymerization. Therefore, this 

particular technique is discussed in some detail. 

4.1.1 Small-Angle Scattering (SAS) 

Wave-particle duality of subatomic particles explains scattering of a beam of 

neutrons from particles with a size the same order as its wavelength. In 1924 a 
French scientist, Louis de Broglie [2] suggested on theoretical grounds that any 

particles travelling with a momentum should have a wavelength X (m) given by: 
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=h (4.1) 
my 

where h is Planck's constant (J s- (kg m2 S -2). S) ,m 
(kg) is the mass of the 

particle and v (m s"1) is the particle velocity. Before discussing the importance 

of neutrons it is appropriate to consider the fundamental laws of small-angle 

scattering (SAS). SAS is a general phenomenon and the basic laws apply to all 
types of radiation (i. e. X-rays, light and neutrons). However, to account for the 

different types of radiation slight modifications have to be made. Light (A _ 
4000 - 8000 A [1]) is used to characterize large colloidal particles with 
dimensions of the order of 100 A up to some microns such as latex particles 

and emulsion droplets. On the other hand, X-rays (? = 0.5 - 2.0 A [1]) and 

neutrons (A = 0.1 - 30 A [1 ]) are used to characterize smaller particles of the 

order of 100 A and below, such as micelles and microemulsion droplets. 

In SANS (and SAS in general) radiation is elastically scattered, that is to say the 

wavelength (or energy E= hc) 
remains unchanged, but the direction may 

change through a small angle 0 (a matter of a few degrees). Furthermore, 

SANS (and SAS in general) involves coherent scattering, where the scattering 

properties of the nuclei are directly related to their position in the sample. 
Incoherent scattering events also occur, but these convey dynamic information. 

When a beam of radiation is incident on the sample some kind of physical 
interaction occurs (depending on the type of incident radiation), which scatters 

some of the radiation through an angle 0 (Figure 4.1). Since nuclear 

dimensions are vastly smaller than the wavelength of neutrons, particles are 

considered to be made up of nuclei that act as point scatters. The incident 

beam has a wave vector k, = 
2nn 

where n is the refractive index of the medium 

(for neutrons n- 1). In an elastic scattering event the magnitude of the wave 

vector of the scattered radiation ks is equal to that of the incident beam. The 
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scattering vectorQ is equal to the difference in the incident and scattered 

radiation i. e. k; - ks . 

Detector 

eat` ö'° 
`tote 

5ýa 

Incident beam ýýý e 

k= 
2rrn 

Q=k; -ks 

k_2nn 

Figure 4.1 Schematic representation of the scattering process. 

Through use of simple trigonometry, the scattering vector0 is shown to be: 

Q_[4xnýsin3) (4.2) 

Combining Equation 4.2 with the Bragg equation X= 2d sin 
[ 21 

yields: 

2Tr 
Q= d 

where d is a distance. 

(4.3) 

63 



Techniques 

Combining Equations 4.2 and 4.3 it is possible to set-up an instrument by 

ensuring that its "Q-range" is appropriate for probing the mean particle 
dimensions. To a first approximation the scattering pattern may be used to 
"size" the scattering bodies, from the position of any diffraction peak in 0-space. 

4.1.2 Neutrons 

Neutrons are extremely expensive, and technically more difficult to produce 
than X-rays, but they are of considerable scientific value. Unlike X-rays, 

neutrons are non-destructive. A typical X-ray photon with %=0.15 nm has a 

corresponding energy of approximately 8.2 keV, whereas a neutron of identical 
A. it is approximately 36.4 meV (- 200,000 times less). Since an average C-C 

has a bond energy of approximately 4 eV [2], only the X-ray could cause 

serious molecular degradation. Fundamentally, the most important advantage 

of using neutrons over X-rays relates to the nature of interaction with matter. 
The scattering cross-section a (i. e. the probability of a neutron or photon being 

scattered somewhere in space) is given by Equation 4.4 (cm2). 

a= 4zc boon (4.4) 

The quantity bCoh (cm) is the coherent scattering length, which gives a 

quantitative measure of the strength of interaction. 

X-rays are scattered by electrons, and bcoh is given by bcoh = b0Z, where Z is 

the atomic number andbo (= 0.28x10"12 cm) is the scattering length of one 

electron. Therefore, the scattering cross-section increases in direct proportion 
to the number of electrons present i. e. it scales with atomic number. 
Consequently, the scattering powers of hydrocarbon and water are not 
significantly different when using X-rays to examine hydrocarbon- and/or water- 
continuous phases making it difficult to "see" anything. On the other hand, 

neutrons interact with the strong binding force that exists between atoms, or by 

a magnetic interaction with atoms, which posses unpaired electrons that have 
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spin and orbital magnetic moments. As shown in Table 4.1, bcoh is isotope- 

dependent and varies completely irregularly with Z. 

Table 4.1 Typical values for boon for various atoms. 

When referring to different materials boon is replaced by the scattering length 

density p (cm"2), which is given by: 

J: bjc 

P= ' 
_ýb, 

DNA (4.5) 
UM I Mw 

where the sum is over all atoms i in the molecule. b; is the coherent scattering 
length, Vm (cm) is the molecular volume, D (g cm'3) and Mw (g mol'') is the bulk 

density and molecular weight of the scattering body, and NA is Avogradro's 

constant. 

This isotopic dependence explains an extremely powerful advantage of neutron 

scattering, ̀ contrast variation'. This method allows different parts of a multi- 

component system, such as a w/o microemulsion, to be resolved through 

controlled use of H/D-substitution. With the exception of a few subtle effects 
(e. g. H-bonding), this isotopic exchange does not usually effect the 

physicochemical properties of the system. Figure 4.2 demonstrates how 

`contrast variation' can be exploited in microemulsions. 
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ýaý Dcore / Hshell / Hoil 
p 

0 

ýbý Dcore / Hsheu / Dori 
p(d) 

0 
ýCý Hcore / Hshell / foil 

0 
p(d) 

Figure 4.2 Contrast variation in neutron scattering, highlighting the structure of 

w/o microemulsions. The scattering length density p is a function of d, the 

distance from the centre of the droplet. 

To readily gain information on the relative core size D20 should be used as the 

water component and a mixture of H- and D-oil should be used so that its 

scattering length density matches that of the surfactant shell (a). Therefore, 

neutrons effectively `see' the hydrocarbon/D20 interface. Similarly, using the 

appropriate mixtures of H-/D-oil, surfactant and water, the shell (b) and droplet 

(c) structure can be highlighted. 

66 



Techniques 

4.1.3 Production of neutrons 

The two main methods for producing neutron beams are discussed below. 

4.1.3.1 Nuclear reactor sources 

The most powerful reactor neutron source can be found at Grenoble in 

Southern France. The Institute Max-von Laue Paul Langevin (ILL) is an 

international research centre and world leader in neutron science and 

technology. The ILL operates the most intense neutron source in the world and 

is used by research scientists from a number of partner countries. In nuclear 

reactors neutrons are produced by the fission of uranium-235. The uranium 

nucleus is bombarded by thermal neutrons and split into fission fragments 

releasing 2-3 neutrons per event e. g. 

235 
on-*'56Ba+ 

36 Kr+20n 

One fission neutron causes another fission event that propagates into a chain 

reaction and a continuous neutron flux results. In each fission event thermal 

energy (2 kßT) is transferred into kinetic energy (2 my 2 ), and the neutrons are 

released with a root-mean-square speed (v) given by: 

3kBT 
v= 

m 
(4.6) 

where m (kg) is the mass of the neutron, kB is the Boltzmann constant (J K") 

and T (K) is the reactor temperature. From Equations 4.6 and 4.1 it follows that: 

1 

l, 
3mk3T) 

(4.7) 
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These neutrons posses too much energy (i. e. their wavelengths are too short) 

and are slowed down with a moderator such as liquid hydrogen, or graphite [3] 

to produce the desired wavelength distribution (-. 1- 10 A). The result is a 

population of neutrons with a distribution of wavelengths that follow a 
Maxwellian curve. Neutrons are then guided by some kind of collimator in order 
to produce a well-defined beam. The collimator is evacuated and coated inside 

with a thin nickel film that is almost totally reflecting [4]. In any SANS 

experiment run at a reactor-based neutron source, a particular neutron 

wavelength is usually selected. A monochromatic beam can be obtained using 

a crystal of defined lattice spacing, according to the Bragg condition (recall, 

A. = 2d sin 
2 ), or by using a mechanical velocity selector. Employing the latter 

method yields a typical resolution - 5-10% [4]. Neutron guides transport 

the neutrons towards the samples to be studied, over distances of up to 150 m. 
Powerful detectors are used to count the total number of neutrons scattered at 

various scattering angles 0. By varying the sample-to-detector distance the 

angular resolution can be tuned until the desired 0-range is measured. 

4.1.3.2 Neutron spallation sources 

An alternative method for producing neutrons is that used in spallation neutron 

sources, such as at ISIS (Didcot, U. K. ), which is the most powerful in the world. 
In this technique a heavy metal target (e. g. tantalum [1]) is bombarded with 
high-energy protons. High-energy proton beams are produced using particle 

accelerators and synchrotrons. On impact nuclear spallation occurs, releasing 

approximately twelve neutrons for every incident proton [1]. Pulses of neutrons 

of produced with a range of wavelengths that have a Maxwellian distribution. A 

moderator slows these neutrons down to useable energies for SANS 

experiments. This produces pulses of neutrons at 50 Hz [1,4], which are 
directed to different instruments. On the SANS instrument at ISIS, called LOQ 

the pulse rate is reduced to 25 Hz [1,4] by a neutron chopper in order to 

eliminate frame overlap problems. The beam is then passed through a 

collimator with a series of apertures to produce a beam of well-defined size. A 
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typical time-averaged flux of 2x105 cm'2s'1 [1] is incident on the sample. 
Subsequently, the scattered beam passes to an evacuated tank containing the 
3He - CF4 filled detector placed at 4.5 m from the sample [4]. The detector 

supports an active area of 64 cm x 64 cm [4]. The wavelength 2, is determined 

by the `time-of-flight' method, which relates to the time required for a neutron to 

travel a set distance. 

4.1.4 Data treatment (acquisition and normalization) 

A SANS experiment involves several stages of acquisition and data treatment 
(normalization). To obtain the absolute scattering cross-section per unit volume 

of sample I(Q) (cm") it is necessary to make several different measurements, 
including: 

- sample, including background and cell (sample) 

- solvent in cell for background run (bkd) 

- normalization standard and background (std) 

- standard for background run (bkd-std) 

To account for the proportion of incident neutrons that reach the detector, a 
transmission factor t(k) must be measured for the sample, which is given by: 

t(X) _Z 
(X) 

(4.8) ZEB 
`X) 

where ZEB ('ý, ) is the sum of counts on the pre-sample monitor for each 

wavelength (empty beam is abbreviated as the subscript EB), and (, %) is the 

sum of counts on the post-sample detector. The SANS signal is a function of 

scattering angle, and incident wavelength and was calculated by a software- 

controlled radial averaging method. 
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Determination of the transmission factor allows manipulation of the SANS signal 
to be made which yields the relative SANS intensities of the sample, corrected 
for the number of incident neutrons (Ms) and transmission. 

i(e X, ) = 
s(0,2, ) 
t(X)Ms 

(4.9) 

The background count arises principally from isotropic incoherent scattering 

from 1H. i(6,7) is converted to i(Q) using Equation 4.2 for the scattering vector 

Q. The absolute scattering cross-section per unit volume of sample is then 

given by 

I(Q) = 

4'9(0) 
- (sample -bkd(Q) (4.10) 

Istd(Q) - (std - bkd(Q) 

where A is the cross-section per unit volume of standard (cm''). 

4.1.5 Data interpretation 

The normalised SANS intensity I(Q) (cm"), for a monodisperse, homogenous 

spherical particle is given by [1]: 

I(Q) = npVp2 (Ap)2 P(Q, R)S(Q) + B; nc 
(4.11) 

where np (cm'3) is the particle number density, Vp (cm) is the particle volume, 
Ape is the difference in the coherent scattering length density of the particles pp 

and the medium pm (i. e. Op = pp - pm ), P(Q, R) is the particle form factor, S(Q) is 

the interparticle structure factor and B; nc is the isotropic incoherent background 

signal. 

The first three terms of Equation 4.11 are independent of Q and combine to give 

a scale factor that accounts for the absolute scattering intensity. This scale 
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factor is related to the known sample composition, as np " VP = Op, where 4p is 

the volume fraction of the scattering bodies. 

4.1.5.1 Particle form factor 

The general form of the particle form factor P(Q, R) is given by: 

P(Q, R) =1 Jexp(iQ 
" r) dr (4.12) 

p vp 

where r is a position vector, Q is the scattering vector and Vp is the particle 

volume. P(Q, R) describes how the absolute scattering intensity (I(Q)) adjusts 
through interference between neutrons scattered by different locations of the 

identical scattering body, and is therefore very sensitive to shape changes. A 

series of analytical expressions exist for most common shapes e. g. for a 
homogenous solid sphere of radius R, P(Q, R) is given by: 

P(Q) _3 
sin(Q, R) - QR3cos(Q, R) 2 

(4.13) 
(QR) 

A schematic representation of this calculated form factor is shown in Figure 4.3. 

The observed function is a decay exhibiting maxima and minima under high 

resolution at high Q. 
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Figure 4.3 Schematic representation of P(Q, R) for a homogenous solid sphere 
calculated using Equation 4.13, with radius of 23 A. 

As P(Q, R) is quite clearly size sensitive a polydispersity function can be 
introduced to account for the particle size-distribution. In the case of solid 
spherical particles a Schultz distribution X(R); is often used, which defines the 

polydispersity using an average radius Ra" and a root-mean-square deviation 

Rav 
6= with aZ width parameter. Accounting for polydispersity, P(Q, R) 

(Z+1)2 

becomes: 

P(Q, R) = 1: P(Q, R), P"" 
, X(R)i (4.14) 

1 

4.1.5.2 Structure factor 

The interparticle structure factor S(Q) arises from interparticle interactions. It is 

the Fourier transform of the particle pair correlation function g(r), and is 

therefore related to the interparticle interaction potential. The general from of 
S(Q) is given by: 

S(Q)=1+ 
Qyp ]fl(r) 

- i] r sin(Qr) dr (4.15) 
0 
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where r is the distance between the centres of gravity of neighbouring particles, 
Np is the macroscopic number density and V is the volume. S(Q) describes 

how I(Q) is modified by interference effects between radiation scattered by 

different scattering bodies. Consequently it is dependent on the degree of local 

order in the sample, and therefore concentration. 

As for P(Q, R) there are a series of analytical expressions that describe 

possibilities for the different types of interaction. For example, a hard-sphere 

potential can describe the interaction between a pair of uncharged, solid 
spheres. An analytical expression for the hard sphere structure factor SHS(Q) 

was solved by Ashcroft and Lekner (1966) [5] and is given by: 

1 SHS (Q)=(1-nP)"f(RHSl$HS) (4.16) 

where 0F, s (= 3n RHsnp) is the hard-sphere volume fraction, np is the number 

density and RHS(= R'" +t) is the hard-sphere radius. A schematic 

representation of this calculated structure factor is shown in Figure 4.4. 

S(Q) 

1.0 

Q 

Figure 4.4 Schematic representation of the repulsive SHS(Q) (fully line) and the 

attractive Sos(Q) (dashed line). 
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For interactions driven by attraction, the form of S(Q) changes dramatically 

(Figure 4.4). The Ornstein-Zernicke Equation 4.17 is an approximate 

expression for this type of S(Q) [1 ]. 

Sos(Q)=1+1+(T 
2 

(4.17) 

where XT is the osmotic compressibility =n 
(OT 

and 4 is the correlation 
pB 

length. 

In the dilute region S(Q) approaches unity, and as P(Q, R) at Q=0 is defined 

as 1, the observed scale factor (= npVp (Ap)2) provides a consistency check on 

the model fitting since the data are supplied in absolute units. 

4.1.6 SANS approximations 

Apart from full model fitting, a series of approximations can be employed, which 

allow one to gain an insight to aggregate geometry and characteristic 
dimensions. Two such laws are the Guinier approximation and the Porod law, 

which are briefly discussed below. 

4.1.6.1 Guinier analysis 

At low Q and in the limits of high dilution and weak interactions (i. e. S(Q) --ý 1) 

the SANS profile, I(Q), is particularly sensitive to particle shape. A useful way 

to discriminate between spheres, cylinders or disks is using a general form of 

the Guinier law. At low Q (Guinier regime), the single-particle form factor 

P(Q, R) maybe approximated to [6]: 

2 R2 
P(Q, R) =1- 

Q 
39 

(4.18) 
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where Rg is the root-mean-square (RMS) value of the radius averaged over the 

volume of particle, and relates to particle shape i. e. 

For spheres Rg =5"R, where R is the sphere radius. 

For thin discs Rg =2, where R is the disc thickness. 

For long rods Rg = 
L, 1---"h where L is the rod length. 

12Z 

Assuming S(Q) to be unity and 1- X2 = e'X2 , Equation 4.11 can be approximated 
to: 

Q2, R2 

1(0) = npAp2Vpexp -39 (4.19) 

In a plot of In[I(Q)] versus Q2 , fitting the straight part of the curve up to the limit 

z 
Q" Rg < 1, yields a slope =- 

39 
. Therefore, R9 can be determined for any 

isometric particles. Another useful expression based on the Guinier 

approximation is [4]: 

22 

I(Q) « Q-D exp -QR (4.20) 

where the exponent D turns out to be 0 for spheres, 1 for cylinders and 2 for 

disks. R is the characteristic dimension of the particles (i. e. the radius for 

spheres, the cross-sectional radius for cylinders and the thickness for discs), 

and K is an integer of value 5 for spheres, 4 for cylinders and 12 for disks. The 

geometry of the aggregate can be determined from a ln[[(Q)] versus ln[Q] plot, 
where the slope yields the exponent D. Alternatively, Equation 4.20 can be 

used to predict the particle shape by comparing ln[I(Q). QD] versus Q2 plots. 
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The one that gives a linear decay indicates the dominant shape. Once the 

geometry is known the characteristic dimension R is obtained from the gradient 

of the appropriate In[I(Q)"QD] versus Q2 plot i. e. 

R_ 
dln[1(0)"Q°] 

d Q2 
K (4.21) 

However, the linear decay fails within a restricted Q range, which is dependent 

on particle shape [7]. For example, for cylinders with a cross-sectional radius R 

and length L, the slope fails within the range L'' < Q2 < R'' [7]. Whereas, for 

discs with a radius r and thickness R, r' :C C) 2< R` [7]. 

4.1.6.2 Porod scattering law 

At high Q (Q" << R) the scattering no longer depends on the overall geometry 

of the aggregate, but is sensitive to the local structure of interfaces. In this case 
the SANS intensity may be analysed using the Porod equation: 

I(Q) = 2n(Op)2 v Q-4 (4.22) 

where (SN) (cm') is the total interfacial area per unit volume of the solution. 
When studying surfactant systems the average area per molecule at the 

interface (aha) can be determined by dividing (. J by the number density of 

surfactant molecules Ns = C"NA (where C is the surfactant concentration). 

For a monodisperse, homogenous sphere of radius R, a plot of [I(Q). Q4] versus 

. This is Q gives a first maximum at Q-R and a minimum atQ = 
4.5 

particularly useful when the low Q regime is experimentally inaccessible. 
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4.1.7 Experimental 

SANS experiments were carried out on the D22 diffractometer at ILL (Grenoble, 

France), using a neutron wavelength of ?. = 10 (± 1) A, or on the time-of-flight 

LOQ instrument at ISIS, U. K., where incident wavelengths are 2.2 <_ %<_ 10 A. 

The Q ranges were 0.0035--X0.359 A" on D22, and 0.009-x0.249 A'' at LOQ. 

Absolute intensities for I(Q) (cm"') were determined to within ±5% by measuring 

the incoherent scattering from 1 mm of H2O at ILL, while at ISIS a partially 
deutrated polymer standard was used [8]. In the region of Q overlap the 

agreement in absolute values of I(Q) between different instruments and 

samples was typically ±5%. Samples were pre-equilibrated for several days 

prior to the measurements, which were carried out at 25 °C ± 0.2 °C. The 

Guinier law was employed to elucidate structural transitions in certain systems. 
Scattering data were fitted using the interactive FISH program [e. g. 9-11]. FISH 

is a flexible multi-model program, which uses a standard iterative linear least- 

squares method for a variety of different form factors P(Q), structure factors 

S(Q), and polydispersity functions depending on the system studied. 

4.2 Small-Angle X-ray Scattering (SAXS) 

The basic principles of small-angle scattering have already been described in 

the previous section. In small-angle X-ray scattering (SAXS), X-rays are 

scattered by local variations in electron density, and therefore interfere 

according to the Bragg condition, yielding a diffraction pattern characteristic of 

the phase structure. SAXS has been used to elucidate the liquid crystalline 

phase behaviour of surfactant systems both, "before" and "after" polymerization 
(Chapter 7). 

The instrumentation employed in SAXS consists of the same basic units found 

in other small-angle instruments i. e. a radiation source; collimator of the narrow 
beam; specimen block; and a detector of the scattering radiation. However, X- 
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rays are cheaper to produce than neutrons, and SAXS experiments can be 

performed in the laboratory. 

X-rays are produced in an X-ray tube by bombarding a heavy metal target with 

highly energetic electrons. A typical X-ray tube is highly evacuated and 

contains an anode and a tungsten (W) filament connected to a cathode, as 

shown in Figure 4.5. 

Metal 
target Anode Cathode 

Cooling 
water 

Tungsten 
filament 

Figure 4.5 Schematic representation of a X-ray tube. 

High-energy electrons (104 - 105 eV [12]) are produced by thermionic emission 

from a tungsten (W) filament wire, which is heated to temperatures in excess of 

2000 K [12]. The cloud of thermilized electrons is then accelerated by a 

potential gradient (typically 100 kV [12]) into the target, releasing X-rays. The 

X-ray tube is held under a high vacuum to ensure the mean free path 

1 (where ß (m) is the collision cross-section and np (m-3) is the 
a nP 

number of particles per unit volume) is greater than the anode-cathode distance 

(typically 1-3 cm [12]). When electrons impinge on the metal target they 

interact with the metal atoms, and their kinetic energy is transferred to either 

internal thermal energy of the target or electromagnetic energy that produces X- 

rays. 
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The greatest proportion of the electron energy is converted to heat, which 
occurs when there is insufficient energy to ionize the outer-shell electrons of the 

target atoms. These electrons are excited to a higher energy level, only to drop 
back down emitting infrared radiation. Approximately 99% [13] of the total 

energy is transferred to heat, leaving roughly 1% for the production of X-rays. 

Needless to say, producing X-rays is a very inefficient process. To prevent the 

target melting, heat is drawn out through the use of a coolant (H20). The 

efficiency of X-ray production increases as the kinetic energy of the electron 
increases, and is independent of beam current. Greater X-ray fluxes are 

achieved using a rotating anode generator where the target is cooled and 

continuously rotated. For even greater improvements an X-ray synchrotron 

source is required. 

X-rays are produced when an electron provides sufficient energy to ionize an 
inner-shell electron of the target atom, causing a temporary electron hole. An 

outer-shell electron that fills the hole stabilizes this unfavourable configuration. 
This transition emits an X-ray photon with energy E, given by: 

E=by=2my2 (4.23) 

assuming energy is conserved. h being the Planck constant, v (Hz) is the 

frequency of the radiation and 2 mv2 is the corresponding kinetic energy of an 

electron of mass m (kg) and speed v (m s''). In an applied electric field with a 

potential difference V across the X-ray tube, the work done on an electron of 
charge 'e' is 'eV': 

2 my 2= by = eV (4.24) 

v is the maximum frequency of the X-rays emitted at p. d. V, assuming all the 

energy of the electron is converted to the photon. The corresponding 

wavelength will have a minimum value X mir, (m) (= C where c (m s'') is the 
(V) 

speed of light) given by: 
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I'- 
hc 

min eV 
(4.25) 

Thus, as V increases it can be seen from Equation 4.25 that Xmin decreases i. e. 
X-rays of higher energy that are more penetrating are emitted. An example is 

given in Figure 4.6 for a copper (Cu) target. 

Electron Shell 

M 

L 

Ioni2 

K 

Figure 4.6 Schematic representation of characteristic electron transitions in a 
Cu target. 

When an electron with sufficient kinetic energy collides with a Cu atom an inner 

K-shell electron is ionized and replaced by an outer L-shell electron producing 

an X-ray of %=1.54 A, characteristic of a Cu-Ka transition. Whereas, if the 

electron hole is filled by a corresponding M-shell electron a characteristic Cu-Kp 

transition is observed. Although, most electrons usually have more than one 

encounter, yielding several X-ray photons with a spread of wavelengths. This is 

known as Bremsstrahlung radiation [14] and results in a continuous spectrum. 
A typical X-ray emission spectrum exhibiting this effect is shown in Figure 4.7 

for Cu. 
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Figure 4.7 X-ray emission spectrum for a Cu metal target. Data was taken from 

reference [12]. 

4.2.1 Experimental 

SAXS experiments were carried out on a purpose-built diffractometer at the 

University of Bristol, using Ka X-rays (1.54 A), from a 1.5kW sealed tube. The 

beam was cleaned by a nickel filter and a graphite monochromator. The 

diffraction pattern was detected using a multi-wire area detector [15], placed at 
840mm from the sample with an evacuated path covering aQ range of 

0.03-*0.5 A71. The sample-to-detector distance was calibrated using a silver 
behenate standard [16]. Non-polymerised samples were made-up in 1 mm 

quartz capillary tubes, whereas polymerised samples were held in a flat 1 mm 

thick cell with polyimide film windows. Measurements were carried out at 25 °C. 

PC-WAVE software was employed for viewing and analysing the SAXS data 

[17]. 
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4.3 Polarizing Light Microscopy (PLM) 

Polarizing light microscopy (PLM) is a convenient method for assessing the 

liquid crystalline phase behaviour of surfactants [18]. The fundamental 

difference between a polarizing light microscope and a conventional microscope 
is the addition of a pair of polarizing filters, referred to as the `polarizer' and 

'analyzer', placed above and below the sample. 

= (where c (m s'') All isotropic materials exhibit the same refractive index nv 

is the speed of light in a vacuum, and v (m s'') is the speed of light in a medium) 

in each orthogonal direction, and therefore appear optically isotropic when 

viewed under a PLM. On the other hand, materials that do not posses three- 

dimensional order, or display a degree of preferred molecular orientation are 

referred to as anisotropic. Physical properties of anisotropic materials, such as 

refractive index, vary with direction and the sample appears birefringent under 

certain orientations when viewed under a PLM. 

When plane polarized light is passed through an anisotropic material the plane 

of polarization is altered. The beam of light is resolved into two separate 

components, referred to as an ordinary and extraordinary ray, which can be 

thought of as vibrating in mutually perpendicular planes and travel with different 

velocities depending on the relative refractive index. The former vibrates in the 

plane corresponding to the higher refractive index and therefore lags behind the 
latter. 

Birefringence is observed when the two rays recombine and emerge from the 

analyzer with a non-zero vector component, as shown in Figure 4.8. In a 

situation where one or two of the vibration directions of the anisotropic. material 
is parallel to the vibration direction of the polarizer, light is blocked by the 

analyzer and the field of view appears dark (A). A similar effect is observed 
when the sample is rotated by 90' (C). These orientations are known as 
positions of extinction. 
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Between each successive extinction position neither ray vibrates parallel to the 

direction of the polarizer and each is partially transmitted by the analyzer. A 

pattern of maximum brightness is observed at an angle of 45' [19] relative to the 

extinction positions (B). 

The two waves emerge from the sample separated by a distance R (m), which 
is the optical path difference, or relative retardation and given by: 

R=t(no -ne) (4.26) 

where t (m) is the sample thickness, no and neare its refractive indices for the 

ordinary and extraordinary components respectively. The corresponding phase 
difference (S) between the components is given by 

8= 360R 
= 

2n R (4.27) 

where X is the wavelength of the light. 

The two components travelling in the same plane interact to yield a resultant 

vibration, which at any given point can be described by a rotating electric field 

vector, the end of which traces out an elliptical path [19]. The resultant ray is 

said to be elliptically polarized. In the case where the two components emerge 
in phase (i. e. S=0, it, 2n etc. ) the ray is plane (or linearly) polarized, and out of 

phase (i. e. 8=2,2, etc. ), it is circularly polarized. 

4.3.1 Experimental 

PLM studies were performed using a Nikon Optiphot-2 microscope equipped 

with polarizing filters and a Nikon Optizoom x0.8 - x0.2 lens. Images were 

captured digitally by linking to a personal computer fitted with ATI graphics card 
running on ATI video player software. 

84 



Techniques 

4.4 Transmission Electron Microscopy (TEM) 

An electron microscope is analogous, in principle, to the optical microscope, but 

its spatial resolution is far superior. An optical microscope can resolve detail at 

about 1 p. m, whereas for a transmission electron microscope (TEM) it is about 1 

nm, and in some cases, even individual atomic layers [20]. TEM has been 

employed to highlight micellar structures both, "before" and "after" 

polymerization (Chapter 6), and formation of nanoparticles synthesized in 

microemulsion droplets (Chapter 9). 

In an electron microscope, a specimen is bombarded by electrons, which are 
then scattered and subsequently detected to form an image of the sample. 
Although techniques such as X-ray scattering yield a diffraction pattern that is 

more quantitative, electrons have important advantages over X-rays in that they 

can be easily focused, and size distribution analysis is not affected by the 

presence of surfactant aggregates. However, it is important to realise that 

some observations may in fact be artefacts of sample preparation, and this is 

not such a problem for X-ray and neutron scattering techniques. 

The essential components of a TEM are an electron source, a condenser 

system that produces a coherent beam of monochromatic electrons, a 

magnification system that produces an image by focusing electrons, and an 
imaging-recording device. A schematic representation of a TEM, highlighting its 

basic components, is shown in Figure 4.9. In an electron microscope the 
lenses are electromagnets designed so that their fields focus the electron beam 

to give an image. The focal lengths of the lenses are variable and are 
determined by the current through the lens coils. 

4.4.1 Electron source 

The most common method of producing a beam of electrons is thermionically 
by electrically heating a thin tungsten (W) filament that acts as the cathode. 
Other sources rely on the heating of electron emitting materials such as 
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lanthanum hexaboride. To minimize sparking, prolong filament lifetime and 

decrease the formation of positive ions that increase specimen damage, the 

electron gun is operated under a high vacuum (> 10-5 Torr [211). 

Electron gun 

I- Anode 

Condenser 
lenses 

Sample 

Objective 

Intermediate 

Projector 

Vacuum 

Photographic 
plate 

Magnification 
lenses 

Figure 4.9 Schematic representation of a transmission electron microscope, 

highlighting the main components. 
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4.4.2 Condenser lenses 

After passing through an anode that supplys an accelerating voltage, the 

electrons are brought into focus by the first condenser lens. A fixed condenser 

aperture cuts off regions of the electron beam that widely diverge from the optic 

axis. A second condenser lens of variable aperture limits the maximum extent 

of the beam diameter focused on the specimen and removes peripheral rays. 
Selecting the appropriate aperture size strikes the important balance between 

coherence and illumination intensity. The illumination becomes progressively 

more coherent with decreasing aperture size. The condenser lens system also 

acts to minimize astigmatism, which occurs when a lens does not have perfect 

cylindrical symmetry (Section 4.4.3.3). 

4.4.3 Magnification lenses 

The magnification system produces an image by focusing electrons with usually 

a three-lens configuration made up of an objective, intermediate and projector 
lens. The performance of the objective lens largely determines the overall 

performance of the TEM; namely the smallest focused electron beam that can 
be formed on a specimen, or its resolution power, which in theory is of the order 

of 1 pm. However, like all magnetic lenses, the objective lens has aberrations, 

caused by defects in the lens that impair its performance and appear on the 
final image. Two of the most important image defects are spherical and 

chromatic aberration. 

4.4.3.1 Spherical aberration 

This is caused by the focal length not being constant across the lens diameter. 

If the lens has a shorter focal length at its periphery, the peripheral (off-axis) 

rays are refracted more strongly, which alters their focus. The further the ray 
deviates from the optic axis, the greater its error in focal length. All magnetic 
lenses posses a positive spherical aberration coefficient [22]. 
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4.4.3.2 Chromatic aberration 

Chromatic aberration is caused by the dependence of the focal length upon the 

wavelength ? of electrons passing through it. The spread in focal lengths is 

proportional to the wavelength distribution of electrons [22], which may be 

caused by either thermionic production or inelastic scattering. Electrons 

produced thermionically by the electron gun are not monochromatic; instead 

have a Maxwellian distribution of velocities that provides an energy 
(wavelength) distribution with a broad tail extending to roughly 1 eV [22]. 

Furthermore, inelastic scattering of electrons by the sample can cause a lose of 
10 - 20 eV [22], which results in an energy (wavelength) distribution. 

4.4.3.3 Astigmatism 

Astigmatism occurs if the lens curvature varies in different directions. Rays in 

different planes from an object are focused in different positions and the image 

is distorted. This may also be caused by dirt that becomes charged producing a 

non-circular magnetic filed. The first condenser lens and the objective lens 

require correcting to account for astigmatism. 

4.4.4 Image-recording device 

Images are normally viewed on a fluorescent screen in which phosphor is 

sufficiently sensitive to give good light emission, but still of sufficiently small 

grain size as to provide adequate visual resolution of the image. Alternatively 

the image may be viewed on a photographic plate. A camera located beneath 

the screen records images. 

4.4.5 Experimental 

Transmission electron micrographs were obtained using a standard tungsten 
filament TEM operated up to 120kV up to magnifications of 500K. Samples 

were prepared by depositing a drop of solution onto parafilm and then placing a 
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3mm copper grid on top. After one minute the grid was removed and excess 

solution wicked away using filter paper. Images were recorded on a digital 

camera (Mega View II). 

4.5 Ionic Conductivity 

Many substances dissociate into charged particles called ions when dissolved 

in some liquid solvent. The dissociation is an equilibrium whose position 

depends on the substance and the solvent. The resulting solution, known as an 

electrolyte, can conduct electricity by the motion of ions. Understanding ionic 

conductivity is important because the motion of ions is involved in many 

reactions, ranging from a simple solution reaction to the operation of the 

nervous system. Electrical conductivity measurements also provide a 

convenient method for measuring the c. m. c of ionic surfactants. Ionic 

surfactants dissociate in an aqueous solution, and thereby can act as charge 

carriers. At concentrations above the c. m. c there is a dramatic change in the 

ability of a surfactant solution to transport charge due to the formation of 

micelles. 

4.5.1 Background 

If a potential difference (voltage V) is applied across a cell containing an 

electrolyte solution, a current I (Amps) will flow in accordance to Ohm's law 

(Equation 4.28): 

1=V =V"G R 
(4.28) 

where R (S2) is the resistance and G (Q" =- S) is the conductance of the solution, 

which varies inversely with resistance. The resistance to the passage of current 
increases with sample length L (cm) and decreases with its cross-sectional area 
A (cm2). 
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R= 
(L)P= G (4.29) 

The constant of proportionality is called the resistivity p of the sample, which is 

the inverse of conductivity is (S cm''). Therefore, Equation 4.29 becomes: 

x=1=GÄ (4.30) 

The ratio (. J (cm") is known as the cell constant, and depends on the 

geometry of the cell. The conductivity of a solution depends on the number of 
ions present and may not vary in a regular fashion with concentration, as it can 
be influenced by interactions between ions and the dissociation process. 

Therefore, it is conventional to introduce molar conductivity Am (S cm2 mol-1), 

which provides a convenient way of quantifying the conductivity because it 
highlights the properties of the electrolyte. Am is usually expressed in siemens 

centimetre-squared per mole (S cm2 mol''), hence the factor of 103 in Equation 

4.31. 

Am =1000 
K 
c 

(4.31) 

where c (mol dm3) is the molar concentration of the added electrolyte. For a 
complete account of ionic conductivity the reader is referred to reference [2]. 

4.5.2 Experimental 

Electrical conductance (G) was measured with a Jenway, 3410 
Electrochemistry Analyser, using a `dip cell'. The cell constant was measured 
using standard KCI solutions and found to be 1.03 cm''. All sample 
measurements were made at 25 °C using a heater-cooler-circulator bath 

accurate to ± 0.1 °C. 4 minutes were allowed for the sample to equilibrate 

90 



Techniques 

before taking the final measurement. The conductance of pure water was used 
to correct measured values. Electrical conductivity (K) is therefore given by 

Equation 4.32. 

K= (Gsample - Gwater) XC (4.32) 

where C is the cell constant (cm'1). c. m. c's were determined from a plot of 

electrical conductivity versus surfactant concentration. 

4.6 Analytical Ultracentrifugation (AUC) 

Analytical ultracentrifugation (AUC) is a classical technique used to characterize 

a number of important properties of macromolecules and complexes in solution, 
including molecular weight, oligomeric state, conformation and shape, diffusion 

and sedimentation. It is an extremely powerful and versatile technique that can 
be applied over a wide range of concentrations and size distributions, and 

generally generates a large quantity of data with relatively high precision. AUC 

was employed to elucidate the molecular weight of polymerized aggregates 
formed from aqueous micelles (Chapter 6), thereby gaining greater 

understanding of the polymerization reaction and polymers formed. 

An analytical ultracentrifuge utilizes a high-speed centrifuge equipped with 

optical systems, which measure UV-VIS optical density at multiple wavelengths 

as a function of time and radial position within the centrifuge cell. The principal 

property of mass and the fundamental laws of gravitation govern this technique. 

Two complementary views of solution behaviour (sedimentation velocity and 

sedimentation equilibrium) can be achieved with the same instrument, but with 
different experimental protocols. Sedimentation velocity provides information 

about size and shape, whereas sedimentation equilibrium provides 
thermodynamic information about solution molar mass, association constants, 

stoichiometries and solution non-ideality. A sedimentation velocity experiment 

observes the strongly size-dependent time course of migration, and is 
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technically easier to carry out than a sedimentation equilibrium experiment [23]. 

A sedimentation velocity experiment, which has been carried out, is briefly 

considered below. For a more comprehensive review of both techniques the 

reader is referred to references [23,24]. 

4.6.1 Analytical ultracentrifuge 

An analytical ultracentrifuge consists of a high-speed centrifuge that spins the 

sample under vacuum at a controlled speed and temperature while at set times 

recording the concentration distribution. Depending on the type of rotor, speeds 

as high as 60000 rpm [23] can be achieved. Samples are held in specially 
designed sector-shaped cells with quartz windows, which are capable of 

withstanding high gravitational fields of the order 105g [2] (where g=9.81 N kg-1 

9.81 m s'2). The distribution of solute molecules during the experiment is 

monitored by an optical system. 

Using absorbance optics wavelengths scans (190 - 800 nm [24]) can be 

performed at a fixed position in the sample cell and radial scans at a fixed 

wavelength across the cell. This method can be employed in both 

sedimentation velocity and sedimentation equilibrium experiments. 

In the XL-I interference optical system, a beam of monochromatic light is 

directed through a sector containing solute and a second beam passes through 

an adjacent sector containing solvent to create an interference or fringe pattern, 

consisting of a series of bright and dark lines. Sedimentation is accompanied 

by changes in concentration at the boundary region leading to differences in the 

refractive index that result in a displacement of the fringe pattern. This system 

is particularly useful for analysis of high molecular weight samples or complex 

mixtures in sedimentation velocity experiments, because scans can be collected 

more rapidly and at a higher frequency than those using absorbance optics. 
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4.6.2 Sedimentation velocity 

Sedimentation velocity is a hydrodynamic technique generally used to 

determine shape information. The experiment is performed at higher rotor 

speeds (typically 20 - 60000 rpm) for 1 to 4h [25], which causes rapid 

sedimentation of the solute. Sharp boundary forms between a solute depleted 

region at the top of the cell and a uniform solute concentration for the remainder 

of the cell represented by the plateau in Figure 4.10. As shown, the boundary 

position can be conveniently measured by the concentration gradient 
(EJ. (dr)' 

To help understand the effects operating here it is useful to consider the 

balance of forces on a particle in a gravitational field. When applying a 

gravitational field to a particle in solution, the particle experiences a force given 
by: 

FG=ma (4.33) 

where m (kg) is the particle mass and 'a' (m S-2) is the acceleration. a= wer , 

where co is the angular velocity 
(rp30 7r and r is the distance from the centre of 

rotation. Furthermore, it is the net, or buoyant, mass Mb that appears in 

sedimentation equations. Therefore, FG becomes: 

FG = Mba02r (4.34) 

where Mb =m (1- vp) .v is the solute partial specific volume (ml g"1) and pis the 

solution density (g CM-3) . Both w2 and r are determined automatically by the 

analytical ultracentrifuge. 
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Figure 4.10 Characteristic data obtained from a sedimentation velocity 
experiment. 
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An opposing frictional force imposed by the solvent equals the gravitational 

force and the particle reaches a terminal velocity almost instantaneously. The 
frictional force (Ff) is given by: 

F=f"s (4.35) 

where s (m s'1) is the particle's velocity and f (kg s'1) is the translational frictional 

coefficient, which for a spherical particle of radius RH in a solvent of viscosity 71 

is given by the Stokes relation (f = 6mqR, ). Equating Equations 4.34 and 4.35 

leads to an expression for the drift speed of the particle: 

2 

s= 
Mbf 

(4.36) 

A convenient parameter used when discussing sedimentation is the 

sedimentation coefficients* (s), which is given by: 

s' = 
wer 

= 
Mb 

(4.37) 

Since the buoyant mass (for incompressible solvents) and the frictional 

coefficients are constant, it follows that s' is a constant. s is determined by the 

rate of movement of the boundary position shown in Figure 4.10. 

In dilute solutions boundary spreading occurs through diffusion as it moves 
down the cell. As there is no net force on the particles during sedimentation, 
boundary spreading is independent of sedimentation. The translational 

diffusion coefficient D (m2 s'1), which can be determined through several 

analytical methods, is related to the frictional coefficient f by the Stokes-Einstein 

relation: 

p_kbT 
f 

(4.38) 
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where kb is the Boltzmann constant and T is the absolute temperature. It 

follows that Mb can be determined using the Svedberg equation: 

S"_Mb 
D kbT 

(4.39) 

In turn the mass is calculated from m= 
Mb 

particle 
(1 - vp) , where v and p are 

determined for the experimental conditions. However, at higher concentrations 

thermodynamic and hydrodynamic non-ideality may distort the boundary shape. 
Hydrodynamic non-ideality is caused by the counterflow of solvent from a 

sedimenting particle slowing the motion of a neighbouring particle. As solvent 

flow is in the opposite direction to sedimentation, s* is decreased by 

hydrodynamic non-ideality. 

For a non-interacting multi-component system, a separate boundary will form 

for each component. For distinct boundaries, under ideal conditions, each 

boundary can be analyzed independently to give estimates of Mb and f. 

However, for a polydisperse sample, sedimenting boundaries usually overlap, 

and can only be solved to give a well-defined average sedimentation coefficient. 

The rate at which the plateau is depleted reflects the concentrations, c;, and the 

sedimentation coefficients, s; , of all the species in a mixture. Therefore the 

weight-average sedimentation coefficient, s,, is given by: 

_. 

2: S, Ci 

SW= 1 (4.40) 
CI 

The weight-average diffusion coefficient D,, cannot be determined from 

sedimentation velocity experiments, instead the gradient-average diffusion 

coefficient Dg is obtained at the second moment position. However, the ratio 
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does not yield a well-defined average molecular weight, because these 
Dg 

quantities are of a different nature. 

Other hydrodynamic consequences arise due to the presence of multiple 

components. In particular the `Ogston-Johnston' effect [23], which is caused by 

the varying sedimentation rates of the species. For example, consider a 

solution composed of solute A and B, where A sediments at a faster rate than 

B. Solute A will sediment in a solution containing B, whereas B will sediment 

through the pure solvent. This causes errors in the determined sedimentation 

coefficient, and affects the accuracy of the concentrations determined. 

Further complication arises when interactions are present in the system, caused 
by coupling of transport with mass-action re-equilibration of the transiently 

formed complexes. As a result boundary shapes may vary with total 

concentration, and s,,, increases with increasing concentration (in the absence 

of hydrodynamic non-ideality). The boundary shape is determined by the rate 

of re-equilibration to the rate of transport. 

4.6.3 Experimental 

AUC measurements were performed on an Optima XL-I ultracentrifuge 

(Beckman-Coulter, Palo Alto, CA) equipped with Rayleigh interference and 

UVNis absorption optics. Sedimentation velocity experiments were evaluated 

with and without correction for diffusion broadening using the SEDFIT software 

by Peter Schuck [26]. All samples were measured at 25 °C with absorption 

optics. Polymerized samples were diluted with D20 in a mixing ratio of 1: 20. 

4.7 Du Noüy Ring Tensiometry 

Du Noüy ring tensiometry provides an easy, convenient method for 

characterizing the aqueous phase behaviour of surfactant solutions, and 
assessing the purity of the surfactant itself. The technique originated from the 
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description of a "ring-tensiometer" of Lecompte Du Noüy in 1919 [27]. It was 

not until 1926 that Harkins, Young and Cheng [28] first demonstrated the ring 

procedure was a moderately accurate method. The central component is a 

platinum-iridium ring, which is suspended horizontally from a sensitive weighing 

arm attached to a motor, which automatically lowers and raises the ring. Du 

Nöuy ring tensiometry measures the surface tension y of the solution, which is 

defined as the amount of work W done in order to increase the surface area a 

by a unit amount i. e. 

_dW da 
(4.41) 

y has units of J m"2, but is normally expressed in N m'1 (as 1J =1 N m). There 

are a number of difficulties in making precise measurements by the ring method 

e. g. ensuring that the surface of the liquid is free from surface distortions, and 

that there is no motion in the ring except an infinitesimally slow upward motion. 

Other requirements are that the ring lies in one plane that is horizontal, and that 

there must be no evaporation and consequent cooling of the surface. Harkins 

and Jordan introduced a correction factor to account for the geometry of the 

ring, the weight of the liquid lifted by the ring and the densities of the solution 

and air [27]. Therefore, the absolute y value is given by: 

y=y*F 
(P) 

F (4.42) 

where y (N m'1) is the measured surface tension, F is the correction factor 

(supplied with the tensiometer), P is the maximal force at the ring and 

U=2n(R, +R0), where R; and Ro are the inner and outer ring radius 

respectively. 

This particular technique is extremely sensitive towards the presence of 
impurities and therefore cleanliness of the ring and glassware is of paramount 
importance. From a surface tension y versus In(concentration) plot various 
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parameters can be determined using the Gibbs adsorption isotherm, see 

reference [29]. In summary, for non-ionic surfactants, neutral molecules or ionic 

surfactants in the presence of excess electrolyte, the Gibbs adsorption isotherm 

is given by Equation 4.43; assuming activities are equivalent to concentrations 
for dilute solutions. 

r=- 
1 dy 

(4.43) 
RT d Inc 

r (mol m"2) is the surface excess concentration, R is the gas constant, T is the 

temperature (298 K) and c (mol dm-3) is the concentration of surfactant. In the 

case of 1: 1 dissociating compounds, such as ionic surfactants, Equation 4.43 
becomes [29]: 

1 dy (4.44) 
2RT d Inc 

From the calculated value for the surface excess concentration r, the area per 

molecule at the air-water interface (ah"' (nm2)) can be obtained by Equation 

4.45: 

1018 a'" - ah - NAT 
(4.45) 

where NA is the Avogradro number. Despite, its usefulness this method can be 

subject to a certain amount of inaccuracy when using cationic surfactants, due 

to their adsorption tendency to towards the negatively charged metal oxide ring 

surface. 

4.7.1 Experimental 

Air-water equilibrium surface tension (, yam) measurements were made on a 
Krüss MOST surface tension balance with a Du Noüy ring [27]. Cleanliness is 
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essential to this technique and all glassware was cleaned with dilute detergent 

solution (MicroTM), 30% solution of nitric acid and finally rinsed with ulta pure 

water (RO100HP Purite Water system or Millipore Milli-Q Plus system) until a 

value of 72.4 ± 0.3 mN m'1 was obtained. All sample measurements were 

made at 25 °C using a heater-cooler-circulator bath accurate to ± 0.1 °C. 

Between measurements the ring was heated to red-hot with a bunsen burner to 

clean the Pt-Ir surface. Measured values of y were corrected using correction 

factors determined by Harkins and Jordan [27,28]. 
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Chapter Five 
Experimental: Surfiner Synthesis and Characterisation 

5.0 Introduction 

This chapter describes syntheses and characterisation of various polymerisable 

surfactants (surfmers) used in the project. A range of different surfmers have 

been investigated which include both H- and T-types. Chemical structures have 

been identified by three independent techniques including Nuclear Magnetic 

Resonance (NMR) spectroscopy, Fast-atom bombardment (FAB) mass 

spectrometry, melting points and elemental analysis. Furthermore, critical 

micelle concentrations (c. m. c's) were characterised by Du Noüy ring 

tensiometry and electrical conductivity measurements. 

5.1 Surfmers 

A total of five surfmers have been synthesised: 

A. 11-(methacryloyloxy)undecyltrimethylammonium bromide 

B. Dodecyl-(11-methacryloyloxy)undecyldimethylammonium bromide 

C. 11 -(acryloyloxy)undecyltrimethylammonium bromide 

D. Dodecyl-(11-acryloyloxy)undecyldimethylammonium bromide 

E. Cetyltrimethylammonium 4-vinylbenzoate 

The chemical structures of surfiners A to E are shown in Figure 5.1. Surfmers 

A and B are single- and double-chained counterparts, consisting of a 

polymerizable methacrylate group located at the end of the hydrocarbon chain 
(T-type). Surfiners C and D are the acrylate analogues of A and B. On the 

other hand, surfiner E comprises of a polymerizable vinyl benzoate counterion 
(H-type). 
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Surfiner A: (11- 

methacryloyloxy)undecyltrimethylammonium bromide 
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Surfmer B: Dodecyl-(11- 
methacryloyloxy)undecyldimethylammonium bromide 
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Surfmer C: (11 -acryloyloxy)undecyltrimethylammonium 
bromide 
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Surfmer E: Cetyltrimethylammonium 4-vinylbenzoate 
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Surfmer D: Dodecyl-(11- 
acryloyloxy)undecyldimethylammonium bromide 

Figure 5.1 Chemical structures of surfmers A to E. 
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5.2 Materials 

Materials used during the preparation of surfmers A to E are given in Table 5.1. 

Chemical Company 

11 -brom-1 -undecanol 98% Aldrich 
Methacryloyl chloride 97% Aldrich 

Acryloyl chloride 96%, stabilized Aldrich 

4-Methoxyphenol 98%+ Lancaster 
Pyridine (anhydrous) 99.8% Aldrich 

THE 99.9% Aldrich 

Ethyl acetate GPR BDH 
Ethanol Chemistry Stores 

HCI (35-38%) GPR BDH 
NaCl GPR BDH 

MgSO4 GPR BDH 
NaHCO3 GPR BDH 

N, N-dimethyldodecylamine 97% Aldrich 

Trimethylamine 99% Fluka 
Ethyl ether GC Riedel-deHaen 

Ultra pure water R0100HP Purite Water System 

Cetyltrimethylammonium bromide 98% Lancaster 
Ion-exchange resin Amberlite® IRA-900, "OH 

Methanol Chemistry Stores 
4-vinylbenzoic acid -97% Fluka 

Acetone Chemistry Stores 

Table 5.1 Materials used for syntheses of surfmers A to E. 
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5.3 Synthesis 

Synthetic routes for surfmers A to E have been established, producing a good 

yield with high purity. The resulting compounds were well sealed in a glass 
flask and stored in a desiccating cabinet over phosphorous pentoxide (P205) 

until used. 

5.3.1 11-(methacryloyloxy)undecyltrimethylammonium bromide (A) and 

dodecyl-(11-methacryloyloxy)undecyldimethylammonium bromide (B) 

The synthetic routes to A and B are shown in Figure 5.2. The first step involves 

an esterification reaction that yields the common precursor 
bromoundecylmethacrylate. The second step involves a quaternization reaction 

with the appropriate amine. 

5.3.1.1 Bromoundecylmethacrylate 

The synthesis of bromoundecylmethacrylate is described elsewhere [1]. 

However by making slight modifications, a higher purity product could be 

obtained. 

11 -Bromo-1 -undecanol (98%, Aldrich) was reacted with methacryloyl chloride 
(97%, Lancaster) at ambient temperature, under a nitrogen atmosphere and in 

the presence of anhydrous pyridine (99.8%, Aldrich) in THE (99.9%, Aldrich) 

solution. 

The molar ratio of reactants i. e. 11-bromo-1-undecanol: methacryloyl 

chloride: pyridine was 1: 1.2: 1.25. The mixture was allowed to stay ambient 

temperature, under a nitrogen atmosphere for four hours, with 4-methoxyphenol 

(98%+, Lancaster) as polymerization inhibitor. 

Shortly after addition of reactants a white precipitate (pyridium salt) formed in a 
light green solution. The temperature of the mixture stabilised to 26 °C. After 

four hours the pyridium salt was filtered off. The THE solvent and any 
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unreacted methacryloyl chloride were removed and the organic residue 
dissolved in ethyl ether. This step made the ensuing separation process easier, 

since THE and water have similar densities, which can cause an emulsion to 

form. The organic phase was worked-up in the usual way using hydrochloric 

acid (5%) to remove any excess base. A saturated solution of sodium hydrogen 

carbonate was employed to remove any excess hydrochloric acid. Finally, the 

organic residue was washed with a saturated solution of sodium chloride. The 

resulting organic phase was dried with magnesium sulphate, and then the ether 

was removed leaving a transparent, light green/yellow liquid of 
bromoundecylmethacylate, in approximately 70% yield. 

5.3.1.2 11-(methacryloyloxy)undecyltrimethylammonium bromide (A) 

11 -(methacryloyloxy)undecyltrimethylammonium bromide was prepared as 

described elsewhere [1]. 

A solution of bromoundecylmethacrylate in ethyl acetate, in the presence of 4- 

methoxyphenol was cooled to 0 °C. Trimethylamine gas (99%, Fluka) was 
bubbled into solution until a white precipitate of 11- 

(methacryloyloxy)undecyltrimethylammonium bromide formed. The reaction 

mixture was left to stand over night in a saturated atmosphere of 
trimethylamine. 

11-(methacryloyloxy)undecyltrimethylammonium bromide was filtered off and 
washed several times with ethyl acetate and dried. The product was obtained 

in approximately 70 % yield. 
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Figure 5.2 Synthetic routes to 11 -(methacryloyloxy)undecyltrimethylammonium 
bromide (A) and dodecyl-(11-methacryloyloxy)undecyldimethylammonium 

bromide (B). 
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5.3.1.3 Dodecyl-(11-methacryloyloxy)undecyldimethylammonium bromide (B) 

Bromoundecylmethacrylate was reacted with N, N-dimethyldodecylamine (97%, 

Aldrich) in the presence of 4-methoxyphenol (98%+, Lancaster), as 

polymerization inhibitor, in ethanol solution. 

The molar ratio of reactant i. e. bromoundecylmethacrylate: N, N- 

dimethyldodecylamine was 1: 1.05. A slight excess of amine was added to 

prevent the amine product competing for the bromoundecylmethacrylate. The 

reaction mixture was brought to reflux and maintained for six hours. The 

ethanol was then removed and crystals of dodecyl-(11- 

methacryloyloxy)undecyldimethylammonium bromide were washed with ether, 
filtered and dried. The product was obtained in approximately 55% yield. 

5.3.2 11 -(acryloyloxy)undecyltrimethylammonium bromide (C) and 
dodecyl-(11-acryloyloxy)undecyldimethylammonium bromide (D) 

The synthetic routes to C and D are shown in Figure 5.3. The steps involved 

are analogous to those described above for the methacrylate surfmers. The 

first step involves an esterification reaction that yields the common precursor 
bromoundecylacrylate, and the second step involves a quaternization reaction 

with the appropriate amine. 

5.3.2.1 Bromoundecylacrylate 

Bromoundecylacrylate was prepared as detailed elsewhere [2]. 

A solution 11-bromo-1-undecanol (98%, Aldrich) in THE (99.9%, Aldrich), in the 

presence of 4-methoxyphenol was cooled to 0 °C. Acryloyl chloride (96%, 

stabilized, Aldrich) was introduced and the reaction mixture was stirred at 

ambient temperature, under a nitrogen atmosphere, for two hours. The solution 
was left to stand overnight. 
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The THE solvent and any unreacted acryloyl chloride was removed and the 

organic residue dissolved in ethyl ether (for reasons mentioned above 5.3.1.1). 

The solution was washed with a saturated solution of sodium hydrogen 

carbonate and dried with magnesium sulphate. The ether was removed leaving 

a transparent, light yellow liquid of bromoundecylacrylate, in approximately 70% 

yield. 

5.3.2.2 11-(acryloyloxy)undecyltrimethylammonium bromide (C) 

The synthetic procedure was essentially the same as that for 11- 

(methacryloyloxy)undecyldimethylammonium bromide (5.3.1.2). 11- 

(acryloyloxy)undecyldimethylammonium bromide was obtained in approximately 

72% yield. 

5.3.2.3 Dodecyl-(11-acryloyloxy)undecyldimethylammonium bromide (D) 

The synthetic procedure was essentially the same as that for dodecyl-(11- 

methacryloyloxy)undecyldimethylammonium bromide (5.3.1.3). Dodecyl-(11- 

acryloyloxy)undecyldimethylammonium bromide was obtained in approximately 
55% yield. 
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Figure 5.3 Synthetic routes to 11-(acryloyl)undecyltrimethylammonium bromide 

(C) and dodecyl-(11-acryloyloxy)undecyldimethylammonium bromide (D). 
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5.3.3 Cetyltrimethylammonium 4-vinyl benzoate (E) 

The synthesis of cetyltrimethylammonium 4-vinylbenzoate involved a two step 

ion exchange process. 

Ion Exchange VB 
CTA+B' CTA+HO- CTA*VB- 

Details of this synthesis have been described elsewhere [3]. 

One equivalent of freshly recrystallized cetyltrimethylammonium bromide (98%, 

Lancaster) (CTAB) methanol solution was passed through an ion-exchange 

resin (Amberlite® IRA-900, OH"), yielding CTA+OH- methanol solution. One 

equivalent of 4-vinylbenzoate acid (97%, Fluka) (VB) was dissolved in a 

minimum amount of acetone and added to CTOH methanol solution. The 

reaction mixture was stirred at room temperature for 24 hours under a nitrogen 

atmosphere. After thorough mixing the solvent was removed, a little acetone 

added, and the product was refrigerated (- 4°C), yielding large, white crystals of 

CTVB (TK = 19°C), and leaving CTAOH (TK < 0°C) in the supernatant. CTVB 

was recrystallized from ethanol / acetone (1: 10) in approximately 80% yield. 

5.4 Structural Characterization 

Three independent techniques were used to identify the chemical structures of 

surfmers A to E, including Nuclear Magnetic Resonance (NMR) spectroscopy, 

Fast Atom Bombardment (FAB) mass spectrometry and elemental analysis. 

5.4.1 Nuclear magnetic resonance (NMR) spectroscopy 

Nuclear Magnetic Resonance spectroscopy is a central technique in modem 
chemistry which is best suited to characterization of small-to-medium mass 

organic molecules (typical MW < 1000 g mol-1). For a full account of NMR 

theory, the reader is referred to references [4,5]. In order to identify the 
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chemical structure of any given molecule, three effects need to be understood, 
which include chemical shift, spin-spin coupling and peak integration. 

When an atom is placed in a magnetic field, its electrons circulate about the 

direction of the applied magnetic field. Circulation causes a small magnetic field 

at the nucleus, which opposes the externally applied magnetic field. The 

magnetic field at the nucleus (i. e. the effective magnetic field) is therefore 

generally less than the applied field. The electron density around each nucleus 

varies according to its types and local bonds in the molecule. The opposing 
field and therefore the effective field at each nucleus will vary; this is the 

chemical shift phenomenon. The chemical shift (S / ppm) is expressed as the 

difference in the resonance frequency of the nucleus (v) and reference (Vref), 

relative to the reference, i. e. 

v(Hz) - j. f (Hz) (5.1) 
Dref(Hz) 

Nuclei that experience the same chemical shift are called equivalent, whereas 

those who do not are called non-equivalent. Nuclei that are close exert an 

influence on the local effective magnetic field. This effect shows up for non- 

equivalent nuclei that are less than or equal to three bond lengths apart. Spin- 

spin coupling occurs that results in a characteristic splitting pattern. In addition 

to these effects, another piece of information is the relative peak area, which is 

proportional to the number of equivalent protons in the molecule. 

Samples were made up in 5 mm diameter glass NMR tubes, as 0.2 mmol 

solutions in deuteriochloroform (CDCI3), and run on a JEOL Lambda 300 

spectrometer with tetramethylsilane (TMS) as internal reference. SpecNMR, a 

PC program designed to process and display one-dimensional NMR spectra, 

was used to elucidate the relative areas of adsorption peaks. For clarity of 

presentation molecular structures, identifying different proton groups, are 
included on the spectra presented below. 
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5.4.1.1 Bromoundecylmethacylate 

When carrying out a multi-step synthesis it is of particular importance to monitor 
the progress of reaction, and NMR provides a convenient way of doing this. 

The 1H NMR spectrum of bromoundecylmethacrylate is shown in Figure 5.4. 

Q 
/H 

9dCC 
Br 

CH2 
CH2 

CH2') 
CH2 

CHd 
0C Hb 

CHF 

H 

H 

H 

HI 

Ht 
H 

TMS 

H r- 

H. O 

6.5 6.0 5.5 5.0 45 4.0 3.5 PPM 3.0 2.5 2.0 1.5 1.0 0.5 0.0 

Figure 5.4 'H NMR spectrum of bromoundecylmethacrylate. 

Analysis showed that the expected peaks were present [4], and not surprisingly, 

relative peak integrals were in line with the molecular structure (Table 5.2). 
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Proton 8/ ppm ± 0.5 l HTheoretcial I HFound 

a 6.1 1.0 1.0 

b 5.6 1.0 1.0 

c 2.0 3.0 3.0 

d 4.1 2.0 2.1 

e 1.6-1.9 4.0 4.6 

f 1.3 14.0 15.8 

g 3.4 2.0 2.2 

Table 5.2 Analysis of NMR data for bromoundecylmethacrylate. 

5.4.1.2.11 -(methacryloyloxy)undecyltrimethylammonium bromide (A) and 
dodecyl-(11-methacryloyloxy)undecyldimethylammonium bromide (B) 

The 1H NMR spectra of 11 -(methacryloyloxy)undecyltrimethylammonium 
bromide (A) and dodecyl-(1 1 -m ethacryloyloxy) un decyld im ethyl ammonium 
bromide (B) are shown in Figures 5.5 and 5.6 respectively. 

The chemical shifts and integrated peak areas were as expected from the 

molecular structure (Table 5.3 and 5.4). Comparing to 

bromoundecylmethacrylate (Figure 5.4) the obvious difference is a dominant 

singlet due to a quaternary ammonium group. However, the protons in the 

respective quaternary ammonium groups for A and B are non-equivalent, and 

therefore resonate at slightly different chemical shifts; 3.50 ppm and 3.45 ppm 

respectively. Other differences are loss of a triplet due to the `g' ethylene 

protons in bromoundecylmethacrylate (3.4 ppm), and the occurrence of a broad 

multiplet (-. 3.6 ppm) due to protons alpha to the quaternary ammonium groups. 
Aside from relative integrals, a peak that distinguishes B from A is a triplet at 
0.90 ppm due to methyl protons (j) on the hydrocarbon chain terminus. 
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Figure 5.5 'H NMR spectrum of 
11 -(methacryloyloxy)undecyltrimethylammonium bromide (A). 
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Figure 5.6 'H NMR spectrum for dodecyl-(11- 

(methacryloyloxy)undecyldimethylammonium bromide (B). 
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Proton 8/ ppm ± 0.5 I HTheoretciai I HFound 

a 6.1 1.0 1.0 

b 5.6 1.0 1.0 

c 2.0 3.0 3.0 

d 4.1 2.0 2.2 

e 1.6-1.9 4.0 4.6 
f 1.3 14.0 15.4 

g 3.6 2.0 2.2 
h 3.5 9.0 9.6 

Table 5.3 Analysis of NMR data for 11- 

(methacryloyloxy)undecyltrimethylammonium bromide (A). 

Proton 8/ ppm ± 0.5 1 Hmeoretciai I HFound 

a 6.1 1.0 1.0 

b 5.6 1.0 1.0 

c 2.0 3.0 3.0 

d 4.1 2.0 2.0 

e 1.6-1.9 2.0 2.1 

f 1.3 32.0 34.0 

g 1.6-1.9 4.0 4.2 

h 3.6 4.0 4.1 

3.4 6.0 6.1 

0.9 3.0 3.1 

Table 5.4 Analysis of NMR data for dodecyl-(11- 

methacryloyloxy)undecyldimethyl ammonium bromide (B). 

5.4.1.3 Bromoundecylactylate 

The 1H NMR spectrum for bromoundecylacrylate is displayed in Figure 5.7. 

The chemical shifts and integrated peak areas were as expected from the 

molecular structure (Table 5.5). Not surprisingly, the spectrum is similar to that 

of its methacrylate analogue, bromoundecylmethacrylate (Figure 5.4). 

Differences being loss of a singlet at 2.00 ppm (due to the absence of methyl 

protons attached to the reactive tip), the inclusion of a quartet at 6.10 ppm, and 
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a slight downfield shift in vinylic protons ̀ a' and V. This change in chemical 
shift is attributed to the replacement of the methyl group attached to the reactive 
tip with hydrogen. In order to fully understand this it is necessary to consider 
the effects of the nearby carbonyl group. 

The polar nature of the carbonyl group adjacent to the alkene double bond 

causes a shift in electron density through a combination of inductive and 

conjugative effects. Inductive effects operate through the a-bonding framework 

and thus tail off with distance. However, conjugative effects, which in this case 

dominate, operate through the n-system, alternating along the conjugated 

chain. This effect is illustrated in Figure 5.8. 

R CH2 Rc +CH 

HH 

Figure 5.8 Conjugative effects arising from a carbonyl group adjacent to an 

alkene double bond. 

This causes downfield shifts in both the ß and a nuclei, with the effect at the ß 

position large because of overlap. However, this effect is less pronounced for 

bromoundecylmethacrylate due to the presence of the electron donating methyl 

group, which partially compensates for the shift in electron density. 

Explanation to observed splitting pattern 

Each vinylic proton is coupled to two non-identical protons, which causes a 
'doublet of doublets' splitting pattern. However, as indicated in Figure 5.7, the 

relative coupling constants differ depending on the environment of the proton. 
Coupling is mediated by the interaction of orbitals within the bonding framework. 

It is therefore dependent on overlap and hence on the dihedral angle. When 

vinylic protons are oriented 'trans' to one another they have a dihedral angle of 
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1800, and are therefore antiperiplanar. This allows orbitals to overlap most 

efficiently and thus gives rise to a large coupling constant, typically 11-19 Hz [4]. 

On the other hand when in the 'cis' configuration they have a dihedral angle of 

00, and therefore protons are syncoplanar. Consequently the coupling constant 

is smaller, typically 5-14 Hz [4]. The coupling constant is smallest when the 

dihedral angle is 90°. Orbitals are orthogonal, as is the case with Ha and Hb. 

Typically coupling constants are 2-7 Hz [4]. 

Proton S/ ppm ± 0.5 1 Hrneonetciai I HFound 

a 6.4 1.0 1.0 

b 5.8 1.0 1.0 

c 6.1 1.0 1.0 

d 4.1 2.0 2.3 

e 1.6-1.9 4.0 4.8 

f 1.3 14.0 16.5 

g 3.4 2.0 2.3 

Table 5.5 Analysis of NMR data for bromoundecylacrylate. 
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Figure 5.7 'H NMR spectrum for bromoundecylacrylate. 

120 

3JHbHc 
= 10 Hz 



Experimental: Surfmer Synthesis and Characterization 

5.4.1.4 1 1-(acryloyloxy)undecyltrimethylammonium bromide (C) and dodecyl- 
(11-acryloyloxy)undecyldimethylammonium bromide (D) 

The 1H NMR spectra for 11-(acryloyloxy)undecyltrimethylammonium bromide 

(C) and dodecyl-(1 1 -acryloyloxy) u ndecyld im ethyl ammonium bromide (D) are 

shown in Figures 5.9 and 5.10 respectively. Chemical shifts and peak integrals 

are as expected for the molecular structures (Table 5.6 and 5.7). Differences in 

the 1H NMR spectra are analogous to those previously described for the related 

methacrylate surfmers (section 3.4.1.2). 

Proton 8/ ppm ± 0.5 1 HTheoretcial I HFound 

a 5.8 1.0 1.0 

b 6.4 1.0 1.0 

c 6.1 1.0 1.0 

d 4.1 2.0 2.1 

e 1.6-1.9 4.0 4.7 

f 1.3 14.0 16.5 

g 3.6 2.0 2.3 

h 3.5 9.0 10.3 

Table 5.6 Analysis of NMR data for 11-(acryloyloxy)undecyltrimethylammonium 

bromide (C). 
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Figure 5.9 1H NMR spectrum for 11-(acryloyloxy)undecyltrimethylammonium 

bromide (C). 
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Figure 5.10 lH NMR spectrum for dodecyl-(11- 

acryloyloxy)undecyldimethylammonium bromide (D). 
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Proton 3/ ppm ± 0.5 j Hrneoretciai l HFound 

a 5.8 1.0 1.0 

b 6.4 1.0 1.0 

c 6.1 1.0 1.0 

d 4.1 2.0 2.1 

e 1.6-1.8 2.0 2.1 

f 1.3 32.0 37.1 

g 1.6-1.8 4.0 4.5 

h 3.6 4.0 4.4 

3.4 6.0 6.8 

0.9 3.0 3.6 

Table 5.7 Analysis of NMR data for dodecyl-(11-acryloyloxy)undecyldimethyl 

ammonium bromide (D). 

5.4.1.5 Cetyltrimethylammonium 4-vinylbenzoate (E) 

The 1H NMR spectrum for cetyltrimethylammonium 4-vinylbenzoate is displayed 

in Figure 5.11. Chemical shifts and peak integrals are as expected [4] (Table 

5.8). 

Proton 8/ ppm ± 0.5 1 HTheoretcial I HFound 

a 5.3 1.0 1.0 

b 5.7 1.0 1.0 

c 6.7 1.0 1.0 

d 8.0 2.0 2.0 

e 7.3 2.0 4.0 

f 3.3 9.0 11.1 

g 3.2 2.0 2.1 

h 1.5 4.0 4.0 

1.3 24.0 24.6 

0.9 3.0 3.1 

Table 5.8 Analysis of NMR data for cetyltrimethylammonium 4-vinylbenzoate 

(E). 
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Figure 5.11 lH NMR spectrum for cetyltrimethylammonium 4-vinylbenzoate (E). 

It is interesting to note the changes in chemical shift of the vinylic protons when 

attached to the aromatic ring opposed to the carbonyl group. In this case 
inductive effects dominate, and as stated previously these tail off with distance. 

Therefore, the most significant effect is seen for H°, which consequently 

appears more downfield. 

The n-system of the aromatic ring also produce an anisotropic effect. 
Circulating electrons produces a ring current, which creates a magnetic field 

opposed to the applied magnetic field at the centre of the ring, but reinforcing it 

outside the ring (Figure 5.12). The effect of the induced magnetic field is to 

deshield substantially the hydrogens attached to the aromatic ring, 

consequently causing the signals to appear further downfield than conventional 

alkene protons. 
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Figure 5.12 Anisotropic effect operating in aromatic ring. 
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5.4.2 Fast atom bombardment (FAB) mass spectrometry 

Fast Atom Bombardment (FAB) mass spectrometry is an ionisation technique 

used for higher molecular weight compounds, and ionic or other non-volatile 

molecules. The energy is provided by a beam of ions or atoms (Ar or Xe) 

respectively, of large translational energies, 8- 10 keV [4,5]. The sample is 

dissovled in a matrix of low volatility. As atoms impact into the solution of the 

sample, the sample is desorbed, often as an ion, by momentum transfer. The 

beam of sample ions is then analysed in the mass spectrometer in the usual 

way. For a more detailed account on FAB mass spectrometry the reader is 

referred to references [4,5]. 

Samples were submitted as dry solids, and run on a VG Analytical Autospec 

instrument using 3-nitrobenzyl alcohol (3-NOBA) as the liquid matrix. The mass 

spectra of surfactants A to E can be seen in Figures 5.13 - 5.17 respectively. 

The molecular ion (m/z) values of surfmers A to E (Table 5.9) can be found in 

the FAB spectra, hence confirming the structures. 
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Surfmer (m/z) ID 

A 298 (CH3)3+N(CH2)1 1 CO2C(CH3)CH2 

B 452 (CH3)3'N((CH2)1 lC02C(CH3)CH2)((CH2)1 I CH3) 

C 284 (CH3)3+N(CH2)�CO2CHCH2 

D 438 (CH3)3+N((CH2)1 ICO2CHCH2)((CH2)1 ICH3) 
E 284 (CH3), ý`N(CH2)15CH3 

Table 5.9 FAB Mass Spectrometry analysis for surfiners A to E. 
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bromide (A). 
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Figure 5.16 Mass spec for dodecyl-(11-(acryloyloxy)undecyldimethylammonium 

bromide (D). 
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5.4.3 Elemental analysis 

Elemental analysis (Carlo Erba EA1108 Elemental Analyzer) provides a 

quantitative method of elucidating the relative atomic composition of the 

compound. Comparing the theoretical values with the observed values 

provides a means of evaluating the purity of the compound. The error on each 

determination is ± 0.5%, however, in the case of hydrogen this may be 

increased by water crystals of hydration. Results show values agree within the 

experimental error (Table 5.9), suggesting compounds are of high purity. 

Surfmer Relative ATOM 
Abundance % N C H Br 

Theoretical 3.70 57.20 9.50 21.39 
A Result 3.67 56.71 9.58 21.41 

Deviation -0.03 -0.49 +0.08 +0.02 
Theoretical 2.60 65.50 10.90 14.75 

B Result 2.64 65.55 11.58 14.50 
Deviation +0.04 +0.05 +0.68 -0.25 

Theoretical 3.70 57.14 9.59 21.12 
C Result 3.58 57.06 9.47 20.98 

Deviation -0.12 -0.08 -0.12 -0.14 
Theoretical 2.70 64.90 10.80 14.50 

D Result 3.00 65.04 11.66 14.56 
Deviation +0.30 +0.14 +0.86 +0.06 

Theoretical 3.25 77.97 11.36 - 
E Result 3.36 77.82 11.59 - 

Deviation +0.11 -0.15 +0.23 - 

Table 5.9 Elemental analysis of surfiners A to E. Values are average of three 

measurements. 

5.5 Surfmer Charaterisation 

The critical micelle concentration (c. m. c) is a fundamental property of any given 

surfactant. Two independent techniques, Du Noüy ring tensiometry and 

electrical conductivity, have been employed to determine the c. m. c of surfmers 
A to E. In addition, melting points have been determined and compared to 
literature values where possible. The melting point can assist in identification 

and provide a check on purity. 

129 



Experimental: Surfiner Synthesis and Characterization 

5.5.1 Critical micelle concentration (c. m. c) 

Du Noüy ring tensiometry is a convenient method for checking the c. m. c, but 

also provides a way of assessing purity with respect to other surface-active 

species present. Various other parameters such as, surface excess 

concentration (f), and an effective area per molecule at the air-water interface 

(ah"') can be determined from surface tension data through use of the Gibbs 

adsorption isotherm (Chapter 4). Surface tension plots for A to D are shown in 

Figure 5.18. No satisfactory plot was obtained for surfmer E. c. m. c's 

(highlighted by a dashed line) are tabulated in Table 5.10. 

As expected, sufmers A and C exhibit a higher c. m. c than their double-chained 

counterparts (B and D). Furthermore, replacing the methyl on the reactive 

chain end, with hydrogen, increases the relative hydrophilicity of the molecule, 

which reflects in the c. m. c values (i. e. acrylate surfmers exhibit a higher c. m. c 

than their methacrylate analogues). Values obtained for a' (Table 5.10) 

appear consistent with the literature, however are larger than those reported for 

their chemically inert analogues dodecyltrimethylammonium bromide (DTAB) 

and didodecyldimethylammonium bromide (DDAB) (Table 5.10), which may be 

caused by the "bulky" chain terminal group. In each case no minimum was 

detected, indicating the absence of other surface-active species. 
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Figure 5.18 Surface tension plots of surfiners A to D. 

The trends shown by the data are expected, however cationic surfactants are 

known to show an adsorption tendency towards the platinum oxide ring surface, 

which may question measured c. m. c's. To confirm these findings, c. m. c's were 

also measured by electrical conductivity (K). 

Electrical conductance (G) was measured with a Jenway, 3410 

Electrochemistry Analyser, using a `dip cell', as described in Chapter 4 (Section 

4.5). The c. m. c's were determined from a plot of electrical conductivity versus 

surfactant concentration, as shown in Figures 5.19 - 5.21. 
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Figure 5.19 Electrical conductivity plot surfiner A. 
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Figure 5.20 Electrical conductivity plot surfiner C. 
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Figure 5.21 Electrical conductivity plot surfiner D. 

Surfiners A, C and E all exhibit a distinctive break, characteristic of the c. m. c. 
Surfiners B and D show a less pronounced break in the concentration region 

predicted by y measurements. At such low surfactant concentrations it can 

become extremely difficult to identify a micellar transition. Measured c. m. c 

values are tabulated in Table 5.10. 

The c. m. c values obtained from both techniques are of the same order of 

magnitude, although those gained from y measurements are lower, which may 

be due to reasons already mentioned. In general, acrylate surfmers exhibit 

higher c. m. c's than their methacrylate counterparts, which is expected, as the 

methyl attached to the methacrylate group contributes to the overall 

hydrophobicity of the tail. One interesting aspect is demonstrated by K 

measurements of the double-chained surfmers. Compared to DTAB and 
DDAB, there is clearly a marked increase in c. m. c, which is attributed to the 

addition of a polar carbonyl group at the hydrophobic chain tip. 
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Comparing surfmer E to its inert analogue, cetyltrimethylammonium bromide 

(CTAB) (Table 5.10), highlights the dependence of c. m. c on the counterion. A 

significant decrease in c. m. c is observed when comparing bromide with vinyl 
benzoate. Counterions that bind strongly can penetrate the head-group plane 

and more effectively screen repulsive, electrostatic interactions between head- 

groups that oppose micellization, thereby lowering the c. m. c. This effect can 

also promote micellar growth and is apparent in E, which forms a highly 

viscoelastic network of entangled rod-like micelles at concentrations as low as 
2.3 mmol dm-3 (mass fraction of 0.1 %) [3]. 

5.5.2 Melting points (TM) 

Melting points (TM) of surfmers A to E are given in Table 5.10, along with 
literature values where available. Measured values for A and C compare well 

with those reported in the literature. It can be clearly seen that there is a 

marked decrease in TM with the addition of a second hydrocarbon chain. 
Increasing the relative hydrocarbon chain volume enhances steric interactions, 

which encourages weaker packing in the crystal lattice, thereby lower the 

effective TM. Furthermore, comparing to DTAB and DDAB there is a significant 
decrease in TM with the addition of the reactive meth/acrylate group. This effect 

can be rationalised in terms of irregularities in molecular packing, and potential 

repulsion between adjacent meth/acrylate groups caused by a shift in electron 

density through a combination of inductive and conjugate effects (Figure 5.8). 

Principally, TM is controlled by the crystal lattice energy, and therefore ionic 

surfactants with long hydrocarbon chains exhibit high TMs, as is the case for 

surfmer E. Counterion type can also effect TM, as shown with surfiner E when 

compared to CTAB (TM > 230 °C [10]). This effect is likely to be due to the 

bulky vinyl benzoate counterion causing unfavourable steric strain, and modified 

electostatic interactions within the hydrophilic head-group plane. 
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Surfactant 
MW / 

g mol-' 

TM/ °C 

t1 

c. m. c 1(mol dm3) 

Ky 

Y°. m. °. / 

(mN m"') 

r/2 
(mol m) 

ah'"' / A2 

A 378.09 152 2.5x1 0 1.9x10 37.6 1.86x10-6 89 

158 [6] 1.6x10-2 [6] 1.0x10-2 [6] 113 [6] 

B 532.20 48 5.5x10,4 1.6x10"4 33.1 1.80x10,6 92 

C 364.08 132 3.9x10-2 2.0x10-2 35.4 147x106 113 

130 [6] 1.4x10-2 [6] 1.3x10-2 [6] 95 [6] 

D 518.19 54 4.0x10.4 2.0x10-4 32.0 1.72x10'6 97 

E 431.29 227 1.6x10-4 - - - - 
1.6x10'4 [3] 

DTAB 308.35 245 (10] 1.6x10'2 [8] 1.5x10-2 [8] - - 63 [7] 

DDAB 462.65 162 3.0x10'5 [9] - - - 68 [7] 

CTAB 364.46 >230 [10] 9.0x10.4 [8] 8.0x10-4 [8] - - 64 [7] 

Table 5.10 Physical properties of surfmers A to E. 

5.6 Conclusions 

A total of five different surfmers have been synthesised. Three independent 

methods of analysis provide direct structural evidence for these compounds, 

and demonstrate a yield of high purity. c. m. c's and melting points have been 

characterised, demonstrating the important role molecular structure and 

chemical composition plays in determining physicochemical properties. 
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Chapter Six 
Aqueous Micelle Polymerization 

6.0 Introduction 

This chapter describes results from mixed, dilute aqueous micelles. The 

general theme was to use mixtures of polymerizable surfactants (surfmers) as a 

convenient way of controlling interfacial curvature, and effectively rigidifying the 

phase structure through a polymerization reaction. 

Micelles were formulated as well-defined mixtures using 11- 

(methacryloyloxy)undecyltrimethylammonium bromide (A), dodecyl(11- 

(methacryloyloxy) undecyl)dimethylammonium bromide (B), 11- 

(acryloyloxy)undecyltrimethylammonium bromide (C), dodecyl(11- 

(acryloyloxy)undecyl)dimethylammonium bromide (D) and 

cetyltrimethylammonium 4-vinylbenzoate (E). Molecular structures of surfmers 

A to E, are illustrated in Figure 5.1 (Chapter 5, Section 5.1). The main 

experiments performed were: 

Electrical conductivity measurements to investigate the mixing behaviour 

of the mixed micelle systems. 

II. SANS experiments to identify the phase structure of mixed micelle 

systems, "before" and "after" polymerization. 

Ill. Electrical conductivity, TEM and SANS to explore the effects of dilution 

on the polymerized structures. 

The main findings of these investigations were: 

I. Surfactant behaviour was found to be essentially ideal in mixtures. 
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II. SANS showed that phase structure responds in a predictable to variation 
in mixture composition, and that structures were broadly retained after 

polymerization. 

III. Polymerized structures were found to persist below the c. m. c of the non- 

polymerized system. 

6.1 Background 

The traditional picture of micelle formation thermodynamics is based on the 

Gibbs-Helmholtz equation (OGmjc = OHmic -TiSmic), where for a 

reaction/process to occur spontaneously, AG must be negative. At room 

temperature micellization is characterized by a small, positive AH,,;,, and a 

large, positive AS,, ic. This has lead to the controversial idea that micellization 

can be thought of as an entropically driven process explained by the 

'hydrophobic effect' [1 ]. A thermodynamic treatment of micelle formation is 

given by the `multi-step equilibrium model' developed by J. Smith in 1969. For a 

detailed explanation the reader is referred to reference [2]. 

Pioneering studies of micelle polymerization were carried out by Larrabee and 

Sprague in 1979, using sodium 1 0-undecenoate [3], and since this time much 

work has been done in this area (Chapter 3, Section 3.1). However, in all of the 

work published to date, a single surfmer has been used and this enforces 

limitations on the interfacial curvature, and phase structure, which can be 

achieved in both the initial and final polymerized states. A fresh approach is 

adopted here by using surfiner mixtures, which should allow access to a variety 

of different micelle morphologies from small spherical micelles to large closed 

unilamellar vesicles. 

To be able to fully utilize these mixed surfactant systems it is important to 

understand their mixing behaviour i. e. be it 'ideal', or `non-ideal', and in the latter 

case whether this is consistent with synergism or antagonism. Therefore, it is 
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appropriate to give an account of the thermodynamics of ideal and non-ideal 
mixing in mixed surfactant assemblies. 

6.2 Thermodynamics of Mixed - Micelle Formation 

When the aggregation number (n) is large (i. e. n> 50), the thermodynamics of 
ideal mixed micelle formation can be treated using the phase separation model, 

which considers micelles as a separate phase in equilibrium with surfactant 

monomers [4]. For an ideal mixture composed of surfactant 1 and surfactant 2 

(activity coefficients unity) the monomer concentration of surfactant 1 C; " is 

given by: 

CM = xmic 
, CCY1C 111 (s. 1) 

where cmc, is the c. m. c. of pure surfactant 1, and X; '° is the mole fraction of 

surfactant 1 in the mixed micelle. A similar expression exists for surfactant 2, 

which can be combined with Equation 6.1, and mass balance to eliminateX""C, 

yielding the Clint equation (Equation 6.2) [4] for ideal mixed micelles: 

1_ Xbulk 1- Xbulk 

+1 (6.2) 
cmc1 cmc2 . 2ý 

where CMC is the c. m. c. of the mixture, and X; U'k is the overall mole fraction of 

surfactant 1. 

However, when intermolecular interactions become significant surfactant 
mixtures may exhibit synergism or antagonism, so this model breaks down. 
Corkill [5] was the first to extend this theory to take into account non-ideality. It 

was suggested that since the micelle core is essentially liquid-like then regular 
solution theory (RST) can be applied to describe non-ideal mixing in surfactant 
mixtures. A regular solution can be thought of as one in which two kinds of 
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molecules are randomly distributed (as in an ideal solution), but have different 

interaction energies with each other. Thermodynamic properties of real 

solutions can be expressed in terms of excess functions, such as HE 

LHmix -OHmzal )" To account for non-ideal mixing, an activity coefficient f; is 

introduced and Equation 6.1 may be expressed: 

CM = Xý lc 

" f, " cmc, (6.3) 

This activity coefficient f, is given in RST as: 

f, =exp[3(1-X, "')z] (6.4) 

P is known as the interaction parameter. A similar expression exists for 

surfactant 2. P can be expressed in the form (w" + (022 2CO12) 
, where 

s 

co, and w22 are the interaction energies for single component micelles and w12 is 

the interaction energy for the mixed micelles. The excess entropy of mixing SE 

is taken to be zero, and hence ß quantifies HE =f X`"'c (1- X'"'° )RT . If Pis 

negative this represents a net attraction between surfactant 1 and 2, which 

gives rise to so called "synergy". In contrast, if ß is positive this represents a net 

repulsion between surfactants 1 and 2, which gives rise to antagonism; such 
behaviour is found with hydrocarbon-fluorocarbon mixtures [6]. At the mixed 

c. m. c: 
CM = Xbulk 

. CMC (6.5) 

Therefore, substituting Equation 6.4 into 6.3 and combining 6.5, yields: 

Xmic 
. exp IR (1- Xj ic)2 ]_ 

Xbulk 
. CMC 

cmc, 
(6.6 

mit mit 
Xbulk 

. CMC 
(1-X, )"exp[ß(X )2]= (6.7) 

cmci 
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Hence Equations 6.6 and 6.7 represent a pair of simultaneous equations that 

can be solved to give ß and X; '°. 

6.3 Behaviour of Surfmer Mixtures 

6.3.1 A+B mixtures 

Experiments were conducted on a binary mixture of the single- and double- 

chained methacrylate surfmers, A and B. c. m. c's for the pure and mixed 

systems were determined by electrical conductivity, as described in Section 4.5; 

results are tabulated below. 

XA c. m. c. / (mol dm*') 
Conductivity Surface tension 

0.0 5.5x10 * 1.6x10 

0.2 

0.4 5.2 x 10-4 - 
0.6 1.4x10-4 - 
0.8 3.2 x 10-3 - 
1.0 2.5 x 10-2 1.9 x 102 

Table 6.1 c. m. c data of binary mixtures of surfiner A and B. Composition is 

defined in terms of mole fraction XA (where XA = [AýAýB]) of surfmer A. 

indicates poor reproducibility. 

Despite best efforts, it proved very difficult to accurately determine the c. m. c of 
the double-chained surfmer B by conductivity measurements alone. However, 

through a combination of conductivity and Du Noüy ring tensiometry a reliable 
value was obtained (as explained in Chapter 5, Section 5.5.1). The 

experimentally determined values were plotted against theoretical values 

obtained from Clint's equation (Equation 6.2) (Figure 6.1). 
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c. m. c. / (mol dm-3) 

0.025 

0.020 

0.015 

0.010 

0.005 

0 
0 

0.1 0.3 0.5 0.7 0.9 
Mole Fraction of A 

Figure 6.1 Critical micelle concentrations (c. m. c. 's) of binary surfactant mixtures 

composed of surfmer A and B as a function of mole fraction of A. The solid line 

represents calculations using the Clint equation, and the circles represent 

experimental values. 

This plot clearly illustrates a slightly positive deviation from ideality, which 

correlates with a positive ß value. In terms of mixing theory this represents a 

slight repulsion, between these two polymerizable surfactants. Values of the 

interaction parameter, ß, obtained by applying Equations 6.6 and 6.7 are given 

in Table 6.2. 

XA ß 
0.0 0 

0.4 0.13 

0.6 0.25 

0.8 0.29 

1.0 0 

Table 6.2 Variation of the interaction parameter ß (f 3%), with mole fraction of 
A. 
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Thermodynamics of DTAB/DDAB mixtures (which are inert analogues of A and 
B) have been investigated by Kaler et al. [7]. The main finding was ideal mixing 

behaviour (ß = 0), which is to be expected for like-charged surfactants with very 

similar molecular structures. Comparing now with the reactive surfactants A 

and B, there appears to be a slightly positive deviation from ideality (positive ß), 

which is at first sight surprising given the similarities in molecular structure. The 

deviation from ideality is undoubtedly rationalized by the incorporation of the 

reactive methacrylate group at the chain terminus. The hydrophilic head-group 

region remains essentially unaffected, whereas the hydrophobic environment of 

the micelle is clearly altered by the hydrophilic nature of methacrylate group. 

The repulsion may be caused between adjacent methacrylate groups by a shift 

in electron density through a combination of inductive and conjugate effects 

(Figure 5.8, Chapter 5). Alternatively, the effective `bulk' of the methacrylate 

group may cause increased steric strain for molecular packing, resulting in a 

slightly positive value for P. Another interesting observation is that ß does not 

remain constant throughout. This is possibly caused by a structural transition in 

the micellar state. Comparing ß values with those for the most antagonistic H- 

carbon/F-carbon systems (ß = +3) [6], the effect seen here is (on an absolute 

scale) quite weak. Therefore, the mixing behaviour of surfmers A and B may be 

considered as essentially ideal. 

6.3.2 C+D mixtures 

Similar experiments and analyses were carried out with the acrylate surfiners C 

and D. Again, c. m. c's were determined via electrical conductivity 

measurements. However, for Da more reliable value was obtained with Du 

Noüy ring tensiometry (Table 6.3). Experimentally determined c. m. c. 's were 

plotted against theoretical values obtained from Clint's equation (Equation 6.2) 

(Figure 6.2). 
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xc 
/ (mol dm-') 

c Conductivity Surface tension 

0.0 4.0 x 10'4* 2.0 x 10 

0.2 3.9 x 10'4 - 
0.4 5.3 x 10-4 - 
0.6 8.2 x 10-4 - 
0.8 1.9 x 10-3 - 
1.0 3.9x10.2 2.0x10"2 

Table 6.3 c. m. c data of binary mixtures of surfmer C and D. Composition is 

defined in terms of mole fraction Xc (where XC - [C]C [p]) of surfmer C. 

* indicates poor reproducibility. 

c. m. c. / (mol dm-3) 
0.04 

0.03 

0.02 

0.01 

0.1 0.3 0.5 0.7 0.9 

Mole Fraction of C 

Figure 6.2 Critical micelle concentrations (c. m. c's) of binary surfactant mixtures 

composed of surfiner C and D as a function of mole fraction of C. The solid line 

represents theoretical c. m. c's (Clint equation), and the circles are experimental 

values. 
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The good agreement between the line predicted by ideal solution theory 

(Equation 6.2) and the experimentally measured points suggest that these 

mixtures essentially behave ideally (ß = 0) i. e. the formation of 11- 

(acryloyloxy) undecyltrimethylammonium bromide (C) micelles is not enhanced 
by the addition of dodecyl(11-(acryloyloxy)undecyl)dimethylammonium bromide 

(D) based on ideal solution theory arguments. 

In sight of the fact that ß is reduced by replacing the methyl group in the 

reactive tip with hydrogen, suggests that the repulsive interactions are most 
likely of steric origin. Furthermore, any repulsion that might be caused by 

inductive and conjugative effects (Figure 5.8, Chapter 5) would be partially 

removed by the electron donating methyl group. 

6.3.3 E+A mixtures 

As well as the range of T-type surfmers, a surfiner containing a polymerizable 

counterion was also used (cetyltrimethylammonium 4-vinylbenzoate (E)). 

Employing E in mixtures with A (T-type) will obviously modify both the 

hydrophilic and hydrophobic environments. Therefore, the mixing behaviour 

would be expected to deviate from ideality. c. m. c's were determined using 

electrical conductivity (Table 6.4). As before, experimentally determined c. m. c's 

were compared with theoretical values obtained from Clint's equation (Equation 

6.2), as shown in Figure 6.3. 
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XE c. m. c. / (mol dm' 4) 

Conductivity Surface tension 

0.0 2.5 x 10 1.9 x 10 

0.25 5.0 x 10'2 - 
0.50 3.0 x 10"4 - 
0.75 2.0 x 10'4 - 
1.0 1.6 x 10- - 

Table 6.4 c. m. c data for binary mixtures of surfmer E and A. The composition 

is defined in terms of mole fraction XE (where XE _ [E 
[E ýA]) 

of surfmer E. 

c. m. c. / (mol dm-3) 
0.025 

0.020 

0.015 

0.010 

0.005 

0.1 0.3 0.5 0.7 0.9 

Mole Fraction of E 

Figure 6.3 Critical micelle concentrations (c. m. c's) of binary surfactant mixtures 

composed of surfmer E and A as a function of mole fraction of E. The solid line 

represents theoretical values obtained using the Clint equation, and the circles 

are experimental values. 

Surprisingly, it has been shown that binary mixtures composed of surfmers E 

and A mix ideally. Replacing the bromide counterion with an aromatic 4- 

vinylbenzoate group modifies the hydrophilic head-group region. Some 
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aromatic counterions are known to be more penetrating than conventional 

monovalent counterions, and therefore may effectively screen the electrostatic 

repulsion between adjacent head-groups. This would cause a synergistic 

effect, thereby lowering P. In addition, the hydrophobic environment is modified 

by the change in tail structure. Although a strong synergistic effect has been 

observed [8] for homogenous surfactants of different chain lengths, it might be 

expected that the addition of a polar methacrylate group would cause 

antagonisms. Therefore, it seems reasonable that the ideal behaviour shown 

by this binary mixture might be a combination of both effects, which appear to 

cancel each other out. 

In conclusion, these experiments appear to suggest that each type of binary 

mixture essentially mixes ideally. 

6.4 Polymerization 

Aqueous surfactant solutions were made-up of binary mixtures at a constant 

surfactant concentration of 0.15 mol dm'3 at 25°C. Composition was varied in 

terms of mole fraction of single-chain surfmer Xs. 
c 

(where 

[single - chain] XS_ - [single -chain] +[double -chain] 
). Samples were contained in sealed - 

vials and placed in an ultrasonic bath for 5 minutes or so to ensure complete 

homogenization. A free-radical polymerization was carried out using 2,2'- 

azobis(2-methylpropionamidine) dihydrochloride (V50) (Aldrich 97%), a water- 

soluble free-radical source. Polymerization was thermally initiated by heating 

the samples to 60°C, and maintaining at this temperature for 2 hours. The 

macroscopic appearance of the samples changed little, although in general 

polymerized systems were of slightly higher viscosity. Shown in Figure 6.4 are 

mixed micellar solutions of methacrylates surfmers A and B, "before" and "after" 

polymerization. The picture was taken several months after preparation, 
demonstrating that these systems are stable to phase separation and 

precipitation. An orange colouration developed over time in the polymer 
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solutions and is likely to be caused by oxidation. One anomaly was surfiner E, 

which on polymerization showed a decrease in viscosity, and this will be 

discussed later. 

Non-potymerized micelles 

Polymerized micelles 

03 01 0.5 
a 

{ 

Figure 6.4 Micellar solutions composed of methacrylate surfiners A and B, 

"before" and "after" polymerization, taken several months after preparation. 

Total surfactant concentration = 0.15 mol dm-3. Samples were thermally 

initiated (60 °C, 2 hr) using V50. Composition defined in terms of mole fraction 

XA of surfiner A. 

'H NMR spectroscopy provided a convenient method for monitoring the 

polymerization reaction. Essentially complete conversion was confirmed by 

loss of the vinyl signals (6 = 5.55 and 6.10 ppm), coupled with line broadening 

of the resulting spectrum, which is characteristic of cross-linked micelles [9]. 'H 

NMR spectra, "before" and "after" polymerization are shown in Figure 6.5 (a) 

and (b), respectively. The sharp line at 8-4.7 - 4.8 ppm is due to HOD [10]. 

The more motionally restricted environment of the polymer matrix causes line 

broadening. Molecules are no longer mobile and free to rotate rapidly and 

isotropically in solution. Therefore, line broadening interactions are not 

averaged to zero and result in lines tens, or even hundreds, of thousands of 
Hertz wide making it difficult, to extract any reliable structural/chemical 

information. 
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(a) Monomer 

6.0 5.0 4.0 3.0 2.0 1.0 O. OPPM 

(b) Polymer 

6.0 5.0 4.0 3.0 2.0 1.0 0.0PPM 

Figure 6.5 Example 300 MHz'H NMR spectra at 298 K for micelles in D20 

formed by a 9: 1 mixture of A: B on a mole basis, "before" (a) and "after" (b) the 

polymerization. Samples were thermally initiated (60 °C, 2 hr) using V50. Total 

surfactant concentration = 0.15 mol dm-3. 
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6.5 Predicting Micellar Shape Changes 

The packing parameter P is helpful for rationalizing micelle geometry, and 

possible structural transitions (Equation 2.1, Chapter 2) [11]. Structural 

transitions occur at critical values of P: 

P: 5 y Spheres 

y<P<y Cylinders 

y<P <1 Vesicles 

P=1 Bilayers 

P>1 Reverse micelles 

Hence, micellar geometries can be estimated from theoretical calculations of P. 

However, in this case mixtures are used and therefore, P directly depends on 

composition. Equation 2.1 may be written as: 

_ 
EXiVi 

P= 
Xi(a, "Iý) 

(6.8) 

This method also relies on the fact that molecules are evenly distributed within 
the mixed micelles i. e. assuming ideal mixing. For surfactants of the same type 
(e. g. quaternary ammoniums), such as A and B (or C and D) the term 

X, (ah l) can be simplified to ah" " Iý 
, where a" is the average head-group 

area (i. e. ah = aB ). For trimethylammonium bromide head-groups, ah" has been 

shown by Weer et al. to be 63 A2 ±2A 2 [12]. Approximate values for Ic 

and V can be calculated using Equations 6.9 and 6.10 [13], where n is the 

number of C atoms in the chain, and 27.4 accounts for a terminal methyl group. 
However, Equation 6.10 has to be modified to account for a terminal 

methacrylate (or acrylate) group i. e. the effective volume for a 

za 
methacrylate, VMA , (or acrylate) group replaces 27.4. VMA =10 

MW 
is 

NA "p 
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estimated from the mass density (p = 1.010 g cm3) and molecular weight (Mw= 

86.09 g mol'1) of methacrylic acid. 

Ic =1.5 +1.265n (6.9) 

VV =27.4+26.9(n-1) (6.10) 

For mixtures of methacrylate surfiners A and B, Equation 6.8 becomes: 

P=X" 
aV"IA J+(i-x, )" 

aBBAB 
(6.11) 

hchc 

where ah (=a") = 63 ±2 A2 [12], IA (=IB) = 20 A and VA and VB were found to 

be approximately 437 A3 and 761 A3, respectively. As shown in Section 6.1, the 

systems employed here can be assumed to follow ideal mixing behaviour. An 

example of how P varies with composition is shown in Table 6.5 and Figure 6.6 

for the methacrylate surfactants. 

XA P 
1.0 0.33 

0.9 0.36 

0.8 0.39 

0.7 0.41 

0.6 0.44 

0.5 0.46 

0.4 0.49 

0.3 0.51 

0.2 0.54 

0.1 0.56 

0.0 0.59 

Table 6.5 Variation of P (± 0.01) for mixed methacrylate surfactants. XA is the 

bulk mole fraction of A in solution. 
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P 

0.6 

0.5 

0.4 

0.3 

vesicles 
+i 

cylinders + 

spheres 

0.1 0.3 0.5 0.7 0.9 

XA 

Figure 6.6 Variation of P (± 0.01) for mixed methacrylate surfactants 

versus XA . 

6.6 Small-Angle Neutron Scattering (SANS) 

6.6.1 A+B Mixtures 

Figure 6.7 shows an example SANS curve and fit for a micelle composed of 

100% single-chain A, along with the separate calculated form and structure 

factors (P(Q) and S(Q)). The data was fitted using an ellipsoid form factor and 

an electrostatic Hayter-Penfold S(Q). The constraints were the micelle volume 

fraction, scattering length density difference and screening length; hence, the 

micellar charge, radius and ellipticity are fitting parameters. Full accounts of the 

scattering laws are given elsewhere [17-25]. To check the validity of the model 

a calculated scale factor was compared to a theoretical value based on the 

known composition. 
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The scattering curve is characteristic of globular micelles with a strong repulsive 

S(Q) contribution. The form of I(Q) at low 0 is dominated S(Q), while at higher 

Q (0 > 0.08 Ä-') P(Q) takes over. The peak maximum is due to a strong S(Q) 

that arises from electrostatic repulsion between neighbouring micelles. Data 

fitting resulted in a charge per molecule of 0.28, which is typical of micelles of a 

1: 1 ionic surfactant [17,18]. In this case the micelle radius was found to be 19 

A (Table 6.6), which is similar to that for a conventional C12-chain surfactant 

such as SDS [17,18], with a slight degree of ellipticity (a = 1.47, where (x is the 

axial ratio). It was found that the data could be fitted equally well using a 

homogenous sphere form factor. 

I(Q) / cm-1 
4 

3 

2 

1 

0 

11 
1----------------- 

11ý 

1 

0 0.1 0.2 0.3 0.4 0.5 

Q/A-i 

Figure 6.7 SANS data from a micelle composed of 100% A, along with the 

calculated ellipsoidal form P(Q) and structure S(Q) factors. Total surfactant 

concentration = 0.15 mol dm-3. 
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Rc Charge / 
x,, L/A a 

Model Guinier molecule 

1. Onp 19.0 --0.28 1.47 

1.0p* 18.1 18.1 150 -- 
0.9np 19.8 --0.34 1.54 

0.8np 19.4 --0.32 1.78 
0.8p* 19.8 19.9 250 -- 
0.7np 19.2 --0.34 3.8 

Table 6.6 Parameters derived from SANS analysis of mixed micelles of A and 
B, "before" (np) and "after" (p) polymerization. XA = mole fraction of A; Rc _ 

radius (model ±1A, Guinier ±3 A); L= length (fixed); a= axial ratio = R`"a' 

(where Rmajand Rc are the radii of the major axis and minor axes, respectively). 

Total surfactant concentration = 0.15 mol dm-3. p* diluted by a factor of five 

(see below). 

Shown in Figure 6.8 are SANS curves for pure A, "before" and "after" 

polymerization. The relative scattering intensities at high Q are consistent with 

essentially the same micelle concentration (i. e. absence of any macroscopic 

phase separation). The maximum at low Q indicates a strong electrostatic 

repulsion, characteristic of charged aggregates. The increased intensity at low 

Q for the polymerized aggregates is attributed to subtle modifications in S(Q), 

which might arise from a small shift in counterion distribution that can result 
from temperature fluctuations. At high Q (> 0.08 A"), where the absolute 

scattering intensity is dominated by the form factor P(Q), the curves merge, 
implying similar structures. The small shift to lower Q of the maximum suggests 

a slight increase in the aggregate radius 
(o). 

However, owing to a 

combination of one or two problems, the polymerized particles would not fit to 

an ellipsoidal form factor. Either the scale factor was found to exist outside the 
10 - 15% confidence limit, or the effective charge was unphysically large. This 

suggests some subtle structural change had occurred during polymerization. A 

strong repulsive S(Q) made data fitting difficult. 
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A series of SANS experiments were performed on polymerized micelles, prior 
to, and after, dilution. Samples were diluted by a factor of five, taking the 

overall surfactant concentrations to 0.03 mol dm-3 (>c. m. c). Kline has 

previously shown, using cetyltrimethylammonium 4-vinylbenzoate, that 

polymerized aggregates are insensitive to dilution [26,27]. Using an overall 

lower surfactant concentration dampens the effect of S(Q), thereby allowing 

data to be more easily resolved. Figure 6.9 shows SANS curves of the 

polymerized micelles and the corresponding dilution. 

I(Q) / CM, 

10 
ý 

5r 

1 

0.5 

0.1 

0.05 

0 

XA=1.0 
" np 

p 

0.02 0.07 0.2 0.5 
Q/A' 

Figure 6.8 SANS curves for pure A, "before" (np) and "after" (p) polymerization 

and the corresponding fit (line) for the non-polymerized system. Total 

surfactant concentration = 0.15 mol dm-3. 
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I(0) / cm' 
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0.1 

0.01 - 

0 

°00 
oc_ 

XA = 1.0 
p 
p (dil) 

0.02 0.07 0.2 0.5 

Figure 6.9 SANS curves for polymerized micelles composed of surfmer A, 

"before" (p) and "after" (p(dil)) dilution. Total surfactant concentration = 0.15 

and 0.03 mol dm-3, respectively. 

A distinct feature in the SANS curve for the diluted sample is a strong Q-' 

dependence, indicative of rod-like aggregates [28]. The data were fitted by the 

easily accessible Guinier analysis (Figure 6.10), and also using a cylindrical 

form factor, with an effective structure factor taken to be hard-sphere (although 

this represents a significant approximation), owing to the fact there is no 

analytical solution for S(Q) from charged cylinders. In fitting the form factor the 

radius was allowed to vary, and the length was effectively "fixed" since it has 

little effect on the fit, or other fitted parameters (given it is outside the accessible 

0-range). In the Guinier plot (Figure 6.10), the first few data points were 

discarded owing to noise, and the cross-sectional radius was fitted in the 

appropriate 0-range for cylinders (Chapter 4, Section 4.1.6.1). Both methods 

agreed well, yielding a cross-sectional radius of 18 A (Table 6.6), and this is 

also very similar to the radius of the non-polymerized micelles. These results 

suggest that during the polymerization of the near spherical micelles, the 

propagating radical chains grow into discrete, short rod-like aggregates. 
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In[I(Q)"Q] 

-3.0 

-3.5 
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XA = 1.0 
-4.5 0p (dil) 

0.005 0.010 0.015 0.020 0.025 
Q2 /A-2 

Figure 6.10 Guinier cylinder plot for polymerized micelles composed of 100% 

A. Total surfactant concentration = 0.03 mol dm-3 (> c. m. c). 

Formulating mixed micelles composed of A and B, and altering the mixing ratio 

should provide a convenient way of studying different structures. Previous 

investigations have been conducted by Kaler et al. using inert DTAB-DDAB 

mixtures [7]. They found that pure DTAB formed nearly spherical micelles, 

which increase in size and become increasingly ellipsoidal with higher DDAB 

fractions. Further evidence is provided by Weers et al. who studied the 

rheological behaviour of mixed DTAB-DDAB micelles [29]. This group found 

that spherical DTAB micelles undergo a sphere-to-rod transition as the mole 

fraction of DDAB is increased. Given that the mixing behaviour of surfmers A 

and B is essentially ideal, and their chemical similarity to DTAB and DDAB, it is 

reasonable to expect similar structural changes over an equivalent composition 

range for the two types of system. 

An ellipsoid form factor and an electrostatic Hayter-Penfold S(Q), as described 

above, was used to interpret SANS curves for systems at XA >_ 0.7 and total 

concentration 0.15 mol dm 3. Listed in Table 6.6 are parameters obtained from 

extensive model fitting. At high 0 (> 0.08 A-1) the scattering curves were found 
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to superimpose, indicating the minor axis of the micelles is largely unchanged 

with added B (Table 6.6). A value of 19 A is consistent with approximately 95% 

of the fully extended length of the hydrocarbon chain in the core. In this Q 

region it is recognised that the absolute scattering intensity I(Q) is weakly 

dependent on the major axis, and the effects of interparticle interactions are 

minimal [30]. The curves contained a peak maximum at high Q, characteristic 

of cationic micelles bearing an effective charge per molecule of 0.28 - 0.34. 

Assuming ideal mixing, these results clearly demonstrate that as the mole 

fraction of B is increased, the micelle size increases and becomes more 

elliptical (reflected in the relative ellipticity ratio a). 

Polymerized particles would not fit to an ellipsoidal form factor for reasons 

already described. Shown in Figure 6.11 are SANS curves for mixed micelles, 

"before" and "after" polymerization, where A is 80% of the total surfactant 

present. A strong repulsive structure factor S(Q) obscures I(Q), making model 

fitting difficult. Applying the same principle as above i. e. fitting the 

corresponding diluted samples, dampens the effective S(Q) allowing for an 

easier fit. Again, the SANS curves exhibit a strong Q. 1 dependence in the 

scattering (0.02 A'1 <Q<0.06 A"'), indicative or rod-like particles (Figure 6.12). 
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Figure 6.11 SANS curves for mixed micelles of A and B, "before" (np) and 

"after" (p) polymerization, where A is 80% of the total surfactant present. Total 

surfactant concentration = 0.15 mol dm-3. 
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Figure 6.12 SANS curves for polymerized micelles composed of surfiner A and 

B, "before" (p) and "after" (p(dil)) dilution, where A is 80% of the total surfactant 

present. Total surfactant concentration = 0.15 and 0.03 mol dm-3, respectively. 
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Guinier analysis (Figure 6.13) and model fitting yielded a cross-sectional radius 

of approximately 20 A (Table 6.6), similar to the fitted minor radius of the non- 

polymerized micelles. A length of 250 A was achieved. ' For similar reasons to 

before (Figure 6.10), the first few data points in the Guinier plot were ignored. 

These results clearly show near spherical micelles of surf mer A increase in size, 

and elongate, as the fraction of B is increased. This behaviour mirrors the 

findings of Kaler et al. for their inert analogues DTAB and DDAB [7]. Upon 

polymerization further micellar growth is observed, yielding short rod-like 

aggregates. These results are consistent with the observed increase in solution 

viscosity after polymerization. 

In[I(Q)"Q] 

-2.5 

-3.5 

-4.5 
XA = 0.8 
0p(diý 

0.005 0.015 0.025 
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Figure 6.13 Guinier cylinder plot for polymerized micelles composed of 80% A 

and 20% B. Total surfactant concentration = 0.03 mol dm-3. 

A further increase in B to 40% in the mixed micelle has a striking effect on the 

structure of both monomer and polymer. A strong Q"2 dependence (Figure 

6.14) is observed, which is a signature of bilayer morphology [28]. Interestingly, 

the Coulombic repulsive interactions between the non-polymerized micelles, 

which give rise to a strong S(Q) contribution, diminish on polymerization. The 

scattering intensities at high Q for the "before" and "after" cases are essentially 
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the same, consistent with no phase separation or precipitation in the 

polymerized samples. The merging of the scattering curves at high 0 

(> 0.08 Ä-) also indicates the original micelle structure is retained on 

polymerization in the hydrophobic layers. Guinier analysis, which could only be 

performed on the polymer, gave a thickness of 28 A (Table 6.7) (approximately 

70% of the "all-trans" configuration), consistent with bilayers including some 

interpenetration, or tilting of the surfactant tails. 
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Figure 6.14 SANS curves for mixed micelles of A and B, "before" (np) and 

"after" (p) polymerization, where A is 60% of the total surfactant present (= 0.15 

mol dm-3). 

Again, the effects of dilution were considered. Figure 6.15 shows SANS curves 

for a dilution of A and B mixed micelles, with 60% A. Results from Guinier 

analysis (Figure 6.16, Table 6.7) clearly demonstrate that the structure is 

preserved, and essentially independent of concentration in the range studied. 

Again, the first few data points (Q2 < 0.002 A-2) were discarded owing to noise. 
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Figure 6.15 SANS curves for polymerized micelles composed of surfmer A and 

B, "before" (p) and "after" (p(dil)) dilution, where A is 60% of the total surfactant 

present. Total surfactant concentration = 0.15 and 0.03 mol dm-3, respectively. 
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Figure 6.16 Guinier sheet plot for polymerized micelles composed of 60% A 

and 40% B. Total surfactant concentration = 0.15 and 0.03 mol dm-3. 
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a/A 
XA 

np p p" 
0.6 - 27.5 28.3 

0.5 26.7 27.1 

0.4 26.7 28.0 28.1 

0.3 27.2 27.4 - 
0.2 26.4 28.1 27.8 

0.1 26.9 27.2 - 
0.0 26.3 27.5 27.8 

Table 6.7 Guinier analysis of mixed bilayer vesicles of A and B, "before" (np) 

and "after" (p) polymerization. XA = mole fraction of A; 8= bilayer thickness (± 

3 A). Total surfactant concentration = 0.15 mol dm-3. p"' diluted by a factor of 
five. 

Not surprisingly, the morphology of the mixed micelles seems to remain the 

same with further increasing mole fraction of surfmer B, over the concentration 

range studied. The bilayer thicknesses obtained by Guinier analysis are given 

in Table 6.7. Figure 6.17a and 6.18a shows SANS curves for mixed micelles of 

A and B, "before" and "after" polymerization, where A is 40% and 20% of the 

total surfactant present. A noticeable feature in the scattering profiles is the 

dampening of S(Q) at the same overall surfactant concentration 
(0.15 mol dm"3). This is directly related to the size/morphology of the 

aggregates. For small charged spherical particles (Figure 6.7) the number 

density per unit volume (np) is high, which gives rise to a strong S(Q) 

contribution. Whereas, for larger structures (i. e. vesicles) np is dramatcially 

reduced on the same concentration scale. Therefore, S(Q), which arises due to 
local structure, and relates to the correlation function between neighbouring 

particles, becomes significant at higher length scales. The corresponding 
Guinier plots of the non-polymerized and polymerized particles are given in 

Figures 6.17b and 6.18b, respectively. A final example, which clearly 
demonstrates retention of the original aggregation structure, both after 

polymerization and dilution, is given in Figure 19. Figure 19a shows the 

absolute scattering intensities, and Figure 19b shows the corresponding Guinier 

plots. 
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In summary, the effect of composition on the final aggregate structure has been 

demonstrated, and this compares well predications based on the Israelachvili 

packing parameter [11 ]. Using mixtures of single- and double-chained 

surfmers, near spherical micelles, ellipsoids/rods and bilayers can be achieved, 

as the mole fraction of double-chain increases. These results demonstrate 

micelle concentrations are retained after polymerization. However, for mixed 

micelles composed of high fraction of single-chained surfmer (i. e. XA > 0.7), 

structural detail is only partially preserved, with a slight growth of polymer 

chains to yield short rod-like structures. Therefore, a topochemical 

polymerization is not observed. These results appear to agree with the 

"polysoap" theory suggested by Sherrington [31 ]. However, it was found that 

the bilayer vesicle structures formed at higher mole fractions of double-chained 

surfmer (i. e. XA < 0.6) could be retained after polymerization. Furthermore, it 

was found that the polymers formed are soluble in solution, do not undergo 

phase separation or precipitation, and are insensitive to dilution. Further 

discussion on this will be given at the end of the chapter (Section 6.10). 
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Figure 6.17a SANS data of A and B mixtures, "before" (np) and "after" (p) 

polymerization, where X, = 0.4. Total surfactant concentration = 0.15 

mol dm-3. 
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Figure 6.17b Guinier sheet analysis for A and B mixtures, "before" (np) and 

"after" (p) polymerization, where XA = 0.4. Total surfactant concentration = 

0.15 mol dm-3. 
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Figure 6.18a SANS data for A and B mixtures, "before" (np) and "after" (p) 

polymerizatoion, where XA = 0.2. Total surfactant concentration = 0.15 mol 

dm-3. 
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Figure 6.18b Guinier sheet analysis for A and B mixtures, "before" (np) and 

"after" (p) polymerization, where XA = 0.2. Total surfactant concentration = 

0.15 mol dm-3. 
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Figure 6.19a SANS data for pure B (XA = 0), "before" (np) and "after" (p) 

polymerizatoion. Total surfactant concentration = 0.15 mol dm-3. 
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Figure 6.19b Guinier sheet analysis for pure B (X,, = 0), "before" (np) and 

"after" (p) polymerization. Total surfactant concentration = 0.15 mol dm-3 

6.6.2 C+D Mixtures 

A second series of experiments was carried out with acrylate surfiners C and D, 

again, the mixture theme was investigated. It is well known that acrylate 

monomers polymerize at a faster rate than the methyl-substituted analogues 
[32], and exhibit different polymer properties [32]. This factor could influence 

the final properties of the polymerized aggregates, and may even afford a better 

templating effect of the original micelles. 

To provide a direct comparison to methacrylate surfactant mixtures, 

experiments were performed under identical conditions. Mixed micelles were 

made up at a total surfactant concentration of 0.15 mol dm-3, and SANS 

experiments were performed at 25 °C. An identical trend was observed for 

mixed micelles composed of high fractions of C (i. e. Xc > 0.7) (Table 6.8). 

Pure micelles of the single-chain C were near spheroidal, with a radius of 14 A. 

Although somewhat smaller than A micelles, this is consistent with 
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approximately 70% of the "all trans" conformation. Micelles increased in size 

and became increasingly elliptical as the mole fraction of D increased (Table 

6.8). Furthermore, it was found that the micelle-polymers were consistent with 

an ellipsoidal form factor. Shown in Figures 6.20 and 6.21 are SANS curves for 

pure C micelles and mixed micelles of C and D, where C is 80% of the total 

surfactant present, "before" and "after" polymerization. The scattering functions 

have strong repulsive S(Q) contributions, characteristic of discrete charged 

micelles. In both cases, the polymerized particles have a slightly larger radius 

(Table 6.8), which is reflected in the small shift to lower 0 of the peak 

maximum. Broadly speaking, the fact that the S(Q) does not change much 

implies that counterion binding and the micellar surface are hardly affected by 

polymerization in the hydrophobic core. In general it was found that micelles 

become slightly larger, and more elliptical after polymerization. This resembles 

the behaviour of the methacrylate surfactants, however, extended growth to 

rod-like micelles was not observed 
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Figure 6.20 SANS curves and model fits (lines) for pure C micelles, "before" 

(np) and "after" (p) polymerization. Total surfactant concentration = 0.15 

mol dm-3. 
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Figure 6.21 SANS curves and model fits (lines) for mixed micelles of C and D, 

"before" (np) and "after" (p) polymerization, where C is 80% of the total 

surfactant present. Total surfactant concentration = 0.15 mol dm-3. 

XC 
Rc /A 

Model Guinier 

Charge / 
L/Ä 

molecule 
a 

1.0np 14.0 - - 0.21 1.34 

1.0p 18.1 - - 0.33 3.04 

0.9np 16.0 - - 0.32 1.67 

0.9p 14.6 - - 0.15 1.68 

0.8np 17.4 - - 0.28 1.72 

0.8p 20.0 - - 0.36 2.63 

0.7np 19.0 - - 0.38 2.19 

0.7p 20.0 - - 0.38 2.22 

0.6np 19.3 - - 0.36 3.08 

0.6p 18.0 19.7 700 - - 

Table 6.8 Parameters derived from SANS analysis of mixed micelles of C and 

D, "before" (np) and "after" (p) polymerization. Xc = mole fraction of C; RC _ 

radius (model ±1A, Guinier ±3 A); L= length (fixed); a= axial ratio = 
Rma' 

Rc 

(where RR, 
a, and Rt are the radii of the major axis and minor axes, respectively. 

Total surfactant concentration = 0.15 mol dm-3. 
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This behaviour can be rationalized in terms of the propagation and termination 

rates of the different polymer chains. In the case of methacrylate surfactants, 

unfavourable steric effects caused by a terminal methyl group may hinder 

radical propagation. Replacing the methyl group with hydrogen relieves this 

effect, thereby increasing the propagation rate, and appearing to enhance the 

templating effect. Alternatively, the methyl group may increase steric crowding 

effects, resulting in expansion/growth of the final aggregates. Further 

discussion is given in Section 6.10. 

At Xc = 0.6, non-polymerized micelles fitted to an ellipsoidal form factor with a 

Hayter-Penfold S(Q). However, after polymerization the SANS curve showed a 

Q"1 dependence, indicating growth to larger rod-like particles. The SANS data 

were fitted by a cylindrical form factor (length was effectively "fixed" since it has 

little effect on the fit), which gave a cross-sectional radius of 18 A consistent 

with that found via Guinier analysis (Figure 6.22). As stated previously, the 

points at lowest Q (i. e. Q2 < 0.002 A'2) were discarded owing to noise. 
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Figure 6.22 Guinier cylinder plot for polymerized micelles composed of C and 
D, where C was 60% of the total surfactant present. Total surfactant 

concentration = 0.15 mol dm'3. 
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Increasing the mole fraction of D in mixed micelles (X, = 0.5) caused a 

structural transition to a bilayer morphology, evidenced by the Q"2 dependence 

in the scattering curves. Figures 6.23a, 6.24a and 6.25a show SANS curves for 

mixed micelles with Xc = 0.4,0.2 and 0, respectively (Table 6.9). 

si xc 
np p 

0.5 22.2 24.4 

0.4 24.3 25.7 

0.3 23.9 25.7 
0.2 24.0 25.8 

0.1 23.8 26.4 

0.0 23.0 25.6 

Table 6.9 Guinier analysis of mixed bilayer vesicles of C and D, "before" (np) 

and "after" (p) polymerization. Xc = mole fraction of C; 8= bilayer thickness (± 

3 A). Total surfactant concentration = 0.15 mol dm-3. 

As observed in the case of bilayers with methacrylate surfactants, SANS curves 

for the non-polymerized and polymerized aggregates superimpose at high Q (> 

0.08 A"), indicating the micelle structure and concentration remains essentially 

unchanged after polymerization. Once more, S(Q) effects are dampened as the 

effective np is reduced for larger structures on the same concentration scale (i. e. 

0.15 mol dm"3). The corresponding Guinier plots are shown in Figures 6.23b, 

6.24b and 6.25b, respectively, and the calculated layer thicknesses are given in 

Table 6.9. As previously found with methacrylate mixtures (Table 6.7), bilayer 

thicknesses were consistent with interpenetration, or tilting of the surfactant 

tails. 
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Figure 6.23a SANS data for mixed micelles of C and D, "before" (np) and "after" 

(p) polymerization, where C is 40% of the total surfactant present. Total 

surfactant concentration = 0.15 mol dm-3. 
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Figure 6.23b Guinier sheet plot for micelles composed of C and D, "before" (np) 

and "after" (p) polymerization, where C was 40% of the total surfactant present. 

Total surfactant concentration = 0.15 mol dm-3. 
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Figure 6.24a SANS data for mixed micelles of C and D, "before" (np) and "after" 

(p) polymerization, where C is 20% of the total surfactant present. Total 

surfactant concentration = 0.15 mol dm-3. 
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Figure 6.24b Guinier sheet plot for micelles composed of C and D, "before" (np) 

and "after" (p) polymerization, where C was 20% of the total surfactant present. 
Total surfactant concentration = 0.15 mol dm-3. 
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Figure 6.25a SANS data for pure D (Xc = 0), "before" (np) and "after" (p) 

polymerization. Total surfactant concentration = 0.15 mol dm-3. 
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Figure 6.25b Guinier sheet plot for pure D (Xc = 0), "before" (np) and "after" (p) 

polymerization. Total surfactant concentration = 0.15 mol dm-3. 
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6.6.3 CTVB +B mixtures 

Further research to investigate of the effect of surfmer molecular structure on 
final polymer properties was carried out using mixtures of 

cetyltrimethylammonium 4-vinylbenzoate (E) and B. The compound E is a 

quaternary ammonium C-16 surfactant possessing a polymerizable 4- 

vinylbenzoate counterion. In this case samples were made up at a total 

surfactant concentration of 0.023 mol dm-3 owing to the fact that pure micelles 

of E become too viscous to manage beyond this concentration [26]. 

Figure 6.26 shows SANS curves for micelles of non-polymerised and 

polymerised E, and a mixture of E and B, where B is 25% of the total surfmer 

present. The scattering intensities for "before" and "after" cases are essentially 

the same, consistent with no phase separation or precipitation in the 

polymerised samples. The fact that both sets of data superimpose suggests the 

same micelle structure on substitution of E with 25% B. The scattering curves 

obtained for pure E are consistent with those found before by Kline [26,27]. 

The strong Q'' dependence is characteristic of rod-like aggregates. In the case 

of non-polymerised systems, the peak at low Q indicates Coulombic repulsive 

interactions, and after polymerisation this repulsion diminishes. Kline proposed 

that this could be explained by the transition from highly entangled, viscoelastic 

networks to discrete cylinders [26,27]. This explanation is also consistent with 

the observed decrease in viscosity after polymerisation. Values obtained from 

model fitting of the polymers are given in Table 6.10. The data were fitted using 

a cylinder form factor, with an effective structure factor taken to be hard-sphere, 

and the easily accessible Guinier analysis (as previously described). Both 

methods were found to agree well within the experimental error. A noticeable 

feature at high Q (> 0.08M) is that the SANS curves superimpose, also 

implying cross-sectional structures of non-polymerised and polymerised 

micelles are the same. At lower Q it is apparent that polymerisation of the vinyl 

benzoate counterion modifies intermicellar interactions by reducing electrostatic 

repulsion (change in S(Q)). Owing to the relative locations of the two separate 

polymerisable groups (buried in the micelle B, and in the aqueous domain for E) 

it is unlikely that these mixed B-E systems co-polymerise. However, it is 
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interesting to see that if E is "diluted" in micelles to this level, that polymerisation 

is still effective. Results from 'H NMR indicate absence of any vinyl protons in 

these samples, consistent with a high efficiency for the polymerisation of 

individual surfiners B and E. This may be a reflection of segregation within the 

mixed micelle so B molecules can polymerise together in local domains, which 

would not necessarily happen if B were randomly mixed in a matrix of E. 
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Figure 6.26 SANS data for pure E and E and B mixtures, "before" and "after" 

polymerization, where B is 25% of the total surfactant present. Total surfactant 

concentration = 0.023 mol dm-3. The data for the mixture has been shifted by a 
factor of 10 for clarity of presentation. 

A further increase in B to 50% in the mixed micelle has a striking effect on the 

structure of both monomer and polymer. There is now a strong Q-2 dependence 

(Figure 6.27), which is a signature of bilayers. As seen previously Coulombic 

repulsive interactions between the monomeric micelles diminish on 

polymerisation of the anionic counterion. 
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Figure 6.27 SANS data for E and B mixtures, "before" (np) and "after" (p) 

polymerization, where E is 50% of the total surfactant present. Total surfactant 

concentration = 0.023 mol dm-3. 
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Figure 6.28 Guinier sheet analysis for E and B mixtures, where E= 50% of the 

total surfactant present. Total surfactant concentration = 0.023 mol dm-3. 
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XE 
Model 

D/A 
Guinier 

L/A 

1.0p 19.4 20.6 700 

1.0p* 19.8 20.5 700 

0.75p 20.4 20.2 700 

0.75p* 20.9 20.2 700 

0.75p** 21.6 20.7 700 

0.5p - 24.2 - 
0.25p - 25.2 - 
O. Op - 27.1 - 

Table 6.10 Parameters derived from SANS analysis of polymerized aggregates 

of E and B. XE = mole fraction of E; D= characteristic dimension of aggregate 
(i. e. radius of rods, thickness of bilayers (model ±1A, Guinier ±3 A)); L= 

length (fixed). Total surfactant concentration = 0.023 mol dm 3. p" diluted by a 

factor of 5; p"" diluted by a factor of 10. 

Guinier analysis, which could only be performed on the polymer owing to S(Q) 

in the monomer system, gave a thickness of 24 A (Table 6.10, Figure 6.28), 

consistent with bilayers including some interpenetration, or tilting of surfactant 
tails. Again, at high a (> 0.08 A`) the scattering curves for the "before" and 
"after" cases coincide, suggesting the micelle cross-sectional structure is largely 

unaffected by polymerisation. Similar structures were observed for a 25: 75 

mixed of E and B (Figure 6.29), yielding a thickness of 25 A (Figure 6.30). To 

complete the experiment, samples containing 100% B were re-run (Figure 6.31) 

at ILL, and was shown to compare well with data run at ISIS. Guinier analysis 
(Figure 6.32) gave a thickness of 27 A. Dilution experiments carried out on 

micelles composed of E above were consistent with those published by Kline 

[26,27]. Guinier analyses (Figure 6.33) gave cross-sectional radii of 20 A, for 

the undiluted and diluted polymerized particles, respectively. Figure 6.34 shows 
SANS curves and model fits for a dilution of E and B mixed micelles, with 25% 
B. Results from model fitting are given in Table 6.10, and clearly the underlying 
micelle structure is essentially independent of concentration studied in this 

range. 
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Figure 6.29 SANS data for E and B mixtures, "before" (np) and "after" (p) 

polymerization, where E is 25% of the total surfactant present. Total surfactant 

concentration = 0.023 mol dm-3. 
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Figure 6.30 Guinier sheet analysis for E and B mixtures, where E= 25% of the 

total surfactant present. Total surfactant concentration = 0.023 mol dm-3. 
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Figure 6.31 SANS data for pure B (XE = 0), "before" (np) and "after" (p) 

polymerization. Total surfactant concentration = 0.023 mol dm-3. 
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Figure 6.32 Guinier sheet analysis for pure B (XE = 0). Total surfactant 

concentration = 0.023 mol dm-3. 
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Figure 6.33 Guinier cylinder analysis for polymerized aggregates composed of 

100% E, prior to dilution (p) and diluted by a factor of 5 (p(dil)). For clarity of 

presentation data for the diluted sample has been shifted by a factor of 4. 
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Figure 6.34 SANS data and model fits (lines) for 75%: 25% polymerized mixture 

of E: B in D20, prior to dilution, with a total surfmer concentration of 0.023 mol 
dm-3 (circles) and diluted by a factor of 5 (squares) and 10 (triangles). For 

clarity diluted samples have been shifted by a factor 2/3 and 2/7 respectively. 
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6.7 Transmission Electron Microscopy (TEM) 

Non-polymerized and polymerized mixtures of methacylate surfmers A and B 

were studied by transmission electron microscopy (TEM). Samples were 

prepared as described in Chapter 4, Section 4.4. No informative micrograph 

could be taken with the non-polymerized systems. Under certain conditions and 

composition, micrographs were taken of polymerized samples, which gave 

some encouraging results. Shown in Figures 6.35-6.37 are TEM micorgraphs 

of polymerized aggregates at XA = 1.0,0.8 and 0.4, respectively. 
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Figure 6.35 TEM micrograph taken of polymerized aggregates composed of 

100% A. Total surfactant concentration = 0.15 mol dm-3. 
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Figure 6.36 TEM micrograph taken of polymerized aggregates composed of 

80% A. Total surfactant concentration = 0.15 mol dm-3. 
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Figure 6.37 TEM micrograph taken of polymerized aggregates composed of 

40% A. Total surfactant concentration = 0.15 mol dm"3. 
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Results from TEM particle sizing analysis are given in Table 6.11. Contrary to 

SANS, at XA = 1.0, TEM particle sizing analysis is consistent with discrete 

bundles of relatively polydisperse spheroidal particles, with an average diameter 

of 71 A. This is approximately twice as large as the cross-sectional diameter 

found by SANS (Table 6.6). At XA = 0.8, discrete spheroidal particles are 

mainly present with an average diameter of approximately 63 A. Several larger 

structures coexist, consistent with either short rods with an average radius and 
length of 77 and 137 A respectively (comparable with that found from SANS 

experiments (Table 6.6)), or clusters of aggregated particles. Finally at XA = 

0.4, roughly spheroidal vesicle type structures appear to exist that have an 

average diameter of 192 A, which seems reasonable. From these results, it is 

clear that particle dimensions deviate from those obtained by SANS, however, it 

is important to bear in mind the limitations of both techniques. For example, 
TEM micrographs are not taken in situ, and samples are exposed to high 

vacuum, which may cause particles to aggregate or undergo structural 

changes. This coupled with the fact that SANS has a cut-off length of 

approximately 500 A or so, may produce misleading results. In spite of this 

TEM does indicate the presence of discrete particles, which have dimensions of 

the same order, as those found in SANS experiments. 

F) /A 
XA L/A p 

sphere rod 

1.0 71 --0.27 
0.8 63 --0.24 

- 77 - 0.22 

-- 137 0.31 

0.4 192 --0.20 

Table 6.11 Parameters derived from TEM particle sizing analysis of 

polymerized aggregates. D= mean cross-sectional diameter of aggregate. L= 

mean length of rod-like aggregates. p= polydispersity function 16 (where a is 
x 

the standard deviation and x is the mean particle dimension). 
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6.8 Dilution below the c. m. c. 

It is a well-known phenomenon that micelle polymerization only occurs at 

surfactant concentrations above the c. m. c [3]. Another fundamental aspect 

concerning polymerized micelles is to whether or not the structure remains 
intact when diluted to concentrations below the c. m. c of the "free" un-reacted 

system. With 100% A and a total surfactant concentration of 0.15 mol dm-3, the 

effect of dilution on phase structure was investigated, by diluting a factor of ten, 

taking the total concentration to around 60% of the c. m. c: the SANS data are 

shown on Figure 6.38. As expected there is a corresponding decrease in 

intensity I(Q) on dilution, coupled with loss of the Coulombic repulsive 

interaction peak (Q = 0.045 A-'). Electrical conductivity measurements shown 

in Figure 6.39 indicate a clear characteristic break in curve for the non- 

polymerised system. For the polymerised system the absolute conductivity is 

lower, consistent with a conversion of free surfmers to polymer, and the 

change-over is much less pronounced. Further evidence comes from 

transmission electron microscopy (TEM) (Figure 6.40). TEM images, taken 

both "before" and "after" dilution show similar findings that would appear 

consistent with fairly small monodisperse, spherical particles with a mean 

diameter in the region of 50 A (Rc = 25 A). This characteristic dimension is 

similar to that found by SANS. An important point to note is that the 

concentration/aggregation of the particles on the images is not directly related 

to the concentration of the initial solutions; it is a result of sample preparation. 

Initial problems occurred with thick films forming, and to overcome this a drop of 

the solution was put onto parafilm and the TEM grid placed on top. After one 

minute the grid was removed and excess solution "wicked" away. The 

deposition of polymerised micelles on the grid was unlikely to be homogenous, 

and to provide better quality images areas were chosen where the local 

concentration was not too high. 
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Figure 6.38 SANS data for a polymerised micelle composed of 100% A, 

"before" 0.15 mol dm-3 (circles) and "after" dilution to 0.015 mol dm-3 (squares). 
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Figure 6.39 Electrical conductivity data for A, "before" (filled circles) and "after" 

(circles) polymerisation. 

186 



Aqueous Micelle Polymerization 

Figure 6.40 TEM micrographs taken from polymerised micelles composed of 

100% A. Initial surfactant concentration = 0.015 mol dm-3 in the solution. 

6.9 Analytical Ultracentrifugation (AUC) 

An important, characteristic property of any given polymer is the molecular 

weight. A selection of A+B mixtures were prepared at well-defined 

compositions (XA) and a total surfactant concentration of 0.15 mol dm-3. 

Samples were sent to the Max-Planck Institute Germany, where a series of 

analytical ultracentrifugation (AUC) measurements were carried out, both 

"before" and "after" polymerization. The speeds and wavelength used for each 

sample are given in Table 6.12. (Note when using absorption optics, a 

wavelength is chosen to give an initial absorbance of between 0.5 - 1.0 [33]). 
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XA State Speed / rpm Wavelength / nm 
0.0 p 20 300 

0.2 np 3 530 

0.2 p 20 300 

0.4 np 3 375 

0.4 p 20 300 

0.5 np 3 530 

0.5 p 30 280 

0.6 np 20 302 

0.6 p 30 280 

0.8 p 30 280 

1.0 p 5 335 

Table 6.12 Experimental parameters for AUC measurements on methacylate 

surfiners A and B. XA = mole fraction of A. 'np' and ̀ p' represent non- 

polymerized and polymerized aggregates, respectively. 

Measurements obtained from the polymerized samples are shown in Figure 

6.41. The broad sedimentation coefficients distributions clearly indicate that 

these samples are very polydiperse. The main species in the distribution has a 
decreasing s value up to XA = 0.4, then increases again from XA = 0.5 - 1.0. 

The only anomaly being XA = 0.2. Therefore, as the sedimentation coefficient 

is proportional to the molar mass and the density difference between the 

particle and solvent, this suggests that surfmer B creates micelles with a lower 

density than A, which has only one low density hydrocarbon chain. A further 

complication arose from the fact that samples from XA =0-0.2 float, whereas 

XA = 0.5 - 1.0 sediment, and XA = 0.4 exhibits both sedimentation and 

floatation. These observations suggest the samples may have a density 

distribution rather than a single density, which might be expected for a 

surfactant mixture. This would complicate any molar mass determination. 

These very broad distributions may be caused by aggregation of the individual 

polymer chains. However, at the very least by comparing these systems with 
the corresponding non-polymerized micelles provides an insight into the 

polymerization. 
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Figure 6.41 Differential sedimentation coefficient distribution, c(s), as a 
function of the apparent sedimentation coefficient, s*, for polymerized 

aggregates. 

Shown in Figure 6.42 are results obtained from the non-polymerized samples. 

However, problems were encountered for XA = 0,0.8 and 1.0; no 

sedimentation occurred. In the former case gellation occurred in the cell, and in 

the later two cases no sedimentation occurred even at the maximum speed, 

due to either the micelles or density being too small, or that micelles 

disintegrated. Whereas the polymerized samples show a very broad 

sedimentation coefficient distributions, probably due to an overlay of their size 

with a density distribution (possibly resulting from incomplete polymerization), 

the non-polymerized samples are more defined. However, as the non- 

polymerized samples could not be diluted and were quite viscous, there may 

have been self-sharpening of the peaks caused by sedimentation transport in 

highly viscous solutions. Another cause could have been the transformation to 

a liquid crystalline phase near the phase boundary. 

XA 

- 1.0 
- 0.6 

0.5 

- 0.4 

- 0.2 
- 0.0 
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Figure 6.42 Differential sedimentation coefficient distribution, c(s), as a 
function of the apparent sedimentation coefficient, s*, for non-polymerized 

aggregates. 

In general, the non-polymerized samples had higher sedimentation rates 

compared to the polymerized samples. Owing to the fact that non-polymerized 

samples could not be diluted, a too high concentration could lead to crowding 

effects disturbing the particle transport and slowing it down. The different 

sedimentation velocities should be mainly attributed to differences in particle 

size and/or density. 

In the light of these results and complications, a reliable determination of 

molecular weight is difficult to perform. If complications in the measurements of 

the polymerized samples were caused by aggregation of the individual polymer 

chains, a way of overcoming this problem would be to find a solvent in which 

the polymer is soluble and can be dispersed without aggregation. More 

experiments are needed to explore this possibility. 
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6.10 Discussion 

As shown by Kaler et al. [7] for DTAB-DDAB micelles, mixtures of chemically 

similar reactive surfactants mix ideally. Essentially 100% polymerization of 

these mixtures was achieved without any catastrophic phase separation. Based 

on independent experiments carried out on non-polymerized and polymerized 

surfactant mixtures, results demonstrate that it is possible to obtain near 

spherical, ellipsoidal/rods and bilayer vesicles, as the mole fraction of double- 

chain is increased. After polymerization these structures have been shown to 

be broadly preserved. At high mole fractions of single-chain, SANS indicates 

only partial preservation of the original micelle. On the other hand, as the mole 
fraction of double-chain increases and bilayer vesicle morphology is achieved, 

an enhanced templating effect of the original structure is observed. 

This can be rationalized in terms of the dynamic nature of different self- 

assemblies. Monomer exchange with the bulk occurs on a very rapid timescale 

(10-6 s [I]), and is expected to be the same for the different types of aggregates 
(i. e. micelles, vesicles, etc. ). However, owing to the difference in size, 

aggregate dissolution times are expected to vary. It is well known that small 

spherical micelles are kinetically unstable and break-up on a timescale of 10-3 - 
1s [1]. On the other hand, vesicles, which are considerably larger, are 

expected to have comparatively slower dissolution times. Therefore, it is 

reasonable to expect better preservation of the local structure for vesicles. 

It was found that a subtle change in surfactant molecular structure (i. e. 

methacylate-acrylate) has consequences on the final polymer properties. The 

extent of growth was less pronounced for the acrylate surfactants (C and D), 

clearly indicating that the nature of the polymerizable group plays an important 

role in the polymerization process. 

Free-radical polymerization was thermally initiated using 2,2'-azobis(2- 

methylpropionamidine) dihydrochioride (V50). Owing to its affinity for water, and 

relative "bulky" structure, it is reasonable to expect that the initiation takes place 
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in the continuous aqueous phase. One hypothesis with respect to the 

mechanism of polymerization is that surfactant micelles act as a monomer 

reservoir ("feed") for the growing polymer chain. However, this seems an 

unlikely route from a kinetic point of view considering monomer exchange 
between assemblies and the bulk occurs on a more rapid timescale than chain 

propagation [34]. Furthermore, the local concentration of monomers in the 

aqueous phase is substantially lower than that in the micelle interior, and it is 

well known that polymerization does not occur in the absence of micelles [3]. In 

addition this route could result in the formation of high molecular weight 

polymers, which may cause dramatic structural changes and possible phase 

separation, both of which are not observed in these systems. A more realistic 

mechanism involves initiation of a monomer during exchange with the bulk, 

followed by rapid chain propagation in the hydrophobic cores. Owing to an 

artificially high local concentration of monomers in the hydrophobic cores, the 

rate of propagation may overlap with aggregate dissolution times, and therefore 

influence any templating effect. This would explain the better templating effect 

observed with acrylate surfactants, which have higher propagation rates. Steric 

crowding effects may also play a key role in determining the final polymer 

morphology, owing to the lack of chain mobility in the more constrained polymer 

environment. This could also explain the apparent growth/expansion of 

micelles composed of methacrylate surfactants after polymerization. To gain a 
better understanding of the mechanism of polymerization, and the factors 

involved, further investigations are required, using a broader range of surfmers 

with different polymerizable groups (Chapter 10, Section 10.6). 

These results clearly demonstrate that a topological polymerization of surfactant 

micelles is extremely difficult to achieve, and polymerized species may indeed 

be composed of polyelectrolyte chains, which aggregate to form structures that 

exhibit ̀ micellar-like' physical properties. However, these results appear to 

agree with those of Kline [26,27], who suggested that micelle polymerization is 

mediated by the structure of the parent template. In addition, these covalently 
linked assemblies proved insensitive towards dilution, unlike their weaker non- 
polymerized systems. Therefore, this method appears an effective way of 
producing stable, robust nano-structured assemblies. 
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6.11 Conclusions 

To summarise, ideal mixtures of reactive surfactants can be essentially 100% 

polymerized without phase separating. On balance these results broadly 

demonstrate micelle concentrations; sizes and morphologies are retained after 

polymerisation. Thus, the average number of monomer units per cluster does 

not change much. The templating effect proved difficult for the smaller, roughly 

spherical micelles, but improved in larger vesicle structures. However, 

templating was improved using the more reactive acrylate surfactants, 

highlighting the effect of the polymerizable group on polymerization. Although 

the mechanism is clearly not a topochemical process, results strongly suggest 

that it is a "template-assisted" process. What has been clearly shown is how 

composition can be used as an effective control variable for "tuning" the final 

aggregate structure in both the non-polymerized and polymerized systems. 

Using mixtures of single and double-chained surfmers, near spherical micelles, 

cylinders and bilayers can be achieved as the mole fraction of double chain 

increases. Furthermore, mixtures H- and T-type surfiners can be successfully 

employed, which should improve the strength of the final structure via a partially 

encapsulated shell. These results also demonstrate that polymerised structures 

are insensitive to dilution effects and that polymeric species persist, even below 

the c. m. c of the non-polymerised system. Characterization of the final polymer 

proved unsuccessful, but what is interesting is that this type of chemistry can be 

performed in these highly dynamic systems. 
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Chapter Seven 
Polymerization of Lyotropic Liquid Crystalline Phases 

7.0 Introduction 

Using a similar approach to that employed in dilute aqueous micelles, interfacial 

curvature control with mixtures and rigidifying structure through polymerization 

of surfmers, was applied to Iyotropic liquid crystalline phases. Mesophases 

were formulated as well-defined mixtures using 11- 

(methacryloyloxy)undecyltrimethylammonium bromide (A), dodecyl(11- 

(methacryloyloxy)undecyl)dimethylammonium bromide (B), 11- 

(acryloyloxy)undecyltrimethylammonium bromide (C) and dodecyl(11- 

(acryloyloxy)undecyl)dimethylammonium bromide (D). Molecular structures of 

surfmers A to D are given in Figure 5.1 (Chapter 5, Section 5.1). Polarizing light 

microscopy (PLM) studies and small-angle X-ray scattering (SAXS) 

experiments were performed on reactive mixtures of A and B, and their acrylate 

analogues (C and D), "before" and "after" polymerization. The main findings 

were: 

Phase structure responds in a predictable way to variations in both 

mixture composition and total surfactant concentration. 

II. Phase behaviour and final polymer properties were similar for both the 

methacrylate (A and B), and the more reactive acrylate (C and D) 

mixtures. 

III. PLM coupled with SAXS demonstrated that the lamellar phase structure 

can be preserved after reaction, whereas for the normal hexagonal 

phase there was some evidence for long-range order. 
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7.1 Background 

A liquid crystal is a state of matter in which the extent of molecular order lies 

intermediate between a perfect crystal and amorphous liquids and gases. The 

term "liquid crystal" was first used by Lehmann in 1889 [1] who wrote: "It is of 
high interest for the physicist that crystals can exist with a softness, being so 

considerable that one could call them nearly liquid" [1]. However, Friederich 

Reinitzer, a botanist of the Institute for Plant Physiology of the German 

University of Prague, first discovered liquid crystals in March 1888 [2], by 

observing coloured phenomena in melts of cholesteryl acetate and cholesteryl 
benzoate. Furthermore, Reinitzer noted "double melting" behaviour for 

cholesteryl benzoate, whereby crystals transformed into a turbid fluid at 145.5 

°C that clarified on heating to 178.5 °C [2]. Subsequent cooling gave rise to 

colourful patterns similar to those seen for cholesteryl acetate. A pioneering 

publication that dealt with the fascinating and distinct state of liquid crystals was 

given in 1922 by Friedal [3]. Friedal, however, strongly objected to Lehmann's 

ambiguous phrase, "liquid crystal". Instead he proposed the term "mesophase" 

to describe a state of matter intermediate between crystalline and isotropic 

liquid states. Today both terms are widely used synonymously. 

Liquid crystals or mesophases are classified into two basic categories: 

"thermotropic", which include nematic, smectic and cholesteric phases, and 

"lyotropic", which include lamellar, hexagonal and cubic phases. Phase 

behaviour of thermotropic liquid crystals is governed by temperature, whereas 

for Iyotropic liquid crystals temperature and solvent concentration play key 

roles. Lyotropic liquid crystals were first discovered in 1850, prior to their 

thermotropic counterparts, in a mixture of myelin and water [4]. However, at 

this early stage little was understood about the significance of these phases. 

Lyotropic liquid crystals are central to this research and have been briefly 

introduced in Chapter 2 (Section 2.1.3). As already mentioned, Iyotropic liquid 

crystals can be subdivided into a number of different phases, which depend on 

solution conditions such as temperature, concentration, presence of electrolyte, 

etc., and on the type of amphiphile employed. Figure 7.1 shows the aqueous 
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phase behaviour of sodium bis-2-ethylhexylsulfosuccinate (AOT) as a function 

of temperature and concentration, highlighting the various mesomorphic 

regions. 
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Figure 7.1 Aqueous phase behaviour of sodium bis-2-ethylhexylsulfosuccinate 

(AOT) as a function of temperature and concentration. Reproduced from 

reference [5]. 

7.1.1 Lamellar phase (La, ) 

The lamellar phase (Figure 2.4, Chapter 2, Section 2.1.3) exists over a broad 

range of temperatures and/or concentrations, as shown in Figure 7.1. Its 

structure constitutes a fairly thin gel-like consistency, in which the parallel layers 

can slide of each other with ease. Lamellar phases appear semi-transparent 

and almost always birefringent when observed under a polarizing light 

microscope. The orientational and positional order is similar to that found in the 

neat crystal without the 3-dimensional order, and resembles that of a smectic A 

phase found in non-amphiphilic systems. The hydrocarbon layer thickness is 

usually found to be 10-30% less than two "all-trans" chains, due to the 

introduction of "gauche " bonds. Hydrocarbons constitute a disordered and fluid 

region and each molecule has considerable mobility, which allows lateral 

diffusion to occur. Hydrophilic head groups are restricted to aqueous regions 

separating the hydrocarbon layers. Water molecules interpenetrate and solvate 

polar head-groups, which can cause the area per molecule at the lamellar face 
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to be considerably greater than the actual value. The thickness of the aqueous 

channels depends on concentration. 

7.1.2 Hexagonal phase (Hi and H2) 

Hexagonal mesophases usually occur at surfactant concentrations between 30- 

60% by weight [6]. In spite of occurring at lower overall surfactant 

concentrations the hexagonal phase is more viscous than La. This is directly 

related to structure (Figure 2.4, Chapter 2, Section 2.1.3). The individual 

cylinders can move freely along their length, but shearing in a direction 

perpendicular to the cylinder axis is accompanied by a large activation energy 

required to lift a plane of cylinders over another plane and into the next 

minimum. The mobility of individual cylinders of finite length along their axes 

means these phases resemble nematic liquid crystal phases. However, unlike 

conventional non-amphiphilic nematic phases, H1 and H2 are highly viscous 
immobile phases in which the local micellar arrangement is highly persistent. 

As with La, H, and H2 are generally translucent and birefringent, unless viewed 

along their optical axes. 

7.1.3 Cubic phase (11 and V1) 

Cubic phases occur in limited areas of the phase diagram (e. g. Figure 7.1). 

Two commonly encountered structures are the bicontinuous (Vi) and discrete 

(I1) cubic phases (Figure 2.4, Chapter 2, Section 2.1.3). These phases are 

noticeably more viscous than either lamellar or hexagonal phases, which is 

caused by the absence of any shear planes within their structures that allow 

layers of aggregates to slide easily relative to one and another. Cubic phases 

are optically isotropic when viewed under a polarizing light microscope; 
however, transient strain birefringence is observed when an external pressure is 

applied to the sample. 
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7.2 Characterization of Lyotropic Liquid Crystals 

Polarising light microscopy (PLM), coupled with small-angle X-ray scattering 
(SAXS) were used to characterise phase structures. An account of the 

background theory underlying these techniques have been given in Chapter 4 

(Sections 4.2 and 4.3, respectively). 

7.2.1 Polarising light microscopy (PLM) 

In equilibrium mesophases display a regular array of defects and domains 

(texture). Irregularities arise from singular points, lines and walls. Specific 

defects and arrangments can aid in ascribing the texture. For example, 

common defects that occur in lamellar (smectic) phases are focal-conics [8-13], 

whereas hexagonal phases often show singularities such as disclination lines, 

which give rise to sharp boundaries [8-13]. A detailed account of the various 

types of defects that occur in textures is given in references [8,12,13]. 

7.2.2 Small-angle X-ray scattering (SAXS) 

In SAXS, X-rays are scattered by local variations in electron density, and 

therefore interfere according to the Bragg condition (recall, nk = 2dhkl sin 
2 

where n is an integer), yielding a diffraction pattern characteristic of the phase 

structure. The reciprocal lattice vectors Qhk, describe the diffraction pattern and 

constitute a periodic set of 6-functions, known as the reciprocal lattice, and the 

absolute intensity I(Q) thus consists of a set of sharp Bragg peaks. 
Constructing a map of the scattered amplitude in reciprocal (Q) space can 

represent the allowed diffraction pattern. Each point corresponds to a set of 

planes and can be labelled by its Miller indices, (hkl). The importance of the 

reciprocal lattice is that it is the pattern of diffraction spots that can be observed 
by SAXS. Rearranging the Bragg equation gives: 
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sing =(n%). 
( 1 (7.1) 

2 dhkl 

The distance from each spot from the centre of the diffraction pattern is 

proportional to sin 0 and therefore to 
1 for some set of lattice planes. This 

dhkl 

demonstrates mathematically the reciprocal nature of the geometrical 

relationship between a crystal and its diffraction pattern. 

The application of a hexagonal two-dimensional lattice to Iyotropic liquid crystals 
is found in H, and H11 phases. In these phases the columns will pack in a 
hexagonal array. If a hexagonal liquid crystal phase is mounted in an X-ray 

beam with the columns parallel to the beam, a two-dimensional hexagonal 

diffraction pattern is observed with the lattice rotated by 30°, and characterized 
by (hk0) reflections [12] (Figure 7.2). The 'real' and 'reciprocal' space lattice 

parameters 'a' and are reciprocally related, and the lateral distance 

between the columns can be deduced from the Q values of the diffraction spots. 
In a polydomain sample the Bragg condition is satisfied for all values of 'n', and 

all possible diffraction peaks are simultaneously observed. Furthermore, the 

diffraction spots are smeared into circles [12], and their Q values can be 

calculated from the diagram using the cosine rule (a2 =b2 +c2 -2bc "cosA). 

j0hkI = 
21r (h2 +k2 -hk)2 (7.2) dhk0 

where d=a2; `a' being the intercolumnar distance, as illustrated in Figure 

7.2. Therefore, the Q values are in the ratio Q0 :Q =1: V3: V: V7: V : V12, 

etc. and Qo =d [12]. 

On the other hand, if a lamellar liquid crystal were mounted with its layers 

roughly parallel to the incident beam and distance 'd' apart in 'real' space, a 
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series of spots 
d 

apart in reciprocal space would be observed at lower 

scattering angles [12] (Figure 7.3). These results from Bragg reflection of the 

smectic layers and yields a one-dimensional diffraction pattern characterized by 
(001) Bragg reflections. 

IQII 
_ 

2nl (7.3) 
doof 

If the sample is a polymdomain, with different regions of lamellar structure 

oriented at random, then the diffraction spots are smeared into circles. If the 

001 reflection is at 00, the "higher order" peaks will be at 0 values in the ratio 
Qo :0 =1: 2: 3: 4 , etc [12]. 

The reciprocal lattice of a cubic liquid crystal is a cubic 3D array of lattice points, 

characterized by (hkl) reflections. In a polydomain sample they will appear as 

rings in the diffraction pattern. The Q values are calculated by applying 
Pythagoras' theorem to the 3D lattice. 

lQnki = 
a1c (h2 +k 2+ 12 )2 (7.4) 

Therefore, the Q values of the first few Bragg reflections from a simple cubic 

lattice are in the ratio Qo :Q =1: ::::::. 59 : 10 [12]. 

However, different types of cubic lattice can have some Bragg reflections, which 
are systematically absent. For instance, in the face centred cubic lattice, hkI 

must be all odd or even if the Bragg reflection is to be visible [12]. In the body 

centred cubic lattice h+k+I must be even to be visible [12]. 
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Hexagonal lattice 

-ý d ý_ 

Diffraction pattern 

" 

Qo 

Figure 7.2 SAXS pattern obtained from a hexagonally packed crystal lattice. 

Smetic layers 

powd( 

rings 

-ý d f- 

Diffraction pattern 

U0 

Figure 7.3 SAXS pattern obtained from smectic layers of equal spacing V. 
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7.3 Experimental 

Phase behaviour was mapped as a function of mole fraction of single-chained 

surfmer XA (i. e. = [AýAýB] 
), and surfactant concentration (mass %). Samples 

of the desired X value were made up in D20 (Fluorochem, 99.9% D-atom), and 
heated in sealed vials to ensure complete homogenisation. These systems 

were initially dilute, approximately 20% by mass surfactant; so as to ensure 

complete polymerization. The polymerisation reaction was thermally initiated 

(60°C for 2 hours) in the fluid micellar phase using 2,2'-azobis(2- 

methylpropionamidine) dihydrochioride (Aldrich 97%), and monitored by NMR 

(as described in Chapter 6, Section 6.4). Once the reaction was complete the 

mesophases were prepared gravimetrically by controlled evaporation of water. 
SAXS experiments and PLM studies were performed as previously described in 

Chapter 4 (Sections 4.2 and 4.3 respectively). 

7.4 Results and Discussion 

7.4.1 A+B mixtures 

Figure 7.4 shows a SAXS profile for a system at 40% by mass surfactant, with 
XA = 1.00, "before" and "after" polymerization. The non-polymerized spectrum 

exhibits a diffuse Bragg peak at 0.1 A", which is indicative of ill-defined long- 

range crystalline order, found in dilute micellar (nematic) phases. The system 

was found to be largely isotropic, but exhibited birefringent fringes at the edge 

of the PLM image (Figure 7.5a). This effect was attributed to peripheral 

evaporation of solvent, and suggests that at this composition and temperature 
(25 °C), the sample is close to a phase boundary. 

The fringes exhibit an angular "fan-like" texture, characteristic in this case of an 

H, normal hexagonal phase. Polymerization appeared to increase long-range 

order; demonstrated by the sharp Bragg peak at 0.18 k1 in the SAXS profile. 
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The calculated spacing `d' 0, =) between the corresponding planes in the 

crystal lattice was 35 A (Table 7.1). Furthermore, the diffraction pattern 

exhibited a diffraction ring consistent with a polydomain sample, which suggests 

an poorly defined phase structure [12]. Approaching a phase boundary, 

between an amorphous liquid and a lyotropic liquid crystal phase, discrete 

bundles of the micellar unit (building blocks of the mesophase) exist, however, 

not in sufficient concentration to be salient. Polymerization appears to cause a 

"condensation" effect of the individual micellar units, yielding larger clusters, 

thereby inducing long-range order. The polymerized sample was found to be 

birefringent, but this texture could not be identified with any particular phase 

structure (Figure 7.5b). 

I(Q) 

i(0) 
04 

1.0 

0.8 

AY 0.6 

0.4 

0.2 

Figure 7.4 SAXS plot of absolute intensity versus 0. XA = 1.00 and total 

surfactant concentration 40% by mass. The inset displays the corresponding 

polymerized system. 
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(a) (b) 

Figure 7.5 Optical texture from (a) non-polymerized (mag. x 10) and (b) 

polymerized (mag. x 10) sample with XA = 1.00 and total surfactant 

concentration of 40% by mass. 

Increasing surfactant concentration to 60 and 80% by mass produced similar 
SAXS patterns to that obtained above; a weak, diffuse peak for the non- 

polymerized sample and a sharp diffraction peak for the polymer, indicating an 
increase in long-range order. However, PLM provided useful information for the 

non-polymerized systems. Figure 7.6a shows the classic "fan" texture 

characteristic of an H, normal hexagonal phase. The origin of this texture is 

thought to arise from defects of curvature of the cylinders lying with their long 

axis (and thus optical axis) parallel to the plane of preparation. The various 

shapes and sizes of the domains are dictated by sharp boundaries. According 

to Saupe [9], each domain develops around one vertical disclination line, the 

cylinder axes forming concentric circles or fractions of circles around this line. 

Striations, which give rise to the "fan-like" texture, arise from an undulation of 

the cylinders that could be caused by a change in temperature or concentration 

in the medium. The polymerized sample was found to be birefringent, but gave 

no characteristic phase texture (Figure 7.6b). Shown in Figure 7.7a is the PLM 

texture obtained at a surfactant concentration of 80% by mass. This texture 

was not obviously any of the known textures, common to any phase. It was 

found to resemble textures reported by Rogers and Winsor [10], for an H1 

normal hexagonal phase with parallel striations. Secondary, more closely 
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spaced parallel striations appear at an angle to the primary features. It is 

thought that such textures arise from zigzag kinking of the units, which is 

caused by elongation of the cylinders, coupled with their tendency to retain their 

parallelism and two-dimensional hexagonal array. However, in such a 

concentrated region one might expect to find a lamellar phase due to increased 

strain caused by packing constraints. Therefore, based on these results, no 

firm conclusions can be drawn about the phase structure. Again, the 

polymerized sample appeared birefringent, but without any characteristic 

texture (Figure 7.7b). 

(a) (b) 

Figure 7.6 Optical texture from (a) non-polymerized (mag. x 10) and (b) 

polymerized (mag. x 10) sample with XA = 1.00 and total surfactant 

concentration of 60% by mass. 

Based on relative packing considerations the lamellar phase should dominate 

as the mole fraction of double-chain B increases (i. e. as XA, decreases). 

Shown in Figure 7.8 is the SAXS profile for a mixture where XA = 0.75, and a 

total surfactant concentration of 60% by mass. A single, sharp Bragg peak is 

observed at 0.19 A-' for the non-polymerized sample, which indicates a system 

with some long-range order, characteristic of liquid crystal phase with a spacing 

between crystal lattice planes of 33 A. The diffraction pattern exhibited a sharp 

diffraction ring consistent with a polydomain sample. 
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(a) lb) 

Figure 7.7 Optical texture from (a) non-polymerized (mag. x 10) and (b) 

polymerized (mag. x 10) sample with XA = 1.00 and total surfactant 

concentration of 80% by mass. 

The absence of higher order Bragg peaks in the radial average pattern indicates 

that the positional correlation between the centres of gravity of the molecules 

only extends over short distances. Reasons for this will be discussed later in 

section 7.4.1.1. Figure 7.9a shows the corresponding PLM image, which 

exhibits mosaic islands linked by an "oily" streak network, embedded in a 

homeotropic region of a lamellar phase (L(, ). Several "Maltese" crosses are 

also present. Oily streaks appear as long individual bands with fine and well- 

resolved transversal striations. The streaks form a network in accordance to 

Kirchoff's network relationship, i. e. the total width of the streaks entering and 
leaving the node are equal [11 ]. The "mosaic" islands make up the nodes of the 

network, and are believed to form from the associatation of "Maltese" crosses 

[11]. This suggests that at this composition and temperature (25 °C), the 

sample is close to a smectic-isotropic phase boundary. Winsor suggested that 

"Maltese" crosses posses an "onion-like" structure in which the lamellae form, in 

the droplets, concentric spherical shells [13]. 

A PLM image of the corresponding polymer is shown in Figure 7.9b, and this 

texture is similar to those observed for previous polymerized samples. In 

contrast, SAXS clearly indicates a lamellar phase (Figure 7.8). The diffraction 
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pattern shows concentric circles indicating that the sample is a polydomain, with 
different regions of the lamellar structure orientated at random. The first Bragg 

peak occurs at Q0 = 0.19 A''. The higher order peak (0.38 A"') is in the ratio 

Qo :0=1: 2, characteristic of a La, phase [12]. The calculated layer 

thicknessQ0 = 
27c 

was found to be 33 A (Table 7.1), which agrees with that 
doo, 

found for the non-polymerized system, and suggests interpenetrating surfactant 

tails. From the repeat distance between layers doo, the hydrocarbon layer 

thickness dhc can be calculated using: 

dhc 
- 

0A 
-d (7.5) 

where 4A is the volume fraction of alkyl chains (= Os " 
(VA 

, where Os is the 
s 

volume fraction of surfactant, known from composition, and VA and V. are the 

volumes = 
1024 M`" 

of the alkyl chain and whole surfactant molecule NA"P 

respectively. p=1g cm'3). Entering the appropriate parameters yields an 

approximate hydrocarbon layer thickness of 14 A, which is approximately 70% 

of the "all-trans" conformation for a single hydrocarbon chain. This appears 

consistent with the "gel" structure proposed by Vincent and Skoulios [14], where 

the thickness of the hydrocarbon layer, dam, is about the length of a fully 

extended surfactant molecule. Possible electrostatic interactions between 

cationic head groups and polar ester carbonyl groups may contribute to the 

stability of this packing arrangement. Consequently this implies layered water 

channels (containing surfactant head groups) (= d-dom) approximately 18 A 

thick. Furthermore, an approximate value for the surface area per head group 

(ah") can then be calculated by dividing the volume of two alkyl chains by the 

thickness of the hydrocarbon layer: 

209 



Polymerization of Lyotropic Liquid Crystalline Phases 

aa� 
2MA . 1024 

h 
NA PAUho 

(7.6) 

where MA and PA are the mass and density of the alkyl chains respectively. 

This yields an area per head-group of approximately 68 A2 (Table 7.1), which is 

slightly larger than that reported by Warr et al. [15] for quaternary ammonium 

bromides (the increase may be down to solvation). 

Keeping XA constant (= 0.75) and increasing the total surfactant concentration 

to 80% by mass, gave rise to an interesting result. The average radial SAXS 

patterns of the non-polymerized and polymerized samples are shown in Figure 

7.10. Two peaks were observed for the non-polymerized sample; the first 

Bragg peak occurred at 0.20 A'', and the higher order peak at 0.26 A''. 
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I(0) 

Figure 7.8 SAXS plot of absolute intensity versus Q. XA = 0.75 and total 

surfactant concentration 60% by mass. The inset displays the corresponding 

polymerized system. 

(a) (b) 

Figure 7.9 Optical texture from (a) non-polymerized (mag. x 40) and (b) 

polymerized (mag. x 10) sample with XA = 0.75 and total surfactant 

concentration of 60% by mass. 
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XA Mass% Phase d/A a/A D/A 6/A ah' /A2 

Op 40 - 32 -- - - 
0p 60 La 30 - 14 16 99 

0p 80 La 29 - 18 11 77 

0.25 np 60 La 41 - 18 23 66 

0.25 p 60 La 31 - 14 17 88 

0.25 np 80 - 29 -- - - 
0.25 p 80 La 31 - 19 12 66 

0.50 np 60 - 35 -- - - 
0.50 p 60 La 33 - 14 19 77 

0.50 np 80 - 31 -- - - 
0.50 p 80 La 32 - 18 14 58 

0.75 np 60 - 33 -- - - 
0.75 p 60 La 33 - 14 19 69 

0.75 np, 80 - 32 - - - 
0.75 np2 80 - 24 -- - - 
0.75 p 80 La, 34 - 18 16 52 

1.00 p 40 - 34 -- - - 
1.00 np 60 H, 35 41 13 - 60 
1.00 p 60 - 38 -- - - 

1.00 np 80 - 33 -- - - 
1.00 p 80 L. 34 - 17 17 46 

Table 7.1 SAXS data analysis of Iyotropic liquid crystal phases composed of 

surfmers A and B, "before" (np) and "after" (p) polymerization. XA = mole 

fraction of A; Mass %= total surfactant concentration in mass %; d= unit cell 

thickness; a= intercolumnar distance; D= characteristic dimension (± 3 A); 5= 

water and head group thickness (± 3 A); aav = surface area per head group (f 

15 A2). 
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I(0) 

i(Q 

1.0 

0.8 

0.6 

0.4 

0.2 

Figure 7.10 SAXS plot of absolute intensity versus Q. XA = 0.75 and total 

surfactant concentration 80% by mass. The inset displays the corresponding 

polymerized system. 

(a) (b) 

Figure 7.11 Optical texture from (a) non-polymerized (mag. x 40) and (b) 

polymerized (mag. x 10) sample with XA = 0.75 and total surfactant 

concentration of 80% by mass. 

213 

0.2 0.3 0.4 0.5 0.6 
Q/A-, 



Polymerization of Lyotropic Liquid Crystalline Phases 

The peak ratio Q: Q(= 1.3) was not consistent with any mesophase, and 

therefore suggests the sample is biphasic. Textures ascribed to both lamellar 

and hexagonal phases have been shown by Candau et al. [11 ] to coexist under 
ill-defined conditions. A PLM image (Figure 7.11 a) shows bätonnets embedded 
in an oily streak network, characteristic of a lamellar phase. The growth of 
bätonnets occurs at phase boundaries [11], and have been described by Friedal 

[3]. In most cases, and as shown in Figure 7.11 a, bätonnets tend to form in 

isotropic solutions with their long axis parallel to the glass slides, and present a 

451 maximum birefringence. The SAXS pattern for the corresponding polymer 

exhibits two diffraction peaks, clearly indicating the presence of a lamellar 

phase with a layer thickness of 34 A. This yields a hydrocarbon layer thickness 

of 18 A, and aqueous nanochannels some 16 A, which confirms that aqueous 

channels decrease with concentration (Table 7.1). 

Increasing the mole fraction of double chain in the mixture (i. e. X=0.5) brings 

about no dramatic change in phase behaviour. Figure 7.12 and 7.13 show the 

SAXS pattern and PLM images of a mixture at 60% by mass surfactant, 
"before" and "after" polymerization. Once again, SAXS demonstrates that the 

non-polymerized sample is consistent with some long-range order, and that 

polymerization causes an increase in organization, yielding a lamellar phase. 

Layer spacing was found to be 35 A and 33 A for the non-polymerized and 

polymerized samples respectively. In the later case this results in a 

hydrocarbon layer thickness of 14 A and water channels 19 A (Table 7.1). A 

PLM image shows an oily streak texture in a homeotropic region for the non- 

polymerized sample, consistent with a lamellar phase, whereas the polymerized 

system was birefringent, with a poorly defined texture. Increasing the total 

surfactant concentration to 80% by mass brought about no change in phase 

structure. Figure 7.14 and 7.15 show the SAXS pattern and PLM images of the 

mixture at 80% by mass surfactant, "before" and "after" polymerization. 
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Figure 7.12 SAXS plot of absolute intensity versus Q. XA = 0.50 and total 

surfactant concentration 60% by mass. The inset displays the corresponding 

polymerized system. 

(a) (b) 

Figure 7.13 Optical texture from (a) non-polymerized (mag. x 40) and (b) 

polymerized (mag. x 10) sample with XA = 0.50 and total surfactant 

concentration of 60% by mass. 
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Figure 7.14 SAXS plot of absolute intensity versus Q. XA = 0.50 and total 

surfactant concentration 80% by mass. The inset displays the corresponding 

polymerized system. 

(a) (b) 

Figure 7.15 Optical texture from (a) non-polymerized (mag. x 10) and (b) 

polymerized (mag. x 10) sample with XA = 0.50 and total surfactant 

concentration of 80% by mass. 
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Polymerization formed a lamellar phase with a layer thickness of 32 A, which 

compares well with that found for the unreacted surfmer (31 A) (Table 7.1). As 

expected a corresponding decrease in the thickness of the water channels (14 
A) was observed with an increased surfactant concentration. A PLM image of 
the non-polymerized system exhibited oily streaks suspended between two 

mosaic regions, consistent with a lamellar phase. 

A similar trend was observed on increasing the mole fraction of double-chained 

surfmer beyond XA = 0.5. Shown in Figures 7.16 and 7.17 are SAXS data and 

PLM images of a mixed system where XA = 0.25, and the total surfactant 

concentration is 80% by mass. Again these combined results were consistent 

with a lamellar phase, "before" and "after" polymerization. Calculated 

parameters given in Table 7.1 demonstrate good agreement of spacing 
between crystal lattice layers. Finally, Figures 7.18-7.20 show SAXS data and 

PLM images for XA =0 (i. e. 100% double-chained surfmer) at 40,60 and 80% 

by mass surfactant, respectively. This serves as a good example of how 

increasing concentration, and polymerization results in a system of greater 

order. As concentration is increased in the non-polymerized system a 

progressive sharpening of the Bragg peak is observed, which could imply a 

corresponding increase in long-range order. As previously found, 

polymerization enhances molecular order, and coupled with an increase in 

surfactant concentration, leads to the development of a higher order Bragg 

peak, consistent with a lamellar phase. As expected, diluting the polymerized 

system causes a corresponding increase in the thickness of the water channels 
(Table 7.1). PLM images of the non-polymerized systems were consistent with 

an isotropic solution, whereas the polymerized systems at 60 and 80% by mass 

surfactant were birefringent, with an ill-defined texture. 
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Figure 7.16 SAXS plot of absolute intensity versus 0. XA = 0.25 and total 

surfactant concentration 80% by mass. The inset displays the corresponding 

polymerized system. 

(a) (b) 

Figure 7.16 Optical texture from (a) non-polymerized (mag. x 40) and (b) 

polymerized (mag. x 10) sample with XA = 0.25 and total surfactant 

concentration of 80% by mass. 
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Figure 7.18 SAXS plot of absolute intensity versus Q. XA =0 and total 

surfactant concentration 40% by mass. The inset displays the corresponding 

polymerized system. 
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Figure 7.19 SAXS plot of absolute intensity versus Q. XA =0 and total 

surfactant concentration 60% by mass. The inset displays the corresponding 

polymerized system. 
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Figure 7.20 SAXS plot of absolute intensity versus 0. XA =0 and total 

surfactant concentration 80% by mass. The inset displays the corresponding 

polymerized system. 

7.4.1.1 Discussion 

In general, polymerizing lyotropic liquid crystalline phases composed of 

surfactant mixtures enhances mesophase order. This can be explained by the 

radial distribution function g(r); this function is defined so that g(r) " r2 dr is the 

probability that a molecule will be found in the range dr at a distance r from 

another. For long-range order found in a crystal, at temperature of absolute 

zero, this function will be a periodic set of 5-functions in 3D, repeating itself 

whenever r is a multiple of any combination of the lattice vectors a, b and c. In 

this case, diffraction pattern consists of a series of equally spaced Bragg peaks 
(8-functions), whose positions are reciprocally related to the lattice spacings. 
The relative sharpness of peaks relates to the extent to which separations 

extend periodically over large distances, and the ratio of peak positions reveals 
the long-range organization of the phase [12]. If the structure is smeared out by 

molecular motion (i. e. rotation, vibration and/or translation), but remains 
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periodic, then the diffraction pattern still consists of sharp Bragg peaks, which 

are progressively reduced in intensity. This can result in the absence of high 

order Bragg peaks, as observed in many samples. In the limit of a purely 

sinusoidal distribution of electron density, only the first Bragg peak is observed. 
Furthermore, diffuse scattering in the radial average pattern indicates that the 

positional correlation between the centres of gravity of the molecules only 

extends over short distances (a few molecular diameters). This effect is likely to 

be due to a combination of imperfect molecular orientational order and 

conformational disorder in the molecules, as a result of thermal fluctuations, or 
"shearing effects" caused by sample preparation. This is commonly observed in 

smectic phases, columnar phases and liquid crystalline polymers [12]. Inducing 

alignment via sample preparation in the presence of electric and magnetic fields 

may dampen such affects. Several selected non-polymerized samples were 

chosen and re-run. Prior to SAXS measurements these samples were pre- 

aligned by placing in a magnetic field (9.4 T), heated to the isotropic melt and 

then cooled at a typical rate of 1 °C/min. This method proved successful in a 

couple of cases. 

At a total surfactant concentration of 60% by mass, and XA = 1.0, SAXS 

reveals a diffraction pattern (Figure 7.21 a) with circular cross-sections, where 

the centres of adjacent cylinders lie at the vertices of equilateral triangles. This 

was consistent with a monodomain structure comprised of a hexagonally 

packed array of cylindrical aggregates with an intercolumnar distance of 41 A 

(Table 7.1). From this the radius of the hydrocarbon cylinder can be calculated 

using: 

rho do 
20A )z 

ýý 
(7.7) 

where do is the spacing between planes in the crystal lattice, and OA is the 

volume fraction of alkyl chains. The cross-section radius of the pure 
hydrocarbon cylinder was found to be 13 A, consistent with chains in 

approximately 63% of the "all-trans" conformation. The data gave a surface 
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2M A 1024 
area per molecule =^ (where MA and PA are the mass and density 

NAPArnC 

of the alkyl chains respectively) of 60 A2, consistent with a trimethylammonium 

bromide head group [15]. The corresponding SAXS pattern for the polymerized 

system exhibits a sharp diffraction ring consistent with a polydomain sample 
(Figure 7.21 b), which suggests an irregular, poorly defined phase structure. 
However, it does represent a system with some long-range order, characteristic 

of liquid crystalline phases. 

(a) (b) 

Figure 7.21 SAXS diffraction pattern for hexagonal phases of (a) non- 

polymerized and (b) polymerized sample with XA =1 . 00 and total surfactant 

concentration 60% by mass. 

At the same surfactant concentration, but with XA = 0.25, the SAXS diffraction 

pattern shows a series of spots at low Q, which result from Brag reflection from 

smetic layers (Figure 7.22a). The radially averaged intensity is shown in Figure 

7.23 with the first Bragg peak at 0.15 A-' and a somewhat weaker reflection at 

0.30 A-'. The calculated layer thickness (Table 7.1) was found to be 41 A, 

suggesting interpenetration of surfactant tails. Since the approximate 

hydrocarbon layer thickness is 18 A, this implies layered water channels 

(containing surfactant head groups) around 23 A thick. On the other, the 

polymerized sample exhibits a diffraction pattern with concentric circles 

indicating that the sample is a polydomain, with different regions of the lamellar 
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structure orientated at random (Figure 7.22b). The SAXS profile is shown 

against that for the corresponding un-reacted surfiner (Figure 7.23). The first 

Bragg peak occurs at Qo = 0.20 Ä-'. The higher order peak (0.40 A-') is in the 

ratio Q: Qo = 1: 2, characteristic of an L(, phase [12]. The layer thickness was 
found to be 31 A, with a hydrocarbon layer thickness of 14 A. This is consistent 

with water channels (containing the surfactant head groups) some 17 A thick. 

(a) (b) 

Figure 7.22 SAXS diffraction pattern of (a) non-polymerized and (b) 

polymerized sample with XA = 0.25 and total surfactant concentration 60% by 

mass. 
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Figure 7.23 SAXS plot of absolute intensity versus Q. XA = 0.25 and total 

surfactant concentration 60% by mass. The inset displays the corresponding 

polymerized system. 
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This is somewhat smaller than that found for the monomer and maybe 

attributed to linking of the aliphatic chains giving rise to more limited 

conformational states in the polymerised samples. A PLM image for the non- 

polymerized system shows an oily streak texture (i. e. L, L) (Figure 7.24a), 

whereas the polymerized system exhibits a poorly defined texture often 

observed in L« phases which are too deep (thick) to give an easily identifiable 

texture (Figure 7.24b). 

(a) (b) 

Figure 7.24 Optical texture from (a) non-polymerized (mag. x 10) and (b) 

polymerized (mag. x 10) sample with XA = 0.25 and total surfactant 

concentration of 60% by mass. 

To summarize these findings, PLM coupled with SAXS demonstrate that 

mixtures of A and B can be used effectively to control phase structure. For 

example, at XA = 1.00 an H1 normal hexagonal phase is obtained, which on 

substitution with double-chain B (XA = 0.75) induces a H1 -ý L, transition. In 

general at XA <_ 0.75 and high surfactant concentrations (i. e. 60-80% by mass) 

non-polymerized phases exhibit a single Bragg reflection in the SAXS profile, 

which is compatible with liquid crystalline order, but offers no information on 

phase structure. In contrast, PLM displays textures consistent with lamellar 

phases. Polymerization led to the development of a second order Bragg peak 

(d002)1 constituting a lamellar phase. Therefore, combining PLM and SAXS 
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results, there is evidence to suggest the formation of a lamellar phase, "before" 

and "after" reaction, with similar doof spacing between the crystal planes. 

Furthermore, the thickness of the hydrocarbon layer was found by SAXS to be 

approximately the length of an extended surfactant molecule, consistent with 
the "gel" structure proposed by Vincent and Skoulios [14]. 

Preparation of several unreacted systems under the influence of a magnetic 
field (9.4 T) was found to enhance liquid crystalline alignment. (The concern of 

causing extensive self-polymerization of the reactive tips was ruled out by 

macroscopic appearance and textures observed under the PLM. ) In general 
the polymerization reaction was found to maintain and improve long-range 

order. PLM, coupled with SAXS clearly indicates retention of the lamellar phase 
(L(,, ) after polymerization, and for the hexagonal phase (HI) evidence for long- 

order in the polymerized state exists. 

7.4.2 C+D mixtures 

The second part of this chapter covers results with acrylate surfmers C and D. 
The aim of these experiments was to explore the effect of the reactive group. 
Samples were prepared, and experiments performed as described in section 
7.3. 

At Xc = 1.0 and 60% by mass surfactant SAXS showed a single Bragg peak 

(0.26 A"), indicative of a system with some long-range order. Although, PLM 

was consistent with an isotropic solution. Upon polymerization there was no 

change in the diffraction pattern (as observed for the corresponding 

methacrylate) and PLM showed the polymerized sample was birefringent, with a 

poorly defined texture. Increasing total surfactant concentration to 80% by 

mass produced a SAXS diffraction pattern consistent with a polydomain 
lamellar phase (Figure 7.25), with a layer thickness of 24 A (Table 7.2). 
However, the polymerized sample produced an obscure SAXS diffraction 

pattern, containing a sharp Bragg peak at 0.35 A", flanked by two other peaks 
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of lower relative intensity. It may be concluded that the system had some long- 

range order resembling a liquid crystal phase. PLM could not provide any 
further evidence for structure determination. 

1(Q) 
i(Q 
1.0 

0.8 

0.6 

0.4 

0.2 

Q//v1 

Figure 7.25 SAXS plot of absolute intensity versus Q. Xc= 1.00 and total 

surfactant concentration 80% by mass. The inset displays the corresponding 

polymerized system. 

Increasing the mole fraction of double-chained surfmer (i. e. Xc = 0.75) 

produced identical results to mixtures of A and B over the same composition 

and temperature (25 °C) range. At an overall surfactant concentration of 60% 

by mass a single sharp Bragg peak was observed for the non-polymerized 

sample (doof = 30 A) (Figure 7.26). A PLM image shows a pseudoisotropic 

lamellar phase texture (Figure 7.27a). This regular pattern is believed to result 
from a crumpling of layers caused by dilation [11]. Upon polymerization SAXS 

exhibits a second order Bragg peak (0.38 A''), highlighting the existence of a 
lamellar phase. The calculated layer thickness (33 A) was similar to the 

unreacted system, and was found to be identical to mixtures of A and B over the 

226 

0.2 0.3 0.4 0.5 0.6 



Polymerization of Lyotropic Liquid Crystalline Phases 

same composition and temperature (25 °C) range (Table 7.1). Increasing the 

overall surfactant concentration to 80% by mass, SAXS reveals two sharp 
Bragg peaks for the non-polymerized sample (Figure 7.28), which could not be 

ascribed to any specific structure and thus indicates the coexistence of two 

phases. This feature was also observed for the surfmers A and B (Figure 7.10). 

PLM shows lamellar streaks in a homeotropic matrix coexisting with regions of a 

mosaic texture (Figure 7.29a). Polymerization yields a SAXS diffraction pattern 

characteristic of a lamellar phase with a layer thickness of 34 A (Table 7.2), 

which agrees well with that found before for mixtures of A and B (Table 7.1). 

As the mole fraction of double-chain D increases (i. e. as Xc decreases), no 

dramatic change in phase behaviour was observed. Similar results were found 

for Xc = 0.25 and 0.50, at 60 and 80% by mass, which mirrored findings for 

surfiners A and B. SAXS data and corresponding PLM images are shown in 

Figures 7.30-37. Combining results from these two independent methods of 

analysis demonstrates the existence of a lamellar phase both, "before" and 
"after" polymerization. Calculated parameters are given in Table 7.2. 

Furthermore, results for Xc =0 (i. e. 100% double-chain D) at 60 and 80% by 

mass are shown in Figures 7.38-40. Once again, findings are consistent with 
lamellar phases. However, at 80% by mass, no solid conclusions could be 

drawn about the phase structure of the polymerized state, only that the system 
did show some long-range order, since it was birefringent. 
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Xc Mass % Phase d/AD/A 6/A ah" / A2 

0p 60 La 30 14 16 126 

0 np 80 - 28 - - - 
Op 80 - 28 - - - 

0.25 p 60 - 39 - - - 
0.25 np 80 - 28 - 
0.25 p 80 - 31 - - - 
0.50 np 60 - 35 - - - 
0.50 p 60 La 31 13 18 112 

0.50 np 80 - 29 - - - 
0.50 p 80 L. 32 18 14 81 

0.75 np 60 - 30 - - - 
0.75 p 60 La 33 13 20 101 

0.75 np, 80 - 30 - - - 
0.75 np2 80 - 24 - - - 
0.75 p 80 La 33 17 16 77 

1.00 np 60 - 24 - - - 
1.00 p 60 - 35 - - - 

1.00 np 80 L. 24 12 12 102 

1.00 np 80 - 35 - - - 

Table 7.2 SAXS data analysis of Iyotropic liquid crystal phases composed of 

acrylate surfmers C and D, before (np) and after (p) polymerization. Xc = mole 

fraction of C; Mass %= total surfactant concentration in mass %; d= unit cell 
thickness; D= characteristic dimension (± 3 A); 8= water and head group 

thickness (± 3 A); ah" = surface area per head group (± 15 A). 

In summary, these results mirror those found for mixtures of A and B, in the 

composition and temperature range studied. This clearly demonstrates that 

replacing the methyl group attached to the terminal reactive group with 
hydrogen has little consequence on the Iyotropic liquid crystalline phase 
behaviour, and final polymer properties. 
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Figure 7.26 SAXS plot of absolute intensity versus Q. Xc = 0.75 and total 

surfactant concentration 60% by mass. The inset displays the corresponding 

polymerized system. 

(a) (b) 

Figure 7.27 Optical texture from (a) non-polymerized (mag. x 20) and (b) 

polymerized (mag. x 10) sample with Xc = 0.75 and total surfactant 

concentration of 60% by mass. 
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Figure 7.28 SAXS plot of absolute intensity versus Q. Xc = 0.75 and total 

surfactant concentration 80% by mass. The inset displays the corresponding 

polymerized system. 

(a) (b) 

Figure 7.29 Optical texture from (a) non-polymerized (mag. x 10) and (b ) 

polymerized (mag. x 10) sample with X. = 0.75 and total surfactant 

concentration of 80% by mass. 
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Figure 7.30 SAXS plot of absolute intensity versus Q. Xc = 0.50 and total 

surfactant concentration 60% by mass. The inset displays the corresponding 

polymerized system. 

(a) 

Figure 7.31 Optical texture from (a) non-polymerized (mag. x 10) and (b) 

polymerized (mag. x 10) sample with Xc = 0.50 and total surfactant 

concentration of 60% by mass. 
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Figure 7.32 SAXS plot of absolute intensity versus Q. Xc = 0.50 and total 

surfactant concentration 80% by mass. The inset displays the corresponding 

polymerized system. 

(a) (b) 

Figure 7.33 Optical texture from (a) non-polymerized (mag. x 10) and (b) 

polymerized (mag. x 10) sample with Xc = 0.50 and total surfactant 

concentration of 80% by mass. 
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1(0) 
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Figure 7.34 SAXS plot of absolute intensity versus Q. Xc = 0.25 and total 

surfactant concentration 60% by mass. The inset displays the corresponding 

polymerized system. 

(a) (b) 

Figure 7.35 Optical texture from (a) non-polymerized (mag. x 10) and (b) 

polymerized (mag. x 10) sample with Xc = 0.25 and total surfactant 

concentration of 60% by mass. 
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I(Q) 

1.0 

0.8 

0.6- 

0.4- 

0.2- 

i(0) 

Figure 7.36 SAXS plot of absolute intensity versus Q. Xc = 0.25 and total 

surfactant concentration 80% by mass. The inset displays the corresponding 

polymerized system. 

(a) (b) 

Figure 7.37 Optical texture from (a) non-polymerized (mag. x 10) and (b) 

polymerized (mag. x 10) sample with X. = 0.25 and total surfactant 

concentration of 80% by mass. 
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Figure 7.38 SAXS plot of absolute intensity versus Q. Xc; =0 and total 

surfactant concentration 60% by mass. The inset displays the corresponding 

polymerized system. 
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Figure 7.39 SAXS plot of absolute intensity versus Q. Xc =0 and total 

surfactant concentration 80% by mass. The inset displays the corresponding 

polymerized system. 
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(a) (b) 

Figure 7.40 Optical texture from (a) non-polymerized (mag. x 40) and (b) 

polymerized (mag. x 10) sample with Xc =0 and total surfactant concentration 

of 80% by mass. 

7.5 Conclusions 

These results mirror previous findings with the dilute micelles, in that phase 

structure responds in a predictable way to variations in both mixture 

composition and total surfactant concentration. However, in these concentrated 

mesophases, molecular mobility is significantly reduced and it was found that 

substitution of the reactive methacrylate tip with an acrylate group had little 

consequence on phase behaviour and final polymer properties. As the 

polymerization reaction was carried out in the dilute phase, it seems likely that 

the final assemblies form from aggregation of individual polyelectrolyte-like 

chains into structures exhibiting extended long-range order. An effective way of 
improving molecular alignment in the non-polymerized phases was to pre-align 

them in the presence of a magnetic field. PLM, coupled with SAXS clearly 

demonstrate retention of the lamellar (L(x) phase after reaction, and for the 

hexagonal (H, ) phase evidence for long-range order in the polymerized state. 

For both methacylate and acrylate lamellar phases the calculated hydrocarbon 

layer thicknesses were consistent with the "gel" structure proposed by Vincent 

and Skoulios [14]. However, it was found that the hydrocarbon layer thickness 
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was somewhat smaller in the polymerized system. This effect can be explained 
in terms of linking of the aliphatic chains, which reduces the fluidity of the 
bilayer, and gives rise too more limited conformational states in the polymerized 
sample. 

On a similar theme O'Brien et al. [16] have successfully polymerized a reverse 
H2 hexagonal phase by introducing a radical initiator into the oil continuous 
phase. Introducing an oil-soluble initiator into hydrophobic regions of pre- 
assembled liquid crystal phases might offer an alternative method of 
preparation. However, the sterically restricted environment might cause 

problems for reaction. A possible solution would be to employ a H-type, or 

mixtures of H- and T-type surfmers and carrying out the polymerization in the 

water continuous phase. 

In conclusion, preservation of long-range order in these systems is evident; 

suggesting that it is possible to synthesise polymerised liquid crystalline phases. 
However, in general, only a broad retention of phase structure could be 

realistically achieved. 
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Chapter Eight 
Polymerization of Microemulsion Films 

8.0 Introduction 

Polymerization of surfactant mixtures has been studied with water-in-oil (w/o) 

microemulsion films. Microemulsion films were formulated as well-defined 
mixtures using 11 -(methacryloyloxy)undecyltrimethylammonium bromide (A), 

dodecyl(11-(methacryloyloxy)undecyl)dimethylammonium bromide (B), 11- 

(acryloyloxy)undecyltrimethylammonium bromide (C) and dodecyl(11- 

(acryloyloxy)undecyl)dimethylammonium bromide (D). Molecular structures of 

surfmers A to D are given in Figure 5.1 (Chapter 5, Section 5.1). 

Phase behaviour studies and small-angle neutron (SANS) experiments have 

been carried out on reactive mixtures of A and B, and the acrylate analogues C 

and D, "before" and "after" polymerization. The main findings were: 

I. SANS has shown how film composition, in terms of single-chained 

surfmer, can be used as a control variable to optimise phase behaviour 

and structure of these multi-component systems. 

II. A direct comparison between methacrylate and acrylate systems has 

shown how surfactant molecular structure can influence microemulsion 

structure; with methacrylates spherical droplets are formed, whereas with 

the acrylate analogues cylindrical droplets are favoured. 

III. Free-radical polymerization yielded partially encapsulated aqueous nano- 
domains 
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8.1 Background 

The formation and stability of microemulsions (Chapter 2, Section 2.1.4) can be 

rationalized using thermodynamic arguments. A detailed discussion is beyond 

the scope of this thesis, and for a detailed account the reader is referred to 

references [1,2]. To a first approximation the overall free energy of 

microemulsion formation AGf can be simplified such that, 

OG r= YaW AA - TOS disp (8.1) 

where yaw is the surface tension of the oil-water interface, DA is the change in 

interfacial area on microemulsification, T is the temperature and OSd; sp 
is the 

entropy of dispersion. The entropic contribution is dominated by large positive 
dispersion entropy, which arises from the mixing of small droplets of one phase 

within another. Furthermore, when a microemulsion is formed DA is very large, 

typically 104 to 105 orders of magnitude. For spontaneous microemulsion 

formation, as with any chemical process, OGf must be negative, which requires 

the first part of Equation 8.1 is be less than the second part. To achieve this 

condition the interfacial tension yap should be very low, typically of the order of 

10'' mN m'' [3]. Therefore, for microemulsification to be spontaneous, resulting 
in a thermodynamically stable dispersion, there must be large reductions in 

surface tension, accompanied by a significant favourable entropic change. This 

can be achieved by certain surfactants alone, but often requires the use of a co- 

surfactant. Medium chain length alcohols (e. g. pentanol) are commonly used 

as cosurfactants. They act by causing a further reduction in the interfacial 

tension, whilst increasing the fluidity of the interface, thereby increasing the 

entropy of the system. 

The principal objective here was to study the phenomenon of interfacial mixing 

on curvature control, "before" and "after" polymerization, using carefully chosen 
blends of A and B (C and D). Fundamental aspects of mixed surfactant films 

comprising of DDAB-DTAB (inert analogues of A and B (C and D)), have been 
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reported elsewhere [4]. SANS and pulsed-field gradient NMR (PFG-NMR) 

experiments, showed that replacing DDAB with DTAB leads to an increase in 

the maximum water solubilisation capacity (wmax) and droplet radius. This 

behaviour is consistent with a more planar curvature and consequent widening 

of the microemulsion phase region. In a similar fashion, with mixtures of 

appropriate reactive surfactants, it should also be possible to select the 

curvature and thereby optimise phase properties. 

8.2 Phase Behaviour 

Physicochemical properties of microemulsion phases directly depend upon 

temperature, pressure and composition. Mapping out phase stability diagrams 

is of invaluable importance when considering microemulsions for a particular 

application. 

The bipolar nature of surfactants A and B (C and D) meant conventional 
hydrocarbons were ineffective solvents for formulating water-in-oil (w/o) 

microemulsions. Instead, it was necessary to employ a liquid fatty ester ethyl 

nonanoate as the oil component (< 0.7% soluble in H20). Microemulsion phase 

equilibria were determined by visual inspection of systems as a function of Xs_c 

mole fraction of single-chained surfmer (e. g. XA = [A[ 
A ]B] ), and w 

[water] 
where [surfactant]Tis the total surfactant concentration). [surfactant]T 

Solvents, ethyl nonanoate (97% Aldrich) and D20 (Fluorochem, 99.9% D-atom) 

were used as received. Samples of the desired composition were made-up at a 

constant surfactant concentration of 0.1 mol dm"3. The required amounts of 

each surfactant were weighed (Avery Berkel analytical balance ± 0.1 mg) into a 

clean 5 ml volumetric flask. The desired amount of D20 was added using a 
Hamilton microsyringe. Approximately 3 ml of ethyl nonanoate was added and 
the samples were transferred to an ultrasonic bath until all the surfactant had 

dissolved. Samples were then made-up to the 5 ml mark with ethyl nonanoate, 
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shaken and placed in an ultrasonic bath for several minutes or so to ensure 

complete homogenisation. Finally, samples were thermostatted by a heater- 

cooler-circulator water bath accurate to ±0.1 °C, for 2 to 24 hours depending on 
the system and location from any phase boundaries. In general, the time taken 
for the system to equilibrate was greatly increased as a phase boundary was 

approached. Close to phase boundaries, samples were re-made in order to 

check for reproducibility. Shown in Figure 8.1 are phase diagrams for the 

methacrylate and acrylate systems, respectively. In both cases a broad single- 

phase, w/o microemulsion region (L2) was achieved, which exhibits the classic 
Winsor II and haze point boundaries. 

Below the lower, haze point boundary a biphasic system was observed, 

comprising of an opaque surfactant-rich phase of high viscosity, coexisting with 

an oil-rich phase. This biphasic region is attributed to the effects of droplet 

structure and interaction forces. As the water content increases, droplet 

interactions decrease, favouring spherical droplets. This increases the system 

entropy, and hence, the separated phases form a single transparent 

homogenous phase of low viscosity (w/o microemulsion). The upper phase 
transition, however, defined by w,,., corresponds to the water solubilization 
boundary where the film is at ( or near) a natural curvature radius, and a w/o 

microemulsion coexists with excess water (Winsor II system). 
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w= [H20]/[surfactant] 
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Figure 8.1 Microemulsion phase diagrams at 25 °C as a function of surfactant 

composition and w (±1). D20/(XA )A + (1 - XA )(B)/ethyl nonanoate (-) and 

D2O/(Xc )C + (1- X, )(D)/ethyl nonanoate (-- ). Total surfactant concentration = 

0.10 mol dm-3 

It is clearly evident from Figure 8.1 that replacing double-chain surfiner with 

single-chain alters the relative positions of the phase boundaries; as X 

increases phase boundaries are shifted to higher w values (i. e. wmax and wmjn 
increase). Increasing Xy beyond XA = 0.53 for the methacrylate system (0.37 

for the acrylates) lead to a biphasic region composed of a lower opaque 

surfactant-rich phase of high viscosity, coexisting with excess oil. 

This phase behaviour is consistent with interfacial mixing and can be 

qualitatively rationalized in terms of the effective packing parameter P (_ -- aefr I. 

where V is the effective hydrocarbon chain volume, aeff is the effective head- 

group area and I, is the length of the out-stretched surfactant chain). The 

surfactant head-groups are chemically similar therefore, aeff and interaction 

forces remain essentially constant. Thus, phase behaviour is determined as a 
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function of the hydrocarbon chain volume V. Replacing double-chain with 

single-chain reduces the effective chain volume V, which promotes a more 

planar film curvature, thereby increasing wn, ax (Figure 8.2). This synergism 

depends on film composition and is observed up to a critical value of X. 

T Xs-c 

ý1 
ýý 

P(X) 

Figure 8.2 Schematic representation of how the interfacial film curvature (and 

thus P) depends on composition Xs., 

The concept of film curvature can also be used to explain the shift in haze point 

boundary to a higher w value with increasing X, 
-,. 

Inducing a more planar film 

encourages more ordered packing in the surfactant-rich phase. Therefore, a 
higher water content is required to increase the dispersion entropy to favour a 

single homogenous w/o microemulsion (L2) phase. 

Owing to chemical similarities between the methacrylate and acrylate surfiners, 

the phase behaviour is closely related. Nevertheless, as shown in Figure 8.1 

there is a corresponding shift in phase behaviour to lower X. values for the 

acrylate systems. Again, this behaviour can be rationalized in terms of 

surfactant molecular structure. Exchanging the methyl on the reactive chain 

end, with hydrogen, causes a net decrease in surfactant tail volume V. Thus, for 

P>1, X, 
_,: must decrease. Additional evidence of this behaviour is shown in inert 

DTAB-DDAB systems, where a similar effect operates (critical value of X, = 

0.28) [4]. 
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8.3 Polymerization at the Oil-Water Interface 

Interfacial polymerization has been studied at length in order to optimise the 

extent of reaction in the microemulsion shell. Free-radical polymerization was 

both thermally (60 °C, 2 hrs) and UV (Xeon lamp, X= 360 nm, 1 hr) initiated 

using AIBN (2% by wt. ) (Aldrich, 98%). An alternative initiator, 1,1'- 

azobis(cyclohexanecarbonitrile), was tested, and various initiator concentrations 

examined. The effect of purging the sample with N2 prior to initiation was also 
investigated. This was done to expell any 02 molecules capable of quenching 

the reaction. In general, there was no macroscopic change, however, in some 
instances phase separation, and consequent lose of structure was observed, 

which is consistent with the formation of a high molecular weight polymer of low 

surface activity. Polymerization was monitored by 1H NMR spectroscopy by 

comparing theoretical and actual integrated areas for the: 

  methyl protons (H°) of the methacrylate group (~ 2.00 ppm), relative to a 

vinyl proton (Ha) (6.10 ppm) for A and B mixtures (Chapter 5, Figure 5.5/6). 

  quaternary ammonium protons (HM) attached to D (3.4 ppm), relative to a 

vinyl proton (Hb) (6.4 ppm) for C and D mixtures (Chapter 5, Figure 5.8/9). 

Based on these measures of the relative numbers of the different proton 

environments, the maximum extent of polymerization, whilst maintaining 

thermodynamic stability was determined to be 35% for the methacrylate 

systems (example results given are in Table 8.1). As mentioned previously 
(Chapters 6 and 7), it is well known that acrylate monomers undergo 

polymerization at a much faster rate than the corresponding methacrylates [5]. 

Therefore, it seems reasonable to suggest that this low conversion could be a 

consequence of a somewhat retarded propagation rate due to steric effects. 

However, after repeating the polymerization reaction with acrylate systems, no 

significant increase in conversion was found (example results are given in Table 

8.2). This suggests that the problem is more complex than first anticipated. 
From such a low degree of polymerization (DP�), it would suggest the interface 

be composed of oligomers, several molecules in length, rather than a complete 

245 



Polymerization of Microemulsion Films 

encapsulation of the water domains. Reasons for this and strategies to 

overcome this difficulty are discussed in the final section. 

Sample f Hv;,, y1 Theoretical f HCH3 Actual I HCH3 Polymerization % 

Th 1.0 3.0 3.45 15 

ThN2 1.0 3.0 4.05 35 

UV 1.0 3.0 3.30 10 

UVN2 1.0 3.0 3.64 21 

Table 8.1 Example results for the extent of polymerization in microemulsion 

films composed of A-B mixtures, where XA = 0.50. Polymerization was induced 

by thermal (Th) and UV (UV) initiation. The reaction was also carried out in an 

inert nitrogen atmosphere (N2). Given are the theoretical and actual integrated 

areas for the methyl protons of the methacrylate group (1.92 ppm), relative to a 

vinyl proton (6.10 ppm). 

Sample I H,,; nyi Theoretical I HN(cH3)2 Actual f HN(cH3)2 Polymerization % 

Th 1.0 4.2 4.65 11 

ThN2 1.0 4.2 5.14 22 

uv 1.0 4.2 4.79 14 

UVN2 1.0 4.2 5.73 36 

Table 8.2 Example results for the extent of polymerization in microemulsion 

films composed of C-D mixtures, where Xc = 0.30. Polymerization was induced 

by thermal (Th) and UV (UV) initiation. The reaction was also carried out in an 
inert nitrogen atmosphere (N2). Given are the theoretical and actual integrated 

areas for the quaternary ammonium protons attached to D (3.4 ppm), relative to 

a vinyl proton (6.4 ppm). 
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8.4 Small-Angle Neutron Scattering (SANS) 

SANS was employed to elucidate the effects of interfacial mixing on the final 

droplet size and morphology, "before" and "after" reaction. Samples were made 

up as a function of X and prepared at wn, ± 1. They were pre-equilibrated for 

several days prior to the SANS measurements, which were carried out at 25 °C 

± 0.2 °C. SANS data were fitted using the interactive FISH program (Chapter 6, 

Section 6.5) [6,7]. 

Microemulsion droplets composed of A and B were treated as core-shell 

spherical particles with a Schultz distribution in core radius [8]. Using D20, core 

contrast experiments (D20/H-surf/H-oil) were run allowing a value for the 

average core radius R'" to be obtained. The Schultz distribution X(R); defines 

the polydispersity using an average radius RSV and a root mean squared 

deviation a= 
RC 

with Za width parameter. A hard-sphere structure factor 
(Z+1)2 

S(Q, Rhg , O, $) was used, modified for polydispersity [8,9]: the constraints were 

Ohs = Od and Rhs = Rd op . (The subscripts d and hs denote the drop and hard 

sphere volume fraction respectively). For any given set of parameters the core 

volume fraction Oc defines the absolute scattering intensity. 

On the other hand, a core-shell rod form factor [10] was used to fit 

microemulsion systems composed of C and D. In core contrast experiments 
(D20/H-surf/H-oil) the film thickness (t) and contrast terms were set to zero for a 

solid uniform rod. Owing to sensitivity of the model, rod length was fixed and 

adjusted manually to optimise the fit, whilst the radius was allowed to vary. 

8.4.1 SANS studies as a function of surfactant composition 

Shown in Figure 8.3 are SANS curves and model fits for methacylate systems 

with XA = 0.50,0.40 and 0.30 respectively. The corresponding Guinier plots 

are shown in Figure 8.4. 
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( 

0. 

I(0) / cm ' 

Figure 8.3 SANS curves and fits (lines) of core contrast experiments for w/o 

microemulsions (L2) of methacrylate A-B mixtures. Total surfactant 

concentration = 0.10 mol dm-3 and T= 25 °C. Curves and corresponding fits 

have been multiplied by a constant for clarity of presentation: (XA = 0.4) x 0.50; 

(XA =0.3)x0.25. 
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Figure 8.4 Guinier sphere analysis for A and B mixtures. Total surfactant 

concentration = 0.10 mol dm-3. 
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In this representation, the relatively flat region at low Q is indicative of the 
Guinier range for weakly interacting spherical droplets. At higher 0, the scaling, 

as Q-4 is consistent with a sharp, smooth oil/water interface. At high 0 

(> 0.08Ä-1) S(Q) makes little contribution and thus the absolute scattering 

intensity, I(Q), is mainly dependent on the single-particle form factor, P(Q). 

Given in Table 8.3 are parameters obtained from extensive model fitting and 

Guinier analysis. The results vary slightly, nevertheless both clearly confirm 

that the core radius, RSV 
, 

is directly linked to surfactant composition XA 
. 

It can 

be seen (Figure 8.5) that increasing XA leads to an increase in droplet size. 

This behaviour is consistent with interfacial mixing, inducing a more planar film 

curvature and consequent increase in the maximum water solubilisation 

capacity (i. e. Wmax), as shown by Figure 8.1. 

Rav /H 

60- 

50- 

40- 

30- 

20- 

10-11 

[water] 
w= [surfactant] 

Figure 8.5 Spherical droplet radius RC" (model (filled circles) ±1A, Guinier 

(empty circles) ±3 A) obtained from SANS versus w (± 1) for methacrylate 

surfactant systems. 
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Furthermore, SANS data can be used to determine the average molecular area 
(aha) of surfactant molecules at the o/w interface. For a spherical droplet the 

average core radius RSV is given by: 

Rav 
_3 

Vdrop 

c Sint 
(8.2) 

where Vdrop is the total drop volume (= NH, " v", where NN, is the number of water 

molecules per droplet and u,, is the volume of a water molecule) and Sint is the 

total interfacial area (= Ns " ah" where Ns is the number of surfactant molecules 

per droplet). Therefore, it follows that: 

Ra,, 3 NWvW 
=3 

UwW 
c av av Nsah ah 

(8.3) 

where w= 
[H20] Alternatively, a more accurate relation, which accounts [surfactant] 

for polydispersity is given by: 

av 3vWw 3D 
a(p) Rc = av 

+ -ah (8.4) 
ah ah 

where p is the polydispersity index 
Rä" and a(p) depends on the particular 

function form of this distribution. For a Schultz distribution a(p) =1+2p2 , 
therefore assuming the polydispersity is independent of w, a linear plot of 
Ra" versus w will have a slope that depends on the interfacial molecular area 

ah" and intercept which depends on the average head-group volume vh via the 

surfactant head-group radius rh. However, in this case only a single w value 

was measured for each composition XA, therefore an approximate value for 

ah" was calculated from Equation 8.3. The data yield a mean area per molecule 

250 



Polymerization of Microemulsion Films 

at the oil-water interface (calculated using model RC") of 64 A2 ±2 A2, which 

agrees with that previously, found by Warr et at. for related and inert di- 

alkyldimethylammonium bromides [11 ]. 

XA Wmax a/R'c° 
R. av /AA 

ahv/ A2 
Model Guinier 

0.10 10 0.25 15 19 60 

0.20 14 0.25 19 24 66 

0.30 18 0.25 24 29 67 

0.40 29 0.25 38 48 68 

0.50 30 0.25 45 54 60 

Table 8.3 SANS data analysis for w/o microemulsions composed of 

methacrylate A-B mixtures. Total surfactant concentration = 0.10 mol dm"3. 

Samples taken at wmax ±1 unless stated otherwise (*). X,, = mole fraction of A; 

Rä" = polydispersity function; R" = average core radius (model ±1A, Guinier 
C 

±3 A); ah" = area per molecule at the oil-water interface ±2 A2 (calculated using 

model R'"). 

In the case of acrylate mixtures the SANS scattering profile showed a distinct 

change, indicative of a structural transition. SANS curves and fits are shown in 

Figure 8.6, for Xc = 0.30,0.20,0.10 and 0 respectively. The relatively flat 

portion at low Q scales as Q"', which is consistent with the Guinier region as 

expected for weakly interacting cylindrical nanotubes [12]. However, this does 

not rule out other possible structures, such as attracting spheres/ellipsoids. In 

order to confirm the structure, detailed contrast experiments are required, as 

discussed in section 8.4.3. Indeed it was found that a core-shell cylinder P(Q) 

best described this data. This subtle effect of molecular structure can be 

explained in terms of the critical packing parameter, P. Replacing the methyl on 

the reactive chain end, with hydrogen, causes a decrease in effective chain 

volume V, thereby reducing P, favouring a more planar curvature. Table 8.4 

lists the parameters obtained from model fitting and Guinier analysis. These 
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results were found to agree within the experimental error, and demonstrate a 

direct relationship between the cylinder cross-sectional radius and surfactant 

composition, as shown in Figure 8.7. 

R a" /Ä XC Wmax L/A 

Model Guinier 

0.00 8 10 9 110 

0.10 10 13 11 200 

0.20 18 20 24 200 

0.30 30 34 36 400 

Table 8.4 SANS data analysis for w/o microemulsions composed of acrylate C- 

D mixtures. Total surfactant concentration = 0.10 mol dm-3. Samples taken at 

W pax ± 1. X(, = mole fraction of C; Rý'v = core radius (model ±1A, Guinier ±3 

A); L= length (fixed). 

I(0) / cm-' 

100 
50 

10 [I 
5 

1 AT 

0.5 

0.1 

0.05 

X,; 
" 0.3 
Q 0.2 
A 0.1 
00 

0.02 0.03 0.05 0.10 0.16 
Q/A-1 

Figure 8.6 SANS curves and fits (lines) of core contrast experiments for w/o 

microemulsions (L2) of acrylate C-D mixtures. Total surfactant concentration = 
0.10 mol dm-3 and T= 25 °C. Curves and corresponding fits have been 

multiplied by a constant for clarity of presentation: (X, = 0.2,0.1,0) x 0.50. 
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Rý, V /Ä 
45 

35 

25 

15 

5 

W= -- [surfactant] 

Figure 8.7 Cylinder cross-sectional radius RSV (model (filled squares) ±1A, 

Guinier (empty squares) ±3 A) obtained from SANS versus w (± 1) for acrylate 

surfactant systems. 

8.4.2 SANS studies of polymerized microemulsion phases 

Example SANS curves and fits to core contrast experiments, shown in Figure 

8.8 give a direct comparison between non-polymerized, thermal and UV 

initiated methacrylate samples with XA = 0.5 and w= 20. The corresponding 

Guinier plot is shown in Figure 8.9. This clearly demonstrates that there is no 

significant change in the scattering profile and droplet morphology after 

reaction. Parameters from extensive model fitting and Guinier analysis are 

given in Table 8.5. For the acrylate mixtures, example SANS curves and fits for 

core contrast experiments, where Xc = 0.20 and w= 20, are shown in Figure 

8.10. The corresponding parameters from model fitting and Guinier analysis 

are given in Table 8.6. As shown by Figure 8.10, and Table 8.6, the different 

initiation mechanisms also gave similar results with the acrylates C and D. In 

light of these two sets of results, it can be concluded that polymerization hardly 

changes the microemulsion structure. This is not surprising since the extent of 

polymerization is quite small (Table 8.2). 
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0.004 0.008 0.02 0.04 0.07 0.25 

Q/A1 

Figure 8.8 SANS curves and fits (lines) from core contrast experiments of a 

monomeric (mon) and polymerized (poly) w/o microemulsions composed of 

methacrylate A-B mixtures. XA = 0.50, w= 20, total surfactant concentration = 

0.10 mol dm-3 and T= 25 °C. Polymerization was induced by thermal (Th) and 

UV (UV) initiation. As stated, curves and corresponding fits have been 

multiplied by a constant for clarity of presentation: polyTh x 0.40; polyUV x 0.20. 

In[I(Q)] 

4.8 

4.4 
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3.6 X� = 0.5 
mon (x 1.2) 

Q polyTh 
3.2 ° polyUV (x 0.8) 

0.0004 0.0008 0.0012 0.0016 
Q2/A-2 

Figure 8.9 Guinier spheres analysis for mixtures of A and B with XA = 0.50 and 

w= 20, "before" (mon) and "after" (poly) polymerization. 
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R`8V / XA State W Polymerization % a ,; "/ A2 
Model Guinier 

0.40 mon 20 - 30 30 60 

polyTh 20 15 31 31 58 

polyThN2 20 10 32 31 57 

poIyUV 20 31 30 31 60 

polyUVN2 20 21 31 28 58 

0.45 mon 20 - 31 37 58 

polyTh 20 17 31 33 58 

polyThN2 20 12 33 39 55 

poIyUV 20 18 30 41 60 

polyUVN2 20 - -- - 
0.50 mon 30 - 45 55 60 

polyTh 30 15 44 54 61 

polyThN2 30 35 43 53 63 

poIyUV 30 10 44 54 61 

polyUVN2 30 21 44 53 61 

Table 8.5 Values derived from analysis of SANS data from monomeric (mon) 

and polymerized (poly) w/o microemulsions com posed of methacrylate A-B 

mixtures. Total surfmer concentration = 0.10 mol dm'3. Polymerization was 

induced by thermal (Th) and UV (UV) initiation. R'" = average core radius 

(model ±1A, Guinier ±3 A); polydispersity ä was fixed at 0.25; ah" =a rea R " 

per molecule at the oil-water interface ±2 A2 (calculated from model RC" ). 

Phase separation indicated by *. 
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I(0) / cm-' 

o. 

Figure 8.10 SANS curves and fits (lines) from core contrast experiments of a 

monomeric (mon) and polymerized (poly) w/o microemulsions composed of 

acrylate C-D mixtures. Xc = 0.30, w= 20, total surfactant concentration = 0.10 

mol dm-3 and T= 25 °C. Polymerization was induced by thermal (Th) and UV 

(UV) initiation. As stated, curves and corresponding fits have been divided by a 

constant for clarity of presentation: polyTh/3; polyUV/20. 
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R°ey /A Xc State W Polymerization % L/A 
Model Guinier 

0.00 mon 8 - 10 9 110 

polyTh 8 16 12 - 110 

polyThN2 8 8 16 - 110 

poIyUV 8 21 10 - 110 

polyUVN2 8 19 10 - 110 

0.10 mon 

polyTh 

polyThN2 

poIyUV 

polyUVN2 

10 

10 

10 

10 

10 

- 
18 

20 

28 

23 

13 

12 

11 

12 

13 

11 

9 

9 

10 

9 

200 

200 

200 

200 

200 

0.20 mon 18 - 20 24 200 

polyTh 18 14 18 20 200 

polyThN2 18 13 19 21 200 

poIyUV 18 16 21 24 200 

polyUVN2 18 25 20 23 200 
0.30 mon 30 - 34 36 400 

polyTh 30 11 32 33 400 

polyThN2 30 22 28 29 400 

poIyUV 30 14 33 35 400 

polyUVN2 30 36 30 32 400 

Table 8.6 SANS analysis from monomeric (mon) and polymerized (poly) w/o 

microemulsions composed of acrylate C-D mixtures. Total surfmer 

concentration = 0.10 mol dm-3. Polymerization was induced by thermal (Th) and 
UV (UV) initiation. Rc = core radius (model ±1A, Guinier ±3 A); L= length was 
fixed. 

8.4.3 Effect of polymerization on interfacial film curvature 

To examine any structural changes that might arise in the surfactant shell alone, 

complementary shell contrast experiments were carried out. However, to 

achieve significant contrast a solvent mixture (50% ethyl nonanoate: 50% 

cyclohexane) was employed in place of the purely H-ethyl nonanoate. To gain 
insight into changes in the film structure induced by polymerization, shell 
contrast experiments (D2O/H-surf/H-D-oil) were performed. The resulting data 
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were modelled to a hollow cylinder [10]. Since the scattering length densities of 
D20, surfactant and the solvent mixture are known; the contrast term was fixed, 

whereas the effective shell thickness (t) was adjusted in the iterations. Again 

cylinder length was fixed and adjusted manually whereas the radius was a fitted 

parameter. Polydispersity was not accounted for in this model and so some 
instrumental smearing, based on known resolution functions [13], was 
introduced to give a better fit in the high 0 region. The scale factor was used to 

test the validity of the fit. 

Figure 8.11 shows core (D20: H-surf: H-oil) and shell (D20: H-surf: D/H-oil) 

contrast curves and fits, "before" (Figure 8.11a) and "after" (Figure 8.11b) 

polymerization, for methacrylate systems with XA = 0.45 and w= 20. The insets 

display log-log plots to highlight the differences in scattering, especially at high 

Q. A significant contrast in the scattering profile is the strong Q'' dependence, 

which is consistent with the formation of cylindrical droplets [12]. Therefore, this 

solvent mixture induces a structural transition in the microemulsion droplets, 

which with pure ester alone gave spherical droplets (Figure 8.3). Replacing 50% 

of ethyl nonanoate solvent with cyclohexane appears consistent with a 

reduction in possible oil penetration into the surfactant tail region, thereby 

favouring a more planar curvature and consequent decrease in packing 

parameter P. It is well documented how interfacial curvature affects 

microemulsion structure [4,14,15], and the influence oils can have through 

penetration effects [15]. Ninham et al. [15,16] and Warr et al. [11] have shown 

clearly how the preferred system curvature is a function of oil chain length. The 

apparently poor fit at high 0 can be accounted for by the absence of a 

polydispersity function in the model. 
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Figure 8.11a SANS curves and fits (lines) from core and shell contrast 

experiments of non-polymerized w/o microemulsions composed of methacrylate 

A-B mixtures. XA -=0.45, w= 20, total surfactant concentration = 0.10 mol dm-3 

and T= 25 'C. The curves and fits from the core contrast have been divided by 

fifty and displaced from the x-axis by two units. The inset displays a log-log plot 

where the curves and fits from the core contrast have been divided by a factor 

of ten for clarity of presentation. 

(The question of polydispersity in length versus that in radius is still a matter of 
debate in the literature. Therefore, the model has been kept as simple as 

possible). Parameters from the fits are listed in Table 8.7. Model fits yield a shell 

thickness of 14 ±1A, which is consistent with chains in approximately 70% of 

the "all-trans" conformation. Concerning the acrylate systems, SANS curves 

and fits, "before" and "after" polymerization is given in Figures 8.12a and 8.12b 

respectively, and parameters are listed in Table 8.8. Again a shell thickness of 
14 A was obtained. However, the most significant finding is a clear preservation 
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of droplet morphology after polymerization, which appears to be a general 
feature of these systems. 

I(Q) / cm 
200 XA = 0.45 

1Q poly: core 
0 poly: shell 

10 

I(0) / cm' 
1 

5 0. i 

0.01 

1 

Figure 8.11 b SANS curves and fits (lines) from core and shell contrast 

experiments of polymerized w/o microemulsions composed of methacrylate A-B 

mixtures. XA = 0.45, w= 20, total surfactant concentration = 0.10 mol dm-3 and 

T= 25 "C. The curves and fits from the core contrast have been divided by 50 

and displaced from the x-axis by 2 units. The inset displays a log-log plot where 

the curves and fits from the core contrast have been divided by a factor of 10 for 

clarity of presentation. 
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Sample Re" /A L/ A t/ A 

mon: core 26 600 - 

polyTh: core 25 700 - 
polyThN2: core 24 750 - 
polyUV: core 24 800 - 

polyUVN2: core - - - 
mon: shell 29 600 14 

polyTh: shell 26 700 14 

polyThN2: shell 28 600 12 

polyUV: shell 25 600 14 

polyUVN2: shell 27 600 14 

Table 8.7 SANS analysis of core and shell contrast experiments of monomeric 
(mon) and polymerized (p) w/o microemulsions composed of methacrylate A-B 

mixtures. XA = 0.45, w= 20 and total surfmer concentration = 0.10 mol dm'3. 

R. av = average core radius ±1A; L= length (fixed); t= shell thickness ±1A. 

Phase separation indicated by *. 

Sample Re"/A L/A t/A 

mon: core 22 450 - 

polyTh: core 20 450 - 

polyThN2: core 21 450 - 

polyUV: core 19 450 - 

polyUVN2: core 20 450 - 

mon: shell 28 450 14 

polyTh: shell 27 450 14 

polyThN2: shell 28 450 14 

polyUV: shell 28 450 15 

polyUVN2: shell 26 450 14 

Table 8.8 SANS analysis of core and shell contrast experiments of monomeric 

(mon) and polymerized (p) w/o microemulsions composed of acrylate C-D 

mixtures. Xc = 0.20, w= 18 and total surfmer concentration = 0.10 mol dm 3. 

Rý = core radius ±1A; L= length (fixed); t= shell thickness ±1A. 
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I(Q) / cm-, 
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1.5 

1.0 

0.5 

Figure 8.12a SANS curves and fits (lines) from core and shell contrast 

experiments of non-polymerized w/o microemulsions composed of acrylate C-D 

mixtures. XC = 0.20, w= 20, total surfactant concentration = 0.10 mol dm-3 

and T= 25 °C. The curves and fits from the core contrast have been divided by 

50 and displaced from the x-axis by 1 unit. The inset displays a log-log plot 

where the curves and fits from the core contrast have been multiplied by a 

factor of 4 for clarity of presentation. 
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Figure 8.12b SANS curves and fits (lines) from core and shell contrast 

experiments of polymerized w/o microemulsions composed of acrylate C-D 

mixtures. Xc = 0.20, w= 20, total surfactant concentration = 0.10 mol dm-3 and 

T= 25 C. The curves and fits from the core contrast have been divided by 50 

and displaced from the x-axis by 1 unit. The inset displays a log-log plot where 

the curves and fits from the core contrast have been multiplied by a factor of 4 

for clarity of presentation. 

8.5 Discussion 

As found by Eastoe et al. [4] for DTAB-DDAB films, mixtures of chemically 

similar reactive surfactants were found to exhibit a synergistic effect; increasing 

the maximum water solubilization capacity (i. e. wmax), hence broadening phase 

stability. The influence of surfactant molecular structure and choice of oil on 
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droplet morphology was clearly demonstrated i. e. by a sphere-to-rod transition 

when replacing methacrylate surfiners with the corresponding acrylates, or 

using a solvent mixture. 

These results are related to those reported by Mackay et al. [17], who used a 

w/o microemulsion, stabilized by didecyldimethylammonium methacrylate. This 

surfmer bears a polymerisable counterion, as opposed to a reactive 
hydrophobic chain, as is employed here. The polymerisation resulted in 

polyelectrolyte particles with a final diameter of about 6 nm, which were of 

similar size to the starting nanodroplets. The idea of employing a surfactant with 

a polymerizable counterion has also been used by Kline [18]. However in this 

particular case, Kline [18] showed how to "lock-in" a cylindrical micellar 

structure, which proved insensitive to dilution and temperature variation. In 

contrast, a surfactant with a polymerizable group located at the end of the 

hydrocarbon chain was employed here, with the intention of polymerizing the 

microemulsion film to yield a rigid nanocapsule. 

On a similar theme, O'Brien et al. [19] have been able to polymerize an inverted 

hexagonal phase (H2), formed by a di-functional phospholipid with a 

polymerizable dienoyl group in each chain. The polymerizable species bear 

some similarity to those employed here, although the dynamics of mesophases 

are somewhat slower than that encountered in microemulsions. The dimensions 

of the H2 unit cell were shown to be temperature dependent prior to 

polymerization, and then fixed by polymerization at a desired temperature. 

Consequently this permits the formation of encapsulated aqueous lipid 

nanotubes with "tuneable" dimensions. 

It was found that the interfacial film could be partially polymerized (at best 35%), 

whilst maintaining the desirable features of a microemulsion (i. e. transparency 

and thermodynamic stability). The low conversion to polymer might be due to 

several reasons. Firstly it could be linked to the nature of the solvent, ethyl 

nonanoate. Ethyl nonanoate bears two relatively acidic protons adjacent to its 

carbonyl group, which makes it susceptible to undesirable side reactions, such 

as chain-transfer reactions. Such reactions are well known to lower the final 
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molecular weight of polymers [5]. Therefore, an alternative oil is required that 

perhaps is not so vulnerable to such undesirable side reactions. Alternatively, 

the low conversion could be a direct result from the presence of 02 molecules, 

which act as effective polymerization inhibitors. In general, analyses given in 

Tables 8.1 and 8.2 show that the degree of polymerization (DPn) increases on 

purging the samples with nitrogen prior to initiation. A more efficient way of 

removing 02 molecules might be by degassing samples using the freeze-pump- 

thaw technique. Despite, the low conversions it was found that the structure of 
the original droplet was unchanged after reaction, therefore yielding partially 

encapsulated aqueous nano-domains. 

8.6 Conclusions 

In conclusion, these results clearly demonstrate size control of microemulsion 
droplets through interfacial mixing of surfiners, such as A and B (C and D). Also 

highlighted is the influence molecular structure on packing geometry, and the 

effect this can have on droplet morphology. Partial polymerization of the 

interfacial film can be achieved, whilst maintaining the desirable aspects of a 

microemulsion, such as droplet size and morphology, thermodynamic stability 

and transparency. Therefore, these initial results are encouraging. 

Surfmer mixtures in microemulsion films have been shown to exhibit similar 
behaviour to their "chemically inert" analogues such as 
dodecyltrimethylammonium bromide and didodecyldimethylammonium bromide 

[4]. Film composition, in terms of single-chained surfiner, can be used as a 

control variable for selecting droplet size. Polymerization of these films 

produced partially encapsulated aqueous domains with a close retention of 

structural detail, and little evidence for catastrophic phase separation or loss of 
interfacial activity of the poly-surfactants. 
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Chapter Nine 
BaSO4 Nano-particles Templated from 

Poly-Surfactant Shells 

9.0 Introduction 

As shown recently by Pileni [1], reversed microemulsions have proved useful as 

reaction template media for nano-particle formation: the classic systems are 
Aerosol-OT-stabilised water-in-oil (w/o) microemulsions. Since these surfactant 
films are stabilised by weak van der Waals forces, direct templating is difficult to 

achieve, and often, the resulting particles are much larger than the initial 

microemulsion droplets. Instances of shape replication are rare, the best 

documented being the formation of copper nano-rods produced with Cu(AOT)2 

[1]. A new approach is described here, employing microemulsion films 

composed of partially polymerized surfmer mixtures (Chapter 8), which enclose 

nanometer-sized aqueous reaction domains [2,3]. A series of experiments 

were performed, which include: 

Preparation of spherical BaSO4 nano-particles. 

Particle ageing. 

The effect of w on particle size. 

IV. Preparation of cylindrical BaSO4 nano-particles. 

The main findings were: 

1. Non-polymerized and polymerized spherical microemulsion droplets 

gave rise to a biomodal distribution spherical BaSO4 nanoparticles. 
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II. Particles were stable over a week; those prepared in partially 

polymerized shells remained spherical, whereas those in non- 

polymerized systems were found to elongate. 

III. Particles responded in a predicatable way to the size of the precursor 
droplets i. e. size increases with water contents. 

IV. Starting with poly-surfactant-stabilised, cylindrical droplets, nano-rods 
were formed, whereas those formed in the non-polymerized system were 

predominantly spherical. 

The principal objective was to investigate whether a partially polymerized 

microemulsion shell alters the final size/morphology of BaSO4 nanoparticles. 
Owing to high electron density, formation of BaSO4 nanoparticles in w/o 

microemulsions can be readily followed by TEM, and this system has received 

attention in recent years [e. g. 4-8]. However, in general, the initial 

microemulsion droplets showed to have limited influence over the final particle 

size and morphology. In theory, a partial polymerization should improve 

mechanical strength of the effective reaction vessel, enhancing its templating 

effect. Various parameters are known to affect the final particle size and 

morphology, such as water content (i. e. w= [H2O]/[surfactant] ), time and in this 

case choice of solvent. These parameters will be considered in turn, comparing 

particles synthesized in monomeric and polymeric systems. 

9.1 Experimental 

Samples of desired composition were made-up at a constant surfactant 

concentration of 0.1 mol dm-3 and w values (w = 
[water] ). The reactants, [surfactant] 

BaCI2 (99.9%, Aldrich) and Na2SO4 (GPR, BDH), were prepared as 
0.2 mol dm-3 aqueous solutions, and added to a mixture of surfactant and oil to 

produce a transparent w/o microemulsion. The preparation of BaSO4 was 
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achieved by rapidly mixing equal volumes of the two separate microemulsions 

containing the respective reactants. The dynamic nature of microemulsion 

phases causes the contents of the aqueous droplets to mix and redistribute very 

rapidly [9] facilitating a chemical reaction. On the other hand, particle growth is 

typically longer than this (min - hr) [e. g. 10]. Directly after mixing, 

polymerization was initiated as previously described [2,3]. The morphology 

and size distribution of BaSO4 nanoparticles was determined by transmission 

electron microscopy (TEM). Reproducibility of the images was checked by 

studying newly made-up, repeat samples. 

9.2 Results and Discussion 

9.2.1 Background microemulsion 

Initially, BaSO4 nanoparticles were prepared in a microemulsion composed of 
XA = 0.40, w= 10 and ethyl nonanoate oil. As a reference a TEM micograph of 

the background microemulsion was taken, and is shown in Figure 9.1. The 

mean particle diameter and polydispersity are tabulated in Table 9.1. A 

theoretical particle diameter can be estimated from Equation 9.1: 

Rav_3y w 
c av ah 

(s. 1) 

where RC'v is the average core radius, w is the water-to-surfactant molar ratio 

([H20]/[surfactant]), v, � is the volume of a water molecule and ah" is the effective 

molecular head-group area at the interface. As described elsewhere [2,3] 

SANS gave a mean value for ah" = 64 A2 ±2 A2 
, in good agreement with similar 

results of Warr et at. for structurally related, but chemically inert quaternary 

ammonium surfactants [11]. Hence, the calculated diameter (2.8 nm) agrees 

well with that by TEM observation. 
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9.2.2 Spherical BaSO4 nano-particles 

BaSO4 nano-particles were prepared in microemulsions composed of XA = 

0.40, w= 10 and ethyl nonanoate oil. In general, mixing the two separate 

microemulsions produced a slightly turbid phase that phase separated after 

polymerization to give a transparent solution coexisting with a fine layer of white 

precipitate. TEM analysis was performed on the upper liquid phase, 
immediately after polymerization, and after fixed ageing periods. Shown in 

Figure 9.2 are particles obtained with non-polymerized (Figure 9.2a) and 

polymerized (Figures 9.2b and 9.2c) microemulsion films; particle sizes are 

given in Table 9.1. The initial "weak" shell system yields relatively polydisperse 
(p = 0.29) spherical particles of average diameter 18.7 nm i. e. significantly 
larger than the background microemulsion droplets. This latter result is not 

unusual and is generally observed for particles synthesized in w/o 

microemulsions. A similar diameter was found for the polymerized systems, but 

there was a clear decrease in polydispersity (Table 9.1). 

Figure 9.1 TEM micrograph of the parent microemulsion composed of XA = 40, 

w= 10 made-up in ethyl nonanoate. 
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Shown in Figure 9.2b, for the thermally initiated system, is a relatively 

monodisperse distribution, where in regions particles pack together in an 

ordered hexagonal array. This would appear to reflect the improved templating 

effect of the partially polymerized interface. An interesting result, common to all 

samples, is the coexistence of a population of much smaller particles, which are 
just visible in Figure 9.2c. Figure 9.2d is an enlargement, corresponding to 

Figure 9.2c on a 50 nm scale. A relatively polydisperse distribution of spherical 

particles with a mean diameter of 3.8 nm is observed. This could represent a 
bimodal particle distribution, or precursor microemulsion droplets loaded with 

reactant ions, which could account for the enhanced contrast. Obviously, the 

mean particle diameter is larger than that found with the equivalent 

microemulsion. 
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Figure 9.2a BaSO4 nanoparticles prepared in a monomeric microemulsion with 

XA = 40, w= 10 and ethyl nonanoate as the oil component. 
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Figure 9.2b: BaSO4 nanoparticles prepared in a partially polymerized 

microemulsion phase with X, = 40, w= 10 and ethyl nonanoate as the oil 

component. Polymerization was thermally initiated. 
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Figure 9.2c: BaSO4 nanoparticles prepared in a partially polymerized 

microemulsion phase with XA, = 40, w= 10 and ethyl nonanoate as the oil 

component. Polymerization was UV initiated. 
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Figure 9.2d: Figure 2c magnified to a 50 nm scale. 

Complex nucleation and growth kinetics, which are governed by exchange 

dynamics, could explain a bimodal particle distribution. Polymerization may 

affect droplet coalescence and fission, thereby altering the inter-compartment 

exchange process. Similar particle sizes were observed in BaNaAOT reverse 

micelles by Mann et al., who reported oval-shaped particles, 70 - 150 nm long 

and 50 - 100 nm wide, composed of smaller amorphous, roughly spherical 

BaSO4 nanoparticles between 2 and 4 nm in diameter [5]. 
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D. phere 
/ nm Dcylinder / nm L/ nm 

Figure XA w p 
efefef 

9.1 0.40 10 2.8 2.7 ---- 0.20 

9.2a 0.40 10 2.8 18.7 ---- 0.29 

9.2b 0.40 10 2.8 21.9 ---- 0.17 

9.2c 0.40 10 2.8 25.8 ---- 0.22 

9.2d 0.40 10 2.8 3.8 ---- 0.26 

9.3a 0.40 10 --- 15.9 -- 0.18 

0.40 10 --- 22.7 0.19 

9.3b 0.40 10 2.8 23.5 ---- 0.25 

9.4a 0.40 5 1.4 14.0 ---- 0.19 

9.4b 0.40 5 1.4 14.3 ---- 0.22 

9.5a 0.45 20 35.0 ----0.39 
0.45 20 - - 2.7 32.6 --0.22 
0.45 20 - --- 62.5 59.6 0.23 

9.5b 0.45 20 - 22.9 ----0.20 
0.45 20 - - 2.7 28.8 --0.22 
0.45 20 --- 62.5 52.8 0.32 

9.5c 0.45 20 - 29.7 ----0.23 
0.45 20 - - 2.7 36.1 --0.19 
0.45 20 - --- 62.5 66.7 0.27 

Table 9.1 TEM particle sizing analysis. Dsphere = mean diameter of spherical 

particles, Dcylinder = the mean cross-sectional diameter of cylinderical particles, L 

= cylinder length and p is the polydipersity function. `e' defines the expected 

particle dimension; calculated from Equation 9.1 for spherical particles and 

determined from SANS experiments for cylinders. `f' represents the particle 

dimension determined from TEM analysis. 

9.2.3 Particle ageing 

Particle size and shape may change due to Ostwald ripening, and the 

dispersion may be destabilized by aggregation. The effect of time was 
investigated for the non-polymerized and UV initiated samples. Over a period 

of 1 week no obvious changes in macroscopic appearance of the systems was 

observed for these systems, and results are given in Table 9.1. Particles 

prepared with un-reacted particle shells appeared to have elongated over time, 
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yielding short rod-like particles with an axial ratio of 1.4. In comparison, for the 

partially polymerized system spherical particles persisted, with a small decrease 

in mean diameter. However, as previously found by Mann et al. [7], some of the 

crystals appeared rectangular or rhombic. A second population of smaller 

particles (as shown in Figure 9.2d) with a mean diameter of 3.1 nm was always 

observed. Although these initial results show a distinct lack of size control, with 

a mean particle diameter generally larger than anticipated, there is clear control 

over the final particle morphology, which is better preserved in the cross-linked 

system. 

ý0iý G 

Figure 9.3a: BaSO4 nanoparticles one week after of preparation in a 

monomeric microemulsion phase. 
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Figure 9.3b: BaSO4 nanoparticles one week after of preparation in a partially 

polymerized microemulsion phase. UV initiated. 

9.2.4 The effect of w 

Numerous reports suggest for certain systems [10,11] final particle size is 

directly linked to the size of the initial microemulsion droplet i. e. w. Pileni et al. 

have shown how self-assembly of Cu(AOT)2 directly depends on w and the 

influence phase structure has on the final particle size and morphology. On the 

other hand, other reports suggest no obvious relationship between w and the 

final particle size [12]. The next part discusses results obtained at a different w 

value for both the non-polymerized and partially polymerized systems. 

Microemulsions were prepared keeping XA constant at 0.40 and w=5. TEM 

micrographs of the monomeric and UV initiated microemulsions are shown in 

Figures 9.4a and 9.4b, respectively, and results of the TEM analyses are given 

in Table 9.1. In both cases, spherical particles are formed, and there is clearly 

a corresponding decrease in the mean diameter. Particle size distributions are 

very similar in both cases. As seen in previously studied samples, the 

monomeric system shows a decrease in polydispersity at the lower w value, 

whereas there is no change for the polymerized system. 
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Figure 9.4a: BaSO4 nanoparticles prepared in a monomeric microemulsion with 

XA = 40, w=5 and ethyl nonanoate as the oil component. 
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Figure 9.4b: BaSO4 nanoparticles prepared in a partially polymerized 

microemulsion phase with X,, = 40, w=5 and ethyl nonanoate as the oil 

component. Polymerization was UV initiated. 
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As seen at w= 10, there is a coexisting population of smaller particles, which 
have mean diameter of 3.5 nm; close to that found above. Equation 9.1 

estimates a diameter of 1.4 nm for the equivalent "ion-free" droplets, which is 

somewhat smaller in size. This appears to be consistent with a bimodal particle 
distribution. 

9.2.5 Reactions in cylindrical microemulsion droplets: the effect of co- 
solvent 

As shown previously by SANS [2,3], if a solvent mixture of 50: 50 ethyl 

nonanoate and cyclohexane is employed there is a clear sphere-to-rod 

transition in the parent microemulsion. An identical reaction was carried out in 

the cylindrical droplets with XA = 0.45 and w= 20. Barium sulfate particles 

prepared in un-reacted and UV - polymerized shell systems are shown in 

Figures 9.5a and 9.5b respectively, sizes are given in Table 9.1. The 

monomeric system shows little direct templating effect, producing a majority of 

spherical particles with a mean diameter of 35.0 nm. Nonethless a small 
fraction of cylindrical particles does exist with a mean cross-sectional diameter 

of 33 nm, and length 60 nm, yielding an axial ratio of 1.8. Although the radial 
dimension is somewhat larger than for the starting droplets, the length is of 

similar size. On the other hand, the polymeric system gave rise to a large 

majority of cylindrical particles, clearly indicating an improved templating effect. 
The mean cross-sectional diameter was found to be 29 nm, and length 53 nm, 

yielding an axial ratio of 1.8. A small minority of spherical particles exists with a 

mean diameter of 23 nm. In both cases there is no evidence of a bimodal 

particle distribution. The effect of time on the polymeric system was 
investigated, and Figure 9.5c is an image for the poly-surfmer shell system 

taken one week after preparation. Although particle sizes have increased 

(Table 9.1), a large majority of cylindrical particles are still present; clearly 
demonstrating the templating effect is preserved. Comparing with other non- 

reacted shell systems Pileni et al. [1] had some success obtaining cylindrical Cu 

nano-particles in Cu(AOT)2 reversed micelles. In that case the majority of 

particles remained spherical with typically 13% cylinder formation. However, it 
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was found that using interconnected cylinders as templates lead to a higher 

fraction (42%) of uni-dimensional particles. 

`:, NnNOý ý 

Figure 9.5a: BaSO4 nanoparticles prepared in a monomeric microemulsion with 

XA = 40, w= 10 and 50% ethyl nonanoate: 50% cyclohexane as the oil 

component. 
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Figure 9.5b: BaSO4 nanoparticles prepared in a partially polymerized 

microemulsion phase with XA = 40, w= 10 and 50% ethyl nonanoate: 50% 

cyclohexane as the oil component. Polymerization was UV initiated. 

NO 

Figure 9.5c: BaSO4 nanoparticles one week after of preparation in a partially 

polymerized microemulsion phase using cyclohexane as co-solvent. UV 

initiated. 

281 



BaSO4 Nano-particles Templated from Poly-Surfactant Shells 

9.3 Conclusions 

BaSO4 nano-particles were prepared in water-in-oil microemulsions, formulated 

with mixtures of single- and double-chain polymerizable cationic surfactants 
(surfmers). Particles formation was studied "before" and "after" initiating a 

polymerization reaction to covalently link surfactant monomers at the oil-water 
interface. Starting with spherical microemulsion droplets (ethyl nonanoate 

solvent), the non-polymerized shell systems gave rise to relatively polydisperse 

spherical particles of mean diameter significantly larger than the parent 
droplets. Performing the reaction in cylindrical microemulsion droplets (50: 50 

ethyl nonanoate: cyclohexane mixed solvent) produced spherical particles, 
implying that the non-polymerized surfactant film was too mechanically weak to 

limit particle growth. By partially polymerizing the surfactant film a relatively 

monodiperse distribution of spherical particles was obtained that remained 

stable after a week. In both the monomeric and polymeric systems it was found 

that the final particle size was related to the water content (i. e. `w') of the initial 

droplets. Another common effect observed where spherical droplets were used 

as templates was the occurrence of a second particle distribution with a mean 
diameter between 3 and 4 nm. These results clearly demonstrate that cross- 
linking increases interfacial rigidity, producing an improved template with a 

prolonged lifetime. The most significant results were obtained with systems 

containing cylindrical microemulsion droplets. It was found the majority of 

particles formed were cylindrical with an axial ratio of 1.8. These results 
demonstrate clear advantages of partially polymerized surfactant shells for 

templating anisotropic inorganic particles from water-in-oil microemulsions. 
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Chapter Ten 
Summary 

10.0 Introduction 

This final chapter summarizes the most significant findings, and conclusions of 
the research project. The main points from each chapter are highlighted. 

Finally, some general thoughts are discussed for possible future work. 

10.1 Aqueous Micelle Polymerization (Chapter 6) 

The main findings were: 

I. In a similar fashion to mixtures of DTAB-DDAB [1], mixing of A+B, C+ 

D and E+A was found to be essentially ideal. 

II. Mixture composition could be used as an effective control variable for 

"tuning" interfacial curvature and phase structure. Near spherical, rod- 
like and bilayer structures were achieved as the mole fraction of double- 

chained surfmer was increased. 

III. Essentially 100% polymerization was achieved without any catastrophic 

phase separation. 

IV. SANS studies showed structures were broadly retained after 

polymerization. This proved more difficult for small spherical micelles. It 

was found that by using the more reactive acrylate surfactants 
"templating" of the parent micelle improved. 
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V. SANS, TEM and electrical conductivity experiments demonstrated that 

polymeric species persist below the c. m. c of the "free" un-reacted 
system. 

10.2 Polymerization of Lyotropic Liquid Crystalline Phases 
(Chapter 7) 

The main findings were: 

I. Phase behaviour was found to respond in a predictable way according to 
the critical packing parameter, P. Using 100% single-chain surfiner a 
normal H1 hexagonal phase was achieved, which transformed into a 
lamellar La phase upon substitution with double-chain. 

II. Lamellar La phases could be successfully polymerized, whilst 

maintaining phase structure. However, dimensions of the corresponding 

polymer were found to deviate from the original template. 

III. Polymerizing a normal H1 hexagonal phase produced a polymer with 
some long-range order, characteristic of liquid crystalline phases. 
However, neither PLM, nor SAXS could determine the exact phase 

structure. 

10.3 Polymerization of Microemulsion Films (Chapter 8) 

The main findings were: 

I. As with DTAB-DDAB [2], mixtures of the reactive surfactants were found 

to exhibit synergism i. e. wmax increased as the mole fraction of single- 
chained surfmer increased. 
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II. The influence of molecular structure was highlighted by a sphere-to-rod 

transition when replacing methacrylate surfiners with the corresponding 

acrylates. 

Ill. The effect of solvent was also observed by a sphere-to-rod transition, as 

a 50: 50 ethyl nonanoate and cyclohexane mixture was used in place of 

pure ethyl nonanoate. 

IV. The interfacial film could be partially polymerized, whilst maintaining the 

desirable aspects of a microemulsion, such as transparency and 
thermodynamic stability. 

V. The structure of the original shell was maintained producing partially 

encapsulated aqueous nano-domains. 

10.4 BaSO4 Nano-particles Templated from Poly-Surfactant 

Shells (Chapter 9) 

The main findings were: 

I. A bimodal distribution of spherical BaSO4 nano-particles was prepared in 

non-polymerized and polymerized spherical microemulsion droplets. 

II. Particles remained stable after a week; those prepared in partially 

polymerized shells remained spherical, whereas those in the non- 

polymerized systems were found to elongate. 

Ill. Particles responded in a predictable way to the size of the precursor 

microemulsions i. e. size decreases with smaller water content (w). 

286 



Summary 

IV. Cylindrical BaSO4 nano-particles could be prepared in partially 

polymerized cylindrical microemulsion droplets, whereas those formed in 

the non-polymerized system were predominantly spherical. 

10.5 General Conculsions 

The general theme of using surfactant mixtures, such as that reported by Kaler 

et al. [1] for DTAB-DDAB micelles, and Eastoe et al. [2] for DTAB-DDAB 

microemulsion films, has been successfully employed here with reactive 

surfactants ("surfmers"). A total of five different surfmers were successfully 

prepared and characterized. The use of surfmer mixtures across a wide range 

of self-assemblies was investigated, spanning from dilute aqueous micelles 
through to the more complex lyotropic liquid crystalline and multi-component 

microemulsion phases. Broadly speaking, interfacial curvature was found to 

respond in a predictable way to mixture composition and concentration in non- 

polymerized and polymerized phases. These results clearly demonstrate the 

general utility of surfmer mixtures to produce nano-structured media of desired 

curvature, with complete, or partial, "locking-in" of the original structure. 

In the case of dilute aqueous, near spherical micelles, the "templating" effect 

was of limited success. In general, SANS detected growth had occurred during 

polymerization, which gave rise to elongated rod-like aggregates. The extent of 
growth was more prominent for methacrylate surfactants (A and B), 

demonstrating that the nature of surfactants plays an important role in the 

polymerization process. In terms of a reaction mechanism, it is believed that 

polymerization was initiated in the aqueous phase, followed by rapid chain 

propagation in the hydrophobic micellar cores. Owing to a potential overlap of 

chain propagation and micelle dissolution rates, coupled with steric crowding 

effects in the more motionally restricted environment of the polymer, a 
topochemical polymerization, yielding a truly "polymerized micelle", appears 
highly unlikely. On the other hand, results suggest that Sherrington's proposal 
of a "polysoap" structure [3] is a more realistic representation. In contrast to 
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micelles, bilayer vesicles, where dissolution times are expected to be 

comparatively slower, are easily stabilized through polymerization. In fact 

vesicles were first successfully polymerized by Regen et al. in 1980 [4]. In 

order to optimise the "templating" effect, knowledge of polymerization kinetics 

and the development of microstructure during reaction is required. Not 

surprisingly, monomer organization, and local orientation of the polymerizable 

groups directly affect the polymerization process and final polymer properties. 
These results, coupled with those of Kline [5,6], clearly demonstrate that 

micelle polymerization is a "template-mediated" process. The polymerized 

structures were insensitive to dilution, demonstrating an enhanced physical 

stability compared to the parent monomeric systems. Furthermore, structures 

were found to persist below the c. m. c of the "free" un-reacted micelles. A 

fundamental aspect that has been addressed is the characterization of the 

polymers (i. e. molecular weights MW ). Analytical ultracentrifugation was 

employed, however this failed to characterize the polymer alone i. e. non- 

aggregated forms. To overcome this problem, a solvent is required in which the 

polymer is soluble, but does not aggregate. Still, these results do not directly 

relate to the structure of the individual polymer chains, and what is remarkable 
is that this type of chemistry can be performed in such an extensive variety of 

self-assembly systems. 

The manner in which polymerized lyotropic liquid crystals were prepared, 

suggests that the final structures be composed of aggregated clusters of 

polyelectrolyte units. Bearing this in mind, it is plain to see the difficulties 

involved in trying to prepare a polymerized mesophase, in particular a normal 
H1 hexagonal phase. O'Brien et al. [7] proposed a more successful method, 
however, this used an inverse H2 hexagonal phase and introduced the radical 
initiator into the hydrophobic continuous phase. By introducing an oil-soluble 
initiator into the hydrophobic domains might offer a plausible solution. However, 

the motionally restricted environment may hinder propagation. An alternative 
method would be to use an H-type surfmer, or mixtures of H- and T-types, 

which would allow prior formation of the mesophase, followed by subsequent 
polymerization in the continuous aqueous phase. 
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It was found that the same underlying principles could be applied to w/o- 

microemulsions. Polymerization of microemulsion films composed of surfmer 

mixtures produced partially encapsulated aqueous nano-domains. The 

structure of the starting micromeulsion droplet could be varied by subtle 

changes in surfactant molecular structure and choice of oil. Despite best efforts 

these phases could only be partially polymerized; at best 35%. The low 

conversion of interfacial polymerization was thought to relate to either, or a 

combination of, the choice of oil and, or the presence of 02 molecules, as 

discussed in Chapter 8 (Section 8.6). The obvious solutions would be to use a 
different oil that is perhaps not so susceptible to chain-transfer reactions, and to 

employ the alternative freeze-pump-thaw technique to expel any 02 molecules. 
However, as already explained (Chapter 8, Section 8.2) conventional 

hydrocarbons were ineffective in formulating w/o-microemulsions with the type 

of surfactants employed here. Therefore, consideration needs to be given to 

suitable alternatives, such that the surfactant and oil are compatible in the 

absence of undesirable side reactions. Mackay et al. [8] have shown success 

in reverse micelles, forming very small nano-latex particles (6 nm), using a 

polymerizable counterion (didecyldimethylammonium methacrylate). Applying 

this strategy for inorganic nano-particle preparation, might have consequences 

on the final particles i. e. incorporation of initiator/polymer inside the aqueous 

cores might disrupt particle nucleation and growth processes. 

These poly-surfactant-stabilized droplets were shown to influence the growth of 
BaSO4 nano-particles. This was best demonstrated starting with polymer- 

surfactant, cylindrical microemulsion droplets, which gave rise to nano-rods of 
BaSO4. In contrast, for the same microemulsion, but with non-polymerized films 

spherical particles were predominant. This clearly demonstrates the enhanced 
"templating" effect of the poly-surfactant interface compared to the weaker un- 

reacted film. Therefore, in spite of the low conversion these systems have 

proved successful as templates. This method of covalently linking the interface 

provides a better "templating" effect than the corresponding non-polymerized 

systems, and demonstrates use of polymerizable surfactants to improve 

microemulsions as "templating" media. 
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10.6 Future Work 

Possible future work in this area is summarized below. 

I. Performing a UV-initiated polymerization reaction at room temperature, in 

dilute aqueous phases might be more favourable towards a desirable 

"templating" mechanism, and therefore could be examined. 

II. To gain a better understanding of the polymerization process (i. e. 

reaction rates and progression of microstructure), SANS experiments 

coupled with 1H NMR spectroscopy, could be performed at regular 
intervals during the reaction. 

III. Further efforts need to be devoted to characterizing the polymers i. e. 

analytical ultracentrifugation experiments re-run in a suitable solvent (e. g. 

ethanol). Alternative techniques that could prove useful are light 

scattering, and Matrix Assisted Laser Desorption Ionization mass 

spectrometry (MALDI). 

IV. Studies could be repeated with a different selection of surfmers i. e. a 

twin-tailed polymerizable surfactant (polymerizable group in both tails), or 

one containing a polymerizable group in both the hydrophilic head-group 

and the hydrophobic tail. This may give rise to improved mechanical 

properties on both sides of the interface. 

V. Using triple-chain and gemini-surfmers offers more scope for varying 
interfacial curvature and phase structure. 

VI. Using surfactant polymer blends, or introducing a cross-linking agent, 

such as ethylene glycol dimethacrylate may improve conversion, and 
final polymer properties. In addition, degassing samples using the 
freeze-pump-thaw technique prior to initiation might improve conversion. 
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VII. If a suitable microemulsion were found in which essentially 100% 

conversion was obtained, an interesting experiment would be to prepare 

a sample below wmax, carry out the polymerization, and then run SANS 

experiments, "before" and "after" addition of extra water to monitor any 

changes in R"" 

VIII. Different chemistry could be performed inside the partially encapsulated 

aqueous domains, to test whether "templating" is a general phenomenon 
or system specific. 

In conclusion, this project has covered a wide variety of different systems, and 

strategies for producing polymerized, nano-structured templating and reaction 

media. These studies have highlighted well established routes and problems 

encountered, which will hopefully inspire further efforts, in order to gain a better 

understanding of the processes involved. On reflection these findings have 

partially fulfilled the original aims, have made a useful contribution to this field of 

research, and have laid sound foundations for future projects. 
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