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Abstract
A new method of preparing solid nanostructured polyelectrolyte films through selfassembly at the air/solution interface was discovered by our group. These films form
spontaneously through interactions between water-soluble polymers with polarisable
groups, and surfactant micelles with a positive charge. The films have an ordered
mesostructure consisting of a surfactant liquid-crystalline phase in a polymer hydrogel
matrix. In initial work, micellization of a variety of cationic surfactants in the presence
of the film-forming polymer, polyethylenimine, was investigated. Surfactants, which
formed robust, well-ordered films, were selected for the subsequent experiments.
The main aim of this thesis was to exploit the mesostructures in these films as templates
for polymerization of styrene. The replication of ordered surfactant liquid-crystalline
structures into mechanically and chemically stable nanostructured polymer materials
could provide a rapid, cheap method to generate intricate nanostructures. As a first step
of this project, encapsulation of styrene into cationic surfactant/polymer films was
investigated. Deuterated and hydrogenated styrene were used to probe the structure and
location of styrene in the micelles and films using small-angle neutron scattering and
neutron reflectivity experiments. The results showed that styrene was most effectively
encapsulated in the films prepared from cetylpyridinium bromide (CPBr) and
benzyldimethylhexadecylammonium bromide (BDHAB). In the films, the high
viscosity hydrogel surrounding the swollen surfactant micelles prevents diffusion and
micelle rearrangement on short timescales, making them an ideal host for styrene
polymerisation to create solid polymer nanostructures within the water-soluble polymer
film. Both thermal methods and UV-irradiation were used to initiate polymerization of
the encapsulated styrene. The nanostructured polystyrene produced was characterised
using a range of techniques.
In the second part of this project, the species 1-(2-Pyridylazo)-2-naphthol (PAN) and
pyrene were incorporated in the micelles in the nanostructured hydrogel films to prepare
metal ion sensors. PAN is a well-known chelating agent for transition metal ions. When
used with pyrene in micellar systems the fluorescence response of pyrene is modified in
a quantitative manner when PAN is bound to metal ions. The response of the micellar
solution can thus be calibrated and used as a fluorescence sensor. Unfortunately the
optical response of the films was poor, but the films were used in an electrochemical
cell, demonstrating selective and sensitive detection of metal ions.
IV
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1. Introduction
Many investigations have been carried out in the past few decades, with the target to
synthesize nanomaterials systems and to control their physical properties. Most of these
studies have presented the great efforts and versatility of the synthetic methods [1-3].
Nanostructured materials, or nanomaterials, indicate

materials that have relevant

dimensions on the nanometer length scales (1nm equals 10 Å equals 10-9m) and exist in
states between isolated atoms or molecules and bulk matter. These materials have
distinctive physical and chemical properties that are different from bulk materials. Their
size-dependent properties, their sensitivity to surface phenomena, and how they are
spatially arranged present a significant challenge to our fundamental understanding of
how these materials should behave [4]. Nanoscale materials, the foundation of
nanoscience and nanotechnology, have become one of the most popular research topics
in a very short period of time. The intense interest in nanotechnology and nanoscale
materials is supported by the huge economical, technological, and scientific impact
anticipated in several areas [5]. Nanomaterials have demonstrated great potentials for
applications in electronics, photovoltaics, catalysis, sensors, detectors etc [5, 6]. The
advances in these areas will affect our daily life from how we design a faster computer,
to how we use and conserve energy, preserve the environment, and how we diagnose
and treat disease. The research and development in nanomaterials involves three key
aspects: assembly and synthesis of the nanomaterials, characterization of their
properties, and exploration or implementation of their applications [7]. The
nanostructured material system is of increasing significance in our technologydominated economy and this suggests the need for a large amount of research to
improved methods of synthesis [7-9].
Self-assembly has become one of the most important effective and promising
approaches to synthesize a wide range of novel nanoscale materials [10, 11]. In the selfassembly processes, atoms, molecules, particles, and other building blocks organize
themselves into functional structures as driven by the energetics of the system [12, 13].
Self-assembly also involves that if the system is taken apart into the appropriate
subunits, these subunits can then be mixed to reform the whole structure under
favourable conditions. The most important driving force for self-assembly is the

1

------------------------------------------- Chapter 1 ---------------------------------------------interaction energies between the subunits, whether they are atoms, molecules, or
particles [8, 14].
It is worth noting that at present, the huge efforts are directed to establish suitable
techniques to assemble nanoparticles in 1D, 2D, and 3D architectures that have
importance in many applications for instance biotechnology, sensor, and intelligent
responsive nanostructured materials [13].
Amphiphilic molecules (molecules containing both hydrophilic and hydrophobic
groups), such as surfactants, copolymers, and proteins, play a critical role in a wide
range of self-assembly phenomena. Due to these self-assembly mechanisms into
ordered nanostructures at interfaces and in bulk solution the amphiphilic molecules are
frequently

used

to

structure

other

materials.

For

example

a

range

of

amphiphiles/polyelectrolyte materials can precipitate having a highly ordered nanoscale
structures, when a mixture of solutions of amphiphiles or surfactants are mixed with
polyelectrolyte of opposite charge [15-18]. These combinations consist of a surfactant
liquid-crystalline phase with the polyelectrolyte intercalated into the spaces between
surfactant headgroups. In general, many factors control the polymer/surfactant
nanostructures shape such as the charge on each species, polymer:surfactant ratio,
surfactant headgroup area and the presence of additives such as salts and other small
molecules [19-22].
Polyelectrolyte/surfactant mixtures have proven to provide the basis for new materials
with extraordinary properties that make them interesting and important from the
viewpoints of academic research, as well as industrial applications. Recently
polyelectrolyte/surfactant research has increased, not only because of their importance
in essential polymer physics/biophysics but also because of their great possible
application to engineering, pharmaceutics, and noanocomposite material sciences [2325]. The numerous useful properties of these complexes result from the highly ordered
structures formed by the self-assembly of surfactant molecules through the aggregate
behaviour. Solid-state polyelectrolyte/surfactant complexes are one of the most
interesting topics as a new class of materials with special electrical, optical, and
mechanical properties [23, 26-30]. They have extraordinarily diverse mechanical
properties ranging from elastomers to crystalline solids. Solid nanostructured
polyelectrolyte/surfactant films can be promising hosts for many applications such as
drug delivery [31], nanostructured polymer materials [32] and metal ion sensors [33,
34].
2
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1.1

The Aim and Objectives of this Project.

The major aims of this thesis are:
1- To achieve an understanding of the cationic surfactant and polyelectrolyte
interactions responsible for forming particular nanoscale structures in free-standing
polymer

amphiphile

films.

This

step

was

achieved

by

studies

of

polyethyleneimine/surfactant films varying the chain length and headgroup of the
surfactant, where both the interactions in polyelectrolyte-cationic surfactant
solutions and the relationship between these and the materials properties of the
films were investigated. The polymer/surfactant solutions were characterised by
using small angle neutron scattering (SANS), X-ray and neutron reflectivity and
conductivity. These data are mainly discussed in Chapter 3.
2- To investigate the effect of incorporation of polymerisable species such as styrene
and methyl methacrylate to create solid polymer nanostructures within the polymer
hydrogel film. The incorporation of monomers both in solution and in films was
probed using neutron and X-ray reflectivity, small angle scattering and
spectroscopic techniques. Neutron scattering measurements, in particular, enable
polymer and surfactant structures to be distinguished by using deuterated and
hydrogenated surfactants and monomers in order to change the sample contrast
without altering the chemical interactions. These contrast experiments assist in
locating the hydrophobic species unambiguously within the solutions and films
formed from them (Chapter 4).
3- To

polymerise

templated

encapsulated

hydrophobic

monomers

within

nanostructured polyelectrolyte/surfactant films, resulting in formation of solid
polymer nanostructures. Also to investigate the effect of thermal and photoinitiated
polymerisation of these monomers on the film structures in a controlled atmosphere
maintained during measurements. In situ polymerisation measurements were
achieved by using grazing incidence x-ray diffraction (GIXD) (Chapter 5).
4- To incorporate metal ion sensor species such as 1-(2-Pyridylazo)-2-naphthol (PAN)
and pyrene into the micelles in polymer/surfactant films forming a fluorescence
sensor system. When used in combination with PAN in micellar systems the
3
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presence of the chelating agent, and when it is bound to metal ions. The response
can thus potentially be calibrated and used as a fluorescence sensor. Such films
deposited on a surface e.g. as a dip stick, could provide a simple and sensitive
method of monitoring metal ion content in aqueous samples so the concept was
tested in this thesis (Chapter 6).

1.2

General Overview of Surfactants and their Classifications

Surfactants play essential functions in many applications in chemical industries, for
example detergents, paints, dyestuffs, paper coatings, inks, plastics and fibres, personal
care and cosmetics, agrochemicals, pharmaceuticals, food processing, etc. In addition,
they play very important role in the oil industry, e.g. in enhanced and tertiary oil
recovery, oil slick dispersion for environmental protection [35].
The name “surfactant” is derived from surface active agents although they are also
known as amphiphilic molecules. Basically they consist of a non-polar hydrophobic
part, usually a straight or branched hydrocarbon chain containing from 8 to18 carbon
atoms, which is attached to a polar or ionic part (hydrophilic). The hydrophilic part can,
therefore, be non-ionic, ionic or zwitterionic. The hydrocarbon chain hydrophobic part,
is generally readily soluble in oil but sparingly soluble or insoluble in water, and the
hydrophilic (or polar) part, is sparingly soluble or insoluble in oil but readily soluble in
water. However, the cooperative action of dispersion and hydrogen bonding between
the water molecules tends to fold the hydrocarbon chain out of the water and hence
these chains are referred to as hydrophobic. The stability between hydrophobic and
hydrophilic parts of the molecule gives these systems their unique properties, e.g.
accumulation at different interfaces and association in solution to form micelles [36,
37]. The concentration where surfactants aggregate to form micelles in solution is called
the critical micelle concentration (cmc).
Surfactants are classified according to hydrophilic part (headgroup); i.e., surfactants
with a negatively charged headgroup are referred to as anionic surfactants, whereas
cationic surfactants contain polar headgroups with a positive charge. Uncharged
surfactants such as those with an oligo(ethylene oxide) headgroup are generally referred
4

------------------------------------------- Chapter 1 ---------------------------------------------to as nonionic, whereas zwitterionic surfactants contain both a negatively charged and a
positively charged group. In addition, a fourth class of surfactants, usually referred to as
polymeric surfactants, has long been used for the preparation of emulsions and
suspensions and their stabilization [36, 38].
Anionic surfactants are the most widely used class of surfactants in industrial
applications [35] due to their relatively low cost of manufacture and they are used in
practically every type of detergent. For optimum detergency the hydrophobic chain is a
linear alkyl group with a chain length in the region of 12–16 carbon atoms. The most
commonly used hydrophilic groups are carboxylates, sulphates, sulphonates and
phosphates.
The main classes of cationic surfactants are the ordinary amine salts, quaternary
ammonium compounds, and amine oxides. There are two major categories of cationic
surfactants that differ mainly in the nature of the nitrogen-containing group. The first
consists of the alkyl nitrogen compounds such as ordinary ammonium salts containing
at least one long-chain alkyl group and one or more amine hydrogen atoms, and
quaternary ammonium compounds in which all amine hydrogen have been exchanged
by organic substituents. The amine substituents may be either long-chain or short-chain
alkyl, alkylaryl, or aryl groups [39]. The counter ion could be a halide, sulphate, acetate,
or similar compound. The second category contains heterocyclic or aromatic materials
like pyridinium, morpholinium, and imidazolinium derivatives. Cationic surfactants are
generally water soluble when there is only one long alkyl group. Generally they are
stable to pH changes, both acid and alkaline. They are usually precipitated with most
anionic surfactants, but they do not precipitate with nonionics. These cationic
surfactants are insoluble in hydrocarbon oils. In contrast, cationics with two or more
long alkyl chains are soluble in hydrocarbon solvents, but they become only dispersible
in water (sometimes forming bilayer vesicle type structures). They are generally
chemically stable and can tolerate electrolytes. The critical micelle concentration of
cationic surfactants is close to that of anionics with the same alkyl chain length [39, 40].
The most important behaviour of ionisable amphoteric surfactants is their dependence
on the pH of the solution in which they are dissolved. Amphoteric surfactants become
positively charged and behave like a cationic surfactant in acid pH solutions, whereas in
alkaline pH solutions they acquire a negative charge and behave like an anionic species.
5
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are soluble in water, but the solubility shows a minimum at the isoelectric point.
Amphoterics show excellent compatibility with other surfactants, forming mixed
micelles. They are chemically stable both in acids and alkalis. The surface activity of
amphoterics varies widely and depends on the distance between the charged groups,
showing maximum activity at the isoelectric point. Wetting, detergency, foaming, and
other physical properties of amphoteric surfactants are strongly affected by changing the
pH of their solution [38, 41].
Ethylene oxide surfactants are the most common nonionic surfactants. Some categories
can be distinguished: fatty acid ethoxylates, alkyl phenol ethoxylates, alcohol
ethoxylates, monoalkaolamide ethoxylates, sorbitan ester ethoxylates, ethylene oxide
propylene oxide copolymers and fatty amine ethoxylates. Another essential category of
nonionics is the multihydroxy products such as glucosides , polyglucosides, (glycol,
glycerol, polyglycerol) esters and sucrose esters. Amine oxides and sulphinyl
surfactants represent nonionics with a small head group [42].

1.3

Critical Micelle Concentration (cmc)

The behaviour of surfactants in dilute aqueous solution is almost similar to normal
electrolytes, but at higher concentrations they behave in a different way [43]. The
variation in solubility of hydrophilic (head group) and hydrophobic (hydrocarbon chain
or tail) parts of surfactant molecule drives the alkyl chains to avoid energetically
unfavourable mixing with polar solvents, and the hydrophilic parts to maintain
interactions with polar solvents. As a consequence of this behaviour the surfactants at
higher concentrations associate with each other to form larger units. These associated
units are called micelles (self-assembled structures) [35]. The primary aggregation
usually starts with a spherical shape. The surface tension decreases rapidly with
increasing surfactant concentration (Figure 1.3.1). At a certain concentration, micelle
formation begins and this point is called the critical micelle concentration (cmc)

6
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Figure 1.3.1: Surfactant association in aqueous solution during increase of the
surfactant concentration.
This point can be measured by different techniques where unusual changes are
recorded. Self-diffusion and equivalent conductivity start to decrease while light
scattering starts to increase. Surface tension and osmotic pressure take on an
approximately constant value (Figure 1.3.2). The interior of the surfactant micelle has
properties similar to liquid hydrocarbons. This property is confirmed by the high
mobility of the alkyl chains and the ability of the micelles to solubilize many waterinsoluble organic molecules, e.g. dyes and agrochemicals [44].

Figure 1.3.2: Changes in behaviour of physical properties during increasing surfactant
concentration.
In general, chemical properties of surfactants, such as the hydrocarbon chain length and
category of head group have a strong effect on cmc and their physical properties.
Physical feature such as temperature, pressure, and the presence and nature of additives
have variable effects on cmc. Adding electrolyte or increasing the pressure usually

7
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surfactant and its concentration and solubility [43].
Above a certain temperature, termed the Krafft point (Tk), the solubility of the
surfactant monomer increases to the point at which aggregate formation may begin, and
the aggregated micelle becomes the thermodynamically favoured or predominant form
in solution (Figure 1.3.3). Below the Krafft point the concentration of the surfactant is
too low for micellization and solubility alone determines the surfactant monomer
concentration [43, 44].

Figure 1.3.3: The relation of surfactant solubility, micellization behaviour and
temperature effects in terms of Krafft point.
The solubility increases as temperature increases, until at Tk the cmc is reached. At this
temperature the surfactant can be dispersed in micelles and solubility increases greatly.
Above the Krafft point, a maximum reduction in surface interfacial tension occurs at the
cmc and the value of the cmc determines the remaining surfactant monomer
concentration.
Non-ionic surfactants do not show Krafft points. Since the solubility of non-ionic
surfactants decreases with increasing temperature, the surfactants begin to lose their
surface active properties above a transition temperature referred to as the cloud point.

8
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1.4

Self-Assembly of Micelles

As surfactant concentrations increase above the cmc, micelles in solution will begin to
pack together in ways that depend on the geometry of the individual micelles. Closepacked arrangements of micelles are called liquid crystals [45].
Surfactant micelles and bilayers are the building blocks of most self-assembled
structures. Surfactant liquid crystals can be classified in two main groups; the first is
limited self-assemblies, which may be characterized in general as spherical, prolate or
cylindrical. The second category is unlimited self-assemblies, which the aggregates are
associated over macroscopic distances in one, two or three dimensions [46]. For
instance the rod-like or cylindrical phase is an example of a one-dimensional structure,
the lamellar phase of two-dimensional structure, whereas the bicontinuous cubic phases
and the sponge phase are examples of three-dimensional structures (Figure 1.4).
Pure, dry surfactants, like most materials, can be made to crystallize relatively easily.
Because of their amphiphilic nature, however, the resulting structures are always
lamellar with alternating head-to-head and tail-to-tail arrangements. Liquid-crystalline
structures of surfactants behave as fluids and are usually viscous but it is also apparent
that they are more ordered than ordinary liquids [8, 37].
The liquid-crystalline structures of surfactants depend mostly on the chemical structure
of the surfactant molecule, the total bulk-phase composition, and the environment of the
system (temperature, pH, co-solutes, additives, etc.) [47-51]. For example 2D hexagonal
and lamellar liquid crystals are formed by the packing together of cylindrical micelles
and lamellar micelles, respectively. With an increase in the concentration of the
surfactant, a tendency can exist for surfactant micelles to change from spherical to
cylindrical, and then to lamellar. Consequently 2D hexagonal liquid crystals are usually
encountered at lower surfactant concentrations than lamellar phases. The cubic phases
can occur either at lower or higher concentrations than 2D hexagonal depending on the
type of cubic phase and the micelle shapes. Certainly the lamellar phase occurs at the
highest concentrations [42, 52, 53].
The 2D hexagonal phase consists of long cylindrical micelles ordered in a hexagonal
pattern, with each micelle encircled by six other micelles (figure 1.4.D). The radius of
the circular cross-section is close to the surfactant molecule length [54].
9
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Figure 1.4: The most popular 1D, 2D and 3D Self-assembly liquid crystalline structures
of surfactants. (A) Normal micelle, (B) Reverse micelle, (C) Cylindrical phase, (D) 2D
Hexagonal Phase, (E) Bilayer cubic phase, (F) Vesicle phase, (G) Lamellar phase and
(H) Branched cubic gyroid phase. Reprinted with permission from ref [55].
The micellar cubic phase consists of normal packing of small micelles, which have
properties similar to those of small micelles in the solution phase. However, the
micelles are short prolates rather than spheres since this allows a better packing [56].
Usually the cubic micellar phase is highly viscous.
There are different structures of bicontinuous cubic phases, where the surfactant
molecules form aggregates that penetrate space, forming a porous linked structure in
three dimensions. They can be considered as structures produced by involving rod-like
micelles (branched micelles) (Figure 1.4.H) or bilayer structures (Figure 1.4.E) [57].
The lamellar phase consists of layers of surfactant molecules alternating with water
layers (figure 1.4.G) [54]. The thickness of the bilayers is roughly lower than twice the
surfactant molecule length. The thickness of the water layer can vary over wide ranges,
depending on the nature of the surfactant. The surfactant bilayer can vary from being
robust and planar to high flexible and meandering.
In the case of inverted structures like reversed micelles the polar groups of the
surfactants are concentrated in the interior and the lipophilic groups extend towards and
into the nonpolar solvent (figure 1.4.B). Likewise, the different structural phases have a
reversed counterpart in which the polar and non-polar parts have changed roles, except
for the lamellar phase, which is symmetrical around the middle of the bilayer [58], For
instance an inverse 2D hexagonal phase consists of hexagonally packed water cylinders
encircled by the polar head groups of the surfactant molecules and a continuum of the
hydrophobic parts.
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1.5

Temperature effects on ionic surfactant aggregation
behaviour

The effect of temperature on the surfactant micellization performance in aqueous
medium is complex, where the cmc value at relatively low temperature appears to
decrease as the temperature increases, however at high temperature the cmc values start
to increase (displaying a U-shaped trend) [59]. On the other hand, increasing the
temperature causes an increase in dehydration of the hydrophilic group, which favours
micellization, whereas an increase the temperature also causes disruption of the
structured water surrounding the hydrophobic group, an effect that disfavours
micellization [60]. The compromise between these two different effects consequently
determines whether the aggregation increases or decreases over a particular temperature
range.

Figure 1.5.1: Temperature/concentration phase diagram of sodium dodecyl sulphate
(SDS). The main liquid crystalline phases are the hexagonal and lamellar, while the
other phase notations refer to less common intermediate liquid crystalline phases and to
crystalline hydrates. The X.W` refers to the water content in SDS phases [61].
For example an anionic surfactant such as SDS has a relatively high Krafft temperature
where above of the Krafft temperature, SDS illustrates a wide micellar region, which
extends to ~40 wt% SDS. Above 40 wt% up to ~60 wt% SDS concentration, a
hexagonal phase appears at the temperatures above the Krafft point (Figure1.5.1). A
11
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which the lamellar phase appears, followed by a solid phase at much higher SDS
concentration. Overall different solid phases were predominant at ambient temperatures
due to the high Krafft temperature of SDS [61].

Figure 1.5.2: Temperature/concentration phase diagram of dodecyltrimethylammonium
chloride (DTAC). The liquid crystalline phases hexagonal, cubic and lamellar form at
relatively high DTAC concentrations, while isotropic micellar solutions exist at lower
surfactant concentrations and higher temperatures [62].
Cationic surfactants show different temperature/concentration phase diagram behaviour
(Figure 1.5.2-3). The phase diagram of dodecyltrimethylammonium chloride (DTAC)
shows a relatively low Krafft point and solid phases have very little role to play. An
isotropic micellar phase exists at room temperature up to high concentrations ~40 wt%,
where the cubic phase built up of separate micelles appears. Between the two phases
there is a two-phase region where the two phases coexist. At high volume fractions the
micelles deform and become elongated to form finally a hexagonal phase, due to the
difficulty of packing globular micelles. By increasing the DTAC concentration,
transformation to a second cubic phase was seen, where a bicontinuous cubic phase
appears at the temperature above that of the Krafft point. Lamellar and solid hydrated
surfactant phases were predominant at very high concentration. The sequence of phases
found in this case is typical of rather hydrophilic surfactants. At higher temperatures,
the stability relations between the different phases change. The first cubic phase
12
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phase, forming also for the neat surfactant. At very high temperature but lower
concentrations, there are only isotropic solutions, with changes in aggregate structures
as the composition changes [62].

Figure 1.5.3: Temperature/concentration phase diagram of cetyltrimethylammonium
bromide (CTAB). I, Hα, Mα, Qα, and Lα refer to isotropic micellar phases, hexagonal
close packed cylinders and monoclinic hexagonal, cubic Iad, and lamellar phases,
respectively [63].
However that both CTAB and DTAC have similar headgroup, nevertheless hydrocarbon
tail and counterion could change the temperature/concentration phase diagram of these
surfactants. CTAB is the one of the most common cationic surfactants and was used in
this thesis. As illustrated from the phase diagram isotropic micelles and a twodimensional hexagonal close packed structure can be formed at room temperature
(Figure 1.5.3). Whereas the three phases, 3D hexagonal structure, Iad cubic and
lamellar phase can be formed at relatively high temperatures and high concentrations of
CTAB. This is the typical sequence of ordered phases observed for binary surfactant
solutions. Mainly a region of Iad bicontinuous phase exists in the CTAB/water phase
diagram at high concentrations of CTAB, where Iad structure always occurs in a phase
diagram between 2D hexagonal and lamellar [63].
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1.6

Polyelectrolytes

Polyelectrolytes are polymers that have the capability to dissociate charges in polar
solvents, so occur as charged polymer chains (macroions) and mobile counterions.
Polyelectrolytes can be classified into natural such as nucleic acids, modified natural
such as

cellulose or

chitin derivatives,

and synthetic polymers

poly(ethyleneimine) or poly(diallyldimethylammonium chloride).

such as

In the category

depending on their charge, they can be divided into polyanions, polycations, and
polyampholytes. There is further classification depending on the charge density and
acidity of the functional groups. Strong and weak polyelectrolytes are defined related to
high or low charge density [64] and the extent of counterion dissociation.
Polyelectrolytes play an essential part in nature and find various applications in
industrial processes and daily life. Since they are both macromolecules and electrolytes
they form a unique class of polymer. The special properties of these polymers are
determined by their electrochemical and macromolecular parameters and their chemical
structure. Charge density and charge strength result in variable long-range electrostatic
interactions, which are mainly responsible for the physicochemical properties of
polyelectrolytes and their behaviour in aqueous solution [65]. These interactions and the
formation of complexes driven by attractive Coulomb forces between charged
macromolecules and oppositely charged macroions, surfactants, colloid particles, or
solid surfaces are of central importance in the life sciences and in most technical
applications. However, the general properties of polyelectrolytes do not depend
completely on the electrostatic forces. Differences between the flexibility of the
polymer chain and, particularly, a molecular architecture supporting the formation of Hbonds or hydrophobic interactions also play a significant role in questions of scientific
interest and practical importance [66].
In general the strength of the electrostatic interactions may be moderated by increasing
the concentrations of added salt, which results in a screening effect by the small ions,
but high concentrations of salt may also affect the solvent quality.
Substantial theoretical and experimental efforts have been made over the past few
decades for example in understanding the origin of domains or clusters in semidilute
polyelectrolyte solutions or counterion binding phenomena but several of them have not
yet found a satisfactory theoretical explanation [65, 67, 68].
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1.7

Polymer-Surfactant Interactions

The recent studies of polymer-surfactant interaction in dilute solutions shows there are
two critical concentrations, symbolized T1 and T2. T1 indicates the concentration at
which interaction between the surfactant and polymer start to appear [69]. Some
references characterised this behaviour as the critical aggregation concentration (CAC).
T2 occurs at the point where free micelles form in solution ie where the polymer is
saturated with surfactant, and addition of more surfactant results in an increase in the
free surfactant concentration, the surface tension is therefore reduced, until the free
surfactant concentration equals the cmc, where free micelles are formed, and the surface
tension becomes essentially independent of the surfactant concentration [70].
In general there are two main scenarios describing the surfactant/polymer interaction in
solutions. The first interaction scenario is in terms of a strongly co-operative association
or binding of the surfactant to the polymer chain and the second scenario is in terms of a
micellization of surfactant on or in the vicinity of the polymer chain. The binding
approach is preferred, in case of polymers with hydrophobic groups, whereas the
micelle formation scenario is more ideal for hydrophilic homopolymers [71]. There is
another scenario proposed a structure in which the aggregated ionic surfactants are
surrounded by macromolecules in a loopy configuration [72] (Figure 1.7.1).
Polyelectrolyte properties play a very important role for the interactions with
surfactants. These factors include chemical composition, linear charge density, location
of the charges, and the backbone flexibility of the polymers.

Figure 1.7.1 Schematic illustration the micelles surrounded by macromolecules in a
loopy configuration.
The binding of surfactants to polyelectrolytes of opposite charge has been reported to be
a highly cooperative process in which the cooperative binding range is restricted to the
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aggregation of the oppositely charged surfactant [21, 66]. However, an increase in
linear charge density of the polyelectrolyte gives rise to stronger interactions. Studies of
polyelectrolytes with similar charge density exhibited that binding parameters can still
significantly through charge-dipole or hydrophobicity interaction between the surfactant
and the polymer [73]. Added salt always reduces the binding affinity between opposite
charged polyelectrolytes and surfactants. While added salt decreases the binding
affinity, it increases the cooperatively of the interaction [20]. The effect of polymer
hydrophobicity on cationic surfactant binding shows that for very hydrophobic
polyelectrolytes where most repeat units are involved in microdomains, the surfactant
aggregation number is proportional to the surfactant concentration (Figure 1.7.2). On
the contrary, hydrophilic polyelectrolytes bind surfactants cooperatively above the cac
and this binding is nearly independent on the surfactant concentration [71].

Figure 1.7.2: Polymer/Surfactant interactions during increasing surfactant
concentration. Reprinted with permission from Ref. [71].
Above the cmc, polyelectrolytes interact in most cases with oppositely charged
surfactants so strongly that irreversible macroscopic phase separation occurs. In the gel
phase, polymer gels consisting of a crosslinked polyelectrolyte network are of special
interest with regard to their ability to absorb large amounts of water, which could be up
to thousand times its own weight [66].
The interaction between neutral polymers like poly(ethylene glycol), poly(vinyl
pyrrolidone) (PVP), poly(ethylene oxide), etc., and surfactants is not simple. A number
of factors control the performance of neutral polymers/surfactant interactions. For
instance the polymer hydrophobicity, character of the surfactant head group and the
nature of the polar groups embedded in the polymer backbone can change the
interactions [74]. Mainly, cationic surfactants have relatively less interactions than
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hydrophobic interactions dominate in the interaction of neutral polymers like
hydroxypropyl cellulose poly(vinylmethyl ether) and poly(propylene oxide) with
cationic surfactants. In addition electrostatic interactions have been seen between the
polar head groups of surfactant and

neutral polymers as in the case of

hexadecylpyridinium chloride/PVP systems [75, 76]. In general hydrophilic and
lipophilic phenomena are the main interactions between polyelectrolyte and surfactants.

1.8

Polymer-Surfactant Films

Over the past several years, the electrostatic self-assembly (ESA) technique has been
devoted to understanding of a variety of multilayer heterostructures on a solid substrate,
particularly ultrathin films and coatings of polymers. A range of these strategies have
been employed widely such as the Langmuir Blodgett (LB) technique, self-assembled
monolayer (SAM) method, layer-by-layer (LbL) adsorption and spin-coating technique
[77]. Unluckily, some of these approaches are not always useful for practical
application. For example, LB method is a practical way to build-up multilayer
structures, but it is restricted due to the requirement for rather expensive instruments
and it is not applicable for many kinds of non-amphiphilic material [78]. The SAM
technique can be applied to a wider range of substances, but it is not a useful process for
multilayer fabrication.
Recently Edler’s group discovered a new method of preparing solid nanostructured
polyelectrolyte films through spontaneous self-assembly at the air-solution interface
[79]. These films are self-supporting and assemble through interactions between watersoluble neutral polymers with polarisable groups, and surfactant micelles or vesicles
having a well-defined range of surface charge [80-82]. This system forms films
spontaneously at the surface of homogeneous solutions containing both the
polyelectrolyte and surfactant and the films can be lifted from the solution surface after
cross-linking onto either open mesh as membranes or on a solid substrates.
The thickness of these films (typically about 0.5m) depends on the solution
concentration and polymer molecular weight and the film completely covers the open
interface of the container in which it is grown, allowing arbitrarily large films to be
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single piece and are self-supporting [83]. After removal of the film from the solution
surface, a new film will form within a few minutes [82, 83].
Films formed from a catanionic surfactant mixture with polyethyleneimine raise the
exciting possibility of trapping water-soluble as well as hydrophobic species within
different regions of the same membrane due to incorporation of vesicle-like structures in
the polymer-surfactant membrane. These systems are very promising in wide range of
applications such as targeted delivery including as membranes for topical drug delivery
for wound dressings and bandages as well as other encapsulation and release systems
such as agrochemicals, flavour components, odorants and nutrients, and also for
instrumental application such as sensors and responsive membranes.
Recent work on these films shows that film formation occurs with neutral polymers
rather than charged species. This allows composite formation using a different range of
polymers from those typically used for polymer-surfactant composites. These films,
formed from polyelectrolyte polymers such as polyethylenimine (PEI) templated with
surfactant liquid crystalline phases. The surfactant liquid crystalline phase within the
films is oriented with respect to the interface rather than randomly distributed as in a
precipitated powder and thus is more readily addressable and able to provide
macroscopically oriented nanostructures [48]. Additionally the polymer phase between
micelles is similar to a hydrogel rather than the dense polymer matrix found in
precipitated materials. This hydrogel phase can allow facile diffusion of materials
though the film raising the possibility of using pH or salt responsive polymers for this
component to produce membranes which contract or curl under this stimulus.
Cetyltrimethylammonium bromide (CTAB)-polyethylenimine (PEI) films can also be
significantly reinforced by cross linking the polymer after the film has formed using
ethylene glycol diglycidyl ether (EGDGE). This allows them to be removed from the
solution surface on an open mesh. When mixed catanionic surfactant systems are used,
the membrane is sufficiently thick that no further cross-linking of the polymer phase is
required. After drying both cationic and catanionic surfactant-polymer films retain a
significant degree of nanoscale structure which corresponds to the structure present in
the in situ films. The general observation of initial experiments in this film shows that it
is possible to prepare films with a variety of nanostructures ranging from lamellar, to
2D hexagonal to cubic depending on the surfactant, the polymer and the degree of
polymer cross-linking used [50, 82, 84, 85].
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1.9

Solubilisation of Hydrophobic Molecules in Aqueous
Solutions of Amphiphiles.

The high ability of aqueous surfactant solutions to solubilise organic materials is a
phenomenon that has enormous established applications in many scientific and
technological areas. Recently more intensive experimental and theoretical work has
been concerned to develop an understanding of the structural requirements to obtain
optimum solubilisation criteria [86]. Solubilisation is defined as a spontaneous process
leading to a thermodynamically stable, isotropic solution of a substance (the
hydrophobic molecules) normally insoluble or only slightly soluble in a given solvent
produced by the addition of one or more amphiphilic compounds, including polymers,
at or above their critical micelle concentration. Since solubilisation is temperature
dependant, therefore the maximum concentration of hydrophobic molecules (solute) that
can be incorporated into a given system with preservation of a single isotropic solution
(saturation concentration or maximum solute concentration) is achieved by using the
same methods for measurement of solubility of any compound in a given solvent [87].
This can expressed as the concentration of solute versus concentration of surfactant or
as ratio of solute dissolved per gram of surfactant versus surfactant concentration.
There are several factors can determine or affect the solubilisation process such as
nature of solutes, amphiphile structure and temperature. The nature of solutes has
complicated effects on thesolubilisation process. Polarisability, polarity, chain length
and branching, molecular size and shape of solute can change significantly the solubility
of solute. The polarity of the solute is the most major influence. Many researchers have
reported that the extent of solubilisation increases with increasing the alkyl chain length
of surfactant [88]. On the other hand solubilisation increases in the order: anionic <
cationic < non-ionic in the case of the same length of the surfactant hydrocarbon chain
[89].
As mentioned earlier the effect of temperature on the micellization of ionic surfactants
is not a simple relationship, therefore it is to be expected that the effects on
solubilisation will be correspondingly more complex. Temperature is known to affect
some of the important solute characteristics (size, shape, ionic nature, etc.). In addition,
temperature can affect the intermolecular interactions between solvent and solutes, such
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surfactant and the solute may be significantly changed [90].
Addition of most electrolytes causes a reduction in the CMC and they may increase the
aggregation number and size of the micelle. This can lead to an increase in
solubilisation.
The major location of hydrophobic molecules solubilised in micelles depends on the
hydrophobicity of the solute and its interactions with the surfactant. There are four
possible locations for solubilized molecules inside the micelle. The first possibility is
that the hydrophobic molecules are located in the central region of the micelle, second is
in the region between the tail and the headgroup of micelle, third is in the headgroup
area which is the interface between the micelle and the surrounding bulk water and the
fourth possibility is that these molecules are attached or adsorbed at the surface of the
micelle [88]. The shape and size of the micelles and the location of these solubilised
molecules can be studied by a number of experimental techniques, such as small-angle
neutron scattering (SANS), small-angle X-ray scattering (SAXS), dynamic light
scattering

(DLS)

steady-state

fluorescence

quenching

(SSFQ),

time-resolved

fluorescence quenching (TRFQ), pulsed gradient spin-echo NMR (PGSE NMR) and
cryo-transition electron microscopy (Cryo-TEM). Each of these method gives its own
contribution to the clarification of the final micellar/solute structure [91].

20

------------------------------------------- Chapter 1 ----------------------------------------------

1.10 Polymerization of Solubilised Monomer Within Templating
Lyotropic Mesophases
As stated earlier, lyotropic liquid crystals are self-assembling structures consisting of a
typically polar solvent and surfactant having low viscosities and the long range order of
crystalline materials [92]. Through changing the surfactant concentrations, numerous
lyotropic liquid crystal structures with simple and complex geometries can be observed,
such as spherical micelles, hexagonal arrangements of rod-like structures, and bilayer
aggregates of the lamellar phase. In addition at appropriate concentration, temperature
and surfactant geometry extra phases can form including, discontinuous cubic,
bicontinuous cubic, and the inverse of the above stated phases [55].
Polymerisation of micelles swollen with monomer in these lyotropic phases is a very
promising approach to synthesis nanostructured polymers. However polymerisation of
solubilised monomer in lyotropic liquid crystalline solutions can be difficult to control
due to of rearrangement of the surfactant template due to temperature and composition
changes through interdroplet diffusion and droplet exchange which occur faster than the
polymerisation reaction [93]. Polymerization of monomer within well-organized
system, such as microemulsions, vesicular solutions or dispersions, or lyotropic
mesophases has been studied using several polymerisation techniques. However
monomer segregation and diffusion are still been reported during the polymerization of
these systems, due to micelle rearrangement on short timescales, which allows the
encapsulated monomer to move [94, 95].
Recently, several synthetic methods displaying enhanced control of organic polymer
nanostructured

have

been

established.

For

example

polymerization

within

microemulsions [96], liquid-crystalline gel phases of surfactants [97], block copolymers
[98] or polymerization of polymerizable amphiphiles molecules [99] has been achieved
to synthesis reproducible nanostructure polymers.
A template is a structure directing agent; therefore the templated material can be a 1:1
copy of the template structure. Templating using self-assembled surfactant in aqueous
or organic solvent media is one of the most promising approaches towards the synthesis
of nanomaterials, such as nanostructure particles, mesoporous spheres and porous bulk
polymers as, for instance, nanofiltration membranes [100].
The complexity of lyotropic liquid crystals morphology enables their potential use for
templated synthesis not only of nanoparticles, but also of bulk materials with isotropic
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templating of lyotropic mesophases by polymerization of surfactants [101].
Nevertheless, polymerization of monomers in a surfactant template has significant
advantages over polymerization of amphiphilic monomers. This is due to the fact that
the phase behaviour of common surfactants is known or relatively easy to control. For
instance it is easy to modify identified mixtures to produce the most wanted template.
The second reason is the effect of added monomers mainly can be predicted and
relatively easily be manipulated by changing phase behaviour parameters such as
temperature. Finally, the cost of particularly synthesized polymerizable surfactants is
such that large scale applications will be restricted [102].
In the last few years several studies have been directed towards polymerisation in
various surfactant phases [103]. However the vast numbers of these researchers
investigate microemulsion phases, while just a few successful examples have been
reported on polymerisations in other phases. One of these promising examples is
polymerisation of a thermosetting epoxy resin within a hexagonally ordered blockcopolymer phase without experiencing any change of phases by using a templating
approach to the synthesis of ordered polymer morphology [104]. Forney et al.
demonstrated

nanostructured

photopolymerization

in

lyotropic

polyacrylamide
templates

hydrogels

using

certain

formed

through

concentrations

of

polymerizable surfactant [105]. Another example reported polymerisation of styrene
and methyl methacrylate in cubic phases formed from didodecyldimethylammonium
bromide, which appeared to yield a cubic polymer mesostructure [106, 107].
In general many techniques have been used to synthesise ordered nanostructured
polymers which attempt to avoid phase separation behaviour through either
thermodynamic or kinetic parameters [102]. Some of these approaches described oneto-one polymerization by using different strategies such as thermodynamic adjustment
of the surfactant/monomer/polymer system. Other methods used polymerization within
templates with long rearrangement times such as concentrated lamellar, hexagonal and
cubic phases. Stabilization of the polymerization process was achieved by using
surfactants with slower exchange dynamics such as amphiphilic block copolymers [108110]. Finally cross-linking of the polymer matrix to balance the entropy loss produced
by synthesising the polymer matrix in a controlled nanostructure can also help form the
templated polymer structure. Monomers with a high number of reactive entities per
22

------------------------------------------- Chapter 1 ---------------------------------------------molecule can be fully cross-linked at low conversions faster than micelle rearrangement occurs [111-114].

1.11 Surfactant Micelle Based Sensors for Metal Ions
Fluorescent sensors are becoming increasingly popular due to their easy use in solution
as well as their high sensitivity and selectivity for some essential trace metal ions and
various harmful metal species in drinking water [115-118].

Recently chemistry

developed for fluorescent sensors has been merged to micelles with many advantages in
terms of synthetic simplification, low cost and ease of use in aqueous solutions. In
addition, developing micelle-based fluorescence sensors for the measurements of
molecular properties are useful, for instance in drug design, drug delivery and the
lipophilicity of pharmaceutically interesting molecules [119]. Fluorescent sensor has
been developed using aqueous micelles solubilising hydrophobic fluorophore and a
lyophilized receptor [120]. These two molecular components are combined together by
a preferential solubilisation inside the intramicellar region without any covalent bonding
involved. When the target metal ion interacts with solubilised receptor on the surface of
the micellar container a metal-receptor complexation results inside the micelle. The
intramicellar photo-electron transfer or energy transfer mechanisms between the excited
fluorophore and the metal complex causing changes in the fluorescence signal. Several
papers reported solubilising different molecules interacting in the same micelle can be
considered classics of surfactant chemistry [121]. Some of these studies used the
micellar incorporation of hydrophobic fluorophore and hydrophobic quencher, and their
interactions in the flash photolysis timescale, to study the diffusion rates of the
fluorophore inside the micelle [122]. A indole–quinolizine- based sensor for Cu2+ [123],
off-on-off window-shaped fluorescent sensor for pH [124], fluorescent logic operation
gate based on H+ and Na+ inputs [125] and sensor for the inositol triphosphate anion
[126] examples used the intramicellar energy and electron transfer between a
fluorophore and metal-ion complex of a solubilised receptor to obtain fluorescent
micellar sensors for cationic metals.
In general micelles can be advantageously used as nanosized containers for the selfassembling of fluorescent sensors for anions or cations amphiphilic molecules. This
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changed without the need for particularly complicated synthetic effort such as
transforming a fluorescent sensor. For instance, changing selectivity for sensing from
Cu2+ into a sensor for Hg2+ by simply varying the binding unit appended to a long nalkyl chain [126]. On the other hand properties of a micellar device can be controlled by
changing simple structural features of the molecular components included, for instance
acting on their lipophilicity and structure to getting different size or volume of micellar
incorporation. This allows one to regulate the type of response of the sensor (e.g.
changing an ON–OFF into an OFF–ON sensor or its working pH range, or even its
signalling efficiency [127, 128].
In this work the PAN/Pyrene combination was used together to develop solid micelle
based metal-ion sensors [129, 130]. The species 1-(2-Pyridylazo)-2-naphthol (PAN) is a
well-known chelating agent for broad range of transition and lanthanides metal ions
[131-134]. When used with pyrene in micellar systems the fluorescence response of
pyrene is modified in a quantitative manner. When PAN is bound to metal ions the
response can therefore be calibrated and used as a fluorescence sensor. The aim is to
develop micelle-based metal ion sensors using the PAN/pyrene system by incorporate
micelle solubilised PAN/Pyrene species into robust surfactant-polyethylenimine films.
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2

Theory and Experimental Methods

This chapter describes the analysis techniques used in this thesis to characterise
materials on molecular and nanometer length scales. Techniques such as gel permeation
chromatography,

conductivity,

UV-Vis

and

fluorescence

spectroscopies,

gas

chromatography and cyclic voltammetry were used to characterise molecular properties
while electron microscopies, small-angle scattering, reflectivity and grazing-incidence
diffraction were used to characterise larger length scale structures. The basis of each of
these techniques will be described in turn.
It is very important to understand the mechanisms of how nanoscale systems behave
and to know the details of nanostructures, such as the particle size, the size distribution,
the shape, the charge and the dimensions of adsorbed layers. There are a wide range of
methods and techniques available for this purpose. Small-Angle Neutron Scattering
(SANS) and Small-Angle X-ray Scattering (SAXS) are the most common and powerful
tools for nanostructure and nanoscale analysis since the scattering experiments can
supply excellent detailed information [1, 2]. Transmission Electron Microscopy (TEM)
and Scanning Electron Microscopy (SEM) have also been recently used to provide
useful information about the architectural organization of nanostructures in dry samples.
However the resolution and accuracy of techniques used to characterize the size and
shape are very important but the main factor to determining the choice of a technique is
the length scale of the structure being examined [3, 4]. Figure 2.1 shows wide range of
techniques used to characterise size and structures of materials. This chapter covers the
theory behind the main characterisation techniques used in this thesis.
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Figure 2.1: Techniques used to determine particle size or structural information.

2.1

Small-Angle Neutron Scattering (SANS) and Small-Angle X-ray
Scattering (SAXS)

Neutron and x-ray scattering techniques have become established as a versatile probe
for the determination of the structure of nanocomposite materials. Thus small-angle
neutron scattering (SANS) and small x-ray scattering (SAXS) can give accurate details
of the size, shape concentration, surface area and dispersion of very small particle
systems. Both SANS and SAXS are non-destructive techniques which are applicable to
various systems such as solid, liquid and gas samples under a range of temperatures and
pressures [5].

2.1.1 Basic Scattering Theory and Q-Vector Definition
The main types of radiation used in scattering studies of materials are light, neutron and
x-rays. Although the mechanism of scattering is different in all three cases, the basic
aspect that unites and ultimately makes them so important in the study of soft matter is
the concept of interference and its relation to the structure of the substances in a
medium. X-rays are scattered by the electrons surrounding the nucleus of an atom. That
34
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atoms with many electrons like mercury. Neutrons have no charge, and their electric
dipole moment is either zero or too small to be measured by the most sensitive
techniques. Consequently, neutrons can go through matter much further and deeper than
charged particles. Additionally, neutrons interact with atoms via their nuclei rather than
electrons thus different isotopes of the same element will have different neutron
scattering properties. The scattering phenomena occur when radiation incident on a
small volume of the sample is scattered from the direction of the incoming beam. The
scattering is then observed a large distance from the sample, usually as a function of the
scattering angle. In general the magnitude of the scattered wave for coherent scattering
at a given time depends on the interference between waves scattered by the different
scattering centres in the scattering medium [6].

Figure 2.1.1: Schematic of scattering method. The incident radiation wave with vector
Ki is scattered by the two scattering centres. The radiation is observed at a scattering
angle Θ. The scattered wave has propagation vector Kf.
The scattering centres are characterized by circles. In the figure 2.1.1 two scattering
centres are shown scattering radiation in a given direction, along which the detector is
placed. This detector is usually a square law detector which means the response of
detector is proportional to the square of the amplitude of the scattered wave. Practically
this is proportional to the number of photons (X-rays or light) or neutrons. In case of
ideal waves scattering (no interfering or overlapping between waves), the secondary
35
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different phases because the path lengths are different [7, 8]. For example, the radiation
scattered from the lower particle travels a longer distance to the detector compared to
that from the higher particle. The perpendicular line in the figure above indicates the
distance between two particles. The phase difference δ between the secondary wavelets
is the extra distance d travelled by one of them divided by the wavelength of the
radiation and multiplied by 2π, i.e., δ = 2πd/λ this phase difference is usually written in
terms of the positions of the particles and the q vector defined in figure 2.1.1. The
vectors Ki and Kf are the propagation vectors of the incident and scattered radiation,
respectively. They are vectors in the direction of propagation of the incident and
scattered radiation and have lengths given by 2π/λ. (assuming that the radiation
wavelength is not particularly changed by the scattering.) A geometrical argument
shows that
δ = q.(ri - rj)

(1)

where ri and rj indicate the positions of the scattering centres measured relative to an
arbitrary coordinate system and the length of q is related to the scattering angle θ
(defined in the figure 2.1.1),
q = 4π / λ sin (θ / 2)

(2)

The scattering vector q = Ki – Kf is central to scattering theory. That means, it may,
when multiplied by h/2π (Planck’s constant divided by 2π) be interpreted as the
momentum transferred to the system by the photons. It should be noted that the letter q
is usually used to indicate the scattering vector or the negative of the scattering vector.
By definition, the angle between Kf and Ki is called 2θ. The magnitude of q quantifies
the lengths in the reciprocal space and is expressed in Å-1 or nm-1 in this case

q

4



sin 

(3)

Applying the latter equation in the Bragg law, gives:

q

2
d
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----------------------------------- Chapter 2 --------------------------------------The dimension for q is reciprocal distance and it is related to the distance scale (d)
probed by d = 2π/q. The SANS experiment provides a scattering profile consisting of
the scattered intensity, I(q) vs. q. This can be thought of as the Fourier transform of the
radial distribution profile for the system, resulting from both the particle itself, and the
distribution of particles in space [7-9]. Further details on analysis of small-angle
scattering data are given below in section 2.2.

2.1.2 Instrumentation and Principle of Small-Angle Neutron Scattering (SANS)
scattering was discovered in the late 1930s by Guinier during X-ray diffraction
experiments on metal alloys. The development of SANS experiments started in the
1960s [10, 11]. The increase of interest was related to the pioneering work of
Sturhmann et al [12], who used contrast variation experiments to demonstrate that
neutrons were a powerful tool to investigate materials. Difference of scattering length
densities between isotopes and more precisely between hydrogen and deuterium atoms
is at the basis of most experiments. Moreover, neutrons are non-destructive. neutron
scattering (SANS) can give accurate information about shape and the structures,
averaged in time, of particles or aggregates dispersed in a variety of media under a
range of conditions. SANS has a wide application range for instance, small colloidal
particles (silicates, suspensions, nanotubes), surfactant aggregates (micelles, lamellar,
hexagonal, cubic, or sponge phases), polymers and all derivatives, liquid crystals, model
membranes, proteins in solution, etc [12, 13].
The two main sources of neutrons are reactors and spallation sources. In the reactor,
neutrons are continuously produced by fission processes whereas in spallation, a pulsed
neutron beam (typically with 25 or 50 Hz frequency) is generated by the collision of
high-energy protons with a target.
The time-of-flight method is used on the instruments on a spallation source to analyse
the neutrons arriving on the detector. The wavelength is selected through a mechanical
velocity selector, which consists of a rotating drum with helically curved absorbing slits
at its surface. The wavelength can be varied depend on the rotation speed of the velocity
selector. The selector is mounted on ball-bearings and forbidden frequencies of rotation
exist to minimize vibrations and resonance. After the selector, a set of vertical and
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----------------------------------- Chapter 2 --------------------------------------horizontal slits are mounted. They define the size of the beam. The closure of the slits to
reduce the beam size is used when a higher instrument resolution is necessary. Then
neutrons pass through a low efficiency detector, called a monitor. The integrated counts
during the time of the measurement are used for data normalization. To focus neutrons
beam and remove other electromagnetic radiation like light or X-rays, a series of
waveguides are used, called collimation [14, 15].
In the SANS instrument on LOQ at TS1 at ISIS, UK, the beam passes through a super
mirror Soller bender which removes wavelengths less than 2Å, a first aperture, a disk
chopper with variable openings, and a frame overlap mirror to cut the wavelengths
higher than 12Å (Figure 2.1.2). The neutrons fly through a 3 meter evacuated guide. A
second aperture is placed at the end of the final collimation and defines the sample
beam size. The sample position is at around 11.1 meters from the moderator. The
sample transmissions are measured by inserting a monitor just after the sample after
reducing the beam diameter to 1 mm between the sample and the monitor [16-18].

Figure 2.1.2 Schematic illustration of the LOQ diffractometer at the ISIS Facility,
Didcot, UK [18].
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----------------------------------- Chapter 2 --------------------------------------The main detector is located at 4.1 meters from the sample in a vacuum tube. The active
area is 64 cm2 with 128 × 128 pixels (5 mm resolution) and 100 time channels for the
different wavelengths. The high q region can be measured at the same time using a
second detector set at a fixed and close position to the sample. The main advantage of
conducting SANS experiments at ISIS is that a white incident beam is combined with
time-of-flight detection technique to give a very large dynamic range in scattering
vector, accessible in a single measurement without any need to reconfigure the
instrument. In addition, the 25 Hz disc chopper selects wavelengths from 2.2 to10 Å,
which are used together by time-of-flight. For fixed geometry instruments working in
time of flight mode, different wavelength neutrons scattered at a same angle have
different q values and arrive on the detector at different times. The broader the incoming
wavelength range, the wider the q-range of the instrument. The data are saved in a 3D
array with two dimensions for the pixels of the detector and the third for the time axis.
The range of scattering vectors for time-of-flight instruments is similar to the range for
steady-state instruments. The main advantage of time-of-flight instruments is that the
full q-range is covered by only one instrument setting [18].
Since the neutron is an uncharged subatomic particle, secondary effects are needed to
detect the neutron activities. Gas proportional counters are the technique most used in
SANS detectors. The neutron absorption by a target isotope molecule like 3He, induces
a fission reaction and emission of two charged particles, a proton (1H) and, in the
opposite direction, a triton (T) with a total kinetic energy of 760 keV ( 1n 3He1H  3T )
which induces the primary ionization in the gas. The electrons are accelerated to get
more ionization and to amplify the signal near the anode wire, where the electric field is
very high. The ions produced by the electron move away from the anode and cause a
current in the cathode which is measured. SANS detectors are mainly filled with CH4 or
CF4 as the stopping gas which plays an important role to reduce the path length of the
electrons for good position resolution and to minimize wall effects. Mixtures of
3

He/(CH4 or CF4) also have a low sensitivity to gamma and X-rays in an environment of

high photon background [6, 8, 19].
In this research all small-angle neutron scattering (SANS) experiments were performed
at LOQ at the ISIS Pulsed Neutron and Muon source, Rutherford Appleton
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----------------------------------- Chapter 2 --------------------------------------Laboratories, Chiltern, England. The incident wavelength range of 2.2 - 10.0 Å at 25
Hz, gave rise to a Q range of 0.009-0.249 Å-1. Measurements were made at 30°C. All
samples were made up in either 100% or 70% of D2O and run in 1 mm thick double
stopper quartz Hellma cells. Each raw scattering data set was then corrected for the
detector efficiencies, sample transmission and background scattering and converted to
scattering cross-section data (∂Σ/∂Ω vs Q) using the instrument-specific software in
Mantid, provided by ISIS [18].

2.1.3 Instrumentation and Principle of Small-Angle X-Ray Scattering (SAXS)
X-ray scattering (SAXS) is a well-established technique to study the nanoscale size and
structure of ordered and disordered systems. More detail of the theory behind this
technique can be found in several textbooks [20-22] but an overview is given here. Xrays are electromagnetic radiation with short wavelengths of about 0.01 to 10 nm.
Usually 0.15 nm generated from a copper x-ray tube is a suitable wavelength to study
nanostructures in soft matter. The X-ray radiation interacts with matter by scattering
from distributions of electron density [23].
The use of X-ray scattering has been broadened in soft matter research due to high
power advanced synchrotron X-ray sources. Enhancements of photon flux and
collimation have made SAXS a very powerful scattering technique in terms of angular
and time resolution, small sample volume, etc. For instance, very fast time-resolved
experiments can be done even with dilute and low contrast samples. In addition, SAXS
can be carried out alongside different thermophysical and rheological techniques [24].
The first generation of X-rays were established in the laboratory by using a filament
tube. In 1913 Coolidge [25] used accelerated electrons released from a hot tungsten
filament on a metal target in an evacuated tube to generate X-rays. Usually X-ray tubes
are categorized into two types, sealed and rotating anode. Recently, synchrotron
radiation sources have been used to generate a high intensity beam and high flux of Xrays.
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----------------------------------- Chapter 2 --------------------------------------In an X-ray sealed tube, the filament current heats the tungsten filament and emits
electrons into the surrounding vacuum. The filament is sustained at a high negative
voltage around 30 kV up to 50 kV, relative to the anode, toward which the electrons are
excited and accelerated. The small metal cup surrounding the filament is at the same
potential as the filament itself and assists to focus the electron beam to a small area
(focal spot) on the surface of the target metal bonded to the anode. The excited electrons
induce emission of x-rays, which then exit the tube through a small glass window. In a
rotating anode X-ray tube, the power of the incident electron beam is extended over a
circular ring. Thus it is possible to increase the power of the tube to about 100 kW
without melting the anode metal. However rotating anodes are less robust than x-ray
sealed tubes [7, 25].
In a synchrotron, a beam of electrons is accelerated to nearly the speed of light in a
closed circular orbit in a storage ring under high vacuum. The closed orbit is made by
bending the path with a series of bending magnets placed along the ring circumference.
The boundary of the storage ring at Diamond is 560m while at the ESRF it is 844
metres, and the electron beams are accelerated typically to energy on the order of GeV.
Electrons orbiting in a magnetic field lose energy continually in the form of
electromagnetic radiation (photons) emitted tangentially from the orbit. This light is
called synchrotron radiation. The radiation emitted by the orbiting electrons covers a
broad range of the electromagnetic spectrum [7, 26].
The quality and resolution of X-ray data can be affected by several factors, for instance,
the intensity of the x-ray radiation, sample thickness and category of detector resolution.
A range of detectors are used in X-ray scattering instruments. In general CCD detectors
have become popular in scattering instruments due to many advantages like robust
remote operation, short read-out time, high spatial resolution, automatic internal
compensation of non-uniform detector response and removal of cosmic-ray spikes [7].
Image plates are mainly used in laboratory x-ray instruments. The detection procedure
is similar to photographic film or a medical x-ray image. Image plates can be read out
after exposure to scattered x-rays from the sample. Time of exposure depends on sample
concentration and thickness. These plates are sensitive to both mechanical damage and
x-ray overexposure [27]. In general they have high spatial resolution and are robust but
cannot be operated remotely. Commercially available plates are composed of extremely
fine crystals of BaFBrEu+2 where X-rays excite an electron of Eu+2 into the conduction
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----------------------------------- Chapter 2 --------------------------------------band, and then it is trapped in an F-centre of the barium halide with a subsequent
oxidation of Eu+2 to Eu+3. The image plate scanner needs to read 16-bit TIFF data
image. The image plate can be erased by exposing them to light [28-30].
Gas-filled detectors are popular as X-ray detectors in synchrotron facilities since it has
many advantages. This detector is based on the principle of a gas ionization chamber
where the electronic noise can be discriminated. Typically, the detector consists of a
drift chamber a few millimetres thick filled with a mixture of noble gas (Ar or Xe) and a
polyatomic quenching gas. The anode is made up of a grid of fine wires (diameter 10–
20 mm and spaced 1–2 mm apart) and the two-dimensional position sensitivity is
obtained by two layers of cathode strips on either side of the anode perpendicular to
each other (X and Y). Gas-filled detectors have many advantages, including constant
dead time after each pulse, non-uniform detector response, capability to carry out
energy discrimination of elastically scattered photons and a close relationship between a
count in the electronics and an incident photon [25, 31]. However recently, hybrid pixel
X-ray detectors such as PILATUS-100K (used in Diamond -I07) become very available
detector due to fast readout time and the absence of readout noise. The operation
technology of PILATUS based on single-photon-counting mode. The hybrid pixel
detectors offer precise measurement of the diffraction pattern around the very intense
direct beam with high spatial resolution [32, 33].
In a SAXS experiment a highly collimated and monochromatic X-ray beam of wave
length (λ) impinges on a sample and the scattered intensity in the forward direction is
recorded by a detector. The transmitted primary beam is fully absorbed by the beam
stop placed in front of the detector and the entire flight path before and after the sample
is in vacuum to avoid absorption and scattering by air.
The basic theory of scattering is similar for light, neutrons and X-rays. The important
difference is in the interaction of the radiation with the scattering medium. The
scattering of light originates from refractive index variations while neutrons are
scattered by atomic nuclei. As a result, these scattering techniques are very
complementary [7].
The number of photons scattered as a function of the scattering angle (θ) is measured.
For a given sample, the amount of recorded photons varies with the number of incident
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(Figure 2.1.3). Therefore, the quantity that can be compared in different experiments is
the number of photons scattered into unit solid angle normalized to the incident photon
flux. For X-rays, the scattering originates from electrons, which is nearly independent of
λ except in the close vicinity of the absorption edge of the constituent elements.

Figure 2.1.3 Schematic of X-ray scattering and the definition of the scattering vector (q)
The scattering at small-angles is fully elastic because of the high energy of the radiation
as compared to typical excitations in the sample. In synchrotron SAXS, the q range
covered can be three orders of magnitude, typically 0.006 < q < 6 nm-1 corresponding to
real space dimensions of 1 mm down to 1 nm [7, 25].
Two types of SAXS instruments were used in this study, an Anton Parr SAXSess
instrument and the I22 beamline at the synchrotron x-ray facility, Diamond . The
SAXSess Small-Angle X-Ray Scattering instrument from Anton Paar, located in the
Chemistry Department at Bath University was used for low-flux X-ray scattering using
a PANalytical PW3830 X-ray generator. Copper anode X-ray radiation (λ = 1.5406 Å)
at 40 kV and 50mA were used to record x-ray scattering patterns in the region of 0.08–
28nm-1 [34]. The flexibility of sample holder in the SAXSess allowed measurement of
solid and liquid samples. Liquid solutions were measured by using a 1.0 mm quartz
capillary sample holder and solid samples by using sellotape to hold powders, mounted
in a sample holder. Backgrounds from solid or liquid sample holders were subtracted
from sample measurements. The temperature of the sample holder was managed by
using an electronic temperature controller and was usually set at 28°C to prevent
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----------------------------------- Chapter 2 --------------------------------------crystallization of the surfactant solutions. Imaging plates were used to record scattering
patterns with a linear dynamic range of five orders of magnitude. A Perkin Elmer
Cyclone Plus Storage Phosphor system was used to scan the imaging plates. Scanned
images were processed by using mathematical programs supplied by Anton Paar to
convert the image into a 1D scattering curve and to correct for the beam shape.
In the case of non-crystalline diffraction beamline I22 at Diamond, the accelerator
storage ring, which is 561m in circumference, is the source of synchrotron X-rays. The
beam energy used was 15 KeV and the fight path was 3.2m [26]. This high intensity of
x-rays provides high flux, high resolution tuneable energy and minimum beam
divergence. Liquid solutions were measured by using a 1.0 mm quartz capillary sample
holder. A Gas detector containing multi-wire electrode grid in a gas chamber were used
to record scattering patterns [18].

2.2

Form and Structure Factor

The interactions of particle in a dilute system containing a number of homogeneous
particles per unit volume are very weak therefore the intensity I(q) for the most part
depends only on the shape and size of the particles.

I (q)  N F (q)

2

(5)

where F(q) is the coherent sum of the scattering amplitudes of the individual scattering
centres within the particle given by the Fourier transform of the distribution of those
scattering centres in space. The scattering is described as coherent to indicate the
relationship between the phase of different scattered waves and their accumulated
amplitudes [35]. The scattering centres are characterised by the scattering length, b, of
the atoms in the particle volume.
Typically in small-angle scattering, the scattering length density, ρ, is substituted
instead of the scattering length, ρ=bM/VM, where bM is the sum of b for all the atoms in
a molecule and VM is the corresponding molar volume. For neutrons b varies by
isotope, while for X-rays b = ne × = 2.8110-13 cm, where ne is the number of electrons
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----------------------------------- Chapter 2 --------------------------------------in the atom. In scattering, the contrast or the relative scattering length density (Δ ρ= ρ ρM) is the parameter that specifies the difference between the scattering power of the
particle and the medium in which it is contained, Therefore a consistent spherical
particle of radius, RS, and volume, VS, gives a scattering amplitude of:

F (q)

2



V 
2
s

2

(

3sin(qRs )  qRs cos(qRs )
(qRs )

)

3

2

 Vs2  2 P(q, Rs ) (7)

where V the volume of the particle, N VS is the volume fraction of the particles and the
shape of the particle is described by the Bessel function (the equation inside the
brackets) so that P(q, RS) is the square of the scattering form factor for a sphere.
Pedersen listed comprehensive of P(q, R) scattering functions for different particle
shapes typically found in soft matter systems.
In this thesis the main models used to fit the small-angle scattering was uniform
ellipsoid with the Hayter Penfold mean spherical approximation for charged spheres as
the structure factor [36].Calculates the form factor for a monodisperse ellipsoid
(ellipsoid of revolution) with uniform scattering length density. The form factor is
normalized by the particle volume such that P(q) = scale*<f*f>/Vol + bkg, where f is
the scattering amplitude and the < > denote an average over all possible orientations of
the ellipsoid. The function calculated for the prolate ellipsoid is [37]
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(9)

(10)

where f(z) is the scattering amplitude and z=qrb[1+x2(v2-1]1/2 , ra is the short axis of the
ellipsoid, rb is the long axis, is the ratio of the short axis to the long axis, x = R2g q2,
and Vell is the volume of the ellipsoid, where Rg is the radius of gyration of the
scattering particle.
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surfactants hydrocarbon chain, surfactant headgroup and a counter ion. The Haytere
Penfold structure factor model describes a correlation between charged micelles which
can be calculated from the interparticle potential that determines the equilibrium
arrangement of charged micelles. The interaction between identical charged spherical
micelles of radius R3 can be described by a screened coulomb interaction potential U(r)
as follows [36, 38, 39] :

U (r ) 

Z

2
m

4 0 (1  kR 3)

exp[  k (r  2 R 3)] / r

(11)

where r is a centre-to-centre distance. zm is the charge on the micelle, ε0 is the
permittivity of free space, ε is the dielectric constant of the solvent, and k is the DebyeHuckel inverse screening length. The structure factor of charged spherical micelles is
calculated for a given micellar charge and ionic screening using the mean spherical
approximation given by Haytere-Penfold when a volume fraction of scattering objects is
sufficiently large [40].
At high particle concentrations the scattered rays from different particles will interfere.
This interference term or the structure factor, S(q), is a complex function. It is an
oscillatory function and it can be used to determine how closely the particles pack
together. In a dilute system where there are no interacting particles, S(q) 1. For
particles with spherical symmetry and a narrow size distribution, I(q) is given as
I(q) = N V2∆p2 p(q) S(q)

(12)

Where S(q) is the scattered intensity from the microstructure described through the pair
correlation function, g(r). The partial structure factors and scattering amplitudes depend
on the orientation of the particles. In the case of size polydispersity for spherical
particles with small anisotropies and low volume fractions, the interactions can be
considered to be independent of the orientation which leads to an analogous decoupling
approximation. Then the averaging is applied over the orientation distribution of
anisotropic particles. For spherical particles, the effect is less pronounced in S(q) as
compared to that in P(q) at low polydispersities [41-43].
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Reflectivity

In recent years there has been growing interest in studying surfaces and interfaces with
nanostructures. Neutron and x-ray reflection from surfaces provides an important means
to investigate the nature of surfaces and interfaces, as these techniques offer the ability
to see deep inside nanofilms and thin layers. Several books have covered the theory of
reflectivity in detail [6, 44, 45] but a summary is given here to assist understanding of
the work reported in this thesis.
The intensity of scattering in reflectivity, is similar to that in the in the

method

described above and follows the Porod law asymptotically as the scattering vector q is
increased. The absolute value of the intensity is proportional to the total area of
interfaces within the sample. In addition, study of any deviation of the observed
intensity curve from the Porod law can evaluate the diffuseness of the interfaces. The
method of reflectivity measurement can be evaluated as an extension of the Porod law
method to surfaces that are fundamentally flat and interfaces that are close to exposed
surfaces and parallel to them. Small-Angle scattering and reflectivity at small q are
measured where the radiation hits the surface at a small glancing angle and is reflected
(or scattered) from the surface [6].

Figure 2.3.1 Schematic to explain the surface scattering; the wave vectors K0, K, and K1
indicate incident, reflected and refracted rays respectively.
The vector perpendicular to the surface is designated as the z axis; the incidence plane
is defined as the plane including Z and K0. In general K and K1 are not in the plane of
incidence. Thus the angle Φ between the Z axis and the projection of K on the XY plane
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the direction of K, where the scattering vector q is equal to K - K0. In the plane (figure
2.3.1) where the angle of Φ equals zero and θ is equal to θ0, the reflection referred to as
the specular reflection. The wave vectors K0 and K are then associated to each other
since the reflected beam mirrors the incident beam of light.
When the surface is completely flat and there is no difference in the scattering length
density in the X and Y directions in the layer of material below the surface, only
specular reflection is observed. The ratio of the reflected beam energy to the incident
beam energy (reflectivity R), is then measured as a function of the magnitude of q while
its direction is maintained normal to the surface (ie qz).

Changes in q can be

accomplished either by varying the angles θ0 and θ (=θ0) ie of incidence and reflection at
the same time or by changing the wavelength λ while keeping the geometry of the
scattering fixed. The result of measurement of R as a function of qz is then analysed to
find information about the variation in the scattering length density, p(z), in the material
as a function of depth Z from the surface. In general most studies of X- ray and neutron
reflectivity are focused on the measurement of such specular reflectivity [6, 24].
Specular reflectivity data of this type is normally analysed using a layer (or slab) model
consisting of defined layers with different scattering length densities arranged parallel to
the surface. However this type of scattering was not analysed in this thesis so no further
detail is given here.
The off-specular or diffuse scattering occurs when the surface is not perfectly flat or
when the material near the surface contains some inhomogeneities in scattering length
density in the direction parallel to the surface. The scattering vector q in such a diffuse
scattering measurement also contains a qx or qy component. The scattering is then
analysed to get information about the surface topology or scattering length density
inhomogeneities in the x or y direction [6].
Solutions of surfactants or polymer/surfactants systems demonstrate a range of one and
two dimensionally ordered structures such as lamellar and hexagonal lyotropic phases.
Reflectivity measurements can be used to characterize the structure and the degree of
order in these complex systems near interfaces, by considering the position and
intensities of diffraction peaks in R(q). From R(q) intensities and the position
relationship of Bragg peaks it is possible to determine the crystallographic symmetries
of these ordered system. The assignment of structures using Bragg peaks is discussed in
more detail below in section 2.4.
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Neutron reflectivity measurements of the films grown at the air/water interface were
performed on SURF and CRISP instruments (Target Station I) at the ISIS Pulsed
Neutron Source facility within the Rutherford Appleton Laboratories. Both SURF and
CRISP instruments have been established for the study of surfaces using specular
neutron reflectivity. The neutrons wavelengths used were 0.55 - 6.8 Å in pulses at 50 Hz
to give a q range of 0.048 - 1.1 Å-1. A hydrogen moderator at 25 K is used to cool the
neutrons in each pulse prior to travel down a flight path with a series of four slits, two
before and two after the sample. An optical laser is used to aid alignment of the sample
height that is controlled on a sample stage with 0.05 mm accuracy. The incident angles
used for the reflectivity experiments described here was 1.5o and 0.5o. The detector is a
He3 gas detector [18]. The solvent for all neutron reflectivity experiments was D2O. The
samples were poured in to sample holders (Teflon troughs) with dimensions of 152mm,
42mm, 3mm which hold 20 - 30ml of solution with a meniscus well above the side of the
trough. These sample holders sit within the facilities own heat controlled sample holders
allowing temperature control of the solution during each experiment. The temperature was
maintained at 35oC for the experiments described in this work, to ensure the surfactants
remained in solution.

2.3.2 X-ray Reflectivity Experimental Measurements
X-ray reflectometry experiments were performed in the I07 beamline at the Diamond
Light Source in Oxford UK, and on ID10B Troika II beamline at the European
Synchrotron Radiation Facility in Grenoble, France. The solvent for all x-ray reflectivity
experiments was H2O. The films grown at the air/water interface were poured in to sample
holders (Teflon troughs) with dimensions of 152mm, 42mm, 3mm and hold 20- 30ml of
solution with a meniscus well above the side of the trough. All samples measurements

were recorded at 35ºC.
The ID10B beamline is a high-brilliance undulator beamline at the ESRF designed for
high resolution X-ray scattering and surface diffraction [46]. ID10B used photons with
an energy range of 8 keV provided by a diamond double-crystal monochromator.
Studies of film formation at the air-liquid interface were performed using time-resolved
X-ray reflectometry as the flux of the synchrotron radiation was sufficient to allow short
scans to be collected. Time-resolved experiments were able to cover a Qz range of 0.085
49

----------------------------------- Chapter 2 --------------------------------------– 0.25 A-1 by using a linear detector with a vertical orientation to collect data over a
range of reflected angles [46]. X-ray reflectometry and grazing-incidence diffraction
experiments were performed after film formation. X-ray reflectometry patterns were
collected over a Qz range of 0.0014 – 0.3535 A-1 and grazing-incidence diffraction
patterns were collected over a Qz range of 0.0014 – 0.89 A-1 and a Qxy range of 0.0 – 0.2
A-1. A linear detector with 1024 channels and with a vertical alignment was used to
collect data during grazing-incidence diffraction experiments and was rotated
incrementally in XY plane. Grazing incidence diffraction patterns were calibrated using
the known straight through beam position, measured number of pixels per degree and
the motor positions during the measurements.
Diamond Light Source beamline I07 is a high-resolution X-ray diffraction beamline for
investigating the structure of surfaces and interfaces of the films grown at the air/water
interface and on silicon wafers.
Grazing indicence diffraction patterns were collected with a Qz range of 0.0 - 0.55 Å-1
and Qxy range of 0 - 0.25 Å-1 at an incident angle of 0.25 º, using an energy of 12.5 or
12.2 keV. X-rays were detected using a two-dimensional pixel detector (Pilatus 2M, 195
X 487 pixels with a size of 172 X 172 µm each) [26]. Sample-to-detector distance was
calculated using the image of silver behenate powders spread on a silicon wafer, taken
in reflection mode. The peak positions were well described the expected diffraction
pattern of the silver behenate lamellar structure.

2.4

Characterization of Crystalline & Liquid-Crystalline Structures

The science of crystallography is based on the diffraction of x-ray or neutron beams by
a crystalline material. These analytical techniques can provide, with high certainty, the
structure of a given compound in a crystalline state. The theory of crystallography can
be found in many books, including [47-51], and only a brief description is given here.
Diffraction can be explained using an analogy to light being refracted by microscope
lenses, when a sample is examined under a microscope. Neutron or x-ray diffraction is
concerned with the study of systems containing arrangements of atoms, molecules or
particles in an ordered array, the composition of which can be found by interpretation of
their diffraction pattern. This orderly arrangement in a crystalline material is known as
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----------------------------------- Chapter 2 --------------------------------------the crystal structure, with the term “unit cell” used to describe the smallest structure that
repeats itself by translation through the crystal.
Therefore crystallography is concerned with describing and discovering the organized
structures. Each crystalline material has a specific diffraction pattern. The number of
observed peaks is related to the symmetry of the unit cell. The d-spacings of the
observed peaks are related to the repeating distances between small repeating planes of
atoms or molecules in the structure. The intensities of these peaks are related to the
number of repeating units [50].
X-ray or neutron diffraction is affected by the conditions for constructive interference.
Powder diffraction patterns are typically plotted as the intensity of the diffracted beam
against the angle 2θ. Once constructive interference is at a maximum the peaks rise in
the diffraction pattern at 2θ values. Vectors and atomic planes in a crystal lattice can be
described by a three-value Miller index notation (h k l):

r∗hkl =ha* + kb* + lc*

(13)

The integers h, k and l are the Millar indices of the crystal plane under consideration and
a*, b* and c* are the vectors defining the reciprocal lattice, i.e. a* = a-1 b* = b-1 and c*
= c-1. Here a, b and c are the lattice vectors of the crystal.
At I(q) = (Fhkl )2 peaks can only occur for q = r∗hkl. According to the Bragg’s law the
diffraction angle 2θ the interplanar distance d and wavelength λ are linked with each
other by:
λ = 2 d sinθ

(14)

Where d is the distance between two parallel units and θ is half of the incidence angle of
the plane of the X-ray beam with wavelength λ. Calculation of d-spacing for each
diffraction peak can be achieved by measuring the 2θ values for each diffraction peak.
The peak positions can be used to find the lattice parameters for a given unit cell. Unit
cells in three-dimensional repeating structures have different shapes based upon the
symmetry of the structure [52]. The different shapes arise depending on restrictions
placed on the lengths of the three edges (a, b, and c) and the values of the three angles
, , and as shown in figure.The seven possible unit cell shapes, also known as
crystal systems are identified by their unit cell parameters. The unit cell shapes range
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lowest possible symmetry.

Figure 2.4.1: The unit cell parameters
Each peak in a diffraction pattern arises from a distinctive set of repeating planes in the
structure. These sets of planes are oriented in all different directions in threedimensional space where the diffraction peaks rises from a specific set, the planes must
be oriented relative to the incident x-ray beam. Therefore, X-ray powder diffraction
relies on a large number of crystallites in random orientations in order to detect the most
diffraction peaks. Sometimes diffraction from a particular set of planes may not be
detected or the peak intensity could be low due to the crystalline symmetry. Since
Miller indices relate the peak positions or d-spacings to the lattice parameters, refining
the lattice parameters of the unit cell from diffraction data requires to assign the Miller
indices (h k l) for each diffraction peak [53]. This process is known as indexing or
assignment of the diffraction pattern. For well-known sample, the assignment process is
done by comparing the data to that reported in the literature or in a database of
diffraction patterns known as the JCPDS [54]. Otherwise, the peak indexes are used to
calculate the relationship between peaks, to determine the symmetry of the unit cell. For
instance the relationship of peak spacings in a monoclinic unit cell structure with lattice
parameters a, b and c is expressed in equation (15)

1
h2
k2
l2
2h cos 
=



2
2
2
2
2
2
d hkl a sin  b
c sin  ac sin 2 

(15)

where hkl are the Miller indices categorizing the repeating planes causing the diffraction
peak with spacing dhkl. All of monoclinic unit cell axes are dissimilar lengths with only
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(P) and the single-face-centred (C) type of Bravais lattice can be found for this unit cell
type. Both the body-centred (I) and the face-centred (F) Bravais lattice types can also
occur in the monoclinic crystal system; however, as they can also be represented as Ctype Bravais lattices, they are usually not considered separately. In the case of
orthogonal unit cells, all the axes are dissimilar, while all angles are 90° so it is
analogous to a rectangular box. The types of Bravais lattice that arise for the orthogonal
cell are the primitive-type lattice (P), the body-centred lattice (I), and the face-centred
lattice (F), with points on all faces and centred on a single face, the A, B, or C faces (a ≠
b ≠ c while = 90°). The unit cell relationship for an orthogonal structure is
expressed in equation (16)

1
h2
k2
l2
=


2
dhkl
a2
b2
c2

(16)

In the case of a cubic unit cell, all axes are of equal length and all angles are 90°. The
cubic shape with no other lattice points is the primitive lattice type (P). It is also
possible within this unit cell type to identify other lattice types: the body-centred lattice
(I); and the face-centred lattice (F; with points on all faces). These give rise to the
different Bravais lattices for the cubic unit cell (a = b = c, while = 90°).
Therefore the unit cell relationship for a cubic unit cell simplifies to equation (17)

1
h 2  k2  l2
=
2
dhkl
a2

(17)

In crystal systems with angles not equal to 90˚, the equation includes terms involving
the angles as well. Thus just one peak position in a cubic system can be used to
determine the lattice parameter provided the Miller indices can be assigned. However
to obtain accurate lattice parameter, the entire peak positions that can be indexed are
used to refine the lattice parameters using a number of data points and regression
analysis. Hexagonal unit cells, occur where both top and bottom faces are hexagonal
with the a and b axes of equal lengths and linked by a c-axis of a different length. The
primitive-type (P) of Bravais lattice is found in the hexagonal unit cell. The angles
and  are 90°, while the angles on the hexagonal face are 120° (a = b ≠ c, and =
90°; °). The relationship between peaks and the structure of the hexagonal unit
cell can be expressed as:
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l2
=

2
d hkl
3
a2
c2

(18)

In a tetragonal unit cell, only the a and b axes are of equal length, with all angles at 90°.
The only two types of Bravais lattice that occur for this cell type are the primitive-type
lattice (P), and the body centred lattice (I) (a = b ≠ c, while = 90°). The
tetragonal unit cell equation relating diffraction peaks with different h,k,l values can be
written as:

1
h2  k 2 l 2
=
 2
2
d hkl
a2
c

(19)

The trigonal unit cell is close to the hexagonal unit cell; the axes a and b are of equal
lengths and linked by the c axis of a different length. The angles where the faces meet, a
and b are 90°, while the γ angle on the trigonal face is 120°. Only the primitive-type (P)
of Bravais lattice is found in the trigonal unit cell (a = b ≠ c, while =90°; ≠
120°). The relationship between diffraction peaks in a trigonal unit cell is expressed in
equation (20)

1
(h 2  k 2  l 2 ) sin 2   2(hk  kl  hl )(cos 2   cos  )
=
2
d hkl
a 2 (1  3 cos 2   2 cos 3  )

(20)

The triclinic unit cell has the least symmetry compared with the other crystal systems.
The axes are all different and no angle is equivalent to 90° [49, 50, 54].
The main objective of x-ray and neutron diffraction pattern indexing process is the
geometrical rebuilding of the three dimensional reciprocal space from the onedimensional distribution of the observed d values. The term of indexing corresponds to
the fact that the unit cell determination step is related to assigning the appropriate triple
of Miller indices to each observed inter-planar distance [55]. The first practical indexing
was proposed by Runge [56]. For accurate assignment of mesostructures using X-ray or
neutron diffraction patterns, a minimum of four peaks are required to state with any
confidence the symmetry aspect. Table 2.4.1 illustrates some of well-known lyotropic
mesophases and their ratio of spacing between Bragg diffraction features for particular
lattices [57].
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between lattices Bragg diffraction features.
Categories
Smectic
Mesh

Mesophases
Lamellar
Rhombohedral
Tetragonal

Sponge

Columnar

Bicontinuous
cubics

Hexagonal
Ribbon

Micellar

2.5

Discrete cubic

Symmetry
(dimensionality)
Smectic (1D)
(1D)
Rm (3D)
(1D)

The most intense reflections
peak ratios

I422 (3D)

1:2:3:4. . ., etc.
1:2:3:4. . ., etc.
(003), (101), (012). . . (006)
1:2:3:4. . ., etc.
(002), (101), (110) . .(103), . .
(004)

Imm (3D)
Pnm (3D)

√2:√4:√6:√8:√10…etc.
√2:√3:√4:√6:√8…etc.

Iad (3D)
p6m (2D)

√6:√8:√14:√16:√18:√20…etc.
√1:√3:√4:√7:√12…etc.

cmm (2D)
bcc packing Imm
(3D)
fcc packing Fmm
(3D)

(11):(20):(22):(31):(40):. . .etc.

Pmn (3D)

√2:√4:√5:√6:√8..…etc.

Fdm (3D)

√3:√8:√11:√12:√16..…etc.

√2:√4:√6:√8:√10..…etc.
√3:√4:√8:√11:√12..…etc.

Grazing-Incidence X-ray Diffraction (GIXD)

Grazing incidence diffraction is a scattering geometry combining the conditions for xray total external reflection from crystal surfaces with the Bragg condition. The GIXD
provides better characteristic information for studies of thin surface layers as compared
to the other diffraction techniques, since GIXD provides morphological information
from the Angstrom length scale to micrometres scales. The detailed theory of GIXD can
be found in references [58-61] and a simplified description is given here to correspond
with the measurements made in this work. Grazing incidence x-ray diffraction is nondestructive and can be applied in various types of environment from ultra-high vacuum
to gas atmospheres, on both solid and liquid interfaces. It is also applicable during
chemical reactions, in situ and in quasi real time when reactions are involved such as
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to investigate from surface to buried interfaces as well as the bulk of the sample by
varying the depth of x-ray incident angle [58].
The principle of X-ray scattering from nanostructures is similar to regular X-ray
diffraction, however a synchrotron X-ray radiation source is very necessary because the
investigated volume of matter is small and the incident X-ray wave-vector Ki is kept at a
grazing angle with respect to the sample surface to minimize the unwanted background
scattering such as elastic and inelastic waves emanating from the bulk, and to improve
the near surface scattering [62]. Figure 2.5.1 illustrates the diagram of grazing incident
scattering geometry measurements, in which the incident angle θi is generally small and
stays constant, mainly close to the angle of total external reflection θf.

Figure 1.17.: Schematic of grazing incidence diffraction where θi incident angle of
grazing beam (Ki) and θf the angle of scattered beam (Kf). The 2θin is corresponds to the
in-plane diffracted angle.
The scattered beam, of wave vector Kf , makes the scattering angle 2θ with the incident
wave vector. It is detected at a direction defined by slits, and makes an angle θf with the
sample surface and in-plane, the angle 2θ is related to the transmitted beam. The wavevector transfer is defined as q = Kf – Ki. The absolute value of q is a function of θi and
θf, where │q│= qz = K0 [sin (θf) + sin (θi)] where K0 = │Kf│= │Ki│= 2π/λ is the
elastically conserved wave vector modulus [60, 62]. The λ is the X-ray wavelength. In
GIXD, the angular coordinates are correlated to the wave-vector transfer coordinates
according to:
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(21)

qy = K0 [sin(2θ) cos(θf)]

(22)

qz = K0 [sin(θf) + sin(θf)]

(23)

k0 = 2π/λ.

(24)

When all angles are small, the wave-vector transfer is also small, typically between 0
and 1nm-1, and therefore big dimensions are explored in real space. The analogous
technique to grazing incidence diffraction [58, 60, 62, 63] is X-ray reflectivity (XRR),
in the specular geometry, used to characterize the density profile perpendicular to the
surface. The off-specular geometry is used to characterize the large lateral electron
density correlations along qx, while grazing incidence small-angle scattering is used to
characterize the morphology parallel with the surface along qy and perpendicular to it
along qz, at intermediate length scales typically between a few nm and a few hundreds
of nm.
GIXD patterns taken during this work were analysed in ImageJ and Igor Pro to visualise
diffraction rings and spots. Data for ordered mesostructured samples were then analysed
using the assignment of these peaks to crystalline unit cells as described above in
section 2.4.

2.6

Gel permeation Chromatography

Size exclusion chromatography (SEC) is the one of well-known techniques for the
determination of average polymers molar mass and molecular weight distributions. The
gel permeation chromatography (GPC) more specifically refers to a separation column
filled with cross‐linked polymer that is swollen by the employed solvent [64]. This
stationary phase is the most common type in GPC; however other substrates, such as
glass beads, are also used. Typically each analysis column contains only a small range
of pore size, such that it separates over a limited range of molecular size. A sequence of
columns in series is required for separation over a wide range of molecular size,
generally from 2 to 4 columns are used. At the start of a run a small amount of polymer
solution is injected into the start of the column, where the sample solution is introduced
into a sample loop, by a syringe. The flow by-passes the loop, but by operation of a
sample injection valve the sample stream can be diverted into the sample loop, pushing
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column set consists of a series of columns similar to those of the sample set. Ideally
solvent should take the same time to reach the detector via the reference column set as
via the sample set. The separation process depends on the preferential penetration of
smaller molecules into the pores of the column packing material, so that larger particles
or molecules elute first followed by smaller species [65].

Figure 2.6.1: A simple schematic of gel permeation chromatography.
This may be due to either the inability of large molecules to enter certain regions of the
gel due to their size or the larger diffusion coefficients of smaller molecules. To provide
quantitative results, the relation between molecular weight and volume of solvent that
has passed through the detector since sample injection (also known as the elution
volume) must be established by calibration with monodisperse polymer standards
Calibration is necessary in order that the elution volume of chromatograms can be
related to polymer molecular weight. It is performed most simply by using very narrow
distribution fractions of the same polymer as that under investigation. In this case, the
peak elution volume of the narrow chromatogram is assumed to correspond to the
known polymer molecular weight. Although separation in GPC is ruled by the size of
solute molecules in solution, solutes of similar hydrodynamic volume but different
molecular weight will elute at the same retention volume. The detector is placed at the
outlet of the column. The common detectors used in GPC are differential
refractometers, which measure the difference in refractive index between pure solvent
and the polymer solution leaving the column, and ultraviolet or infrared detectors,
which can be used if the polymer contains some group that absorbs the radiation [66] eg
styrene.
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In this study, polystyrene was first extracted from the polyethylenimine-surfactant
matrix where it was polymerised. The extracted polystyrene samples were dissolved in
tetrahydrofuran (THF) to a concentration of 0.25-0.30 g/L. The resulting solution was
then analysed in a GPC to obtain the average molecular weight as well as the molecular
weight distribution. The measurement was performed on a PL-GPC 50 Plus, Integrated
GPC System from Polymer Laboratories (A Varian Inc. Company) equipped with a
detection system consisting of a refractive index (RI) [67]. The system was equipped
with PL-gel-5micro mixed-C (300×7.5mm) columns. The mobile phase was THF and
the sample was injected via a PL-AS RT GPC Autosampler at a flow rate of 0.1
mL/min. The sample was analysed using software Cirrus GPC version 3.2. The PL-GPC
50 Plus was calibrated with 12 polystyrene standards with Mns ranging from 1060 2650000.

2.7

Cyclic Voltammetry (CV)

Cyclic voltammetry (CV) is the most valuable electroanalytical technique for the study
of electroactive species [68, 69]. It is a widely used technique for obtaining qualitative
information about electrochemical reactions; also it is a very sensitive and accurate
method for quantitative detection of species such as inorganic complexes, organic
molecules and metal ions. Cyclic voltammetry is the first experiment performed in an
electrochemical study of a material or an electrode surface [68, 69]. Cyclic voltammetry
typically uses the principle of potential sweep. The current is recorded while the
electrode potential is changed linearly with time between two values. The initial
potential (Einitial) is generally the point where there is no electrochemical activity and the
final potential (Efinal) is the point where the reaction is mass transport controlled. The
scan stops at E

final,

since at this point the sweep direction is reversed, the potential

reaches Efinal and the potential is reverted to Einitial (Figure 2.7.1).
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Figure 2.7.1: Schematic of waveforms used in linear sweep cyclic voltammetric
experiment.
Usually multiple cycles are recorded for kinetic studies such as molecular diffusion into
the films. The starting and reversal potential points define the driving force for electron
transfer and the oxidation state of the species involved. In addition by choosing the
suitable potentials can determine whether a species is formed or consumed, and whether
the reaction is under kinetic or mass transport control. The potential scan rate sets the
timescale of the experiment and can determine whether intermediates are formed or
consumed. Figure 2.7.2 demonstrates the cyclic voltammogram which is the name of
the current/potential plot. The cyclic voltammogram is a time-dependent function of a
large number of physical and chemical parameters. As the potential is scanned in the
negative direction the current increases to a peak and then reduces in a regular manner.
The current depends on two steps in the overall process, the movement of electroactive
material to the surface and the electron transfer reaction. The electron transfer rate
constant for a reduction process is a function of potential [69, 70].

Figure 2.7.2 Typical cyclic voltammogram for a reversible redox process.
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The three-electrode cell used in the CV experiments in this thesis consists of a working
electrode prepared from tin-doped indium oxide (ITO) coated glass slides. The
spontaneously self-assembled film formed from BDHAB/SPEI solubilising 2.0mM and
4.0mM of PAN/Pyrene cross-linked by EGDGE was deposited on a 1cm x 1cm ITO
glass slide. A platinum (Pt) wire was used as counter electrode while a silver/silver
chloride (Ag/AgCl, 3 M KCl) was used as reference electrode. Two metals ions (Fe +3
and Cu+2) as chloride salts dissolved at 10 ppm final concentration were investigated.
The metals salts were dissolved in 10mM H2SO4 as the electrolyte solution. The
electrochemical measurements were implemented by an electrochemical analyser
microAutolab II potentiostat system (EcoChemie, Netherlands) with GPES software
[71]. All scans were conducted at room temperature. The potential was scanned between
−0.95 and 0.95 V with a potential scan rate of 30 mV s−1 for 9 scan cycles or between
−0.12 and 1.25 V with a potential scan rate of 30 mV s−1 for 10 scan cycles.

2.8

Electron microscopy

Electron microscopy is used in either a reflection or transmission approach. A typical
scanning electron microscope (SEM) relies on the reflected electrons that are used to
build up a three-dimensional image of the sample surface giving information on the
sample surface features, texture and topography. This style of electron microscopy can
covers the magnification range between the lower resolution limit of optical microscopy
(~1μm) and the upper practical limit around 5nm of transmission electron microscopy
(TEM). The main important difference between these two techniques of instrument is
that an image from a scanning electron beam instrument is built up by scanning a
focused, highly convergent electron probe over an area of the sample and measuring a
signal generated from the interaction of the electron beam with the specimen. In the
case of transmission electron microscope a parallel beam of electrons used enlightening
an area of the sample and forming an image using several electrons which penetrate
through the specimen [72].
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incident on a sample. The size of the electron probe depends on the electron source
configuration and the magnitude of current in the electron probe. This electron probe is
hit across an area on a sample and reflected signals from the sample surface can be
measured. Interactions between the sample and the electron probe generate many types
of signal including secondary electrons, backscattered electrons and characteristic xrays. The most important signals are those genarated by secondary electrons (SE) with
most probable exit energies of 2–5 eV and by backscattered electrons (BSE) with
energies that range from the energy of the primary electrons to about 50 eV. The
secondary electron produced and the backscattering coefficient depend on the angle of
electron incidence (topographic contrast), the mean atomic number (material contrast),
the crystal orientation (channeling contrast), and electrostatic and magnetic fields near
the surface (potential and magnetic contrast). The resolution for BSEs and x-ray images
is dependent on the size of the electron interaction volume, which is a function of the
accelerating voltage, and the average atomic number and density of the sample. For SE
imaging, resolution is usually dependent on the size of the electron probe and the
inherent contrast of the sample. For SEM techniques, samples fits into the instrument
stage at high-vacuum system and electrically conductive, where samples that are not
electrically conductive can be coated with a thin electrically conductive layer such as
evaporated amorphous carbon or have a metal such as gold, platinum, palladium, or
chromium sputtered onto the surface. The samples for transmission electron microscopy
are necessary to be thin enough that electrons with energies of 100 keV or higher can
pass through the sample to provide a magnified image of the sample or an electron
diffraction pattern [72-74].
The TEM is capable of giving information on an atomic scale, by direct lattice imaging.
The high resolution TEM instrument can give information on the crystallographic
arrangement of atoms in the specimen and their degree of order; detection of atomicscale defects in areas a few nanometers in diameter, and can be used to index crystalline
materials. In principle, the resolution in the TEM is given by the capability to accelerate
electrons, so the higher voltage used to accelerate electrons, the better resolving power
of the TEM [72, 74], although also the greater the likely damage to the specimen being
studied. Electrons emitted from electron gun (filament) are accelerated through high
voltage. Their wavelength is related to the accelerating voltage, V by the equation:
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-1/2

(25)

where e is the charge and m is the mass of the electron. In the case of TEM the
condenser lens is used to control the size and the angular spread of the electron beam
that is incident on the sample. The electrons are emitted by a cathode filament. The
electrons are then attracted towards the anode, which causes their acceleration. The
electron beam is focused by two successive condenser lenses into a beam with a spot
size around 5 nm. The beam passes through an objective lens and strikes the surface of
the sample as shown in figure 2.8.1. The practical resolving limit is governed by the
imperfection of the lenses and for a current microscope is in the range 1 -2 Å. Typically
electromagnetic lenses are used in electron microscopy to focus the electron beam. The
contrast in electron microscopy is based on the relative difference in the observed
intensities between areas filled with atoms with different scattering behaviour. Heavy
elements have high electron density so scatter electrons strongly and so appear darker in
the TEM bright-field image, the image taken when the directly transmitted electron
beam is recorded.

Figure 2.8.1 Schematic image of the components of a transmission electron microscope.
TEM can also provide diffraction data with very high spatial resolution for individual
crystals when the diffracted rather than transmitted beam is selected to be recorded. The
electron wavelengths are much smaller than the X-ray wavelengths used in typical
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cone cantered on the non-diffracted beam. The area of illumination that is chosen for
diffraction can be selected by appropriate lenses giving rise to the selected-area
diffraction that is very important for polycrystalline materials [73].

2.8.1 Experimental Measurements
The scanning electron microscopy images of recovered templated polystyrene structures
were taken at the Centre for Electron Optical Studies at the University of Bath using a
Japanese Electron Optics Laboratory JEOL JSM6480LV scanning electron microscope
[75]. SEM images were collected with an operating voltage of 20 kV and to prevent
charging of the samples they were sputter coated with gold prior to imaging in the SEM.
The transmission electron microscopy images were taken in two places: first at the
Centre for Electron Optical Studies at the University of Bath. Images were collected
using a Japanese Electron Optics Laboratory JEOL 1200 EX transmission electron
microscope operated at 120 kV. Instrument settings and images were established using
the fluorescent screen of the TEM instrument before final collection using a CCD
camera. Samples were prepared for TEM study by dispersing the purified polystyrene
powder in deionised water by agitating the test tube for one minute. A clean pipette was
then used to place a drop of this dispersion onto a copper EM grid with a holey carbon
film, and excess solution was blotted with a filter paper, leaving thus a thin sample film
spanning the holes in the carbon film.
The second location where TEM images were taken was in the Physical Chemistry
Division in the Department of Chemistry, Lund University, Sweden. These micrographs
were recorded using a JEOL 3000F (300 kV) microscope. The film samples were frozen
under liquid nitrogen to make them brittle, and were crushed in a cold mortar into
fragments. The fragments were deposited from the liquid nitrogen onto a copper EM
grid with a holey carbon film. The grid was placed into the microscope at room
temperature on a stage which was then cooled using liquid nitrogen for 2 hrs before
measurement, as well as during imaging.
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Other Techniques

2.9.1 Determination of Critical Micelle Concentration by Conductivity
The charged surfactant such as quaternary ammonium cations behaves as an electrolyte
and therefore follows Ohm's Law. This means that when a voltage (V) is applied across
a cell containing the cationic surfactant solution the current (I) that flows is proportional
to V. Ohm's Law can be written in two equivalent ways : V = IR or I =VG , where R is
the resistance and G (=1/R) the conductance of the solution. The conductance of the
solution mainly depends on the cell dimensions and the nature of the solution. The
conductance of a solution contained in a cell of length l and area A is expressed as:
G = (A/l)* κ

(26)

where κ is the conductivity of the solution and is independent of the shape of the cell.
Conductivity has the units Ω-1 m-1 or S m-1 where S is the SI unit of conductance
(Siemens) [76]. For a solution of concentration c mol m-3 the molar conductivity, Λ
with units S m2 mol-1 can be written as: Λ = κ c. Molar conductivity is a very suitable
way of measuring conductivity due to highlights the properties of the electrolyte.
Overall the molar conductivity decreases with increasing concentration due to the
influence of concentration on interactions between electrolyte ions or on an ionic
dissociation process. The molar conductivity of an electrolyte depends on the extent to
which the electrolyte dissociates into ions. Strong electrolytes such as sodium chloride
are almost completely ionised, whilst weak electrolytes are ionised to only a small
extent. Therefore conductivity is a convenient instrument to detect the cmc point of
ionic surfactants. That is due to below the cmc, the addition of surfactant to an aqueous
solution causes an increase in the number of charge and thus increase in the
conductivity, while above the cmc, and further addition of surfactant increases the
micelle concentration while the monomer concentration remains almost constant. Since
a micelle is much larger than surfactant monomer it diffuses more slowly through
solution and so is a less efficient charge carrier. A plot of conductivity against surfactant
concentration is, thus expected to show a variation at the cmc point. Therefore electrical
conductivity was used here in this report to measure the cmc of the surfactants using
plots of electrical conductivity versus surfactant concentration [77].
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of the surfactant solutions. All experimental measurements were performed at 25°C.
The LE703 conductivity electrode used in this study was calibrated using potassium
chloride aqueous solution. The zero point of the conductivity measurement was taken at
50.0 ml of ultra-pure Milli-Q water. The solution was stirred with a magnetic stirrer and
a Metrohm autotitrator model number dosimat-665 used to control surfactant
concentration added into blank water. The conductivity reading was taken after each
dispense point and stirring for 30 seconds. In the case of L-PEI/surfactant cmc
measurements, the surfactants solutions and blank start point were taken in a 1% (w/v)
solution of L-PEI without surfactant.

2.9.2 UV-Vis and Fluorescence spectroscopy
UV/Vis spectra for molecules result when a molecule or ion absorbs ultraviolet or
visible radiation it undergoes a change in its valence electron configuration. The valence
electrons in organic molecules and inorganic anions occupy sigma bonding, σ, pi
bonding, p, and nonbonding, n, molecular orbitals. Unoccupied sigma antibonding, σ*,
and pi antibonding, π*, molecular orbitals often lie close enough in energy that the
transition of an electron from an occupied to an unoccupied orbital is possible.
According to Beer’s Law absorbance and concentration of affect the absorptivity [76,
78] of a solution and the concentration of solute can expressed as:
A = abc

(26)

where a is the analyte’s absorptivity with units of cm–1 conc–1, b is the absorptivity and
C is a concentration of solute. When the concentration is expressed using molarity, the
absorptivity is replaced by the molar absorptivity, ɛ (with units of cm–1 M–1)
A = ɛbc

(27)

The absorptivity and molar absorptivity give, in effect, the probability that the analyte
will absorb a photon of given energy. As a result, values for both a and ɛ depend on the
wavelength of the electromagnetic radiation used.
In this work the UV/Vis experiment was carried out using a Hewlett Packard HP
spectrometer with linear diode array. Scan measurements were recorded between 200800 nm-1 with the addition of different concentrations of organic and metal ions
compounds.
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Fluorescence spectrometry is based on the absorption of radiation of a certain
frequency, causing the energy transition from the outermost electronic orbitals to a
higher energy state and the subsequent deactivation of the excited atoms with the
release of radiation [78]. In this work fluorescence spectroscopy was used to study
surfactant/PEI/PAN/Pyrene system as metal ion sensor.
Fluorescence spectroscopy was performed on a Perkin Elmer LS 50B Spectrometer. The
excitation wavelength was used was 300nm and the spectrum was recorded between
350nm and 660nm. Different concentrations of Cu+2 as copper chloride (CuCl2) was
added gradually to a solution consisting of BDHAB, SPEI, PAN, pyrene and EGDGE at
concentrations of 10.0, 1.2, 0.6 and 2.0 mM respectively. The emission wavelength was
337nm ±2nm, where the spectra and the intensity at the maxima (372nm) were
recorded.

2.9.3 Gas Chromatography (GC)
GC is used in the separation of sufficiently volatile organic compounds in mixed
samples. Current instruments provide several inlet options that can be selected
according to the particular sample and matrix. In order to reach maximum sensitivity,
either splitless injection or on-column injection is used [78]. Here, gas chromatography
was used to study the loss of solubilised styrene monomer in surfactant/polymer
solutions during thermal and photopolymerization, where the loss of styrene monomer
is related to styrene conversion to polystyrene. An Agilent 6890N Network Gas
Chromatography System with an Agilent 19091J-413 HP-5 5% Phenyl Methyl Siloxane
300m x 320μm x 0.25μm column was used.
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1-Bromododecane, 1-Bromotetradecane, 1-Bromohexadecane, Triethylamine 99%,
Pyridine, ACHN [1,1′Azobis(cyclohexanecarbonitrile)], Ethylene glycol diglycidyl
ether (EGDGE), 1-(2-Pyridylazo)-2-naphthol, Methyl Methacrylate, Tripropylamine,
Polyethylenimine (750,000 Mw) - 50 % (w/v) in H2O, Polyethylenimine (2,000 Mw) 50 % (w/v) in H2O, Barium chloride dehydrate, Iron (II) chloride 99% tetrahydrate, Iron
(III) chloride hexahydrate 97%, Lithium chloride, Magnesium chloride, Copper (II)
chloride, Copper(I) chloride, Cesium chloride 99%, Zinc Chloride and Deuterium oxide
were purchased from Sigma-Aldrich. Hexadecyltrimethylammonium bromide, N,NDimethylbenzylamine and Styrene 99% were purchased from Acros Organics. nDodecyltriphenylphosphonium bromide, Tetradecyltriphenylphosphonium bromide and
Hexadecyltriphenylphosphonium bromide were purchased from Alfa Aesar. Silver
nitrate was purchased from FLUKA. Cobalt (II) nitrate hexahydrate was purchased from
RIEDEL-DE HAEN. Cadmium chloride was purchased from BDH.
Cetyltrimethylammonium bromide - d33 (98% D) and Cetyltrimethylammonium
bromide - d42 were obtained from the Oxford Isotope Laboratory. Styrene-d8, Pyrene-d10
and

Methyl

Methacrylate-d8

were

purchased

from

CDN

Isotopes.

1-

Hexadecylpyridinium Bromide was purchased from Lancaster. Ultra-pure Milli-Q water
(18.2MΩ cm resistance) was used for all H2O solution preparations.
All purchased chemicals were used without further purification except where noted
below. Dodecyltriethylammonium bromide, Tetradecyltriethylammonium bromide,
Hexadecyltriethylammonium

bromide,

Dodecyltripropylammonium

bromide,

Tetradecyltripropylammonium

bromide,

Hexadecyltripropylammonium

bromide,

Benzyldimethyldodecylammonium

bromide,

Benzyldimethyltetradecylammonium

bromide, Benzyldimethylhexadecylammonium bromide, 1-Dodecylpyridinium Bromide
and 1-Tetradecylpyridinium Bromide were synthesised in our lab using the procedures
described below.
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Quaternary ammonium salts are the most common cationic surfactants. Basically they
formed when a nitrogen atom is attached with four covalent bonds with at least one of
these bonds to a long alkyl chain (figure 2.11.1). Mainly alkyl chain lengths in the
region of C12, C14 and C16 carbon atoms are used as surfactants with longer chain
lengths are increasingly insoluble. In this study 1-bromododecane, 1-bromotetradecane
and 1-bromohexadecane were used as a source to synthesise surfactants with C12, C14
and C16 alkyl chains respectively.

Figure 2.11.1 Nucleophilic substitution of quaternary ammonium salts.
Triethylamine, tripropylamine, pyridine and N,N-dimethylbenzylamine were used to
vary the surfactant head groups, see figure 2.11.2. The alkylbromide and trialkylamine
were mixed in a one to one mole ratio with excess 10% of trialkylamine to make sure
that all of the alkyl chain has been reacted with trialkylamine. 30 ml of absolute ethanol
was added to the mixture and heated while being stirred for 12h under reflux conditions
at temperature between 100°C and 110°C depending on the chain length and bulkiness
of the head group. Ethanol solvent was then evaporated using a rotary evaporator. The
remaining mixture was left to cool down at room temperature. Synthesized surfactants
were purified from the excess of trialkylamine by a recrystallization process. A
minimum amount of chloroform was added to dissolve the mixture. Ethyl acetate was
added slowly to this solution while the mixture was stirred until the start of
precipitation. To enhance precipitation amount the mixture was cooled in a refrigerator.
The resultant precipitate was filtered, washed twice with ethyl acetate, and dried under
vacuum at room temperature [79]. The same procedure was used to synthesise all of the
deuterated surfactants used in this work (Table 2.11.3).
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Figure 2.11.2: shows chemical structure of alkyltriethylammonium bromide,
alkyltripropylammonium
bromide,
alkylpyridinium
bromide
and
benzyldimethylalkylammonium bromide respectively where R is a C12, C14 or C16
hydrocarbon chain.
Table 2.11.1: Abbreviations, molecular formula and SLDs of all surfactants used in this
research.
Molecular
Surfactant Name
Abbrev.
M. Wt
SLDs (Å-2)
Formula
CTAB

Dodecyltriethylammonium bromide
Tetradecyltriethylammonium
bromide
Hexadecyltriethylammonium
bromide
Dodecyltripropylammonium
bromide
Tetradecyltripropylammonium
bromide
Hexadecyltripropylammonium
bromide
Benzyldimethyldodecylammonium
bromide
Benzyldimethyltetradecylammonium
bromide
Benzyldimethylhexadecylammonium
bromide
n-Dodecylpyridinium bromide

DTEAB

C18 H40 N Br

350.425

-3.39 x10-7

TTEAB

C20 H44 N Br

378.478

-3.35x10-7

HTEAB

C22 H48 N Br

406.532

-3.31x10-7

DTPAB

C21 H46 N Br

392.505

-3.35x10-7

TTPAB

C23 H50 N Br

420.559

-3.32 x10-7

HTPAB

C25 H54 N Br

448.612

-3.30 x10-7

BDDAB

C21 H38 N Br

384.442

1.11x10-7

BDTAB

C23 H42 N Br

412.495

7.71x10-8

BDHAB

C25 H46 N Br

440.549

4.82 x10-8

DPBr

C17 H30 N Br

328.335

2.12 x10-7

TPBr

C19 H34 N Br

356.388

1.60 x10-7

n-Hexadecylpyridinium bromide
CPBr
C21 H38 N Br
384.442
Dodecyltriphenylphosphonium
DTPhPB C30 H40 P Br
511.524
bromide
Tetradecyltriphenylphosphonium
TTPhPB
C32 H44 P Br
539.577
bromide
Hexadecyltriphenylphosphonium
HTPhPB C34 H48 P Br
567.631
bromide
The SLDs values of surfactant are calculated without counterions (Br).

1.18 x10-7

n-Tetradecylpyridinium bromide
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C19H42 N Br

284.55

-3.40 x10-7

Cetyltrimethylammonium bromide

7.08 x10-7
6.49 x10-7
5.96 x10-7
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hydrocarbon chains and polymers were used in this research.
Additives and polymers

Abbrev.

Molecular
Formula

Styrene

Styrene

C8H8

104.152

1.22x10-6

Pyrene

Pyrene

C16H10

202.256

2.61x10-6

Hexadecane

Hexadecane

C16H33

225.44

-3.53 x10-7

Tetradecane

Tetradecane

C14H29

197.38

-3.59 x10-7

Dodecane

Dodecane

C12H25

169.33
249.273

-3.67 x10-7
4.24 x10-7

M. Wt

SLDs (Å-2)

1-(2-Pyridylazo)-2-naphthol

PAN

C15H11N3O

Low Mw of Polyethyleneimine

SPEI

C2H5N

~2000

5.98 x10-7

High Mw of Polyethyleneimine

LPEI

C2H5N

~750 000

5.92 x10-7

Table 2.11.2: Molecular formula and SLDs of deuterated compounds and solutions
were used in this research.
Deuterated compound

Molecular Formula

M. Wt

SLDs (Å-2)

CTAB Tail Deuterated
CTAB Fully Deuterated

C19H9D33 N Br
C19D42 N Br

397.658
406.715

4.57x10-6
5.74x10-6

CPBr Head Deuterated

C21H33D5 N Br

389.472

9.53x10-7

CPBr Tail Deuterated

C21 H5D33 N Br

417.649

5.65x10-6

CPBr Fully Deuterated

C21 D38 N Br

422.680

6.50x10-6

D33C25 H13 N Br

473.756

4.73x10-6

D33-Hexadecane

C16D33

258.643

6.74x10-6

D29-Tetradecane

C14D29

226.565

6.66x10-6

D25-Dodecane

C12D25

194.4863

6.60x10-6

Styrene-d8

C8D8

112.202

5.20x10-6

Pyrene-d10

C16D10

212.319

6.23x10-6

100% D2O

D2O

20.027

6.36x10-6

H3D7O5

97.119

4.29x10-6

1.5% S-PEI in 100% D2O

C6H21N3O197D338

4068.603

6.08x10-6

1.5% L-PEI in 100% D2O

C6H21N3O197D388

4068.603

6.09x10-6

C30H75N15O985D1970

20373.206

6.18x10-6

1.5% PEI in 70%D2O
C30H665N15O985D1380
19779.489
The SLDs values of surfactant are calculated without counterions (Br).

4.16x10-6

BDHAB Tail Deuterated

70% D2O Solutions

1.5% PEI in 100%D2O
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3 Micellization Behaviour of Cationic Surfactants in
Presence and Absence of Polyelectrolyte
3.1

Introduction

The spontaneous aggregation of surfactant molecules by arranging themselves into
organized molecular assemblies at a critical concentration point in a liquid phase
system, is called micellization and is one of the most important behaviours of
surfactants. Three stages can describe the micellization progression. In the first stage,
when the surfactant concentration is low, there are only a few surfactant molecules in
the liquid phase and they are far apart from each other. The second stage is when
surfactant molecules are starting to aggregate with each other forming micelles, this
point is called the critical micelle concentration (cmc). The third stage is above the cmc,
where the liquid phase is saturated with micelles and addition of more surfactant
molecules in the system increases the micelle numbers with constant free surfactant
molecules concentration [1].
Conductivity measurements of surfactant concentration can show these phases very
clearly, particularly for ionic surfactants. The conductivity measurement of the critical
micellar concentration of surfactants has been extensively used to study the free energy
of micellization and degree of ionization of the surfactants. SANS experiments has been
also used to study the size and aggregation number of cationic surfactants with and
without polyelectrolyte. In this study a wide range of cationic surfactants with varied
head groups and hydrocarbon chain lengths were used to understand the aqueous
micellization behaviours of these cationic surfactants and in addition to study the effects
of the bulkiness of the head group and length of hydrocarbon chain in micellization in
the presence and absence of a polyelectrolyte, polyethylenimine.

3.2

Methods and Materials

Dodecyltriethylammonium bromide (DTEAB), tetradecyltriethylammonium bromide
(TTEAB), hexadecyltriethylammonium bromide (HTEAB), dodecyltripropylammonium
bromide

(DTPAB),

tetradecyltripropylammonium

bromide

(TTPAB),

hexadecyltripropylammonium bromide (HTPAB), benzyldimethyldodecylammonium
bromide (BDMDAB), benzyldimethyltetradecylammonium bromide (BTMDAB),
benzyldimethylhexadecylammonium

bromide
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(BDMHAB),

1-Dodecylpyridinium

----------------------------------- Chapter 3 -------------------------------------bromide (DPBr) and 1-yetradecylpyridinium bromide (DPBr) were synthesised as part of
this thesis as described in chapter 2. Hexadecylpyridinium bromide (CPBr),

dodecyltriphenylphosphonium bromide (DTPhPB), tetradecyltriphenylphosphonium
bromide (TTPhPB) and hexadecyltriphenylphosphonium bromide (HTPhPB) were
purchased. These surfactants were used to prepare solutions in ultra-pure Milli-Q water
(18.2MΩ cm resistance) which were used to measure the cmcs for these surfactants as
described in Chapter 2. The cmcs were measured with and without polyethylenimine
with Mol Wt ~750 000 (LPEI) and ~2 000 (SPEI).

3.3

Results and Discussion
3.3.1 Characterization of synthesized surfactants

Mass spectroscopy, TLC and 1H-NMR were used to confirm the chemical structure and
purity of synthesised surfactants. Typical results are shown below. For example figure
3.3.1

shows

the

positive

ionisation

mode

mass

spectroscopy

results

for

dodecyltripropylammonium bromide (DTPAB) where the high intensity peak at 312.36
occurs at the molecular mass of DTPAB. Figure 3.3.2 shows the 1H-NMR of
tetradecyltriethylammonium bromide (TTEAB) where at δ = 1.65 ppm the signal
indicates the (CH2) that confirms the joining of the head group and alkyl chain. In
general the signal of the alkyl chain (CH2) at δ = 1.19 ppm increases when the alkyl
chain length increases.

Figure 3.3.1: Mass spectroscopy analysis of the synthesized dodecyltripropylammonium
bromide surfactant where the signal at 312.36 shows the molecular mass of DTPAB
after subtraction of the bromide atom.
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Figure 3.3.2 1H-NMR of tetradecyltriethylammonium bromide (TTEAB), showing a
signal at δ = 1.65 ppm belonging to (CH2) which gives proof of the head group and
alkyl chain interaction.

3.3.2 The Critical Micelle Concentration (cmc) Behaviour of Cationic
Surfactants in Presence and Absences of Polyethyleneimine (PEI).

Figure 3.3.3: Plot of HDTEAB concentration versus conductivity measurement where
the line shows the cmc point, and the left and right equations show the linearity and
regression of the line fitted to the points below and above the cmc.
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cationic surfactants [2]. The concentrations of surfactants in regions above and below
the cmc have a linear correlation with conductivity. The slope of the points above the
cmc region is less than the slope value of the points below the cmc region (figure 3.3.3).
Table 3.3.1: The cmc at 25°C (mMol dm-3), degree of counter ion dissociation (β) and
Gibbs free energy of micellization -∆°Gm (KJ/mol) values for cationic surfactants in
water solution and in 1.0% (w/v) L-PEI.
Surfactants name

Solution

1.0% (w/v) L-PEI

cmc

β

-∆
°Gm

cmc

β

-∆
°Gm

13.83

0.215

36.7

13.64

0.391

33.1

3.40

0.351

39.7

3.12

0.353

39.9

0.80

0.396

44.3

0.29

0.463

46.3

9.43

0.393

34.6

9.72

0.469

32.8

2.42

0.369

40.6

2.06

0.421

39.9

0.59

0.451

44.0

0.35

0.518

43.9

5.39

0.303

38.9

5.37

0.317

38.6

1.23

0.353

43.7

0.99

0.387

43.7

0.29

0.452

46.7

0.14

0.556

46.3

n-Dodecylpyridinium bromide

11.82

0.266

36.3

11.61

0.271

36.3

n-Tetradecylpyridinium bromide

2.79

0.277

42.3

2.43

0.298

42.3

n-Hexadecylpyridinium bromide

0.70

0.341

46.4

0.41

0.334

48.8

2.10

0.49

38.1

1.69

0.588

36.4

0.67

0.605

39.2

0.26

0.608

42.4

0.20

0.616

43.0

0.12

0.862

46.8

Dodecyltriethylammonium bromide
Tetradecyltriethylammonium
bromide
Hexadecyltriethylammonium
bromide
Dodecyltripropylammonium
bromide
Tetradecyltripropylammonium
bromide
Hexadecyltripropylammonium
bromide
Benzyldimethyldodecylammonium
bromide
Benzyldimethyltetradecylammonium
bromide
Benzyldimethylhexadecylammonium
bromide

Dodecyltriphenylphosphonium
bromide
Tetradecyltriphenylphosphonium
bromide
Hexadecyltriphenylphosphonium
bromide

The errors in the measured values are ±5% of the reported value.
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ratio between the slopes gives the degree of counter ion dissociation, β. The cmc data
obtained from the conductivity measurements versus surfactants concentration plots are
shown in Table 3.3.1.
An exponential relationship was found between number of carbons in the cationic
surfactant tails and the critical micelle concentration of these surfactants as shown in
Figure 3.3.4. This could potentially be used to calculate the theoretical cmc of these
surfactants having a similar headgroup but with different hydrocarbon chain lengths.
For example from the exponential equation of alkylpyridinum bromides the theoretical
cmc calculated for tridecylpyridinium bromide would be 5.8 mMol dm-3and
pentadecylpyridinium bromide would be 1.4 mMol dm-3. These theoretical values are
very close to experimental values found by Skerjanc [3] where the cmcs were 5.3 and
1.3 mMol dm-3 respectively.

Figure 3.3.4 Number of carbons in cationic surfactants tails correlating exponentially
with critical micelle concentration in water solution.
The exponential relationship between micellization behaviour and surfactants tail
lengths have been reported by several authors [4-6]. For instance Lindman et al.
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decreased, and that non-ionic surfactants showed more rapid decreases compared with
ionic surfactants [7]. Attwood et al. suggested that cmc decreases in general by the half
when one methylene group was added in the hydrophobic part of ionic surfactants [8].
However in some cases the addition of one more methylene group causes the cmc to
decrease to one third of its original value. Also a similar relationship has been shown in
nonionic and zwitterionic surfactants, where for each two methylene groups added to
the hydrophobic chain the cmc decreases by a factor of about 10 from its original value.
Several researchers have developed empirical micellization equations based on various
structural units in amphiphile molecules and their concentrations. Klevens [9] found a
relation between the cmc and the number of carbon atoms N in the hydrophobic chain
and homologous straight-chain ionic surfactants in aqueous medium expressed as:
Log cmc = A – BN (3.1)
where A is a constant for a particular ionic head at a given temperature and B is a
constant (≈ 0.3) at 35ºC for the ionic surfactants.
Linear regression R2 values for the cmc values measured in the presence of 1%( w/v) LPEI / solution indicate that an exponential correlation does not hold as in case of pure
surfactant solutions. Instead a polynomial with order 2 is used to show the correlation
between number of carbons and the critical micelle concentration of surfactants 1%
(w/v) L-PEI solution. The polynomial equation for each surfactant is given in figure
3.3.5.
The cmc performance of surfactants in pure water solution showed different behaviour
from that in the surfactant/PEI solutions as shown in Figure 3.4 -3.5. Edler et al,
reported hydrophobic interactions between PEI and alkyltrimethylammonium bromide
surfactants at high pH solution where highly ordered air/water interface micron thick
films are formed [10, 11]. Different behaviours of surfactants in pure water and in PEI
solution confirm cooperative behaviour between polymer and surfactant when micelles
form. This cooperative behaviour starts at surfactant concentrations lower than the
critical micellization concentration where a cooperative association occurs between
surfactants and polymer due to electrostatic and hydrophobic forces [12, 13]. In this
case, since the polymer is almost neutral at the pH values used, the only electrostatic
forces involved can be weak ion-dipole interactions between the positively charged
surfactant headgroup and the lone-pair on the nitrogens of the polymer [11, 14].
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Figure 3.3.5: Number of carbons in cationic surfactants tails correlating polynomially
with critical micelle concentration of surfactants in 1 %( w/v) LPEI solution.
From Table 3.3.1 and figures 3.3.4 -3.3.5 the cmc values very obviously show that
increasing the hydrocarbon chain length of surfactants decreases the critical micelle
concentration point. This behaviour was recorded for both in surfactants/water solution
and in surfactants/L-PEI solution. Two categories can be used to classify the surfactants
headgroups that were used in this study, the first are aliphatic headgroups like
alkyltriethylammonium bromide and alkyltripropaylammonium bromide, and in the
second category, aromatic headgroups, where the surfactants contain an aromatic part in
their headgroup such as alkylpyridiniumbromide, benzyldimethylalkylammonium
bromide and alkyltriphenylphosphonium bromide. The molecular volume in cubic
Angströms

(Å3) were calculated for triethylamine, tripropylamine, pyridine, (N,N-

Dimethylbenzylamine) and triphenylphosphine [15]. These compounds represent the
head groups of the surfactants used in this study. Table 3.3.2 shows the molecular
volume and density for these compounds.
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Compound Name

Molecular Volume (A3)

Density (gm/cm3)

Pyridine

79.8

0.98

Triethylamine

125.5

0.73

Tripropylamine

175.9

0.76

N,N-Dimethylbenzylamine

146.8

0.90

Triphenylphosphine

246.5

1.10

Molecular Volume (A3) were calculated from ref. [15] and density values were taken
from [16-19].
Table 3.3.2 shows that the bulkiness of tripropylamine is higher than triethylamine and
that triphenylphosphine is bigger than N,N-dimethylbenzylamine, while the pyridine
has a relatively small molecular volume but high density due to a high packing density
of the flat aromatic resonance electron structure. Figure 3.3.6 illustrates the effect of
bulkiness of the surfactant headgroup on the critical micelle concentration. This clearly
confirms that large bulky headgroups reduce the cmc of the surfactants in both cases ie
aliphatic and aromatic headgroups having equal hydrocarbon chain length. This result
was also found in surfactant solutions containing 1% (w/v) L-PEI.

Figure 3.3.6: Effect of the size of the aromatic and aliphatic surfactant headgroups
versus critical micelle concentration
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those prepared in water solutions (table 3.3.1), which indicates that the presence of
polyelectrolyte is driving the surfactants to form micelles at lower concentration due to
interactions between polymer and surfactants. The mechanism of polymer/surfactants
interactions still not fully understood particularly for aqueous systems containing
similarly charged surfactant and polyelectrolyte. Several studies demonstrated that
hydrophobicity and hydrogen bond interactions are dominating in aqueous similarly
charged systems [10, 20]. However a number of factors control the behaviour of
polymer/surfactant interaction. Polyelectrolyte properties such as charge density,
flexibility, and degree of branching play essential role in this interaction, while
surfactants properties like hydrophobicity, bulkiness, charge type and position of the
polar part of surfactant molecules are also significant factors. In general hydrophilic and
lipophilic phenomena are the main interactions between polyelectrolyte and surfactants.
The lower cmc results of surfactants/PEI solutions compared with surfactants in pure
water

in

this

study

also

agrees

with

the

lower

cmc

found

for

the

hexadecyltrimethylammonium bromide(CTAB)/PEI system compared to that of CTAB
in water solutions found in work by Comas-Rojas et al [12].
Assuming a pseudo phase separation model of micelles, the degree of ionization β was
calculated from the ratio of the slopes of the intersecting lines on the graph of
conductivity measured versus surfactant concentration; see the data summarised in table
3.3.1. In general, the degree of ionization, β, increases as the hydrocarbon chain length
increases and as the bulkiness of the surfactant headgroup increases. An exception
occurs in DTPAB where β is only a tiny amount higher than TTPAB in both water and
L-PEI solutions and in DTEAB in L-PEI solution. Due to rare literature in this field and
the simple analysis done on these surfactant / PEI systems no explanation about these
variations can be given.
In general the behaviour of degree of ionization result in this work is in good agreement
with the study by Shehata [4] on quaternary triethyl amines prepared from various long
chain alkyl halides. He found that by increasing the length of the alkyl chain, the degree
of micelle ionization increased. This behaviour was suggested to be due to the variation
in the electronic charge density on the central nitrogen atom, which subsequently
depends on the positive inductive effect of the bulkiness of the headgroup and the alkyl
group of the cationic part of the surfactant [4].
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the thermodynamics of micelle formation [21]. The relationship of Gibbs free energy,
critical micelle concentration and degree of ionization are given in the following
equation:
∆°Gm = (2- β) R T ln Xcmc (3.2)
Where R is the gas constant, T is the absolute temperature, β is the ionization degree of
the micelles and Xcmc is the critical micelle concentration expressed as a mole fraction.
The Gibbs free energies of micellization (-∆°Gm) were calculated from this equation for
surfactant solutions in both water and L-PEI, summarized in table 3.3.1. Figure 3.3.7
demonstrates the correlation between -∆°Gm and the surfactant hydrocarbon chain
length. Figure 3.3.7 very clearly shows that when the surfactants hydrocarbon tail length
increases the negative Gibbs free energy (-∆°Gm) also increases.
50

Hydrocarbon chain
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C16

C14

C12

15
10
5

Alkyl triphenylphosphonium bromide

20

Alkyl tripropylammonium bromide

25

Alkyl triethylammonium bromide

30

Alkyl pyridinium bromide

-∆°Gm (KJ/mol)

35

Benzyldimethyl Alkyl ammonium bromide

40

0

Surfactants

Figure 3.3.7: Negative free energy of micellization (-∆°Gm) for water/surfactant
solution of various surfactants with different hydrocarbon chain lengths.

In other words, thermodynamically, the micellization is stabilized by longer
hydrocarbon chain (tail) due to attractive interaction between surfactants hydrocarbon
chains with themselves. However although the free energy of micellization can show
the effects of hydrocarbon chain length on micelle formation it does not display a clear
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differences between pure surfactant solutions and PEI/surfactants solution are not large,
showing only a relatively tiny increase in -∆°Gm in case of PEI/surfactant solutions. The
variation in the value of -∆°Gm in PEI/surfactants solutions compared with pure
surfactants solutions indicates the variation of interaction strength between PEI and
these dissimilar surfactants.

3.3.3

Micellar volume and aggregation numbers (Nagg) of cationic surfactants in
presence and absences of polyethyleneimine (PEI).

The mechanism of micellization of amphiphile molecules in aqueous solution is very
dependent on the hydrophobic interaction between the hydrophobic parts of the
molecule which provide the driving force for aggregation and the electrostatic or steric
repulsion between the hydrophilic groups which also control the size and shape of selfassembled micelles. The physical properties of the hydrophilic and hydrophobic parts of
amphiphile molecules, such as tail length, bulkiness and headgroup charge thus compete
and thus play an important role in deciding the micellar shape. The Israelachvili [22]
concept of a packing parameter, can be used as a qualitative tool to predict aggregate
shape. The packing parameter (p) is defined as the ratio of the volume of the tail region
of a surfactant molecule to its headgroup area within the micelle:
p = v / al

(3.3)

where v is the molecular volume, l the hydrocarbon chain length and a the area of
surfactant head group. According to Tanford’s equation [23], the hydrophobic chain
volume of the micelle, v, and the critical chain length, lC, can be obtained from:
v = (27.4 +26.9nC) (Å3)

(3.4)

lC = (1.5 + 1.265nC) (Å)

(3.5)

where nC is the number of carbon atoms in the hydrophobic chain of the surfactant. In
this way these equations can be used to predict the micellar geometry. In general, when
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1/2, the micellar shape is suggested to be ellipsoidal or cylindrical. The surfactant
aggregates tend to be bilayers for p values greater than 1/2 and in suitable cases this
results in formation of vesicles [22]. It is important to notice that the effective head
group area a can be altered by changing the solution temperature (for nonionic
surfactants which become less soluble as the temperature increases) or by addition of
salt to the micellar solution, (where for ionic surfactants the added ions cause screening
the charges on surfactant headgroups, allowing them to pack more closely together)
which thus changes in micellar shape [24-27]. Packing parameter (p) calculated for all
surfactants were used in this research and summarized in table 3.3.3.
Table 3.3.3: Calculated surfactant packing parameters, p.
Surfactants (headgroup / Tail)
Triethylamine

C12
0.293

C14
0.294

C16
0.294

Tripropylamine

0.240

0.240

0.240

N,N-Dimethylbenzylamine

0.297

0.297

0.298

Pyridine

0.410

0.406

0.407

Triphenylphosphine

0.176

0.176

0.176

Values for v and lc are calculated using Tanford’s formula, while the a0 values for the
surfactants headgroups are taken from refs. [28-33],

The calculation of the packing parameters of these surfactants demonstrates that they
are all less than 1/2, which is the transition point between spherical and ellipsoidal
micelles. Furthermore the packing parameters of alkyl triphenylphosphonium bromide
surfactant is less than 1/3, suggesting these micelles should be spherical. Nevertheless
all of the cationic surfactants reported here exhibited prolate elliptical micelles, in small
angle scattering experiments described in the following section.
SANS experiments were used to investigate the micellar size and aggregation number
for all of the cationic surfactants listed in table 3.3.1. The micelle parameters of these
cationic surfactants were investigated in the presence and absence of PEI. Low Mw ~2
000 Da SPEI was used at 15g/L. The total surfactant concentration was 0.05M in 100 %
or 70 % D2O. All SANS data were modelled using two contrasts simultaneously, and
using a uniform ellipsoid model to calculate the scattering patterns, written by Dr. Steve
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(WaveMetrics) [34], with the Hayter-Penfold mean spherical approximation for charged
spheres as the structure factor [35]. This model was chosen for fitting the SANS profiles
based on the lowest χ2 after testing also models for Oblate ellipsoid, Polydisperse
spheres, core-shell ellipsoid micelles, cylinder models. The equation for scattering from
a uniform ellipse is given in equation 3.3 where the averaging over all orientations has
to be done numerically. The ellipse is defined by the semi axes R, R, ɛR:

P5 (q, R,  ) 

 /2

 F q, r (R,  , )sin d
2
1

(3.6)

0

Where r(R,ɛ,a) = R(sin2α + ɛ 2cos2α)1/2. The ellipse is rotated about the axis of Ra to
define the ellipsoid. If the radius Rb > Ra, the object is an oblate ellipsoid (disk-like). If
Rb < Ra, then the object is a prolate ellipsoid (needle-like). If the two radii are equal,
then the ellipsoid is a sphere (figure 3.3.8). Prolate ellipsoids have one major semiradius (Ra) and two degenerate minor semi-radii (Rb), the volume of the ellipsoid is
consequently equal:
Vm = (4/3) π Ra Rb2

(3.7)

Aggregation numbers of surfactant monomer (Nagg) [36] were calculated based on
micelle volume (Vm) and volume of the surfactant molecules (Vsurf ):
Nagg=Vm / Vsurf

(3.8)

where Vsurf is the volume of the surfactant molecules calculated based on the calculated
density and molecular weight for each surfactant divided by Avogadro’s number.
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Figure 3.3.8: Schematic of prolate ellipsoid is rotated about the axis of Ra

For the uniform ellipsoid model the values of the SLD contrast were initially calculated
for the expected compositions of the solution intermicellar phase and micelle cores,
based on the prepared solutions (see table 2.11.1-2.11.2). The temperature was fixed at
308 K and the dielectric constant was held at 78. The monovalent salt concentration was
fixed at zero in the case of surfactant solutions without polymer and 0.013M in the case
of presence 1.5% (w/v) PEI. The movalent salt concentrations were calculated based on
the PEI concentration and the pH of PEI, where the PEI used in this work is only 3%
charged. Volume fractions for each surfactant solution were all calculated and fixed
based on the concentration and volume of the surfactant molecules added to the
solution. The variables fitted were the micelle radii, micellar charge and incoherent
background. Figure 3.3.9 shows the simultaneous fitting of SANS data using the
charged uniform ellipsoid model for surfactants with C12, C14 and C16 hydrocarbon
chains in presence and absence of PEI.
The SANS data for the surfactants with and without PEI illustrates clearly that SANS
profiles of surfactants/PEI have a broader curvature than the SANS profiles of
surfactants in the D2O solution without polymer, suggesting that the correlation between
micelles due to intermicellar repulsion is reduced in the presence of the polymer.
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Figure 3.3.9 left: SANS profile for surfactants with C12, C14 and C16 hydrocarbon chains
were dissolved in 100% D2O (circles) and 70% D2O solution (squares).The right hand
profiles are for the same surfactants with 1.5%(w/v) SPEI. The solid lines are
simultaneous fits to the data using the charged uniform ellipsoid model.
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(Nagg) for cationic surfactants in presence and absence of PEI calculated from fitting
SANS data.
Surfactant
DTEAB
TTEAB
HTEAB
DTPAB
TTPAB
HTPAB
BDDAB
BDTAB
BDHAB
DPBr
TPBr
CPBr
DTphPB
TTphPB
HTphPB

Ra (Å)

Rb (Å)

Micelle
charge

Vol. of Ellipse
(Å3)

Nagg

23
29
33
26
28
33
30
48
73
21
29
35
27
31
34

17
20
23
19
19
23
18
20
22
18
20
23
16
19
22

6
12
15
9
13
19
11
15
16
13
15
23
12
15
20

27516
46669
72489
39839
44772
70149
42597
76613
149347
27605
51250
75095
27071
48933
65909

45
70
100
58
60
87
69
115
209
58
97
130
35
60
76

DTEAB with SPEI
20
20
2
33510
55
TTEAB with SPEI
28
20
4
44867
67
HTEAB with SPEI
33
23
5
70041
97
DTPAB with SPEI
22
21
3
40085
58
TTPAB with SPEI
25
21
4
45443
61
HTPAB with SPEI
30
22
5
62551
78
BDDAB with SPEI
27
23
2
56619
92
BDTAB with SPEI
56
19
4
80426
121
BDHAB with SPEI
142
22
5
287887
402
DPBr with SPEI
17
20
3
27396
57
TPBr with SPEI
29
21
4
53709
102
CPBr with SPEI
40
23
6
89281
155
DTphPB with SPEI
18
17
4
20315
26
TTphPB with SPEI
25
24
4
58086
71
HTphPB with SPEI
74
19
7
111294
129
The errors in micelle radii are ±2 Å, while the errors of the ellipsoid volume and
aggregation number (Nagg) were ±5% of the measured value. Error in micelle charge is
±3% of the measured value
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----------------------------------- Chapter 3 -------------------------------------This result suggests that PEI in some way interacts with these cationic surfactant
micelles which subsequently changes their shapes and sizes. Table 3.3.4 shows the
micelle radii, micelle volume and aggregation number that were calculated by fitting the
SANS data for all of these surfactants in presence and absence of PEI. From table 3.3.4
the relationship between the aggregation numbers with and without PEI and the
surfactant hydrocarbon chain length and headgroups was plotted in Figure 3.3.10.

Figure 3.3.10: Effects of surfactant headgroup and hydrocarbon chains on the
aggregation number (Nagg) in presence of 1.5% (w/v) SPEI (bottom graph) and in the
case of surfactant solutions without any addition of PEI (top graph).
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increases as the surfactant hydrocarbon chain length increase, and this result is found in
the presence and absence of PEI. Several authors have reported this relationship
between Nagg and the tail length of amphiphile molecules. In general the micellization
process in surfactants solutions is a balance between the steric and electrostatic
interactions of the surfactant headgroups and also interactions between the hydrophobic
alkyl chins [37]. Increasing the length of the hydrocarbon chain has the propensity to
decrease the cmc, due to increase the migration of the surfactant molecules to the
liquid/air interface, therefor it is speedily covered by surfactant, which that starts
formation of the micelle [4]. Also increasing the surfactant hydrocarbon chain length
causes shifts of the Krafft discontinuity to higher temperature, hence increases the
average micellar aggregation number [38]. On the other hand increases in the
surfactants hydrophobic tail length result in a decrease in the Gibbs free energies of the
micellization processes, which subsequently cause a shift toward lower cmc values [39].
Oliver et al. suggested that the increases in aggregation number arose from the
improved hydrophobic interactions between adjacent surfactant monomers made by the
addition to alkyl chain length [40].
From the data in Figure 3.3.10, it is apparent that increases in the bulkiness of the
surfactant headgroup for both aliphatic and aromatic surfactants headgroups, caused a
relative decrease in the Nagg for all of these surfactants except benzyldimethyl
ammonium bromide. This surfactant shows an extraordinary increase in Nagg compared
to that found for the other surfactants, particularly for the C16 tail. This exceptional
behaviour of benzyldimethyl as a headgroup could be related to folding back of the
benzyl group into the micelle core when it is neutralised during counterion binding so
that it performs as a second hydrophobic tail, which consequently increases the Nagg
[41].
The bulkiness, nature and hydrophobicity of surfactant headgroup, and also the size and
type of counterion play an important role in micelle formation. Association of the
counterions with the surfactant headgroups significantly changes the micelle growth and
their geometry [42].
Based on the principle of Israelachvili, the packing parameter demonstrates that bigger
surfactant headgroups, with larger headgroup areas decrease the packing parameter and
result in smaller aggregate size either by forming spherical or short elliptical micelles
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performance; however the mechanisms of the counterion effects are not fully clear. In
solution, counterions stabilize ionic surfactant micelles through binding to the micelle
surface and screening the electrostatic repulsions between the ionic headgroups.
Therefore the counterion binding affinity influences the bulk self-assembly process [43,
44]. For example the cmc of a surfactant with bromide counter ion is less than the same
surfactant with chloride counter ions. This is because bromide and chloride ions have
different sizes in solution therefore the average number of bound water molecules for
the bromide ion is less in comparison to that of the chloride ion [45]. Consequently, the
hydrated chloride ion is bigger than the hydrated bromide ion and as such the chloride
ion is not as closely associated with the cationic head group of the surfactant and will
not be as effective as the bromide counter ion at neutralizing the head group charge.
This means that for surfactants with the chloride counterion there is an increase of
electrostatic repulsion between the head group of the surfactants not only within the
micellar aggregates but also between the surfactant aggregates themselves [45, 46].
Overall micelle size and structure depends on a balance of the headgroup interactions
with themselves and with the counterions, and the hydrophobic interactions between the
alkyl groups.

Figure 3.3.11: Variation in the effects of PEI on the micelles aggregation number (Nagg)
for cationic surfactants in the case of presence and absence of 1.5% (w/v) SPEI.
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In general the data in Figure 3.3.11 shows that effect of hydrocarbon chain and
bulkiness of surfactants headgroup on micellization for all of these cationic surfactants
in presence and absence of PEI was overall consistent in that the micelle size increases
as tail length increases. However the effect of PEI for each individual surfactant was
dissimilar compared either with the same surfactant headgroup or with equivalent
hydrocarbon tail.
As stated in Chapter 1, there are three general proposals which describe surfactantpolymer interactions in aqueous solutions. The first scenario describes co-operative
association of surfactant to the polymer chain and the second scenario is that surfactant
micelles are located in the vicinity of the polymer chain. A third suggestion proposed a
loopy configuration resulting from aggregated surfactant micelles, surrounded by long
chain polymers [47]. These scenarios will be discussed in more detail in Chapter 4, in
the context of film formation. However the effect of PEI on aggregation number can be
considered in the light of these models.
Figure 3.3.11 illustrates the change in micelle aggregation number between solutions
with and without PEI for these cationic surfactants. In this viewpoint, BDHAB has
almost double the Nagg value in the case of presence PEI, whereas BDTAB does not
show significant change in Nagg (figure 3.3.11). In general the change in Nagg for
surfactants with aliphatic headgroups such as triethyl and tripropyl is smaller than that
for surfactants, with aromatic headgroups, particularly for C16 tail length which
demonstrate the highest effect of PEI addition. The surfactants with aliphatic
headgroups and a C16 tail decreased in size in the presence of PEI, suggesting perhaps
that micellization in this case is largely due to micelles, bound to the polymer chain
(which tend to be smaller than free micelles) where the polymer forms part of the
hydrophobic region of the micelles. Micelles formed from surfactants with aromatic
headgroups however become highly enlarged. This may be due to interactions between
the nitrogen lone pair from the PEI interacting with the excess electron density on the
aromatic rings, drawing the polymer into the headgroup regions, decreasing electrostatic
repulsion between headgroups and thus altering the packing parameter to favour
elongated micelles. This variation in Nagg suggests that there is a physical interaction
between these cationic surfactants and polyethyleneimine; however the influence of PEI
on these broad ranges of cationic surfactants was not similar.
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association of PEI with these surfactant micelles it could be related to the
hydrophobicity and steric hindrance of aromatic groups in the surfactants headgroup
which may lead to extra shields preventing water molecules from penetrating the
headgroup region. Thus will leads to decrease the electrostatic repulsion between the
headgroup of the surfactants therefore more surfactant molecules can aggregate leading
to the formation of bigger micelles [48, 49].
Many authors have described the interaction between polyelectrolyte and micelle
surfactants as a complex interaction. The term complex is still used to describe this
interaction because the fundamental mechanism of this interaction remains ambiguous.
However there are several scenarios and trials have been made to solve this question
[49]. Kudryavtsev et al described the interaction between cationic surfactant and PEI
through hydrophobic interaction [50]. O'Driscoll et al found cation-dipole interaction
between polyethyleneimine and CTAB where the dipole on the branched PEI (amine
groups) interacts with the charged part of ammonium CTAB headgroup [14]. In
aqueous solutions, at pH 7, PEI is partly protonated due to formation of hydrogen bonds
with H2O [50] However, in this work the pH of the PEI solutions were not adjusted so
remained close to pH values of 9-10 where PEI is less than 3% protonated, meaning the
polymer is almost neutral in these experiments. On the other hand the surfactant
counterions also associate with the cationic surfactants headgroups. All of these factors
and also the balance of interactions between micellar components itself in the aqueous
solution makes the interaction between PEI and these cationic surfactants micelles very
intricate. However from the data above it illustrates that most likely that these cationic
surfactants are interacting physically with PEI through cation-dipole integration.
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Conclusion

The nature and bulkiness of the surfactant headgroup and hydrocarbon chain length all
play significant roles in surfactant micellization. From the cmc study for those aromatic
and aliphatic headgroup cationic surfactants with three different hydrocarbon chains
length an exponential correlation was found between hydrocarbon chain length and
critical micelle concentration, where increased surfactant hydrocarbon tail reduced the
critical micelle concentration. In addition thermodynamically it is more favourable for
longer hydrocarbon chain surfactants to form micelles. On the other hand interaction
between polyelectrolyte and cationic surfactants drives the surfactants to form micelles
at lower concentration.
Micelle radii, charge, volume and aggregation number for these cationic surfactants in
presence and absence of PEI were investigated by using small angle neutron scattering.
From this study it was demonstrated that the aggregation number for the wide range of
cationic surfactants increases with increased surfactant hydrocarbon chain length, and
that this result is observed in presence and absence of PEI. Both aliphatic and aromatic
surfactants headgroups illustrates that increases in the bulkiness of surfactants
headgroup caused a relative decrease in the Nagg . However benzyldimethyl ammonium
bromide was showed extraordinary increases in Nagg particularly with C16 hydrocarbon
chain. The large Nagg values for this surfactant could be related to fold back of the
benzyl group into the micelle core during counterion binding so that it performs as a
second hydrophobic tail, therefore increasing the Nagg.
In general the influence of hydrocarbon chain and bulkiness of surfactants headgroup on
the micellization behaviour for these cationic surfactants was stable in presence and
absence of PEI. However growth in Nagg was observed overall in the case of addition
PEI for these surfactant solutions for aromatic surfactants headgroups while those with
aliphatic headgroups decreased in size in the presence of the polymer. This variation in
Nagg suggests that there is a physical interaction between these cationic surfactants and
polyethyleneimine. The influence of PEI on these broad ranges of cationic surfactants
was dissimilar which suggested that the combination between these cationic surfactants
and PEI was a complex interaction affected by several factors.
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4 Encapsulation of Monomers into Cationic Surfactant
Micelles
4.1

Introduction

Self-assembly phenomena of amphiphile molecules in aqueous or organic media open
the door to many applications. One of the most common advantages of this
phenomenon is the ability of these compounds to solubilise hydrophobic molecules in
aqueous solution. Dissolving or dispersion of hydrophobic molecules in aqueous media
is very important in many aspects in our daily life such as coatings, adhesives, paints,
etc. Therefore solubilisation or encapsulation of molecules in nanoscale systems has
started to draw attentions of many recent researchers. Polymer nanoparticles are one of
these exciting areas [1, 2]. Recently nanostructured polymers have become of
worldwide interest since they have applications in many significant practical fields such
as selective membranes, catalytic substrates and drug delivery [3-5]. A synthesis
nanostructured polymer via polymerisation in a liquid crystalline phase is a promising
project to make nanostructured polymers. However this type of polymerization is a
heterogeneous polymerization which means polymerization in lyotropic liquidcrystalline solutions can be difficult to control because of rearrangement of the
surfactant template due to temperature and composition changes through interdroplet
diffusion and droplet exchange which occur faster than the polymerisation reaction [6,
7]. Therefore here the polymerisation of styrene within a liquid crystalline phase within
the polymer films was investigated. Trapping the liquid-crystalline phase in a
polymer/surfactant gel phase or film could prevent micelle rearrangement by
significantly increasing the viscosity of the surrounding network and improve the ability
to achieve polymerisation within micelles before phase changes occur. It will also result
in preparation of hydrogel membranes with an insoluble nanoscale polymer network
running through the gel phase, forming reinforced films which may have different
mechanical properties to the pure hydrogel membranes.
As a first step towards generating these nanoscale reinforced polymer hydrogel
membranes, therefore investigation of encapsulation of hydrophobic monomers into
cationic surfactant micelles in solution is very important to understand the structure of
the micelles formed in these system. It also sheds light upon the interactions in solution
which drive formation of the films at the interface, since there is a close relationship
between the solution structures and the final structure of the films[8]. Therefore the
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------------------------------------------ Chapter 4 -------------------------------------focus of this chapter is on the ability of cationic surfactants to encapsulate a
hydrophobic monomer such as styrene in aqueous solution. The amounts of
encapsulated monomer inside these cationic surfactant micelles are quantified, in the
presence and absence of polyelectrolyte, and the monomer location inside the micelle
geometry is investigated. This data is then compared with neutron and X-ray reflectivity
experiments

on

incorporation

of

the

monomer

swollen

micelles

into the

polymer/surfactant films. The next chapter will report in situ polymerisation of
encapsulated monomer in polymer/surfactant films.

4.2

Study of solubilisation of styrene in cationic surfactant solutions
by using UV-Vis spectroscopy.

In this experiment CTAB, CTEAB, CPBr and BDHAB were used to solubilise styrene
at four concentrations 0.65, 0.98, 1.31 and 1.63 mM, while all surfactant concentrations
were fixed at 0.05M. The solubility of styrene in water is poor (2.97 mM) [9] therefore
concentration calibration curves were made using styrene solutions from 25 to 300M
in water solution [10].

Figure 4.2.1: UV-Vis scans of 0.05M CPBr, CTAB, CTEB, BDHAB and 9µM styrene
solution in water where each of these scans measurements were done individually.
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samples. Figure 4.2.1 shows the overlapping wavelength scans of CPBr, CTAB,
CTEAB and BDHAB individually along with that of styrene in water. The UV-Vis scan
of styrene in pure water solution illustrates that there are two peaks with λmax at 281 and
290 nm This corresponds to the pattern for styrene commonly found in the literature
[11]. Overall the UV-Vis measurements for these surfactant solutions without styrene
monomer shows there are no overlapping peaks arising from these surfactants with the
two λmax of styrene absorption except in the case of CPBr, which shows a relatively high
overlap with the styrene peaks. Therefore calculation of the amount of solubilised
styrene in these surfactant solutions can be achieved by using UV-Vis except in the case
of the CPBr/styrene solutions, due to the huge contribution of CPBr absorption to the
measured λmax of styrene. UV-Vis data from surfactant/styrene mixed solutions shows
clearly there are shifts in the styrene λmax compared with that found in the styrene/water
scan reflecting the hydrocarbon environment of styrene in the micelles. The first peak
was shifted from 281nm-1 to 283nm-1 and the second λmax shifted from 290nm-1 to
292nm-1 (figure 4.2.2).

Figure 4.2.2: UV-Vis scans of 0.05M CTAB, CTEAB, BDHAB in solution with 2.9mM
styrene in water. Each of these solutions was scanned individually.
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electrons to the * excited state. This transition can be measured since the energy of the
absorption bands exist within an experimentally measured region of the spectrum.
These transitions need an unsaturated group in the molecule to provide the  electrons.
In general the λmax of styrene, which occurs due to the * transition, is shifted due
to changes in the molecular environment. This behaviour was observed due to attractive
polarisation forces between the surfactant hydrocarbon chain and styrene hydrophobic
monomer, which lower the energy levels of both the excited and unexcited states [12],
compared to those for the same molecule in water.
Table 4.2.1: Percentage of styrene solubilized in 0.05M BDHAB, CTAB and CTEAB
micelles.
Theoretical Amount Calculated Amount
Percentage of
of Styrene (mM)
of Styrene (mM)
solubilised styrene %
0.652
0.782
120
0.982
1.207
123
BDHAB
1.304
1.629
125
1.632
2.137
131
0.652
0.684
105
0.982
1.166
119
CTAB
1.304
1.653
127
1.632
2.122
130
0.652
0.686
105
0.982
1.131
115
CTEAB
1.304
1.581
121
1.632
2.140
131
The error of absorbance, amount of styrene and percentage of solubilised styrene are
±2% of the reported value. The percentage of solubilised styrene was calculation based
on styrene solution calibration curve at λmax 283 nm-1.
Surfactant

From the calibration curve was obtained from styrene solution, the amounts of
solubilized styrene in surfactant solutions were calculated and reported in Table 4.2.1.
The calculated percentage of solubilised styrene in these cationic surfactant micelles
shows values of styrene are more than actual amounts of added styrene. This high
percentage of styrene, which increases as the concentration of styrene increases
indicates that UV-Vis absorbance of styrene in the case of the surfactant/styrene
solution was greater than styrene absorptivity in the case of styrene/water solutions.
This result is as expected, since styrene is transferred from a highly polar phase (H 2O)
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styrene is solubilized by these surfactant micelles particularly in the hydrophobic phases
[13-17]. Table 4.2.1 shows that at low concentration of styrene, micelles formed from
BDHAB contain the highest percentage compared with the CTAB and CTEAB
micelles. This result could be related to a relatively stronger interaction between styrene
and BDHAB which favours styrene to solubilisation in BDHAB micelles more fully
than in micelles with aliphatic headgroups. At high concentrations of added styrene, the
percentage of solubilized styrene for all of these surfactants was used in this experiment
is similar. This result suggesting that for surfactants with the same hydrocarbon tail and
at this particular concentration of hydrophobic solute, the partition coefficient of
hydrophobic molecules between the bulk water and different surfactant micelles tends
to be very close [18, 19]. This also suggests that hydrocarbon tail interactions are the
main influence in the distribution of styrene between the micelle or water phases [16].
In general the UV-Vis results suggest that there is interaction between the surfactant
hydrocarbon chain and styrene molecules, which produces a shift in the styrene λmax and
increase in styrene absorbance values. Subsequently this behaviour indicates that
styrene is favoured to encapsulate inside the micelles in the hydrophobic tail region.

4.3

Study of encapsulation of styrene monomer into cationic
surfactant micelles using SANS.

The initial work on encapsulation in our group where three related species were studied,
cyclohexane, cyclohexanol and benzene,[20] found that aromatic species were
preferentially solubilised in micelles made from surfactants which also contained
aromatic groups. This observation is also supported by the UV-Vis results discussed
above. In this experiment

hexadecyltrimethylammonium bromide, (C16TAB),

benzyldimethylhexadecylammonium bromide (BDHAB) and hexadecylpyridinium
bromide (CPBr) were used to compare the relative extent of styrene encapsulation in the
micelles with two different types of aromatic headgroup, in the presence and absence of
PEI. High Mw ~750 000 Da PEI was used at 15g/L. The total surfactant concentration
was 0.05M in 100 % or 70 % D2O. Tail-deuterated C16TAB (d33-C16TAB) and fully
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the micelle. Hydrogenated and deuterated styrene was added at 30, 40 and 50 vol% with
respect to the micelle volume (which equivalent to 0.03, 0.06 and 0.09 mM) and the
swollen micelles investigated with and without PEI. Figure 4.3.1 shows SANS data for
0.05M CTAB, BDMHAB and CPBr with and without 50% h-Styrene. This data clearly
shows, by comparing the surfactants SANS data in the presence and absence of styrene,
that deformation of the surfactant micelles structures occurs when styrene is mixed with
these surfactants. BDHAB which is the surfactant with a bulky aromatic headgroup
shows a greater deformation compared with CTAB and CPBr. Changes in the SANS
patterns in the presence and absence of styrene suggests that styrene is encapsulated
inside these surfactants micelles, changing their micelles shape or size.

Figure 4.3.1: SANS data for (from bottom to top) 0.05M CTAB, 0.05M CTAB with 50%
h-Styrene, 0.05M BDMHAB, 0.05M BDMHAB with 50% h-Styrene, 0.05M CPBr and
0.05M CPBr with 50% h-Styrene. All of these solutions were prepared in 100% D2O.
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Inside Cationic Surfactant Micelles.

The location of hydrophobic molecules or the position of encapsulated molecules inside
amphiphile micelles is not fixed in all solubilisation circumstances. The locations of
encapsulated materials depend on various factors such as hydrophobicity of solubilized
molecules, the nature of the surfactants and type of solvent [21]. In general there are
four probable locations for solubilized molecules inside the micelle. The first possibility
is that the hydrophobic molecules are located in the central region of the micelle (the
core of the micelle), the second is in the region between the tail and the headgroup of
micelle (palisade layer), the third is in the headgroup area (shell region) and the fourth
possibility is that these molecules are attached or adsorbed at the surface of the micelle.
Figure 4.3.2 shows these possibilities for a simple micelle in an aqueous solution [22].

Figure 4.3.2: Locations of encapsulated molecules inside a simple micelle. From left to
right encapsulated hydrophobic molecules in the core region, palisade layer, shell
region and molecules adsorbed onto the micelle headgroups.
SANS contrast experiments were used to determine the monomer location inside the
micelles. Tail deuterated C16TAB (d33-C16TAB) and fully deuterated C16TAB (d42C16TAB) were used to solubilised hydrogenated and deuterated styrene. Figure 4.3.2
illustrates the scattering length density (SLD) contribution of CTAB micelles with
different contrasts in100% D2O. In the case of fully hydrogenated CTAB the contrast
with D2O comes from both tail and shell of the micelles, while for the headgroup
deuterated CTAB the main contrast comes from the core-solvent difference, and for tail
deuterated CTAB the main scattering comes from the hydrogenated shell. In case of
fully deuterated CTAB, very low scattering is expected since in 100% D2O there is no
significant contrast variation between fully deuterated micelles and D2O.
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Figure 4.3.2 Schematic of scattering length density contributions to contrast in
surfactant micelles in 100% D2O.

The SANS contrast data from solutions of fully and tail deuterated CTAB show low
scattering between Q = 0.131Å-1 - 0.213 Å-1 compared with hydrogenated CTAB which
indicates that this region contains scattering from the CTAB hydrocarbon chain. On the
other hand, scattering from solutions of tail deuterated CTAB with 50% of d-styrene
emerging between Q = 0.013Å-1 - 0.077Å-1 indicates the scattering due to the CTAB
headgroup. The scattering from a solution of fully deuterated CTAB with 50% of hstyrene indicates that encapsulated hydrogenated styrene itself scatters in the Q region
between 0.015Å-1 – 0.043Å-1. Fully hydrogenated CTAB micelles with (d or h)-styrene
show the highest scattered intensity while fully deuterated CTAB encapsulating hstyrene shows the lowest scattered intensity (figure 4.3.3). In the case of solutions of
fully deuterated CTAB encapsulating d-styrene no scattering is observed since there is
no big contrast variation between this micelle and D2O.
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Figure 4.3.3: SANS data from solutions of (from top to bottom) 0.05M of CTAB with
50% h-Styrene, CTAB with 50% d-Styrene, tail deuterated d33-CTAB with 50% hStyrene, tail deuterated d33-CTAB with 50% d-Styrene and full deuterated d42-CTAB
with 50% h-Styrene. Solid lines show the best fit to a polydisperse core shell sphere
model with a Hayter-Penfold structure factor to account for micelle charge.
A model of a sphere with a polydisperse core and constant shell thickness [23] was used
to fit the CTAB/styrene data since this model fits the data best. The procedure was
written by Dr. Steve Kline at the NIST Centre for Neutron Scattering for the Igor PRO
platform (WaveMetrics) [24], and used the Hayter-Penfold mean spherical
approximation as the structure factor [25]. The form factor is normalized by the average
micelle volume as shown in equation below:
P(q) = scale x < f x f >/vol + bkg

(4.1)

where P(q) is the form factor, vol micelle volume, < > is the average over the size
distribution, bkg incoherent background and f is the single micelle scattering amplitude,
appropriately averaged over the Schulz distribution of radii [26]. To normalize the form
factor by the average micelle volume, <V> can written as:
<v> = 4π/3 <r3>

(4.2)
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(4.3)

The z here is the width parameter of the Schulz distribution which equals: z = (1/p2) – 1.
The average micelles diameter equal: 2 x (radius + shell thickness).
For the polydisperse core-shell sphere model with Hayter-Penfold structure factor, the
values of the SLD contrast in the case of CTAB without styrene were initially
calculated for the expected compositions of the surfactants intermicellar phase and
micelle cores, based on the prepared solutions (see Chapter 2 Table 2.11.1-2.11.2).
Temperature was fixed at 308 K and dielectric constant was 78. The monovalent salt
concentration was fixed at zero. Volume fractions for each surfactant solution were all
calculated and fixed. The main variables fitted were the average micelle core radius and
shell thickness. Global fitting was performed for all of the SANS patterns from
hydrogenated and deuterated styrene solubilized in micelles using each of the individual
of contrasts CTAB. All of these CTAB/styrene solutions were dissolved in 100% D2O.
The fitted parameters from the global fitting of this SANS data using polydisperse coreshell sphere model is shown in Table 4.3.1.
This table shows a number of interesting results. The SLD value of micelle core of
composed of fully h-CTAB encapsulating d-styrene is about 10 times higher SLD than
the core of the same contrast CTAB but encapsulated h-styrene. On the other hand the
SLD for the shell of fully h-CTAB encapsulating h or d –styrene are very similar to the
SLDs of the shell of fully h-CTAB without styrene. In addition the constant shell
thickness in the case of full h-CTAB micelles with and without styrene indicates that
the styrene does not sit in the shell region. This result agrees with the nature and
polarity of both styrene and CTAB headgroup. The CTAB micelles headgroup (which
forms the micelle shell layer) is a highly polar region due to the quaternary ammonium
group, which gives the CTAB headgroup with a charge of +1. Styrene is also well
known as a hydrophobic molecule therefore it is favoured to dissolve in non-polar
media such as oily phase in the micelle solution.
The SANS patterns from solutions of fully h-CTAB micelles illustrate clearly that as the
styrene concentration was increased from 0% to 50% the micelles core radii were
swollen from 19Å to 25Å while the shell layer almost remained stable. Moreover the
SLD’s of the core of the fully h-CTAB micelles shows significant increases when
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the shells of fully h-CTAB micelles do not show notable variation in the presence and
absence of styrene. From these results it is suggested that styrene is encapsulated inside
CTAB micelles, particularly in the hydrophobic region.
Table 4.3.1: Fitting of CTAB contrast data with different amount of styrene using a
polydisperse core-shell sphere model with a constant shell thickness and a HayterPenfold structure factor.
CTAB
contrast

% of
Styr.

Core
radius
(Å)

Shell
thick.
(Å)

SLD Core
(Å-2) of hStyrene
-3.53x10-7

SLD Core
(Å-2) of dStyrene
-3.53x10-7

SLD Shell
(Å-2) of hStyrene

SLD Shell
(Å-2) of dStyrene

Full h0
19
5
-5.96x10-6 -5.96x10-6
*
*
CTAB
Full h50
25
6
2.21x10-7
2.67x10-6 -5.85 x10-6 -5.84x10-6
CTAB
Tail d50
23
14
5.24x10-6
7.03x10-6
4.58x10-6 5.12x10-6
CTAB
Full d50
22
14
3.69x10-6
N/A
6.37x10-6
N/A
CTAB
The errors of core radii are ± 4 Å, ± 2 Å of shell thickness, errors of SLD core are ±
1.61x10-6 Å-2 and ± 4.97 x10-7 Å-2 of shell thickness.* the SLD value was calculated and
held.
The fitting results for both full and tail deuterated CTAB (d33-CTAB and d44-CTAB)
micelles solubilising h and d-styrene shows clearly an increase in the micelle shell
thickness and at the same time small losses are seen in the micelle core radius. In
addition the SLD’s of micelle shell layer for both d33-CTAB and d44-CTAB shows
significant increases for micelles solubilising styrene compared with fully hydrogenated
CTAB solubilising the same amount of styrene. This increasing of shell thickness in the
case of d33-CTAB and d44-CTAB solubilising styrene does not mean that styrene is
located in shell layer, since the data from the fully hydrogenated CTAB solubilising h
and d styrene illustrated very clearly that styrene is located in the oily phases, and not in
the shell region. The increase in SLD could be due to the low contrast between the
micelles core and D2O in the case of d33-CTAB and d44-CTAB solubilising styrene, the
polydisperse core-shell spheres model cannot distinguish between the palisade layer and
shell layer and these are treated as one region. Therefore this variation in shell thickness
and core radius could therefore be due to encapsulation and concentration of the styrene
molecules inside CTAB micelles in the palisade layer. However these results do not
deny that there is also styrene in the core region. The micelles core radius swelling is
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core radii without styrene. However the increases in the SLD’s for CTAB contrasts
solubilising styrene also suggest that there is some portion of the styrene located in the
micelle core as well as some of the styrene in the palisade layer.
O’Driscoll suggested that hydrophobic molecules such as benzene could be favoured to
solubilise in the cationic surfactant such as CTAB and be located in the palisade layer
due to polarisation charge-dipole which forms a complex with the surfactant headgroups
and these solutes [27]. This also agrees with earlier UV-Vis results by others which
suggested that the aromatic ring of the styrene can sit in the palisade region of the
micelles [10].
Therefore the resulting model from fitting of SANS contrast data for the CTAB/Styrene
system suggest that styrene is encapsulated and located both in the palisade layer which
is the region between headgroup and hydrocarbon chain, and at the same time some of
encapsulated styrene is in the micelle core, mixed with the surfactant alkyl tails [28, 29]
as illustrated in figure 4.3.4.

Figure 4.3.4: Schematic of CTAB micelle encapsulating styrene molecules in aqueous
solution based on CTAB contrast SANS data.
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Styrene.
AS mentioned in chapter one, there are three general scenarios describing the
surfactant-polymer interaction in aqueous solutions. The first scenario describes cooperative association or binding of the surfactant to the polymer chain and the second
scenario is that surfactant micelles are located in the vicinity of the polymer chain [30].
A third scenario proposed a structure in which the aggregated surfactant micelles are
surrounded by macromolecules in a loopy configuration (figure. 4.3.5).

Figure 4.3.5: Schematic illustrating polymer/surfactant micelles interactions. From left
to right, surfactant micelles bound to the polymer chain, surfactant micelles in the
vicinity of the polymer chain and aggregated surfactant micelles surrounded by
macromolecules in a loopy configuration.
SANS contrast experiments were used to understand the relationship between cationic
surfactant micelles and branched polyethyleneimine (PEI) in mixed solutions. CTAB,
tail deuterated C16TAB (d33-C16TAB) and fully deuterated C16TAB (d42-C16TAB) were
used to solubilized hydrogenated and deuterated styrene and high Mw ~750 000 Da of
PEI was used at 15g/L. A model of a sphere with a polydisperse core and constant shell
thickness [23] with the Hayter-Penfold mean spherical approximation as the structure
factor [25] was used to fit the multiple contrast CTAB/LPEI solubilising styrene data
simultaneously, as this model fits the data best. Figure 4.3.6 shows the SANS patterns
of different contrasts of CTAB micelles with LPEI solubilising styrene. Results from
fitting this data for solutions of CTAB with LPEI solubilising different amount of
styrene are reported in Table 4.3.2.
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Figure 4.3.6: SANS data of (from top to bottom)0.05M of CTAB/LPEI with 50% hstyrene, CTAB/LPEI with 50% d-Styrene, tail deuterated d33-CTAB/LPEI with 50% hstyrene, tail deuterated d33-CTAB/LPEI with 50% d-styrene and fully deuterated d42CTAB/LPEI with 50% h-styrene. Solid lines show the best fit to a polydisperse coreshell sphere model as described in the text above.
From the data in Table 4.3.1 and 4.3.2 it can be seen in general that the micelle sizes
found in solutions of CTAB with LPEI solubilising different amount of styrene are
practically close to those found for the CTAB/styrene system without PEI. The CTAB
micelle core radius in the presence of PEI was between 21-24 Å, where it was 19-25Å
in the case of micelles of CTAB/styrene without PEI.
Table 4.3.2: Results from fitting data from multiple contrasts of CTAB micelles mixed
with LPEI, solubilising different amount of styrene. Parameters were calculated from
the polydisperse core-shell sphere model with a constant shell thickness and a HayterPenfold structure factor.
CTAB
contrast

% of
Styr.

Core
radius
(Å)

Shell
thick.
(Å)

SLD Core
(Å-2) with
h-Styrene

SLD Core
(Å-2) with
d-Styrene

SLD Shell
(Å-2) with
h-Styrene
-2.80x10-7

SLD Shell
(Å-2) with
d-Styrene
-2.80x10-7

Full h0
21
5
-3.74x10-7 -3.74x10-7
*
*
CTAB
Full h50
24
5
6.35x10-7
5.08x10-6 -8.37 x10-7 -9.41x10-7
CTAB
Tail d50
22
14
4.14x10-6
6.19x10-6
5.14x10-6 5.61x10-6
CTAB
Full d50
22
14
3.15x10-6
N/A
5.94x10-6
N/A
CTAB
The errors of core radii are ± 4 Å, ± 2 Å of shell thickness, errors of SLD core are ±
1.26x10-6 Å-2 and ± 9.55 x10-8 Å-2 for shell thickness. *the SLD value was calculated
and held.
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cases (CTAB/styrene systems with and without polyelectrolyte). Consequently these
results suggesting that possibility of association or binding the surfactant micelles to the
polymer chain is not logical. This because theoretically in the case of surfactant micelles
binding to the polymer chain the core radius should be swollen compared with micelles
not associated or bonded with a polymer chain. On the other hand the stability of the
value found in all CTAB contrasts of the micelle shell thickness both in the presence
and absence of PEI, suggests that surrounding or wrapping these micelles by the
macromolecules is also not compatible with this system, otherwise significant variation
in the shell thickness and SLD should be noticed. However no clear variation in shell
thickness has been seen in this system. Therefore the second scenario as shown in figure
4.3.5 is the most reasonable scenario applicable to this system. This scenario suggesting
that there is interaction between PEI and this cationic micelles but it is not strong
enough to interact directly with these surfactant headgroups and wrap around the
micelles as occurs in the case of opposite charge polymer/surfactant interactions [31]. In
other words there is attractive complex interaction between the cationic surfactant
micelles system and PEI; which leads to the polyethyleneimine getting closer to the
micelle headgroup through electrostatic interaction between PEI amino group and the
cationic surfactant micelle headgroup [32, 33]. At the same time PEI interacts with
water molecules close to the surfactant micelle headgroup, and also with other PEI
molecules by hydrogen bonding [34, 35]. In addition the Br- counterion from the
surfactant will form equilibrium interactions between the cationic surfactant headgroup,
water molecules and PEI [36].
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4.4

Extent of encapsulated styrene in cationic surfactant micelle
solutions with and without PEI

Micelles of CPBr and BDMHAB swollen with styrene were also investigated using
SANS. For these systems deuterated surfactants were not available, thus the contrasts
were limited to h- and d-styrene. Many attempts were made to fit the SANS data for
micelles encapsulating styrene and a variety of models were investigated including

using prolate and oblate ellipsoids, cylinders, core-shell spheres, core- shell spheres
with polydisperse core and other models. However since only two contrasts were
available for these solutions a simpler model than that used for CTAB (above) was
required, since fitting complex models with many variables is not justified with so few
contrasts.
Therefore all SANS data were modelled simultaneously (surfactants solubilising
hydrogenated and deuterated styrene) using a uniform ellipsoid model [24], with the
Hayter-Penfold mean spherical approximation as the structure factor [25]. This model
was chosen for fitting the SANS profiles based on the fits giving the lowest χ2 values.
During fitting using the uniform ellipsoid model the temperature was fixed at 308 K and
dielectric constant fixed at 78. The monovalent salt concentration was fixed at zero in
the case of surfactant solution without polymer and 0.013M in the case of presence
1.5% (w/v) PEI, based on the measured charge on the polymer at this pH [33]. Volume
fractions for each surfactant solution were all calculated and fixed. The SLD contrast for
surfactant micelles without styrene were initially calculated for the expected
compositions of the surfactants intermicellar phase and micelle cores, based on the
prepared solutions as reported in chapter 2 table 2.11.1 and 2.11.2. Hydrogenated and
deuterated styrene was added at 30, 40 and 50 vol% with respect to the micelle volume
and the swollen micelles investigated with and without PEI. The SANS patterns of
0.05M surfactant solutions with various concentrations of styrene and L-PEI at different
contrasts are shown in figure 4.4.1.The micelle radii of BDMHAB, CPBr and CTAB
with and without 1.5% L-PEI incorporating different amount of styrene were calculated
from the fitting of the uniform ellipsoid model and the results shown in table 4.4.1.
Micelles charge and SLD’s of those fitting are shown in appendix.
Two methods were used to investigate the amount of encapsulated styrene in these
cationic surfactant micelles. Method one is discussed in detail first, followed below by
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surfactant micelles encapsulating either hydrogenated or deuterated styrene.
In this experiment BDHAB, CPBr and CTAB were used to solubilise hydrogenated and
deuterated styrene, where all of these cationic surfactants have a C16 hydrocarbon chain.
Therefore the percentage of encapsulated styrene can be calculated using equation 4.4:
SLDellipse = [(1 -Ps) SLDm + Ps * SLDsty]

(4.4)

Where, SLDellipse is the SLD resulting from fitting the scattering from the surfactant
micelles as an ellipsoid encapsulating styrene, SLDS is the solvent SLD; Ps is the
calculated molar percentage of encapsulated styrene; SLDm is the micelle scattering
length density, which is the SLD of the C16 surfactant tails; and SLDsty is the SLD of
either hydrogenated or deuterated styrene [27].

Figure 4.4.1: SANS patterns from solutions of 0.05M CPBr with (0, 30, 40 and 50%) of
h&d styrene with and without PEI. Solid lines show the best global fitting to the data
using a uniform ellipsoid model with a Hayter Penfold structure factor.
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CPBr and CTAB with and without of 1.5% LPEI. Calculated by fitting the SANS data
and using method 1.

Solution

BDHAB

BDHAB/LPEI

CPBr

CPBr/LPEI
CTAB

Amount of
styrene
added
(vol%)

Ra (Å)

Rb (Å)

Measured
encapsulated styrene
(vol%)

30

108

25

0

40

81

60

100

50

81

59

100

30

191

25

7

50

200

25

19

30

42

26

16

40

42

27

19

50

44

30

27

30

42

24

15

50

44

24

7

50

43

32

26

CTAB /LPEI
50
35
46
32
The maximum errors in micelle radii are ± 3Å. The errors in measured values of
encapsulated styrene (vol%) are ±5% , where the values less than 0.05% and more than
100% were recorded as 0% and 100% respectively.
The fitting results show, in general, a swelling of the ellipsoidal micelles as the amount
of styrene is increased and this relation is, in general, directly proportional to the
amount of styrene added (Table 4.4.1). BDHAB shows the highest measured values of
encapsulated styrene particularly at 40% and 50% of added styrene. However at 30% of
added styrene for the same surfactant of the calculation of styrene content from the
fitted SLD values suggests that no styrene was encapsulated. The fitted results for the
CPBr micelles show a systematic relationship between increasing amounts of styrene
and expansion in Ra and Rb and this relation is also compatible with the increasing
percentage of measured encapsulated styrene. However the measured values of
encapsulating styrene in the CPBr micelles are less than one third of the actual amounts
were added. CPBr micelles with 50% of added styrene showed slight high measured
value of encapsulated styrene, despite having different headgroup types and bulkiness.
CTAB has an aliphatic and bigger headgroup compared with CPBr which has an
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64Å2 [37] while CPBr is 40 Å2 [38]). These results suggest that the cationic surfactant
consist of aromatic headgroup have more solubilisation capacity of hydrophobic
molecules than aliphatic surfactant headgroups. Dar et al. [39] reported that the
solubilisation capacity of the cationic surfactant improved by increases in the
hydrophobicity of headgroup, such as substitution of a benzyl group in the cationic
surfactant headgroups. On the other hand some authors found that there is π-cation
interaction between these aromatic solutes and the aromatic part in the surfactant
headgroups which subsequently increases the solubilisation amounts [40-43].
In the presence of polyelectrolyte both BDHAB and CPBr (surfactants with aromatic
headgroup) demonstrate a dramatic drop in the measured values of encapsulated styrene
compared with the same surfactant without PEI. However CTAB does not show this
behaviour in the presence of PEI. Figure 4.4.2 display the effects of PEI on these
cationic surfactants and their encapsulation capacity for styrene, where calculated by
method 1 as explained above.

Figure 4.4.2: Measured encapsulated styrene for the 50% (vol.%) of added styrene in
0.05M cationic surfactant solutions in presence and absence of PEI.
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could be due to the interaction between PEI and these surfactants headgroups, since this
interaction will vary for these different surfactant headgroups. However the effects of
PEI on the micelles aggregation number (Nagg) for cationic surfactants without styrene
in Chapter 3 showed that surfactants with aliphatic headgroups did not have large
changes in Nagg when adding the PEI, while surfactants with aromatic headgroups and
consist from C16 hydrocarbon chain showed a growth in Nagg when PEI was present
(Chapter 3 Table 3.3.11). As can be seen from Figure 4.4.2 these surfactants with
aromatic headgroups show different behaviour for encapsulation of styrene. These
results suggest that the interaction between the PEI and these surfactants micelles are
changed when styrene is encapsulated inside these micelles predominantly when these
solutes are located in the palisade layer, as suggested for this system [44]. Addition of
PEI to micelles which are already encapsulating styrene reduces the charge density on
the micelle which decreases the micellar curvature thus changing the average distance
between the surfactant headgroups [45, 46]. The change in micelle curvature is shown
by the change in shape of the micelles after addition of PEI. The micelles become
longer and thinner when PEI is added, reflecting the decrease in micellar curvature (see
Table 4.4.1)
Overall comparing the surfactant micelle radii and increasing amount of styrene added
to these surfactant/PEI/styrene solutions with measured values of encapsulated styrene
by using the SLD method it seems that there are big variations between the addition of
styrene and the measured amount of encapsulated styrene as shown in table 4.4.1. This
fluctuation in calculated measured value was also reported by Wasbrough since he used
the same calculation method to measure the quantity of cyclohexane and cyclohexanol
that were solubilised by cationic surfactants in similar systems [47]. On the other hand
both Wasbrough [47] and O’Driscoll [27] observed in general that the calculated
amount of these solutes inside cationic surfactant micelles are significantly lower than
theoretically expected by using the SLD calculation method. The inaccuracy of this
method it could be due to one of several reasons. This method is based on the
percentage of SLD contribution from both the micelle core and the additives, so the
calculated percentage of additives in the micelle depends on the proportion of each of
these, which means that if one of them is present as 30% the other should be present as
70%., assuming ideal mixing, which is often not the case since many papers report that
aggregation number of surfactant micelles can change while solubilising some additives
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encapsulation hydrophobic molecules in cationic surfactants. The model was chosen
based on the lowest χ2 however, that does not mean this model will simulate the reality
100% since there are many factors it does not take into consideration, including the
more realistic core-shell structure of surfactant micelles. However since it was only
possible to obtain two contrasts for this data, fitting a more complex model with a
greater number of parameters is not mathematically justified since the simple model
describes the data within the limits of the error.
The second method used to calculate the percentage or the amount of styrene
encapsulated inside surfactant micelles uses the differences in the micelle volumes.
Since the size of micelles shows a very clear systematic increase as the concentration of
additives is increased, in this method, the volumes of the uniform ellipsoids were
calculated from the radii calculated in fitting the SANS data for the surfactant micelles
without any additives. This volume was then compared with the volume resulting from
fitting data for encapsulated styrene in the same surfactant micelles. The differences
between the volume of micelles without styrene and the total volume of the micelles
after encapsulating styrene is assumed to be the volume occupied by styrene itself. This
volume can be divided by the volume of one styrene molecule to give the number of
styrene molecules encapsulated in the micelles. The volume of the styrene molecules
was calculated to be 190.3Å3 by using the density of styrene monomer (0.906 g/mL)
[49]. Table 4.4.2 shows the calculated number of styrene molecules encapsulated in
cationic surfactant micelles in the presence and absence of LPEI. Micelle volumes and
aggregation number of surfactants were calculated as explained in chapter 3. The
encapsulation ratio expresses the number of encapsulated styrene molecules inside
surfactant micelle to the number of aggregate surfactant molecules.
As shown from table 4.4.2, BDHAB without PEI has the biggest micelle volume,
followed by BDHAB with PEI compared with the other surfactant micelles. Both
BDHAB with and without PEI also demonstrate the highest number of encapsulated
styrene molecules. This could be related to the hydrophobicity and nature of BDHAB
headgroup in which it is likely that the benzyl group performs as a second hydrophobic
tail [50]. In the case of 0% and 30% of styrene, BDHAB with PEI has bigger micelle
volumes and thus the larger amount of encapsulated styrene compared BDHAB without
PEI, while in case of 50% it shows the opposite effect. This may be related to the
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CPBr shows an almost similar trend as BDHAB.
Table 4.4.2: Calculated volumes of surfactant micelles, encapsulated styrene molecules
by using micelle volume variation (method 2), aggregation number (Nagg) and the ratio
of encapsulated styrene to the number of aggregate surfactant molecules.

Solution

BDHAB

BDHAB/
LPEI

CPBr

CPBr/LP
EI
CTAB
CTAB/L
PEI

Styrene
added
(vol.%)

Ra
(Å)

Calc.
Calc.
Rb
number of
Ellipsoid
(Å)
encapsulated
vol. (Å3)
styrene

Nagg

0

72

22

145971

0

204

30

108

25

282743

719

395

1.82

40

81

60

1221451

5653

1706

3.31

50

81

59

1181075

5440

1650

3.30

0

100

23

221587

0

310

30

191

25

500037

1464

698

2.10

50

200

25

523599

1587

731

2.17

0

35

23

80646

0

140

30

42

26

119371

204

207

0.98

40

42

27

129647

258

224

1.15

50

44

30

162201

429

281

1.53

0

38

24

94675

0

164

30

42

24

101312

35

175

0.20

50

44

24

109581

78

190

0.41

0

39

25

98814

0

157

50

43

32

181404

434

288

0

36

26

99581

0

158

Encapsulation
ratio

1.51

50
46
32
195651
505
310
1.63
The maximum errors of radii were ± 3Å and ± 5 % for the reported values of each
micelle volumes, encapsulated styrene molecules, Nagg and encapsulation ratio.

CPBr illustrates systematic increases in the micelles volume and number of
encapsulated styrene molecules in the case of the presence and absence of PEI,
However in the presence PEI at 30%-50% of styrene addition the CPBr micelles had a
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without PEI. CTAB solutions with and without PEI also showed increases in both
micelles volume and in calculated number of encapsulated styrene (as discussed above).
The effect of PEI on the encapsulation capacity of styrene using method 1 and 2 in these
aromatic and aliphatic surfactants headgroups shows in general a drop in encapsulation
capacity in presence of PEI particularly for the surfactants with aromatic headgroups.
O’Driscoll et al [27] found a significant drop in the aggregation number of CTAB
micelles solubilising cyclohexane or decane when this system incorporated PEI (MW∼
25,000 Da). On the other hand Reekmans et al [51] reported a decrease in Nagg (by more
than the half) of a cetyltrimethylammonium chloride micelles solution when anon-ionic
polymer was added to a solution with these micelles. Figure 4.4.3 shows this variation
in micelles volume in presence and absence of PEI for these cationic surfactant
solutions encapsulating different amount of styrene.

Figure 4.4.3: Percentage of the micelle volume variation for CTAB, CPBr and BDHAB
in the case of the presence and absence of PEI for micelles encapsulating different
amount of styrene.
Polymer-surfactant interactions without additives were discussed in the previous
chapter. In this chapter the suggested interaction model between polyethyleneimine and
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above. The scattering data in the first part of this chapter suggests that the PEI does not
wrap around the CTAB micelles nor do micelles bind to the polymer via their
hydrophobic cores. Rather there is a complex interaction between PEI and the outer
stern layer of these cationic surfactant micelles and at the same time with the aqueous
medium, which distributes the polymer phase between the micelles as a hydrogel
network rather than as a dense polymer matrix [32-36]. Further information about this
point is needed to understand the effects of PEI on the micelles versus concentration of
encapsulated hydrophobic monomer molecules. To understand the effects of PEI on the
micelles during encapsulation of different amounts of styrene the percentage of micelles
volume change was calculated in the case of the presence and absence of PEI for the
same styrene concentration in each surfactant micellar system. For example, the volume
of CTAB micelles with 1.5% LPEI and 0% of styrene was divided by the volume of
CTAB micelles at 0% of styrene and without LPEI then multiply by 100%. The results
of these calculations were summarized in figure 4.4.3. Therefore any value above 100%
that is means the effects of addition PEI are to expand the micelles volume and vice
versa. CTAB in general does not show obvious changes in the micelle volumes before
and after addition of PEI and that is seen for the case of encapsulating 50% of styrene.
CPBr and BDHAB show a growth in the micelle volume when PEI is added without
styrene, however at 30% of added styrene the CPBr micelle volume decreased while
that of BDHAB increased about 80% compared with the same BDHAB/styrene system
but without PEI. At the 50% of addition styrene and in presence of PEI the micelle
volume dramatically diminished becoming around one third of the micelle size in the
case of BDHAB and around the half of CPBr micelle size compared with the same
system without PEI. However all of these surfactants consist of a C16 hydrocarbon
chain, consequently PEI effects on these cationic surfactants micelles suggest that the
interaction between PEI and the headgroups of cationic surfactants micelle
encapsulating hydrophobic molecules is not similar. This means, the surfactants
headgroup plays very important role in the micellar volume. Here the surfactant
headgroups (nature and hydrophobicity) also can determine the effects of the
polyelectrolyte on these micelles encapsulating hydrophobic molecules. Figure 4.4.4
illustrates the suggested effects of PEI on cationic surfactants micelles encapsulating
hydrophobic monomer molecules.
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Figure 4.4.4 Schematic suggesting the effects of PEI on the various cationic surfactants
micelles encapsulated 50% of hydrophobic monomer.
As mentioned above that BDHAB micelles encapsulating 50% of styrene in the
presence of 1.5% L-PEI shows that the micelles volume is a third of the size compared
with BDHAB micelles encapsulating the same amount of styrene without PEI. However
for CPBr encapsulating 50% of styrene in the presence of 1.5% L-PEI the micelle size
is half that of CPBr micelles encapsulating the same amount of styrene without PEI.
These results suggests that the BDHAB and the CPBr micelles tends to split or reform
themselves into smaller micelles. CTAB, which has an aliphatic headgroup, does not
show obvious micellar reforming at the same concentration of styrene. This results
suggesting that the influence or the interaction between PEI and these surfactants
micelles was the greatest in BDHAB then CPBr while CTAB has shown the smallest
effect. These results support the suggestion that more of the styrene is located in the
palisade layer in the case of BDHAB and CPBr, since the cationic surfactant micelles
with aromatic headgroups have more aptitude to encapsulate hydrophobic molecules
than those aliphatic surfactant headgroups [39]. In addition these solutes interact with
these surfactant micelles headgroup changing the size and morphology of these micelles
[40-43]. Subsequently, the presence of PEI generally reduce the charge density on the
micelle which decreases the micellar curvature therefore changing the average distance
between the surfactant headgroups which causing reforming of these surfactant micelles
solubilising hydrophobic molecules to accommodate both the styrene and the PEI near
the surface of the micelle [45, 46].
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------------------------------------------ Chapter 4 -------------------------------------Since all of the surfactants used in this encapsulation experiment have C16 hydrocarbon
chain this means the main dominant factor in the encapsulation capacity variation is the
headgroup part for these cationic surfactants. Figure 4.4.5 shows the encapsulation ratio
for these surfactant micelles in presence and absence of PEI.

Figure 4.4.5: Encapsulation ratio (number of encapsulated styrene molecules per
surfactant monomer) for CTAB, CPBr and BDHAB in presence and absence of PEI.
As shown in Figure 4.4.5, BDHAB with and without PEI has the highest encapsulation
capacity compared with other surfactant, which suggest that BDHAB behave different
than these surfactants. This could support the theory that the benzyl group in the
BDHAB perform as a second hydrocarbon tail subsequently increasing the
encapsulation capacity [50]. In the case of 40% and 50% of addition styrene, BDHAB
without PEI shows almost the same encapsulation ratio (3.3) while at 30% of styrene
the ratio was less than 2. This result suggests that these cationic surfactants micelles
have tolerant limits of encapsulation capacity of hydrophobic molecules, which after
this point it shows phase separation. CPBr shows increases in encapsulation capacity as
addition of styrene is increased, and in the range of 30-50% of styrene it doesn’t show
any limitation in encapsulation ratio. However the encapsulation ratio of CPBr solution
solubilising 50% of styrene is only about the half of the BDHAB encapsulation ratio at
the same addition amount of styrene. CTAB and CPBr without PEI almost show the
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significantly decreased to a quarter of the CTAB encapsulation ratio value. That it does
not mean phase separation had occurred for the CPBr/LPEI solubilising 50% of styrene,
since no separation was seen for these solutions;. However this drop happened due to
the reforming the CPBr/LPEI micelles encapsulating styrene into smaller micelles as
noticed from the variation of Nagg for this system before and after addition of PEI. In
general these results emphasise that the nature and size of surfactant headgroup plays
very important role in the micelle formation (size and geometry) also the micellar
performance inside different media [36].
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4.5 Encapsulation of Monomers into Cationic Surfactant Films

The development of easily reproducible templates to form nanoscale architectures is an
on-going area of research in soft matter [52]. One of the main obstacles to control
ordered nanostructured polymer materials using micelles is the disruption of the
morphology of the aggregate during the polymerisation process and partial conversions
of the monomer to polymer. To understand whether this was occurring in this system,
the first step was to characterise encapsulated hydrophobic monomer in cationic
surfactant solutions. This is then followed in this section by studies of these monomers
in the surfactant/polymer films which grow at the solution surface. The purpose of the
initial SANS experiments on encapsulation of hydrophobic monomer in cationic
surfactant solutions was to quantify the amounts of hydrophobic monomer present in
the micelles, their location inside these micelles, and also the effects of PEI on these
cationic surfactant micelles encapsulating different amounts of styrene. These studies
are very important to understand how the individual micelles behave, before going to
the final step which is to polymerize these hydrophobic monomers inside the cationic
surfactant/polymer films. The second step here is to study the formation of solid
polymer/surfactant films at the air-solution interface, from cationic surfactant micelles
containing styrene in presence of PEI. The effect of surfactant headgroup variation on
film structures and encapsulation of monomer in the films was probed. In addition, the
effect of surfactant chain length on the extent of hydrophobic monomer encapsulation
and structures in PEI/cationic surfactant films was evaluated. Comparing SANS results
from micellar solutions with neutron and X-ray reflectivity from polymer/surfactant
films enabled selection of systems with suitable mesostructures in the films in order to
direct the subsequent studies of hydrophobic monomer polymerisation within the films.
In these experiments therefore a range of surfactant with aliphatic and aromatic
headgroup and three types of hydrocarbon chain length C12, C14 and C16 were used. Two
monomers were used in the initial work; styrene and methyl methacrylate.
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------------------------------------------ Chapter 4 -------------------------------------4.5.1 Aliphatic Cationic Surfactant/PEI Films Encapsulating Hydrophobic
Monomers.
In this section; CTAB, CTEAB and CTPAB were used as cationic surfactants all of
which have a C16 hydrocarbon chain. Hydrogenated styrene and methyl methacrylate
were used as the hydrophobic monomers. Low molecular weight PEI ~2000Da at 15g/L
was used at 0.05M surfactant concentration and all solutions were prepared in 100%
D2O. The data was collected using neutron reflectometry on the SURF instrument at the
ISIS Pulsed Neutron Source facility [53]. Data were collected every 15 min for one hour
at 35°C using an incident angle of 1.5°.

Figure 4.5.1: Neutron reflectivity patterns of CTEAB/SPEI solubilising 50vol% styrene.
The pattern collection was started 8 minutes after pouring the solution into the trough.
The solid lines are the best model fit to the data using a slab model. The SLD profile
used to fit the data is shown in the inset graph.
Figure 4.5.1 shows the initial work on encapsulation of the hydrophobic monomers into
cationic surfactant films. The neutron reflectivity data of CTAB, CTEAB and CTPAB
with SPEI solubilising different amount of methyl methacrylate or styrene in general
show simple curves without any diffraction peaks, which indicates that the structures
formed from these solutions are either simple adsorbed layer structures or 2D hexagonal
phases oriented with the cylinders oriented parallel to the solution interface [54]. The
modelling of the data however confirms that only simple layers exist as can be seen
from the inset SLD profile in Figure 4.5.1
Several attempts were made to find the best fitting conditions for those data and for
equivalent patterns from surfactant solutions with C12 hydrocarbon chain. Moreover
many suggested models were tested, starting from a single surfactant monolayer to five
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------------------------------------------ Chapter 4 -------------------------------------alternating layers of solvent/PEI and micelles to find the best model. However the best
fit for these patterns suggest a structure composed of three adsorbed layers. This model
consists of a first layer corresponding to the surfactant hydrocarbon chain. The second
layer of PEI mixed with D2O and surfactant headgroups, where third layer compose of
surfactant micelles as illustrate in figure 4.5.2. This model was chosen to fit these data
is close to the suggested model used by a number of other researchers including Taylor
et al and others [55-57] where they used neutron or X-ray reflectivity to study strongly
interacting polymer/surfactant solutions at the water/air interface which are close to our
system.

Figure 4.5.2: Schematic of air/D2O interface of three layers structure where first layer
is hydrocarbon chain, second layer is surfactant headgroup and PEI mixed with D2O.
Third layer is surfactant micelle.
Motofit [58] was used to fit the neutron reflectivity data. The hydrocarbon chain length
and SLD for the first layer were calculated and held. All of the surfactants were used in
this experiment have aliphatic headgroups with a C16 hydrocarbon chain. Thickness,
SLD and roughness were fitted for the second and third layer. The results of fitting
these data are given in Table 4.5.1. During fitting, to reduce the number of variables, the
thickness, SLD and roughness for the first layer, assumed to be the tail region of the C16
surfactant monolayers since it is the hydrophobic part were calculated and held. This
approach is commonly used in experimental work from the previous authors. The
calculated values were 22Å, -0.353×10-6 Å-2 and 5Å respectively. The SLD of the
subphase was calculated to be 6.08x10-6 Å-2 and held during fitting.
However, unlike these cases, CTAB/PEI films show a repeating layered structure with
Bragg peaks in cases where styrene was solubilized in the film (figure 4.5.3) while
showing simple curves without any diffraction peak when methyl methacrylate was
solubilised in the films. This suggests that the nature of the solubilised hydrophobic
molecules has an important effect on the ability to solubilize the hydrophobic species in
the micelles and still form a film resulting from aggregation of these micelles [48].
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------------------------------------------ Chapter 4 -------------------------------------Table 4.5.1: Fitted values of the thickness (Å), SLD (10-6 Å-2) and roughness (Å) of
second and third layer of films of CTAB, CTEAB and CTPAB with 1.5% SPEI and
solubilising either methyl methacrylate or styrene at the air-water interface. The data
were collected every 15min for each film.
Second Layer
Surfactant
Parameters
and additives
added (vol%)

Third Layer

15
min

30
min

45
min

60
min

15
min

30
min

45
min

60
min

28

27

28

26

34

30

30

32

1.67
8

1.83
9

1.45
9

-0.19

-0.25

-0.19

-0.29

6

7

4

4

CTAB with
30% Methyl
methacrylate

Thickness
Roughness

2.06
6

CTAB with
50% Methyl
methacrylate

Thickness

20

16

16

16

32

36

36

37

1.80
8

1.50
9

1.44
9

-0.16

-0.18

-0.18

-0.13

Roughness

0.98
7

8

9

9

9

CTEAB with
30% Methyl
methacrylate

Thickness

30

29

22

21

30

31

36

36

1.13
9

1.66
9

1.7
9

-0.25

-0.25

-0.27

-0.26

Roughness

0.94
9

5

6

8

9

CTEAB with
50% Methyl
methacrylate

Thickness

30

30

29

27

29

30

31

31

0.81
9

0.98
9

1
9

-0.3

-0.25

-0.14

-0.19

Roughness

0.74
8

6

5

9

7

Thickness

20

24

22

22

32

34

34

35

SLD

2.2
9

2.5
9

2.5
9

-0.29

-0.29

-0.3

-0.25

Roughness

2.3
8

4

4

4

4

Thickness

30

30

27

27

28

29

30

30

1.4
8

1.7
9

1.91
9

-0.24

-0.2

-0.1

-0.12

Roughness

1.03
8

9

8

8

7

Thickness

26

29

29

30

30

30

30

30

SLD

1
8

0.87
9

0.93
9

-0.16

-0.12

-0.19

-0.1

Roughness

1.1
9

9

9

8

8

Thickness

30

30

29

28

34

35

34

34

1.80
8

2.00
9

2.60
9

1.90
9

-0.29

-0.29

-0.20

-0.29

5

5

5

5

CTEAB with
30% Styrene
CTEAB with
50% Styrene
CTPAB with
30% Styrene
CTPAB with
50% Styrene

SLD

SLD

SLD

SLD

SLD

SLD
Roughness

The error in thickness was ±3Å, SLD ±0.16 ×10-6 Å-2 and roughness ±2Å.
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------------------------------------------ Chapter 4 -------------------------------------These films formed from aliphatic surfactant headgroups solubilising either methyl
methacrylate or styrene contain in general a second layer which is composed of
headgroup, PEI and D2O, having a thickness from 16Å up to 30Å (table 4.5.1). In the
cases of relatively bulky surfactant headgroup such as CTEAB and CTPAB, the second
layer was thicker than in the case of CTAB, which has a relatively less bulky
headgroup. The second layer is observed to shrink as increasing amount of monomer is
added and the second layer in general also shrinks with time. The exceptions to this are
the case of CTEAB and CTPAB solubilising 30% of styrene which appear to increase in
thickness with time. The micelle layer in general grows and gets thicker with time
which indicates increasing incorporation of these solutes inside the micelles layer with
time. The theoretical SLD value for these surfactants without monomer is -0.353×10-6
Å-2 whereas the fitted SLD for the micelle layer overall illustrates higher values than the
theoretical SLD value for these surfactants without monomers. Some authors [59, 60]
found that hydrophobic solutes can also be located in the first layer (Air / hydrocarbon
tail of surfactant) and they observed extended chain length by adding these hydrophobic
molecules. Therefor this behaviour it could be related to adsorb some of these
monomers at the first layer or penetrate some of D2O in between each micelle due to of
not well form a continuous layers. Here in polymer/surfactant systems solubilising
different amount of hydrophobic monomer there was no obvious relationship between
addition of these monomers and the first layer height therefore the first layer here was
held. The other possibility of this growth in the micellar layer is due to reforming of
these micelles during evaporation the water molecules from surface of these solutions or
it could be equilibrium between both process (encapsulation and micelles growth)
which causes variation in SLDs values. In the case of CTAB solubilising methyl
methacrylate and CTPAB solubilising styrene the third layer grows as the concentration
of monomers is increased from 30vol% to 50vol%. CTEAB films have a thicker third
layer in the case of 30% of monomer compared with 50% of addition monomers. This
suggests that CTEAB at high concentration of hydrophobic monomers tends to reform
itself to form relatively smaller micelles size. Similar behaviour was seen in the fitting
of SANS data for CPBr and BDHAB solutions with PEI. Roughness in both the second
and third layers is relatively high and this could be due to formation of incomplete
micelle layers. In general the second and third layer for PEI films with CTAB, CTEAB
and CTPAB solubilising either methyl methacrylate or styrene do not show significant
variation in the thickness with time. This it could be related to the fast formation of
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------------------------------------------ Chapter 4 -------------------------------------these films in the first stage within the first 15 min then it takes some time to repackage
or rearrange surfactants micelle and monomer within the layers in a second slower stage
[61].
4.5.2 Effects of Surfactant Headgroup on the Polymer/Surfactant Films
CPBr, BDHB, CTAB, CTEAB and CTPAB were used as cationic surfactants, all
having a C16 hydrocarbon chain. These surfactants showed visible and robust films when
mixed with polyethylenimine solutions. Hydrogenated styrene was used as a
hydrophobic monomer. Low molecular weight PEI ~2000Da at 15g/L was used with
0.05M surfactant concentration and all solutions were prepared in 100% D2O. The data
was collected using neutron reflectometry on the SURF instrument using an incident
angle of 1.5°. The data were collected after 60 min at 35°C. Figure 4.5.3 shows the four
surfactants with 50% of encapsulated styrene and S-PEI.

Figure 4.5.3: Neutron reflectivity patterns from films formed of 1.5wt% SPEI with
0.05M (from top to bottom) BDHAB, CPBr, CTAB, CTEAB and CTPAB solubilising
50vol% of styrene. The patterns were collected after 60min of film growth.
BDHAB, CPBr and CTAB films with PEI show a more complex a liquid-crystalline
structure while CTEAB and CTPAB show simple adsorbed layer structures. The film
formed using BDHAB has peaks at Q values of 0.121 and 0.250 Å-1. The CPBr film
shows two peaks at 0.125 and 0.254 Å-1 and the CTAB film shows peaks at 0.122 and
0.253 Å-1. The categorisation of the mesostructure of these films and others will be
discussed further in the section on GIXD and time resolved formation below. Figure
4.5.3 illustrates in general that the surfactants with aromatic headgroups produce films
with a more complex mesophase structure than surfactants with an aliphatic headgroup.
CTEAB and CTPAB have bulky headgroups compared with CPBr or CTAB,
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------------------------------------------ Chapter 4 -------------------------------------nevertheless films grown using CTEAB and CTPAB show no long-range ordered
mesostructure. CPBr and CTAB also give patterns containing diffraction peaks in the
case of films solubilising styrene however when solubilizing methyl methacrylate even
CTAB/PEI films show only adsorbed layers. Crystallite sizes and d-spacing of the
intense first peak in these patterns were calculated for these films and given in table
4.5.2.
Crystallite size was calculated from the Scherrer equation, which gives the average
crystallite size [62], L:

(1)

=

Where λ is the wavelength of radiation used, β is the peak width of the diffraction peak
profile at half maximum height resulting from small crystallite size (in radians) and K is
a constant related to crystallite shape, normally taken as 0.94. The value of β from the
2θ axis of the diffraction profile must be in radians. The θ can be in degrees or radians,
since cos θ corresponds to the same number.
Table 4.5.2: Q vector, d-spacing, crystallite size and number of layers formed of
BDHAB, CPBr and CTAB films formed with 1.5wt% SPEI solubilising 50% of styrene
after 60min film growth
Q of first
intense Peak
(Å-1)

d-spacing (Å)

Crystallite size
from Scherrer
Equation (nm)

Number of
layers

BDHAB

0.121

52

138

27

CPBr

0.125

50

192

38

Surfactant

CTAB
0.122
52
217
42
Errors in peak positions, crystallite size and number of layers are ±5% of the reported
values.
The pattern of the CTAB/SPEI film solubilising 50vol% of styrene shows the highest
degree of liquid-crystalline ordering, with 42 layers where these layers consist of a
surfactant monolayer on the surface which then interacts with a hydrated polymer layer
that is interacting with surfactant micelles that contains the styrene monomer and where
the second and third layers are alternating layers as seen in figure 4.5.2. In the case of
the CPBr/SPEI film solubilising 50vol% styrene the degree of ordering is lower
compared to the CTAB/SPEI film but greater than BDHAB/SPEI films solubilising
50vol% of styrene, where BDHAB/SPEI system shown the smallest crystallite size and
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------------------------------------------ Chapter 4 -------------------------------------number of layers. These results of cationic surfactant/PEI/styrene films system (from
first indication) are unexpected compared with the solutions discussed above. In the
solutions micelles of BDHAB/PEI encapsulating 50vol% of styrene were shown to have
the largest micelles volume then CTAB/PEI, while CPBr/PEI had the lowest volume.
On the other hand BDHAB and CPBr were the most affected by PEI addition compared
to CTAB. In the presence of PEI, both BDHAB and CPBr showed micelles reformation
while CTAB does not show any obvious micelle volume variation. Therefore
BDHAB/PEI films solubilising 50% of styrene were expected to be the thicker film
while here the data shows the opposite trend. Edler et al [63] reported that the thickness
of these cationic surfactant/PEI films is highly dependent on humidity, while O’Driscoll
et al [33] noticed that these films cannot grow in closed system (sealed vials or petri
dish taped closed). Even more, if the container in which a film has already formed is
covered, and then the film will dissolve and disappear from the surface of solution.
These observations are emphasise that humidity or in other words the percentage of
water molecules in the surfactant/PEI system plays very important role in these films
formation mechanism [64]. Therefore this performance variation in the surfactant/PEI
solution and water/air solid films could be due to the differences in the surfactant: water
molecules: PEI ratio where the water molecules here are related to the number of water
molecules in surfactant micelle headgroup layer (number of water molecules per
surfactant headgroup). As stated earlier the interaction between these cationic
surfactants and PEI is complex interaction in which water molecules between PEI and
surfactant headgroups form of this complex interaction. Several authors have
demonstrated the relationship between the micelles aggregation number, size and their
shapes based on surfactant headgroup/water molecule ratio [65-67]. Campbell et al.
suggested that water molecules are released by the driving force of the
polymer/surfactant interaction which increases entropy. This mechanism accrues due to
an ion-dipole interaction between the ammonium part on the surfactant headgroup and
the lone pair of electrons on the primary amine group of PEI. Thus this interaction
enhances the solid film development at the surface of these solutions due to
nonequilibrium evaporation causing the phase separation at the air-liquid interface [68].
In addition it is well known that percentage of water molecules in lyotropic system can
determine the final structure [69-71]. The surfactants used in this section represent
different headgroup size, and also aliphatic and aromatic categories where the
hydrophobicity of these surfactant headgroups are improve by addition of ethyl or
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------------------------------------------ Chapter 4 -------------------------------------benzyl groups in their headgroup [39]. In addition this bulk and hydrophobic part in the
surfactant headgroup have high ability to shield water molecules from micellar
headgroup layer. Therefore in the case of water/air films the ratio of (surfactant: water:
PEI) has been changed through dehydration of water molecules from the surface of
these films. This causes an increase in the charge density on the micelle thus changes in
the micellar curvature and average distance between the surfactant headgroups [45, 46].
Subsequently the dynamic interactions of PEI with these micelles possibly changed due
to loss of water molecules and counterion [61, 71]. The results in Table 4.5.2 suggests
that the interaction between the second and third layer in the case of CTAB/PEI films
was stronger than in the BDHAB/PEI system and this stronger interaction leads the
CTAB/PEI system to build thicker films.
However CPBr and BDHAB (both surfactants with an aromatic headgroup) showed
thinner films compared with CTAB; nevertheless the surfactants with aromatic
headgroups were selected for farther study since these films contained relatively wellordered mesostructures compared with those having an aliphatic headgroup. The final
aim in encapsulation of hydrophobic monomer into cationic surfactants micelles is to
prepare a relatively well-organized nanostructured polymer. Therefore styrene was
chosen as a hydrophobic monomer for next step because it has less solubility in water
and it maintains the crystalline mesostructure in the films compared with methyl
methacrylate.

4.5.3 Effects of Surfactant Chain Length on PEI/Surfactant Films
The aim of this section is to evaluate the effect of surfactant hydrocarbon chain length
on the styrene encapsulation and structures in PEI/cationic surfactant films. In this
experiment six different surfactants with an aromatic head group and with varied tail
lengths were used as the cationic surfactants for PEI film formation and to solubilise
styrene. DDPBr, TDPBr and CPBr surfactants have pyridinium as the headgroup and
BDDAB, BDTAB and BDHAB have benzyldimethyl as the headgroup. Low molecular
weight PEI was used (~2000Da) at a concentration of 15g/L in D2O. Hydrogenated
styrene was added at 0, 30 and 50 vol% relative to the micelle volume of the surfactants
used. The final concentration of the surfactant was 0.05M. Measurements were made on
the reflectometer SURF at ISIS, using an incident angle of 1.5.
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------------------------------------------ Chapter 4 -------------------------------------Figure 4.5.4 shows the neutron reflectivity patterns of the surface of solutions
containing three different hydrocarbon chain-lengths for either pyridinium or
benzyldimethyl as headgroup solubilising 0vol%, 30vol% and 50vol% of styrene. This
figure shows very clearly that surfactants with a C12 hydrocarbon chain could not
developed ordered mesostructures compared with those having C14 and C16 chains when
solubilising different concentrations of styrene. In addition C14 and C16 surfactant
solutions formed robust films on the top of water/air interface solution in the presence
of PEI while the C12 surfactants do not show an obvious solid film on their solution
surface. This performance has been seen for both pyridinium and benzyldimethyl
headgroup surfactants. Table 4.5.3 shows the main intense peak positions of
surfactant/S-PEI films from those solutions in 4.5.4 which showed clear intense peaks.

Figure 4.5.4: Neutron reflectivity patterns from the surface of solutions containing
0.05M surfactant with 1.5% S-PEI in D2O with hydrogenated styrene. The patterns in
each graph are corresponds to (from top to bottom) surfactants with a C16, C14 and C12
hydrocarbon chain respectively. Left hand graphs are correspond to benzyldimethyl as
headgroup solubilising 0vol% of styrene (A), 30vol% of styrene (B) and 50vol% of
styrene (C). Right hand graphs correspond to pyridinium as headgroup, solubilising
0vol% of styrene (D), 30vol% of styrene (E) and 50vol% of styrene (F). Each of the
individual patterns was collected after 15min of film growth time.
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------------------------------------------ Chapter 4 -------------------------------------The d-spacing for the C14 and C16 cationic surfactant/PEI films solubilising different
amount of styrene were between 48Å to 53Å, however in the case of BDTAB the
repeating layers size was less than that for BDHAB which is mainly due to the
differences in the hydrocarbon tail length. In the case of TDPB films the d-spacing was
higher about 2Å than CPBr when solubilising styrene. This unexpected behaviour for
TDPB/PEI system is not clear but it could be related to the TDPB micelles stability.
SANS data showed an obvious drop in the volume for CPBr and BDHAB when these
micelles solubilised styrene and were then mixed with PEI (possibly due to micelle
reformation) (table 4.4.2). It could be that this phenomenon occurs in the BDTAB/PEI
system as well as, but not in the case of TDPB/PEI which therefore has larger repeating
layers. Overall the d-spacing for these C14 and C16 cationic surfactant/PEI systems are
greater than the width of the micelles calculated from the SANS patterns for both
pyridinium bromide and benzyldimethylammonium bromide micelles in solution. This
result suggests that PEI is intercalated between the micelles layers, between arrays of
rodlike micelles with the long axis of the micelle orientated parallel to the air/water
interface [33].
Table 4.5.3 Peak positions of the main intense peak, d-spacing, crystallite size and
number of layers formed in films of surfactant/SPEI solubilising 50vol% of styrene after
60min film growth.
Surfactant

% of Styrene
(vol.)

1st Peak
Q (Å-1)

d-spacing
(Å)

Crystallite
size (nm)

Number of
layers

0
0.132
48
127
27
BDTAB
30
0.132
48
120
25
50
0.132
48
116
24
0
0.118
53
146
28
BDHAB
30
0.118
53
137
26
50
0.121
52
138
27
0
0.122
52
211
41
TDPB
30
0.119
53
212
40
50
0.119
53
274
52
0
0.122
52
182
35
CPBr
30
0.125
50
183
36
50
0.125
50
192
38
Errors in peak positions, d-spacing, crystallite size and number of layers are ±5% of the
reported value
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------------------------------------------ Chapter 4 -------------------------------------The data in table 4.5.3 illustrates very clearly that the number of repeating layers and
the film thickness of films containing pyridinium bromide headgroups for both C 14 and
C16

hydrocarbon

chains

are

greater

than

those

for

films

made

from

benzyldimethylammonium bromide headgroup surfactants when comparing the same
tail length. These results confirm the previous results, that the pyridinium headgroup
has more attraction interaction to PEI than the benzyldimethylammonium group due to
bulkiness and hydrophobicity effects [72]. O’Driscoll et al. [33] studied the thin film
structures formed by polyethyleneimine and alkyltrimethylammonium bromide
surfactants (PEI/CnTAB) at the air/water interface where the alkyl chain was C 12, C14
and C16. From this study it was observed that at relatively low concentration of PEI the
diffraction peaks for C12TAB/PEI and C14TAB/PEI disappeared with time. Modelling of
neutron reflectometry data of these films confirmed that there was no obvious
mesostructure existing at the interfaces for these solution compositions, where an
adsorbed layer instead was found. Here in this experiment, as stated before, C12 tail
surfactants for both pyridinium and benzyldimethylammonium bromide did not develop
obvious solid films or show distinct diffraction peak. However C 14 surfactants with
SPEI for both headgroups did show diffraction peaks. These results suggest that the C12
hydrocarbon tail surfactant for both pyridinium and benzyldimethylammonium bromide
with SPEI was form only an adsorbed layer rather than forming ordered mesostructures.
Also the best modelling fit for these data support this result as reported below. Figure
4.5.5 shows the neutron reflectivity patterns from the surface of a DDPB/SPEI solution
solubilising 50vol% of styrene.

Figure 4.5.5: Neutron reflectivity patterns of 1.5wt% SPEI solutions in D 2O containing
0.05M DDPB with 50% styrene. The patterns were collected 7 minutes after pouring the
solution into the trough. The solid lines are the best fit using a 3 layer model.
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------------------------------------------ Chapter 4 -------------------------------------Surfactants with a benzyldimethylammonium headgroup and C16 tail showed thicker
films and more repeating layers than those grown with a C14 tail. However pyridinium
bromide

surfactants

showed

contradictory

results

compared

the

benzyldimethylammonium system. This variation could be related to the differences in
the packing parameter for these surfactants, thus the micelles re-form in different ways
in the moment of forming these solid films. During the film formation process changes
in the water molecules/surfactant ratio occur, subsequently changing the surfactantpolymer interaction in these films [45, 46]. In other words, polymer/surfactant
interaction could be varied by changing the surfactant micelle geometry. O’Driscoll
reported that the interaction between C16TAB and PEI was the greatest compared with
surfactants having C12 or C14 hydrocarbon tails, which this increase the interaction
surface area corresponding to the long axis of hexagonal array micelles [33].
The reflectivity patterns from BDDAB/SPEI and DDPB/SPEI solutions solubilising
different amount of styrene were modelled as the previous reflectivity model procedure.
The thickness, SLD and roughness for the first layer, assumed to be the tail region of
the C12 surfactant monolayers since it is hydrophobic part was held as 17Å, -0.367×10-6
Å-2 and 5Å respectively. The SLD of the subphase was calculated to be 6.08×10-6 Å-2
and held during fitting. The results from fitting the reflectivity data for the SPEI with
C12 surfactant solutions solubilising different amounts of styrene are given in table
4.5.4.
The fit results of reflectivity profiles for these solutions illustrates that second layer,
which is the layer of headgroups mixed with PEI and D2O, has an almost stable
thickness during the measurements, of between 20 to 25Å for both BDDAB and DDPB
at all concentration of styrene. This result in general is less than the thickness of second
layers for CTEAB and CTPAB with SPEI solubilising the same amount of styrene
(table 4.5.1) which indicates that the percentage of PEI/D2O at the interfacefor the
surfactants with aromatic headgroup is less than in the case of the CTEAB/SPEI and
CTPAB/SPEI systems. This supports the previous suggestion that the aliphatic cationic
surfactant headgroup has more affinity with PEI than those surfactants with aromatic
headgroups. Unfortunately due to the lack of structural information in the layer for these
systems the quantitative percentage of D2O or PEI in the layer was hard to calculate.
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reflectivity patterns from films composed of BDDAB and DDPB solubilising styrene
mixed with 1.5% S-PEI. Data were collected every 15min for each film.
Solution

Parameters

Second Layer
15
30
45
60
min min min min

Third Layer
15
30
45
60
min min min min

Thickness (Å)

21

20

20

20

30

31

30

26

SLD (10-6 Å-2)

1.1

1.01

1

1.02

-0.34

-0.34

-0.34

-0.34

Roughness (Å)

9

9

9

9

6

9

9

9

BDDAB
with
30vol% of
Styrene

Thickness (Å)

20

20

21

21

35

33

29

24

SLD (10-6 Å-2)

1.03

1.08

1.11

1.03

-0.35

-0.33

-0.38

-0.37

Roughness (Å)

6

8

5

9

7

5

6

5

BDDAB
with
50vol% of
Styrene

Thickness (Å)

20

20

22

22

31

34

29

27

2.02
9

2.08
8

1.80
4

1.72
8

-0.35

-0.13

-0.14

-0.16

4

4

6

6

Thickness (Å)

21

21

20

20

25

25

26

27

SLD (10-6 Å-2)

2.51

2.14

2.08

2.03

-0.13

-0.24

-0.2

-0.24

Roughness (Å)

7

5

6

6

6

4

5

5

Thickness (Å)

20

21

22

21

26

25

28

30

SLD (10 Å )

2.13

1.96

1.98

1.75

-0.25

-0.22

-0.17

-0.2

Roughness (Å)

6

6

7

6

4

5

5

6

Thickness (Å)

25

25

21

20

29

26

31

31

1.8
9

1.69
6

1.62
8

1.51
8

-0.24

-0.28

-0.1

-0.2

4

8

6

7

BDDAB
with 0vol%
of Styrene

DDPB with
0 vol% of
Styrene
DDPB with
30vol% of
Styrene
DDPB with
50vol% of
Styrene

-6

-2

SLD (10 Å )
Roughness (Å)

-6

-6

-2

-2

SLD (10 Å )
Roughness (Å)

Thickness, SLD and roughness for the first layer were calculated and held as 17Å, 0.367 ×10-6 Å-2 and 5Å respectively. SLD of solvent and background were calculated
and held. The error of thickness was ±3Å, SLD ±0.23 ×10-6 Å-2 and roughness ±2Å.

Overall the second layer had a relativity high roughness (5-9Å) which could be related
to the nature of PEI since it is a highly branched polymer [73]. The lower micelle layer
for both BDDAB and DDPB solubilising different amounts of styrene shows
thicknesses from 24 up to 35Å. Therefore the average total layer thickness for these
surfactants which consist of an aromatic headgroup and C12 hydrocarbon chain is
around 70Å. This relatively small thickness of the film in both BDDAB/SPEI and
DDPB/SPEI systems is the reason no diffraction peaks are seen, since the crystallite
thickness needs to be greater than 200Å in size before peaks could be visible. However,
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these films [74]. Taylor et al [55] reported the total adsorption layer thickness for
0.023M of C12TAB with an oppositely charged polyelectrolyte (poly (styrenesulfonate))
was between 85 and 95 Å. This variation in total adsorption layer thickness between
these two systems could be due to the nature of interaction between the polyelectrolyte
and the cationic surfactant or it could also be related to the hydrophobicity of the
aromatic headgroup in the case of BDDAB and DDPB surfactants with PEI which thus
reduces the interaction between these surfactants and the polyelectrolyte [72]. The
micellar layer in the case of BDDAB surfactant films in general shows a bigger micellar
size compared with those for the DDPB surfactant solubilising the same amount of
styrene. However the thickness of this layer shrinks with time in the case of BDDAB
films while the micellar size in the DDPB layer increased. This neutron reflectivity
result is in good agreement with SANS results. SANS results showed that BDHAB has
a greater micelle volume (with and without styrene) compared with CPBr (table 4.4.2),
while neutron reflectivity shows decreases in the films thickness for benzyldimethyl
with both C14 and C16 hydrocarbon chain over time as presented below. Taylor, Thomas
and Penfold [75] have studied a wide range of polyelectrolyte/surfactant solutions at the
air/water interface and they found the strong electrostatic interactions predominate in
these systems and give rise to some significant adsorption behaviour. For instance at
low surfactant concentrations the adsorbed layer of polyelectrolyte/surfactant at the
air/water interface for those solutions has a thickness of the order of a surfactant
monolayer which is approximately from 20Å to 25Å. However, at low concentration
polymer tends to desorb from the surface to form aggregates with surfactant micelles in
the bulk phase. In contrast at surfactant concentrations above the critical aggregation
concentration, strong adsorption at the air/water interface occurred, which raised the
adsorbed layer thicknesses to more than 100Å. In that case (at high surfactant
concentration with polymer) the best modelling suggested the structure of these
solutions consists of an approximate three layers of surfactant with polymer and water
contained essentially in the headgroup regions. The concentration of BDDAB and
DDPB used here is at least about 4 times greater than the CMC of those surfactants.
Therefore the results reported from the above authors are close to the best model found
for these solutions by fitting in this work for layers formed using surfactants with a C12
hydrocarbon chain. In general the results from benzyldimethylalkylamnim bromide and
alkylpyridinum bromide surfactants with PEI suggest that the relatively short
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these solutions and instead it is tends to form an adsorbed layer. Increasing the tail
length overall increased the micelles volume thus increased the surfactant/polymer
interactions, and consequently enhanced crystallite size [33, 55]. However the nature of
headgroup of these surfactants still governs the main surfactant/PEI interaction effects
[72].

4.6 Kinetic Study of Polymer/Surfactant Films Solubilising Styrene.
In the previous section, the effect of the surfactant headgroup type and hydrocarbon
chain length on the incorporation of styrene in the films, and on their structure was
reported. These results showed very clearly using neutron reflectivity that surfactants
with small hydrocarbon chain (C12) give films without long range micellar ordering as
no diffraction peaks are visible. On the other hand the films grown with C14 tail
surfactants in general displayed one intense peak in the reflectivity patterns, while films
grown from solutions containing C16 tail surfactants showed two very clear diffraction
peaks. In addition, the comparison between aliphatic and aromatic surfactant
headgroups on solubilisation of styrene showed that surfactants with an aromatic
headgroup can develop mesostructured films better than surfactants with aliphatic
headgroup. Therefore in this part, the work was focused on surfactants with aromatic
headgroups and surfactant with relatively long hydrocarbon chains, since the aim from
the previous study was to select surfactants that can solubilise the styrene monomer and
form well defined mesostructured films that will ultimately allow to polymerize a well
organised system. Kinetic studies of solubilising styrene into cationic surfactant/PEI
films and calculation of the extent of incorporation styrene into polymer/surfactant films
are investigated in next section using neutron reflectivity and selective deuteration of
the styrene component in the films.
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Figure 4.6.1 illustrates time resolved reflectivity patterns from films composed of
BDTAB/SPEI and TDPB/SPEI solutions solubilising various amount of styrene. Due to
the relatively low neutron flux on the SURF instrument, where this experiment was
performed, each pattern was collected every 15min. The kinetic air/water films
formation study of these solutions used surfactants with a C14 or C16 hydrocarbon chain
with SPEI and patterns were taken over a period of one hour, since no significant
change was seen for these films after 60min. The neutron reflectivity patterns showed in
general one peak in the case of TDPB/SPEI films solubilising different amounts of
styrene while BDTAB/SPEI films without styrene also show one peak, while in the case
of solubilising 30% and 50% of styrene, BDTAB/SPEI films exhibited a second peak at
Q = 0.32Å which is double in Q position of the first peak suggesting these films are
made up of a repeating layered structure, Thus solubilising styrene in BDTAB/SPEI
films overall enhanced the mesostructures of these films.

Figure 4.6.1: Time resolved neutron reflectivity patterns of films formed from 0.05M
BDTAB with 1.5wt% SPEI (A), BDTAB/SPEI solubilising 30vol% styrene (B),
BDTAB/SPEI solubilising 50vol% styrene (C), TDPB/SPEI (D), TDPB/SPEI
solubilising 30vol% h-styrene (E) and (F) is TDPB/SPEI solubilising 50vol% h-styrene.
The patterns were collected every 15min from bottom to top.
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general show shifts in the peak position toward lower Q. This shift was greater in the
case of BDTAB/PEI films without styrene, while BDTAB/PEI films solubilising
50vol% of styrene do not show significant changes in the peak position with time. The
TDPB/SPEI system showed the same performance however the shifts were very small.
This shift in the peak position for these films indicates restructuring in the
polymer/surfactant micelle structure which is mainly due to dehydration of these films.
Overall the peaks in the BDTAB/PEI films are much broader than those in the
TDPB/SPEI films suggesting greater polydispersity in the layer thickness in
BDTAB/PEI system. On the other hand TDPB/SPEI films illustrated relatively thinner
diffraction peaks, where the width of these peaks are inversely proportional to the size
of the diffracting structure, in this case the number of layers [76]. Crystallite sizes and
d-spacing were calculated from the intense peak for these films and are summarised in
figure 4.6.2.

Figure 4.6.2: d-spacing, crystallites size and number of layers of BDTAB/SPEI (top
charts) and TDPB/SPEI (bottom charts) films solubilising different amount of styrene
during the first 60min of these films formation.
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general shows a growth of d-spacing with time, except for those solubilising 50% of
styrene for the same film composition, where the d-spacing was constant. However after
60 min the repeating layers thickness of for all of these films was constant (48Å). On
the other hand, BDTAB/SPEI films solubilising different amount of styrene overall
show a decreases in the total film thickness and number of layers with the time during
the film formation time. The average losses of crystallite size for BDTAB/SPEI films
solubilising 0vol%, 30vol% and 50vol% of styrene were 3Å, 6Å and 8Å per min
respectively. TDPB/SPEI films solubilising different amount of styrene show totally
different behaviour compared with BDTAB/SPEI films. In general TDPB/SPEI films
solubilising different amount of styrene show a stable d-spacing with the time, however
some very small growth (2Å) was seen in the case of films solubilising 30% and 50% of
styrene after 60min. The average d-spacing of BDTAB/SPEI films solubilising different
amount of styrene was 52Å. The crystallite size and number of repeating layers for the
TDPB/SPEI films system shows different trends compared with BDTAB/SPEI films.
TDPB/SPEI films solubilising various amount of styrene in general demonstrate an
increase of both the number of repeating layers and crystallite size with time. Also as
the amount of styrene was increased the crystallite size value and number of repeating
layers increased with time. The average growth in crystallite size for TDPB/SPEI films
solubilising 0vol%, 30vol% and 50vol% of styrene were 8Å, 9Å and 21Å per min
respectively.
However despite the fact that BDTAB films had a relatively bigger headgroup
compared with TDPB, nevertheless the average d-spacing of the films in the
TDPB/SPEI system (52Å) was bigger than that in the BDTAB/SPEI system (48Å).
Both of these values are smaller than d-spacing values that were reported by O’Driscoll
for films formed from 0.037M C14TAB and 1.5% (w/v) SPEI, which had a d-spacing of
57Å, for films without additives. These results suggest that the PEI/water ratio between
the surfactants micelles inside these films is different. In the optimal condition,
BDTAB/SPEI should have the greatest d-spacing value since BDTAB has the bigger
micellar volume as seen from the SANS experiment (Table 3.3.4) as well having a
bulky headgroup. However, the practical order of repeating layers for these systems
was:

C14TAB/SPEI > TDPB/SPEI > BDTAB/SPEI. In this case there are two

possibilities accountable for this variation. First this variation could be due to either
increases or decreases one of these variables; water molecules or PEI. The second
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if the atmosphere above the film is saturated with water vapour. Therefore there is loss
of water molecules in both cases affecting of the d-spacing during the film formation.
However this loss in water molecules shows different d-spacing behaviour in
TDPB/SPEI and BDTAB/SPEI systems. On the other hand the maximum d-spacing
variation during the films formation was 3Å. This would means that PEI is substituted
instead of water molecules between the micelles thus enhancing the repeating layers
thickness during the films formation; however this is not reasonable due to the bulkiness
of PEI. Therefore the main reason behind this variation must be charge repulsion
between micelles affected by the viscosity of the polymer films during the water
evaporation process [77]. This suggests that the structure of these polymer/surfactant
films is essentially determined by the balance between evaporation rates of water
molecules at the air/water interface, micelle charge repulsion and viscosity of
polymer/surfactant system [61].
Åberg et al. [78] suggested a theoretical formation mechanism of an ordered phase
forming on an open binary aqueous solution at air/water interface. He proposed two
mechanisms were predominant forming process of separation phase. The first
mechanism is related to the self-assembly processes that occur in bulk solution,
particularly when the bulk system is close to a phase separation. This process is
governed by equilibrium rate between two factors; the accumulative rate (aggregation of
micelles and polymer/surfactant interaction process), while another factor is the redissolution rate of these components in the bulk phase. The second mechanism is
related to evaporation processes at the top air/water interface. The simple example could
explain this phenomenon is the mechanical behaviour of floating ice on the surface of
water. The key factor of this process is the density. Likewise these exclusive
polymer/surfactant systems are forming a new light and coherent state due to the
complex interaction between these two species. This proposal agrees with the previous
suggestion about the importance of the micelle geometry in this process. Surfactants
with short hydrocarbon tails do not form solid films, while the long tail surfactant was
shown to form robust films. However they have the same headgroup nevertheless
micellar size and shape was different since the tail length varied. Subsequently
polymer/surfactant interaction and overall dimensions of these systems are improved.
This mechanism could explain the differences in crystallite growth between
TDPB/SPEI and BDTAB/SPEI systems. While the crystallite size of TDPB/SPEI
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during the film formation process. Based on Åberg’s model, this indicates that the
dissolution rate of BDTAB/SPEI films was faster than accumulative rate for the same
system, which thus causes a loss in the film thickness with time. However the loss in
BDTAB/SPEI films thickness was very fast in the first 15min, while after 30min it
become slower, then at 60min almost showed equilibrium (accumulative/dissolutions)
rate. TDPB/SPEI system illustrated a higher accumulative rate than dissolution rate thus
built thicker films with time (figure 4.6.2). This difference between these two systems
agreed as well with previous results which suggested that the association between PEI
and pyridinium was greater than with the benzyldimethyl headgroup due to the
bulkiness and hydrophobicity of benzyldimethyl group [72].

4.6.2 C16 Hydrocarbon Chain Surfactant/PEI Films
Figures 4.6.3 shows the time-resolved neutron reflectivity patterns of BDHAB/SPEI
and CPBr/SPEI films, in which surfactants with C 16 tails solubilise various amount of
styrene. The reflectivity patterns of BDHAB/SPEI and CPBr/SPEI solubilising different
amount of styrene in general shows two diffraction peaks, where the first peak (~ 0.12
Å-1) was very intense and thinner compared with that seen in the C14 hydrocarbon tail
surfactant systems.
The reflectivity patterns from BDHAB/SPEI systems showed shifts in the peak position
toward lower Q with time, while the peak position in patterns from CPBr/SPEI films
was almost constant. BDHAB/SPEI film solubilising 40vol% of styrene shows
overlapping diffraction peaks which suggests either that there is a second type of
structure forming at the surface of this film or that the film has a structure more
complex than the 2D hexagonal phase seen in the other films. After 15min from this
film formation, the first peak became very broad and less intense. This broadening
suggesting high polydispersity within the structure, which it could be that the micellar
ordering in the films becomes less well-defined with time [68, 79].
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Figure 4.6.3:Time resolved neutron reflectivity patterns of films formed from 0.05M of
BDHAB with 1.5wt% SPEI (A), BDHAB/SPEI solubilising 30vol% styrene (B),
BDHAB/SPEI solubilising 40vol% styrene (C), BDHAB/SPEI solubilising 50vol%
styrene (D), CPBr/SPEI (E), CPBr/SPEI solubilising 30vol% styrene (F), CPBr/SPEI
solubilising 40vol% styrene (G) and CPBr/SPEI solubilising 50vol% styrene (H). The
patterns were collected every 15min from bottom to top.
Overall the behaviour of reflectivity diffraction peaks for BDHAB/SPEI and
CPBr/SPEI are quite similar to those films system formed from surfactants with a C14
hydrocarbon chain. Crystallite sizes and d-spacing were calculated from intense peak
for these films and reported in figure 4.6.4. This figure shows increases of the number
of repeating layers with time in the case of BDHAB/SPEI films solubilising different
amount of styrene, while CPBr/SPEI system has a very stable d-spacing size with time.
The reason for this behaviour as stated above is due to the variation in interaction
between CPBr and BDHAB with PEI which causes more micelles charge repulsion in
the case of BDHAB compared with the CPBr/SPEI system [61]. The BDHAB/SPEI
film solubilising 40% of styrene shows a relatively very big displacement compared
with other systems.
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Figure 4.6.4: d-spacing, crystallites size and number of layers of BDHAB/SPEI (top
charts) and CPBr/SPEI (bottom charts) films solubilising different amount of styrene
during the first 60min of film formation.
This abnormal performance of this film as mentioned before could be due to the high
polydispersity within the structure which resulting from forming more than one
structure at the same time during the film formation or else due to a phase change from
a more complex structure to the 2D hexagonal phase with time. The layers thickness for
both BDHAB/SPEI and CPBr/SPEI films without styrene overall were thicker than in
of the presence of styrene. This result suggests that solubilising styrene in these films
reduces the micellar repulsion which leads to closer packing of these micelles [33]. The
d-spacing of the BDHAB/SPEI system was bigger by about 5Å compared to the
BDTAB/SPEI system and due to the increased hydrocarbon tail length. However the
layer thicknesses of the CPBr/SPEI systems solubilising styrene were less than those for
the TDPB/SPEI solubilising the same amount of styrene which indicates that
polymer/water layer between CPBr/SPEI films were thinner than in the TDPB/SPEI
films. The kinetics of BDHAB/SPEI and CPBr/SPEI films formation behaviour was
quite similar to that seen for TDPB/SPEI and BDTAB/SPEI systems. The film thickness
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in the case of pyridinium headgroup systems. However the comparison between the
same headgroup and different tail length surfactants demonstrates overall that the
crystallites size was greater in the case of BDHAB/SPEI compared with BDTAB/SPEI
systems. The percentage variation in d-spacing between BDHAB/SPEI and
BDTAB/SPEI systems are very close to the percentage variation in crystallites size for
these systems, which indicates that the increase in thickness in BDHAB/SPEI films is
mainly related to the expansion of the micellar layer. However the difference in dspacings between CPBr/SPEI and BDTAB/SPEI systems was very small (~2Å),
nevertheless BDTAB/SPEI systems showed thicker films compared with the
CPBr/SPEI system. This performance of pyridinium surfactant suggests that the
interaction between PEI and BDTAB was greater than in the CPBr/PEI system, which
emphasises that the geometry of these surfactants micelles plays important role in such
kinds of interaction. In general the average d-spacing of BDHAB/SPEI was 53Å while
it was 50Å in the case of CPBr/SPEI system. These results are very close to values of
repeating layer thickness which were reported by Edler et al for the films formed from
0.037M C16TAB and 6.0% (w/v) SPEI [63] and also by Comas-Rojas et al [77]. These
results indicates that cationic surfactants with relatively long tail and branched PEI
mainly form films consisting of alternating layers of polymer and water and surfactant
micelles [63]. However the films thickness found here for both C14 and C16 surfactants
with aromatic headgroups were greater than the films thickness reported by O’Driscoll
for the films formed from 0.037M C16TAB and 0.4%(w/v) SPEI, where it was 1000Å
thick [33]. Overall the number of layers and the films thickness of films formed using
surfactants with benzyldimethyl and pyridinium headgroups with C 14 and C16
hydrocarbon tails solubilising different amount of styrene suggesting that these films are
suitable templating media for polymerizing styrene inside these films. However the best
ordered structures of these films will be chosen for next polymerization step. The
mesostructures of these films will be discussed in more detail in the next section.
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4.7

Extent of Styrene Incorporation into Cationic Surfactant Films

SLD contrast variation, one of the main tools used in SANS and neutron reflectivity can
give detailed information about structures or additives contained within surfactant
micelles [48, 60]. Experimental data obtained from SANS or neutron reflectivity, in
general can be simulated by programs such as Motofit, within Igor Pro to investigate
and understand the compositions of these systems. All reflectivity data from surfactants
with aromatic headgroups used in the previous section grown using either C16 or C14
hydrocarbon chains showed very intense and sharp diffraction peaks. These reflectivity
patterns with intense diffraction peaks cannot be fitted very well by using the regular
multilayer simulation method. Several attempts by O’Driscoll [33] and Wasbrough [47]
have simulated CTAB/PEI reflectivity data showing intense and sharp peaks and they
reported the best fits to this data still were not very accurate. The best simulation for
these data proposed by O’Driscoll and Wasbrough suggested a multilayer model,
starting from a single surfactant monolayer followed by 20 alternating layers of
PEI/water and surfactant micelles with PEI/water. However in reality these
polymer/surfactant films compositions have more complicated structures as illustrated
in the GIXD section below. A theoretical method was suggested by Wasbrough [47] to
calculate the amount of encapsulated additives inside these polymer/surfactant films by
using neutron reflectivity. This method is based on SLD contrast variation between
deuterated and hydrogenated additives. The best fitting for the suggested multilayer
model described above was used to simulated the data and then the integrated area
under the peak was calculated for the most intense peak by using Motofit procedures
[80] and TN020-B Peak Areas procedure in IgorPro.
Figure 4.7.1 shows the best simulation of the intense peaks in the reflectivity pattern
from a SPEI film BDHAB using Motofit. The purpose of simulation of this pattern is to
simulate the real reflectivity peak by estimating the number of repeating layers. The best
fitting of those surfactant/PEI films showing sharp and intense peaks suggested the film
structure can be modelled as a first surfactant monolayer 25Å thick, 9Å for the second
PEI/water layer and 40Å for the third layer of surfactant micelles with PEI and water.
The best theoretical diffraction peak resulting from Motofit procedures, simulating the
real reflectometry pattern was found when the second and third layers were repeated 35
times. During fitting, to reduce the number of variables the SLD of first layer held as 0.353×10-6 Å-2 and the second layer calculated and held to be 3.48×10-6 Å-2 as 1:1
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calculated to be 6.08x10-6 Å-2 and held during fitting. The simulation results for the
aromatic headgroup surfactant/PEI system used in this experiment are very close to the
best fitting for similar systems suggested by O’Driscoll [33] and Wasbrough [47].

Figure 4.7.1: Multilayer simulation model of reflectivity pattern for BDHAB/SPEI using
Motofit. The first layer was a surfactant monolayer, second layer is PEI/water and third
layer is surfactant micelle. The second and third layers were repeated 35 times.
To calculate the amount of styrene in the surfactant/PEI films, the area under the peak
was calculated for theoretical reflectivity patterns resulting from using simulated the
model as shown in figure 4.7.1. Changes in the SLD of the micelle-containing layer in
the presence of different amounts of deuterated and hydrogenated styrene were
calculated. Then these calculated SLD values were substituted into the model to
calculate the area under the peak as the SLD values change, as a result of varying the
amount of styrene in the micelle/water and PEI layers. The area under the peak resulting
from the calculated patterns using the SLD for both deuterated and hydrogenated
styrene was plotted against the amounts of styrene added. Figure 4.7.2 show the linear
relationship between SLD variation resulting from addition of deuterated/hydrogenated
styrene and the percentage (vol%) of styrene that was added. The area under the peak
was the calculated for all of the real neutron reflectivity data where hydrogenated and
deuterated styrene was solubilized in these surfactant/PEI films.
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Figure 47.2: Linear correlation from theoretical calculation of area under the peak for
a reflectivity pattern calculated incorporating deuterated/hydrogenated styrene into the
micelle/PEI/water layer and the percentage of styrene in the micelle. Linear regression
was 0.9991 – 0.9996.
Finally the values of the area under the peak for real systems containing
hydrogenated/deuterated styrene were matched with the theoretical values in Figure
4.7.1 to estimate the actual amount of styrene in these films. The final results are plotted
in figure 4.7.3 illustrating the percentage of calculated styrene inside surfactant/PEI
films based on reflectivity measurements with deuterated or hydrogenated styrene. The
amounts of encapsulation styrene in C14 and C16 surfactant/PEI films illustrate a
reduction of the amount of encapsulated styrene when the concentration of added
styrene is increase. This decrease in the amount encapsulated trend was seen very
clearly between 30% and 50% of added styrene, in case of films formed using a
surfactant with a C14 hydrocarbon chain, and can also be seen between 30% and 40% of
added styrene in case of surfactants with a C16 hydrocarbon chain. BDTAB/PEI films
solubilising 30% and 50% of styrene show after 30 min of film formation, a decrease in
encapsulated styrene while TDPB shows increase of encapsulated styrene after 30 min
from the film forming. BDHAB/PEI films show a decrease of encapsulation styrene for
both 30% and 50% of added styrene. These results agreed with film thicknesses of these
systems discussed above, where TDPB/SPEI was thicker than BDHAB/PEI films.
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encapsulation with time, but the 30% of styrene film showed a decrease of encapsulated
styrene with time of film forming. The maximum variation in the results of calculation
encapsulated styrene was seen in case of BDHAB/PEI films solubilising 40vol% of
styrene. This variation as stated before is due to the high polydispersity in the layer
thickness in this film. CPBr solubilising 40vol% of styrene showed the lowest
percentage of encapsulation compared with other concentrations. This drop in styrene
percentage could be due to uncontrolled evaporation processes, since the humidity was
not controlled in this experiment. The calculated results of encapsulation of styrene in
these films using SLD variation via incorporation of deuterated and hydrogenated
styrene show in general almost random positive and negative values and these results do
not demonstrate any clear systematic trends.

Figure 4.7.3: calculated percentage of encapsulated styrene during film formation for
SPEI films grown with BDTAB (left, top), TDPB (right, top), BDHAB (left, bottom) and
CPBr (right, bottom). Error of calculated percentage of encapsulated styrene was ±2%
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------------------------------------------ Chapter 4 -------------------------------------Despite the fact that the theoretical calculation method using contrast SLD variation
model showed an accurate linear calibration curve nevertheless the actual data does not
match well with the theoretical method. The main explanation suggested by Wasbrough
for this variation or inaccuracy by using this calculation method refers to a differential
evaporation rate between hydrogenated and deuterated styrene solution samples. The
second reason suggested by the same author related to the variation of layers numbers of
these surfactant/PEI films which varied between samples depending on evaporation
rate, and extent of deuteration of components in the films. The final reason it could be
dissimilar amount of roughness between these layers in different films [47].
From the previous section on the kinetic study of solubilising hydrophobic monomer
into cationic surfactant/PEI films it was shown very clearly that most of these films
composition or structures are changing with time which supports the explanation
suggested above for the reasons behind inaccuracy of this calculation method. In
addition the simulation method used by Motofit assumed that the repeating layers are
lamellar structure where the actual structure of these repeating layers could be more
complicated.

4.8

X-ray Reflectivity and Grazing Incidence X-ray Diffraction.

In previous the SANS experiments, nine cationic surfactants were used to solubilise
hydrophobic monomer. These surfactants represent a wide range of hydrocarbon chains
with both aliphatic and aromatic headgroups. As stated before the purpose of these
studies was to select an optimal system which can help to achieve our final goal of
polymerizing encapsulated monomer in mesostructured films to create insoluble
nanostructured polymer. Therefore additional characterisation of the surfactants/PEI
systems was carried out on those films, which in the previous section showed relatively
improved mesostructures. In this section X-ray reflectivity and grazing incidence X-ray
diffraction (GIXD) were used to characterize the final structure of these films. The Xray reflectivity and GIXD experiments were performed on the Troïka II instrument on
the ID10B beam line at the European Synchrotron Radiation Facility (ESRF), Grenoble,
France [79]. Each sample was investigated in three stages, the first stage was time
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------------------------------------------ Chapter 4 -------------------------------------resolved off-specular X-ray reflectivity, then after the pattern ceased to evolve, specular
X-ray reflectivity and finally by a grazing incidence X-ray diffraction pattern. Figure
4.8.1 show the time-resolved off-specular X-ray reflectivity for a film grown at the airwater interface using 0.05M CPBr with 1.5% SPEI.

Figure 4.8.1: Time-resolved X-ray reflectivity from a film grown on a solution of 0.05M
CPBr with 1.5% SPEI at the air/water interface, taken at an incident angle of 1.27°.
The time-resolved off-specular X-ray reflectivity patterns show small peaks around Qz
0.014 Å-1 and 0.18 Å-1 (figure 4.8.1). These peaks are due to enrichment of the reflected
beam at the critical angle, which originates from the coherent combination between the
incident, reflected and transmitted X-ray at the sample surface causing a phenomenon
called the Yoneda wing [81, 82]. The intensity of Yoneda wing related to the roughness
at the surface of the film [76]. When the detector is located such that the specular
reflectivity peak rises near the centre of the detector, diffraction peaks appear on either
side, flanking the reflectivity peak being the first and second order respectively. The
very broad peak at Qz 0.09 Å-1 results from the specularly reflected peak which occurs at
the same angle as the incident angle. The low intensity and broad width of this peak are
due to surface roughness in the film [76]. Also later neutron reflectivity patterns of
equivalent samples show some emerging diffraction peaks around this Q region which
can also cause the specularly reflected peak to be obscured. Neutron reflectivity patterns
of films grown on solutions of CPBr with 1.5% SPEI had two peaks at 0.122 Å-1 and
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------------------------------------------ Chapter 4 -------------------------------------0.244 Å-1 (figure 4.8.2). The high intensity peak shown in the X-ray time-resolved
reflectivity of CPBr/SPEI films emerged at Qz 0.140 Å-1 (figure 4.8.1). This means there
is a shift of 0.018 Å-1 in peak position compared with neutron reflectivity for the same
sample. This variation between neutron and X-ray reflectivity have also been reported
by Wasbrough [47] studying the CTEAB/SPEI system. Most surfactants used in this
research were hydrogenated surfactant therefore solutions were usually prepared in
100% of D2O as a solvent in neutron reflectivity or SANS experiments to obtain
greatest contrast between the sample and solvent. In the case of X-ray reflectivity or
SAXS experiments H2O was used as a solvent since it is cheaper and there is no great
contrast variation between hydrogenated or deuterated samples in X-ray experiments.
Since the shift in peak positions were noticed between neutron and X-ray reflectivity
experiments it could be related to solvation effects since several authors have reported
different effects from changes in isotopic solvation on the final structure [83, 84]. In
addition H2O and D2O have slightly different effects at different temperature [85]. The
change in peak position could also be due to growing the films under different
conditions of humidity. In general, most of the off-specular X-ray time-resolved
reflectivity data in this experiment showed only one real peak, therefore there is no
further information to be obtained from this peak compared with the time resolved
neutron reflectivity discussed in the previous section.

Figure 4.8.2: X-ray reflectivity patterns of films composed of BDTAB/SPEI (top pattern)
and BDTAB/SPEI solubilising 50vol% styrene (bottom pattern).
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------------------------------------------ Chapter 4 -------------------------------------The specular X-ray reflectivity patterns for C14 and C16 hydrocarbon chain surfactants
with aromatic headgroups used in this experiment, in general show the same trends as
shown in neutron reflectivity. However the patterns for some samples in neutron
reflectivity show clear diffraction peaks where in X-ray reflectivity either it does not
show clear diffraction peaks or it shows very low intensity peaks for the same sample.
The real reason behind this variation for these samples is not very clear, however it is
possibly related to evaporation rate of the sample solutions since the surfactant/PEI
films are very sensitive to humidity and the humidity was not controlled in either the
neutron or X-ray reflectivity experiments. Another possible reason as mentioned above
is this variation of isotope effect due to stronger hydrogen bonding in D2O compared to
H2O [86]. Figure 4.8.2 shows the X-ray reflectivity patterns of films of BDTAB/SPEI
and BDTAB/SPEI solubilising 50% styrene. The BDTAB film shows very clear shift of
the Bragg peaks toward low Qz when the amount of styrene solubilized in the film is
increased which illustrate good agreement with neutron reflectivity. The d-spacing and
crystallite size of BDTAB/SPEI and BDTAB/SPEI films solubilising 50vol% styrene
resulting from X-ray reflectivity overall are close to neutron reflectivity results (figures
4.8.3)

Figure 4.8.3: GIXD patterns collected from air/water interfacial films made from
0.05M C14 hydrocarbon chain surfactant/SPEI using an incident angle of 0.13°. From
left to right, BDTAB, BDTAB encapsulating 50vol% styrene, TDPB, and TDPB
encapsulating 50vol% styrene.
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------------------------------------------ Chapter 4 -------------------------------------Figure 4.8.3 shows grazing incidence X-ray diffraction of C14 hydrocarbon chain
surfactant/S-PEI films with and without styrene. In general the scattering from films
prepared using SPEI with BDTAB and TDPB solubilising different amount of styrene
do not show very clear rings or spots. However GIXD from BDTAB/SPEI films
without styrene shows a poorly ordered lamellar structure, while the most of these films
show only very broad diffraction features. These broad diffraction features suggest high
polydispersity of layers within the structure [79]. X-ray and neutron reflectivity show
peaks indicating lamellar structures in these films, however the GIXD cannot confirm
whether this is truly a lamellar structures or a different mesostructure category.
Campbell et al reported that CTAB/SPEI films are not stable with time where the
interfacial material could collapse in these films forming adsorbed layers without any
mesostructure [68].

Figure 4.8.4: GIXD patterns collected on air/water interfacial films made from 0.05M
C16 hydrocarbon chain surfactant/S-PEI. From left to right, BDHAB, BDHAB
encapsulating 50vol% styrene, CPBr, and CPBr encapsulating 50vol% styrene.
The C16 hydrocarbon chain surfactants BDHAB and CPBr with SPEI solubilising
different amount of styrene still show broad diffraction features, particular in films
grown using CPBr (figure 4.8.4). BDHAB/SPEI films without styrene showed two rings
of spots at Qz 0.103 and 0.260Å-1 while BDHAB/SPEI films solubilising 50% of styrene
shown one ring of spots at Qz 0.25Å-1. The structure assignment for BDHAB/SPEI films
without styrene suggests an Fdm structure with a 106Å unit cell size. In general
BDHAB and CPBr with S-PEI films do not show very ordered structures but at the
same time these spots indicate the final structure is not a lamellar structure.
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------------------------------------------ Chapter 4 -------------------------------------BDHAB with LPEI films solubilising different amount of styrene show in general wellordered structures compared with SPEI films (figure 4.8.5). Previous studies by
O’Driscoll and Wasbrough on surfactant/PEI films at the air/water interface illustrated
well-ordered structures in cases using SPEI while in the case of LPEI GIXD patterns
showed broad rings [27, 79, 87]. In this work, most BDHAB/LPEI films solubilising
different amount of styrene showed a broad ring at Qz 0.1-0.14 Å-1. This broad ring
could be either due to high polydispersity within the structure [79] or overlapping from
more than one ring of diffraction.

Figure 4.8.5: GIXD patterns collected on air/water interfacial films made from 0.05M
C16 hydrocarbon chain surfactant/L-PEI. From left to right, BDHAB, BDHAB
encapsulating 30vol% styrene, BDHAB encapsulating 40vol% styrene, BDHAB
encapsulating 50vol% styrene.
Solubilising different amount of styrene in BDHAB/LPEI films in general does not
result in a large variation in the final structure. However BDHAB/LPEI films
solubilising styrene show better ordered structures than BDHAB/LPEI films without
styrene, which suggests that encapsulating styrene enhances the order of BDHAB/LPEI
films mesostructure. This behaviour could be due to π-cation interaction between
styrene and the aromatic part in the surfactant headgroups, allowing initially short
micelles to become rod-like [40-43]. Subsequently, enhanced polyelectrolyte binding to
the micelles occurs due to the favourable entropic mechanism of counterion release [33]
and potentially also optimised headgroup spacing for interaction with PEI. The best
structure assignment of BDHAB/SPEI films encapsulating different amount of styrene
suggests a cubic Fdm mesostructure with 86Å unit cell size. Another possibility of
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------------------------------------------ Chapter 4 -------------------------------------these films structure could be a cubic Pmn mesophase with a 70Å unit cell size (figure
4.8.5).
CPBr/LPEI films without styrene show well-ordered mesostructures compared with the
same films composition solubilising styrene. By increasing the concentration of styrene
in CPBr/LPEI films, the diffraction spots become broader. This indicates an increase of
the polydispersity within the CPBr/LPEI films as the concentration of styrene is
increased. The best structure assignment of CPBr/SPEI films encapsulating different
amount of styrene is suggested to be a cubic Pmn mesostructure with a 168Å unit cell
size or possibly could be a cubic Fdm phase with a 218Å unit cell size (figure 4.8.5).

Figure 4.8.6: GIXD patterns collected on air/water interfacial films made from 0.05M
C16 hydrocarbon chain surfactant/L-PEI. From left to right, CPBr, CPBr encapsulating
30vol% styrene, CPBr encapsulating 40vol% styrene, CPBr encapsulating 50vol%
styrene.
GIXD data of surfactants/PEI films solubilising different amounts of styrene showed
that the C16 hydrocarbon chain for both headgroups (benzyldimethyl and pyridinium)
can form more well-ordered structures compared with those formed from surfactants
with a C14 hydrocarbon chain. In addition BDHDAB/LPEI films at 30vol% and 50vol%
of solubilised styrene showed the most highly ordered structures compared with those
of the other C16 hydrocarbon chain surfactant (figure 4.8.5). However an enhancement
of mesoscale structure only occurred when styrene was incorporated into BDHAB/LPEI
films whereas CPBr/LPEI films showed an increase in polydispersity as the amount of
styrene solubilized increased. SANS experiments showed in general that C16
hydrocarbon chain surfactants formed bigger micelles thus enhancing the solubilisation
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------------------------------------------ Chapter 4 -------------------------------------of styrene inside these micelles, while neutron reflectivity illustrated overall that
surfactants with relatively long hydrocarbon chain formed thicker films. These results
are in good agreement with results by O’Driscoll which showed that the interaction
between C16TAB and PEI was the greatest compared with that for surfactants with a C12
or C14 hydrocarbon tail.

This strong interaction cause elongation of the micelles

corresponding to the long axis of hexagonal array of micelles in the films [33].
Subsequently this elongation enhances the polyelectrolyte binding to the micelles thus
building thick well-ordered mesostructured membranes.
Surprisingly using a high molecular weight of PEI gives better ordered structures in this
system compared with low molecular weight PEI in films made using both BDMHDAB
and CPBr. This is a different result from previous systems where high molecular weight
PEI, although giving thicker more robust films, tended to have poorer ordering in the
films while low molecular weight PEI gave highly ordered but thinner films [27, 79,
87]. In this system the most robust films are also the most ordered which is a distinct
advantage with regard to the final aim to polymerise the styrene within the membranes
to make reinforced films for filtration and sensors or to make free standing ordered
nanostructured polystyrene structures.
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4.9

Conclusions

The aim in this chapter is to select films with well-ordered mesostructures as a first step
towards synthesising nanoscale insoluble membranes which could be used as supports
for catalysis and selective membranes. Therefore investigation of encapsulation
hydrophobic monomers into cationic surfactant micelles in solutions and in solid
polymer/surfactant films were investigated to determine the structure of the micelles
formed in these system and shed light upon the interactions in solution which drive
formation of the films at the interface since there is a close relationship between the
solution structures and the final structure of the films.
Solubilisation studies of styrene in cationic surfactant solutions by using UV-Vis
spectroscopy illustrated that there are shifts in styrene λmax from surfactant/styrene
mixture solutions compared with styrene/water scan. Essentially this λmax shift is due to
changes in the * transitions band due to attractive polarisation forces between the
surfactant hydrocarbon chain and styrene hydrophobic monomer, which lower the
energy levels of both the excited and unexcited states. This interaction between the
surfactant hydrocarbon chain and styrene molecules indicates that styrene preferred to
encapsulate inside the micelles at the hydrophobic phase.
SANS study of the location of encapsulated styrene monomer inside cationic surfactant
micelles suggest that styrene are encapsulated and located partly in the palisade layer
which is the region between headgroup and hydrocarbon chain, and at the same time
some of encapsulated styrene exists in the micelle core, intimately associated with the
surfactant tails.
The effects of PEI on cationic surfactant micelles solutions encapsulating styrene
illustrated that there is an attractive complex interaction between the cationic surfactant
micelles and PEI. This leads to polyethyleneimine binding closer to the micelle
headgroup through electrostatic interactions between the PEI amino group and the
cationic surfactant micelle headgroup. At the same time PEI interact with water
molecules close to the surfactant micelle headgroup and also with PEI itself by
hydrogen bonding.
Two methods were used to investigate the amount of encapsulated styrene in these
cationic surfactant micelles. The first method depends on using the SLD contrast
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------------------------------------------ Chapter 4 -------------------------------------between hydrogenated surfactant micelles encapsulating either hydrogenated or
deuterated styrene. The results were calculated from this methods suggested that the
cationic surfactant with aromatic headgroup have more solubilisation capacity for
hydrophobic molecules than aliphatic surfactant headgroups. The second method used
to calculate the percentage or the amount of styrene encapsulated inside surfactant
micelles uses the differences in the micelle volumes. This method shown that BDHAB
with and without PEI had the highest encapsulation capacity compared with other
surfactants which suggests that the benzyl group in the BDHAB perform as a second
hydrocarbon tail subsequently increasing the encapsulation capacity. Overall the SANS
results from polymer/surfactant solutions encapsulating styrene showed that the
surfactants headgroup plays a very important role in the micellar volume and also can
determine the polyelectrolyte/surfactant interaction and its influence on these micelles
encapsulating hydrophobic molecules. The greatest influence of PEI on these cationic
surfactants encapsulating styrene was seen for BDHAB then CPBr while CTAB showed
less effect.
The second part in this chapter is studying the formation of solid polymer/surfactant
films at the air-solution interface therefore a range of surfactant with aliphatic and
aromatic headgroup and three types of hydrocarbon chain length C12, C14 and C16 were
used to select the best organized templating media.
Cationic surfactant/PEI films encapsulating hydrophobic monomers overall suggest a
structure composed of three adsorbed layers. This model consists of a first layer
corresponding to the surfactant hydrocarbon chain. The second layer is of PEI mixed
with D2O and surfactant headgroups, while the third layer is composed of surfactant
micelles with water/PEI in small gaps between the micelles.
In general cationic surfactants consisting of C14 and C16 hydrocarbon tails formed robust
films on the top of the water/air interface of the solution while C 12 surfactants do not
show any obvious solid films on their solutions surface. Mainly surfactants with a C12
hydrocarbon tail for both pyridinium and benzyldimethylammonium bromide with SPEI
formed a simple adsorbed layer rather than forming order structures. On the other hand
pyridinium headgroup surfactants showed a more attractive interaction with PEI
compared with the benzyldimethylammonium group due to the bulkiness and
hydrophobicity effects.
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------------------------------------------ Chapter 4 -------------------------------------Kinetic studies of polymer/surfactant films solubilising styrene showed that the
crystallite size of TDPB/SPEI system grew with time while the thickness of
BDTAB/SPEI films was decreased during the films formation. These results suggest
that dissolutions rate of BDTAB/SPEI films was faster than accumulative rate for the
same system, thus causing loss in the film thickness with time. TDPB/SPEI system
illustrated higher accumulative rate than dissolution rate, which built thicker films with
time.
The layers thickness for both BDHAB/SPEI and CPBr/SPEI films without styrene
overall were thicker than in case of presence of styrene. This result suggesting that
solubilising styrene in these films reduces the attraction between PEI and micelles
which leads to extra packing of these micelles. Overall the number of layers and the
films thickness of benzyldimethyl and pyridinium headgroups with C 14 and C16
hydrocarbon tails solubilising different amount of styrene demonstrates that these films
are suitable templating media for polymerization styrene inside these films.
X-ray reflectivity and grazing incidence X-ray diffraction has shown that BDHAB with
LPEI films solubilising different amount of styrene formed well-ordered structures
compared with SPEI films. However BDHAB/LPEI films solubilising styrene show
better ordered structures than BDHAB/LPEI films without styrene, which suggests that
encapsulating different amount of styrene enhances the order of BDHAB/LPEI films
mesostructure. GIXD data for surfactants/PEI films solubilising different amounts of
styrene showed that the C16 hydrocarbon chain for both headgroups (benzyldimethyl
and pyridinium) can form more well-ordered structures compared with those formed
from surfactants with a C14 hydrocarbon chain
SANS

results

from

micellar

solutions

and

neutron/X-ray

reflectivity

of

polymer/surfactant films propose that surfactant with aromatic headgroup and consist
relatively from long hydrocarbon tail could form suitable mesostructures for templating
insoluble polymers in the films. Therefore the next chapter (polymerization of
encapsulated styrene in these polymer/surfactant films) mainly focused on these
systems which were shown to have the best structures and most robust films.
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5.

Polymerization of Encapsulated Styrene in
Polyelectrolyte / Surfactant Films

The morphological control of synthesised polymers at the nanometer level is long a
pursuit in the studies of polymer materials [1, 2]. The formation of nanostructures made
from mechanically and chemically stable supramolecular materials can further optimize
the properties of materials. Polymerization of trapped monomer in highly ordered
dynamic surfactant liquid crystalline structures can provide a rapid and cheap method to
generate intricate nanostructures. The development of syntheses for such materials from
generic polymers could establish new opportunities to produce materials for chemically
and electroactive responsive supports, porous materials for catalysis, nanofiltration and
molecular separations, and allow creation of new nanocomposites with improved
properties such as ductility and stress dissipation [3, 4]. There are several reports where
direct templating of micellar phases using inorganic materials such as silica [5], to
synthesise 1:1 replicas were successful, however these methods have shown to be more
challenging for polymers since the time-scales for the polymerization reaction are
generally slower than the rate of micelle re-arrangement through interdroplet diffusion
and droplet exchange, [6] causing in phase segregation of the polymer from the micellar
structures.
The initial work on cationic surfactants with polyethyleneimine discussed in Chapter 4
demonstrated well-ordered films form at the surface of these homogeneous solutions.
These films contain an ordered array of micelles embedded in a polyethyleneimine
hydrogel matrix. Initial experiments on the encapsulation of various hydrophobic
species,[7] including styrene, demonstrated that the organised nanostructures within this
polyelectrolyte-surfactant films can be swollen with monomer. In these films, the high
viscosity of the hydrogel surrounding the swollen surfactant micelles prevents micelle
rearrangement on short timescales, making them an ideal host for the polymerization of
hydrophobic monomers to create solid polymer nanostructures within the water-soluble
polymer film. In this chapter, polymerization of the encapsulating styrene monomer is
discussed. These polymer networks can reinforce the film making it more robust and
suitable for applications requiring unsupported membranes.
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-------------------------------------- Chapter 5 --------------------------------------------------The first step in this chapter was to use GC experiments to find out the performance of
polymerization of styrene inside cationic surfactant/PEI solutions and thereby allowed
to predict the efficiency of polymerization in their films. The effect of high flux
synchrotron X-ray energy onto styrene monomer encapsulated in surfactant/PEI films
also investigated as the first step to optimize the GIXD parameters. Then two methods
were used to polymerize styrene in these polymer/surfactant films. The first method was
used thermal polymerization for films prepared by spray coating onto a silicon wafer.
The second method used to polymerize these films was UV irradiation
(photopolymerization). Finally these films and the templated polystyrene were
characterized by using FTIR, NMR, gel permeation chromatography (GPC) and
Transmission Electron Microscopy (TEM).

5.1

Gas chromatography (GC) studying the conversion percentage
of styrene in cationic surfactant/PEI solution.

Several papers have studied the structures and kinetics of styrene polymerization in
organic solvent, emulsions, hydrogels and in polyelectrolyte/surfactant complexes [813]. Different polymerization techniques and several conditions have been reported to
achieve the desired final aim of a polymerized product. In general these reports
highlighted some of the common factors which have great influence on the performance
of polymerization and final chemical and physical proprieties of these polymers.
Temperature, and the nature and amount of initiator were very important factors in the
polymerization rate and the properties of final polymer product. The main goal here in
this preliminary GC experiment is to find out the performance of polymerization of
styrene inside cationic surfactant/PEI solutions and thereby to predict the efficiency of
polymerization in the films. Three different concentrations of initiator were investigated
in different temperature conditions. The polymerization was achieved by using thermal
or UV irradiation under these different conditions. The final concentration of styrene in
these solutions was 0.09M which it is equivalent to 50 vol% relative to the micelle
volume of the surfactants used. BDHAB and CPBr were used at 0.05M to solubilize the
styrene monomer. ACHN [1,1′ Azobis(cyclohexanecarbonitrile)] used as initiator since
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conditions. The styrene was purified, by removing the inhibitor, by passing the styrene
through a column containing activated aluminium oxide. The surfactant/LPEI solutions
were degassed prior to making up the solutions to remove any dissolved oxygen. Then
the fresh styrene was solubilised in these surfactant/PEI solutions. UV irradiation at
254nm was used to initiate the ACHN at 25ºC. Thermal polymerization was studied at
45 ºC and 60ºC without UV irradiation. The final solutions were tested by GC for three
hours, where samples were taken from the solutions every one hour to detect the styrene
monomer. The loss of styrene monomer in these solutions is related to styrene
conversion to polystyrene. Figure 5.1 displays the conversion of styrene in
BDHAB/LPEI solutions under different conditions.

Figure 5.1: Thermal and photoactivation of styrene polymerization within
BDHAB/LPEI solutions at three ACHN concentrations. The error in styrene conversion
was ±5%.
As can be seen from figure 5.1 above, the thermal polymerization of encapsulated
styrene in cationic surfactant micelles gives the highest of polymerization of styrene in
these solutions at relatively high temperature (60ºC). The data also shows that
polymerization can be successfully achieved in these solutions at room temperature by
using ACHN with UV irradiation. The polymerized styrene at 45ºC shows the lowest
styrene conversion compared with other conditions. At this temperature the low amount
of conversion seen after the first hour then increased with time, and at this temperature
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results at 60ºC show that in the first hour of this polymerization condition the relatively
high concentrations (0.10mM and 0.20mM) of ACHN give similar conversions, while
after three hours these samples improve conversion slightly but still give almost
identical conversion results.
Polymerization of styrene in BDHAB/LPEI solutions using UV irradiation at 25ºC
shows efficient and systematic conversion of styrene, where after one hour more than
50% of styrene has been polymerized. This is a reasonable result compared with the
45ºC and 60ºC conversion data. In general 0.10mM and 0.20mM ACHN shows similar
conversion percentage results. Replacing BDHAB with CPBr does not change the final
conversion results. In general these experiments polymerizing encapsulated styrene in
cationic surfactant/PEI solutions demonstrated clearly that styrene can be polymerized
in these systems using both thermal and photo-irradiation techniques. Furthermore
polymerization of styrene in these solutions was successfully shown at room
temperature by using UV irradiation. UV irradiation can promote polymerization of
styrene in the more viscous solutions found at room temperature, compared with the
45ºC and 60ºC solutions. In other word this method could be used to polymerize styrene
in high viscosity hydrogel solutions or films where micelle rearrangement on short
timescales can be reduced, which will help to maintain the hosting surfactant/PEI
ordered crystalline structures during polymerization process.

5.2

Thermal and Photopolymerization of Encapsulated Styrene in
Cationic Surfactant/PEI Films.

The previous chapter illustrated that styrene was most effectively encapsulated in the
cationic surfactant micelles with aromatic headgroups, where it was located in the
palisade/core region, promoting the formation of rod-like micelles which then improved
micelle packing in the films. Moreover studies of solubilised styrene in cationic
surfactant/PEI films using neutron, X-ray reflectivity and GIXD proposed that lamellar
and cubic structures were formed in those films grown using surfactants with aromatic
surfactant headgroups which have a relatively long hydrocarbon chain.
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surfactant/PEI films, and observing the film structures and their evolution during this
process using time-resolved X-ray grazing incidence diffraction. Two methods were
used to polymerize styrene in these films. First, free-standing films at the solution
surface containing styrene were prepared, and then these films were harvested onto a
silicon wafer. Films were allowed to drain excess fluid to ensure they were flat and
viscous, before being transferred to a chamber for polymerization (either in the lab or on
the beamline). Alternatively the film forming solutions containing styrene were spray
coated onto silicon wafers to form solid hydrogel coatings. Recent work on cationic
surfactant/PEI films has shown that spray coated films contain identical structures to
those grown from the same solutions at the air/solution interface [4].
To correspond with previous experiments on cationic surfactant/polymer solutions and
films, PEI with either low molecular weight ~2000Da and high molecular weight ~750
000Da were used at a concentration of 15g/L and a surfactant concentration of 0.05M.
The final concentration of added styrene in surfactant/PEI solutions were 0.03M or
0.09M which is equivalent respectively to 30 and 50 vol% of styrene relative to the
micelle volume of the surfactants used. Surfactants with an aromatic headgroups, CPBr,
TDPB, BDHAB and BDTAB were used since these proved to encapsulate styrene and
give films containing a relatively good mesostructure as stated earlier, in Chapter 4. The
solutions were prepared in water which was degassed prior to making up the solutions.
ACHN initiator which is oil soluble (solubilised in the micelles) was used to polymerize
encapsulated styrene inside the micelle core region. ACHN initiator was thermally
initiated at 40°C or by UV irradiation. These conditions were practical to observe the
polymerization process for films on silicon wafers mounted on a temperature controlled
base in a nitrogen atmosphere sample holder with an overhead UV lamp. Figure 5.2.1
show the silicon wafer sample holder designed by Diamond I07 to control the
temperature and atmospheric above the sample for these polymerization studies using
GIXD.
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Figure 5.2.1: Sample holder designed with temperature and atmosphere control at
Diamond I07 beamline. The temperature was controlled by a peltier heater under the
central platform where the silicon wafer was placed. The cell was sealed with Kapton
windows, so some samples shown two weak diffraction bands at Q = 0.35 - 0.39 and
0.43 - 0.47 Å-1 related to the Kapton windows. A UV lamp was fitted through a hole on
top of the metal lid.

5.2.1

Effects of High Flux Synchrotron X-ray Energy on Styrene Monomer
Encapsulated in Surfactant/PEI Films

The energy of the X-ray photons used in this experiment was 12.5 keV, which is more
than 200,000 times greater than the energy of the neutrons that were used in neutron
scattering experiments at ISIS. On the other hand the energy of equivalent bond
between two carbons in organic compounds is around 4 eV [14]. That means highly
collimated synchrotron X-ray energy is easily able to break down the covalent bonds of
organic compounds. Several papers [15-18] have reported sample damage from X-ray
radiation, so it is a common problem that should be taken into account. Therefore the
first step of studying polymerization of encapsulating styrene in surfactant/polymer
films using GIXD was evaluation of the best X-ray exposure time. A fresh sample of
polymer/surfactant film containing encapsulated styrene and initiator was investigated
by monitoring the mesostructure changes resulting from different X-ray exposure times.
Figure 5.2.2 shows the changes in the GIXD patterns during varied X-ray exposure time
on a BDHAB/LPEI film encapsulating 0.09M styrene and 0.1mM ACHN.
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Figure 5.2.2: GIXD of BDHAB/LPEI film encapsulating 0.09M styrene and 0.1mM
ACHN. The X-ray exposure time was one second in every 10 seconds at the same spot
area at 25ºC. From left to right; first pattern was taken after 0.1 min, the second pattern
taken after 1.0 min and the third pattern taken after 2.0 min. The fourth graph shows the
Qz line profiles of these GIXD pattern films taken at Qxy =0.01Å-1.
The main aim of this experiment was to polymerize encapsulated styrene in
polymer/surfactant films, then characterise the final structure of these films. Therefore
to control polymerization during this study, it was essential to minimize or eliminate the
X-ray radiation effects. Despite the fact that the X-ray exposure was not continuous, as
these patterns were taken for one second X-ray exposures before waiting 10 seconds for
the next image, nevertheless, a very obvious change in the mesostructure was seen after
just two minutes of non-continuous X-ray exposure. The variation was significant at Q
0.2 Å-1, where during the first 0.1 min of X-ray exposure time a small peak is seen.
After 1.0 min a second peak started growing at Qz = 0.21Å-1 while after 2 min two clear
peaks are shown at Qz = 0.20, 0.21 Å-1. These new peaks were seen during X-ray
irradiation so could be from X-ray sample damage or due to the polymerization of
encapsulating styrene. Some research suggests that synchrotron X-ray energy can
generate free radical compounds which are the key species needed to start the
polymerization process [18]. Several trials were performed to eliminate the X-ray
radiation effects, finally 0.6 second of X-ray exposure time then waiting 30 second for
the next pattern was found the best compromise between good signal-to-noise in the
patterns and minimal X-ray radiation effects on the samples. The sample composition in
Figure 5.2.2 and BDHAB/LPEI film with and without styrene (without initiator) were
investigated for more than two hours and they showed a very stable structure with no
apparent X-ray damage. To reduce further from the effect of X-ray radiation, the
samples were moved horizontally 2 mm away from the initial scan position every 7.5
min.
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Thermal Polymerization of Styrene Encapsulated in Cationic
Surfactant/PEI Films.

There are usually four fundamental steps in a free-radical polymerization process. The
first step is forming free radical molecules which are generated from a non-radical
species (initiation). This step could occur by activating the initiator by heat or by photoirradiation. The second step is radical addition to a substituted alkene (propagation).
The third step is chain transfer (similar to the propagation step where a long chain
radical alkane loses the radical to another alkene), and the final step is radical
termination. The biggest challenge in free radical polymerization is the limited control
of molecular weight due to the high reactivity of the radical propagation. Consequently
controlling the polymer molecular weight and polymer architectures is very challenging
[19, 20]. As mentioned before the advantage of the highly viscous organised
nanostructures in polyelectrolyte-surfactant films swollen with monomer can prevent
the micelle or monomer rearrangement on the short timescales. In other words
polymerizing this trapped monomer in a well-ordered structure has potential to control
their nanoscale architectures. In this section, polymerization of the encapsulating
styrene monomer in polymer/surfactant films was studied by activating thermally the
ACHN initiator to produce free-radicals as a first step to polymerize encapsulated
styrene monomer in these films. The polymerization of styrene and resulting change in
nanostructure within the films was investigated in a time-resolved manner at three
different temperatures 45ºC, 50ºC and 60ºC.
Figure 5.2.3 shows GIXD patterns taken during polymerization of a BDHAB/LPEI film
encapsulating 0.09M styrene and 0.1mM ACHN at 45ºC. In general BDHAB/LPEI
spray coated or free-standing films showed a very broad ring around Qz =0.30 Å-1.
Some of these films also showed a second diffraction ring at Qz= 0.213 Å-1 at the
beginning of the reaction however this diffraction ring is less broad than the one at Qz
=0.30 Å-1, suggesting it belongs to a different structure. On the other hand GIXD
diffraction for BDHAB surfactant powder illustrated a diffraction ring at Qz = 0.30 Å-1
but this ring is narrower (nearly half the width) of the diffraction rings in BDHAB/LPEI
films encapsulating styrene. However a close zoom onto the broad diffraction ring at Qz
= 0.30 Å-1 for BDHAB/LPEI films encapsulating styrene shows intensity from two
overlapping diffraction rings, clearly seen in Qz line profiles for 1.0 min GIXD image
(indicated by the arrow in figure 5.2.3). This broad diffraction ring shown at Qz 0.30 Å-1
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the BDHAB/LPEI mesostructured phase.

Figure 5.2.3: Time resolved GIXD patterns during thermal 45ºC polymerization of
BDHAB/LPEI film encapsulating 0.09M styrene and 0.1mM ACHN. From left to right;
first pattern was taken after 1 min, the second pattern taken after 15 min and the third
pattern taken after 60 min. The fourth graph shows the Qz line profiles of those GIXD
pattern films taken at 0.01Å-1 on the Qxy axis.
Within 15 min of heating at 45ºC the BDHAB/LPEI film encapsulating styrene/ACHN
shows three rings at Qz =0.213, 0.312 and 0.430 Å-1 where the position of these rings
can be indexed to an Imm cubic phase (110, 200 and 220).
Although the spray coated or free-standing films appear as a solid layer on the silicon
wafer at 25ºC after drying the excess water, most of these solid films transformed to
viscous layers at temperatures above 45ºC. This behaviour of these films is due to the
physical properties of PEI and the complex interaction of surfactant and PEI in these
films. Both branched PEI and these cationic surfactants are hygroscopic materials [21,
22], which means that a portion of water molecules still exist in these solid
polymer/surfactant films. At temperatures above 45ºC, the PEI and surfactant mixture
behaves like a wax with a low melting point. After 37 min of polymerization carried out
at 45ºC, the second ring at Q =0.312 Å-1 starts disappearing, leaving two rings. The final
structure of the polymerized BDHAB/LPEI film encapsulating 0.09M styrene and
0.1mM ACHN at 45ºC is therefore assigned as lamellar. This final polymerized film
showed stable lamellar structure for more than 2 hours at 45ºC. The d-spacing of final
polymerized film improved about 9Å compared with initial composition of this film.
This increasing in d-spacing could be related to reformation of polymer/surfactant
micelles due to dehydration of water molecules and the temperature effects on the
polymer/surfactant interaction [23]. Alternatively the swelling of the d-spacing could
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allowed migration of styrene through the structure to form thicker layers than were
found in the initial styrene-swollen micelles in the film [24].

Figure 5.2.4: Time resolved GIXD patterns taken during thermal 50ºC polymerization
of a BDHAB/LPEI film encapsulating 0.09M styrene and 0.1mM ACHN. From left to
right; pattern taken after 10 min, after 15 min and after 60 min. The fourth graph shows
the Qz line profiles of those GIXD pattern films taken at 0.01Å-1 on the Qxy axis.
The polymerization of styrene in a BDHAB/LPEI film encapsulating 0.09M styrene and
0.1mM ACHN at 50ºC (figure 5.2.4) showed similar initial and final structures as found
at 45ºC for films polymerized with the same film composition. However the
intermediate phase transition seen during polymerization at 50ºC show more diffraction
rings compared with the patterns at 45ºC. The phase transition occurring between 10 to
15 min of polymerization of this film at 50ºC had 5 diffraction rings at Qz 0.207, 0.227,
0.288, 0.408 and 0.450 Å-1. The best structure assignment also suggests that these are
the 110, 200, 220, 310 and 222 reflections of an Imm cubic phase. Interestingly
Hentze et al observing polymerisation in lyotropic liquid crystalline phases, suggested a
mechanism where initially small polymer nanospheres formed during polymerisation
which then fused into polymer strands which became lamellar sheets [25]. A similar
mechanism could be operating here, causing the initial lamellar phase to form polymer
particles in a cubic lattice, which then rearrange into the slightly larger lamellar phase
found at the end of the reaction.
The polymerization of the same film composition at 60ºC showed different
polymerization behaviour than at 45ºC or 50ºC. The intermediate phase transition at
60ºC emerged earlier than at 45ºC and 50ºC. The final structure of BDHAB/LPEI film
encapsulating 0.09M styrene and 0.1mM ACHN polymerized at 60ºC shows two
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indicate a lamellar structure, however it also shows a low intensity ring at Qz 0.252 Å-1
which along with the two intense peaks can be indexed to either Fmm or Iad cubic
structure. The very low intensity ring seen at Qz 0.252 Å-1 at 60ºC does not appear when
the same film composition was thermally polymerized at 45ºC while a very low
intensity diffraction feature was seen at the same Qz position in case of polymerization
at 50ºC. This suggests that final polymerized structure of the styrene/BDHAB/LPEI
films tends to transform from a lamellar to a cubic structure when the polymerization
temperature is increased. In future work it could be worthy to investigate the
polymerization behaviour of these films composition at even higher temperature.

Figure 5.2.5: Time resolved GIXD patterns during thermal 60ºC polymerization of a
BDHAB/LPEI film encapsulating 0.09M styrene and 0.1mM ACHN. From left to right;
first pattern was taken after 1 min, the second pattern after 5 min and the third pattern
after 60 min. The fourth graph shows the Qz line profiles of those GIXD pattern films at
0.01Å-1 on the Qxy axis.
It is important to report that the GIXD patterns of all of the final structures for those
polymerized films at 45ºC, 50ºC and 60ºC had a stable structure after 60 min. In
addition they show a stable final structure when the film was cooled down to room
temperature and no intermediate phase was observed during cooling. This indicates that
final structures of polymerized styrene/surfactant/PEI films are stable and nonreversible.
CPBr/PEI films were investigated at the same temperatures and the same concentrations
of styrene/ACHN. Figure 5.2.6 shows the GIXD patterns taken during polymerization
of a CPBr/LPEI film encapsulating 0.09M styrene and 0.1mM ACHN at 45ºC.
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Figure 5.2.6: Time resolved GIXD patterns taken during thermal 45ºC polymerization
of CPBr/LPEI film encapsulating 0.09M styrene and 0.1mM ACHN. From left to right;
first pattern was taken after 1 min, the second pattern after 15 min and the third pattern
after 60 min. The fourth graph shows the Qz line profiles of those GIXD pattern films at
0.01Å-1on the Qxy axis.

The GIXD pattern of the initial CPBr/LPEI film (Figure 5.2.6) at 45ºC shows a small
diffraction spot at Qz 0.288 Å-1 and two very broad diffraction rings at Qz =0.225-0.250
and 0.451-0.487 Å-1. These very broad diffraction rings were seen also in the surfactant
powder and in all CPBr/PEI films. However GIXD patterns of diffraction rings from
CPBr powder show narrower diffraction rings compared with CPBr/LPEI films.
Zooming in on the rings at Qz =0.225-0.250 Å-1 and 0.451-0.487 Å-1 demonstrates that
these broad diffraction rings consist of 5-8 small overlapped diffraction rings (figure
5.2.7).

Figure 5.2.7: Magnified GIXD pattern of CPBr/LPEI film at 25ºC and Qz line profiles
of this pattern taken at 0.01Å-1 on the Qxy axis.
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structure. In lamellar liquid crystalline structures, surfactant bilayers are separated by
water layers, where in this polyelectrolyte/surfactant system water and polyelectrolyte
form a spacer between the surfactant bilayers. The small overlapped diffraction rings
seen at Qz 0.225-0.250 Å-1and 0.451-0.487 Å-1 suggest a multilamellar structure with
different d-spacings within the same film composition. This could be due to
water/polyelectrolyte volume variation within these multilamellar layers. The thickness
between two bilayers mainly depends on the amount of water or water/polyelectrolyte
present per unit area. In particular in an organized surfactant lamellar structure, the
thickness between these bilayers typically is stable within ±0.5 Å [26]. However many
authors have reported more than one lamellar phase can occur in a single liquid
crystalline system [27-29]. The second possibility causing this multilamellar structure is
a packing variation of the surfactant hydrocarbon chains. The bilayer thickness of
surfactant-surfactant hydrocarbon chains generally is 10% to 30% smaller than that
calculated from their theoretical free standing chain length [30]. However the
polydispersity in the layer thickness could arise due to the solubilising of hydrophobic
monomer into these cationic surfactant/polymer films which could occur to different
extents in different regions of the film.
The intermediate phase observed during polymerization of a CPBr/LPEI film
encapsulating styrene/ACHN at 45ºC shows two small diffraction spots at Qz 0.158 and
0.288 Å-1 (middle pattern figure 5.2.6) in addition to the two broad diffraction rings
shown in the initial GIXD pattern. These small diffraction spots could be indexed as the
110, 200 and 220 reflections of an Imm cubic phase. After 60 min of polymerization,
the two small diffraction spots disappeared and a single relatively broad diffraction ring
emerged at Qz= 0.279-0.300 Å-1. The final structure of this film with 2 diffraction rings
plus the unchanged initial broad diffraction ring at high Q could suggest formation of
two lamellar phases or it could be either 211, 220, 420 and 332 reflections of an Iad or
111, 200, 311 and 222 reflections of an Fmm cubic phase.
The same film composition was polymerized at 50ºC and 60ºC and showed almost the
same performance. However the intermediate phase observed at 60ºC shows more
complex diffraction rings than the GIXD patterns for the film that was polymerized at
50ºC. Figure 5.2.8 shows the GIXD patterns taken during polymerization of a
CPBr/LPEI film encapsulating 0.09M styrene and 0.1mM ACHN at 60ºC.
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Figure 5.2.8: Time resolved GIXD patterns taken during 60ºC thermal polymerization
of a CPBr/LPEI film encapsulating 0.09M styrene and 0.1mM ACHN. From left to
right; first pattern was taken after 5 min, the second pattern after 10 min and the third
pattern after 60 min. The fourth graph shows the Qz line profiles of those GIXD pattern
films at 0.01Å-1on the Qxy axis.
The intermediate phases seen in the GIXD patterns during polymerization of styrene at
50ºC and 60ºC in both BDHAB and CPBr films emerged earlier than in films that were
polymerized at 45ºC. During the first 5 minutes of polymerization the CPBr/LPEI films
at 50ºC or 60ºC started developing a diffraction ring at Qz =0.291 Å-1 and this ring
became very intense after 60 min. The broad diffraction rings at Qz 0.225-0.250 Å-1and
0.451-0.487 Å-1 after 10 min stared to vanish, leaving two separated small diffraction
rings at Qz 0.222 and 0.241 Å-1, at the end of the polymerization. The final structure of
these CPBr/LPEI films polymerized at 50ºC and 60ºC suggest two liquid crystalline
structures, where the small intensity diffraction rings can be assigned to the (110) (200)
and (210) reflections of a Pmn cubic structure while the very intense broad diffraction
ring at Qz 0.270-0.306 Å-1 could result from a lamellar structure.
In general most of the mesostructures found during thermal polymerization of these
cationic surfactant/PEI films with styrene, are close to the mesostructures that were
found by Edler et al [31] for CTAB/SDS/PEI films system, where the lamellar structure
was found mixed with both Imm and Iad cubic structures. However the peak
intensities found here in this experiment do not match well with those from the
Garstecki and Holyst model [32, 33] which was used in the earlier work to fit the data.
Table 5.2.1 summarises the average d-spacing of the first order peak, unit cell
dimension and structure assignments for structures formed during thermal
polymerization of encapsulated styrene in polymer/surfactant films.
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formed during thermal polymerization of encapsulated styrene in polymer/surfactant
films.
Surfactant

BDHAB/LPEI
films
encapsulating
0.09M styrene
and 0.1mM
ACHN

CPBr/LPEI
films
encapsulating
0.09M styrene
and 0.1mM
ACHN

Time
(min)

temp
(ºC)

Average d-spacing
or unit cell (Å)

1 to 60
1 to 15
15 to 37
37 to 60
1 to 10
10 to 15
15 to 60
1 to 5
5 to 10

25
45
45
45
50
50
50
60
60

21a
21a
41b
29a
21a
46b
29a
21a
42b

10 to 60

60

30a / 51c / 72d

1 to 60

25

28a / 46c / 67d

1 to 15

45

28a / 46c / 67d

15 to 30

45

54b

30 to 60

45

28a / 46c / 67d

1 to 5

50 -60

28a / 46c / 67d

5 to 10

50 - 60

28a / 46c / 67d

10 to 15

50 -60

46a

15 to 60

50 - 60

44a / 59e

Structure assignment
Lamellar
Lamellar

Imm

Lamellar
Lamellar

Imm

Lamellar
Lamellar

Imm

Lamellar or either
(Fmm - Iad)
Lamellar or either
(Fmm - Iad)
Lamellar or either
(Fmm - Iad)
Imm
Lamellar or either
(Fmm - Iad)
Lamellar or either
(Fmm - Iad)
Lamellar or either
(Fmm - Iad)
Mix

Lamellar and/or
Pmn
a is the d-spacing of Lamellar, b is the cell unit value for Imm, c for Fmm, d for
Iad and e for Pmn. Errors in the unit cell and layer thickness are 0.5Å for the cubic
phases and 0.1Å for the lamellar phases.

The first important observation from thermal polymerization of encapsulated styrene in
cationic surfactants films is the relationship between the intermediates phases and the
polymerization temperatures. It is clear that variation of the mesostructure of the
intermediate phases emerged earlier when the polymerization temperature increased.
This change in mesostructure could be due to the polymerization process, where very
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phase separation and may therefore allow a higher degree of liquid crystalline order
templated in the final polymer [34]. Some authors have also reported mesostructure
changes during the polymerization process [35-37]. For example DePierro et al [34]
found three diffraction peaks for the 40 wt % Brij 56 with 25% acrylamide system
indexed as cubic structure, before thermal or photo polymerization, while through the
polymerization, the primary and tertiary peaks appeared at the same scattering angle as
before polymerization, but the secondary peak disappeared completely. However no
evidence of phase separation for polymer and surfactant occurred in this system.
The other possibility for this change could be related to the temperature influence on the
components of these polymer/surfactant films [38]. Both polymerization and
temperature could combine to have an impact on these polymer/surfactant films
resulting in the observed variation in mesostructure during thermal polymerization.
However some changes were also observed in both CPBr and BDHAB films which did
not contain any styrene or initiator, at temperature above 45C. These observed changes
were close to the transition phases observed for those films polymerized at 45ºC
containing styrene and ACHN.
It is well known that the amount of water (solvent) molecules play an essential role in
forming lyotropic liquid crystalline structures. The solvent concentration and nature of
the amphiphile molecules define the categories of lyotropic liquid crystal phase that is
exhibited. Another crucial factor that has great influence on amphiphile aggregation
behaviour is the temperature. Above the Krafft point, transitions between lyotropic
mesophases in a surfactant-water system can be observed by changing the temperature
[21, 39, 40].
Temperature effects on lyotropic mesophases are not simple. However increasing the
temperature can cause dehydration of water molecules correlated with the surfactant
headgroup. Subsequently depending on the nature of the surfactant, the removal of
water molecules from the headgroup can lead to rearrangement of the surfactant
micelles. On the other hand the mobility for surfactant molecules will also be increased
by increasing the temperature [41]. Overall therefore rearrangement and deformation of
the surfactant micelles are likely to be the main reason behind the observed intermediate
phases. This process is mainly based on the interfacial curvature in the micelle. The
188

-------------------------------------- Chapter 5 --------------------------------------------------surfactant packing parameter depends on molecular geometry of the surfactant, which
defines the surface interfacial curvature of the micelle [42, 43].
As mentioned in chapter 1, at relatively high temperature (above 45C) and at high
concentrations of CTAB, Iad cubic and lamellar structure are the main predominant
phases which exist in this region (figure 1.5.3) [44]. This is the typical sequence of
ordered phases observed for binary cationic surfactant/water solutions such as
cetylpyridinium chloride (CPCl) and dodecyltrimethylammonium chloride (DTMAC)
[21]. However a bicontinuous phase region of Iad can also be found in these cationic
surfactants phase diagram, observed as an intermediate between other ordered
structures. Overall the final and intermediate mesostructures of thermal polymerization
for these cationic surfactants films encapsulating styrene illustrates good agreement
with the temperature/concentration cationic surfactant phase diagrams [42, 43, 45].
In general the final structure of thermally polymerized styrene in BDHAB/LPEI films at
different temperatures was lamellar. Unexpectedly the d-spacing of these polymerized
films increased from 21 Å to 30 Å as the polymerization temperature was increased.
Theoretically evaporation of some water molecules existing between surfactant micelles
would be predicted upon increasing the temperature. In addition, loss of some of the
encapsulated styrene in hydrophobic region could also occur at higher temperatures.
Finally conversion of encapsulating styrene monomer to polystyrene should cause
micelle shrinkage since the density of styrene monomer is lower than the bulk density
of polystyrene [46, 47]. Therefore the d-spacing was expected to decrease, unless
substantial rearrangement of the styrene occurs during polymerisation. Wadekar et al
found substantial increases in lamellar size (from nm to microns) during synthesis of
polysiloxanes in nonionic surfactant mesophases [24]. Mata et al reported the
temperature effects on aggregation number and the cmc behaviour in pure aqueous
solution of broad range of cationic surfactants including CPBr [48]. In this study, all of
the cationic surfactant micelles showed a decrease in aggregation number as the
temperature increased, and the cmc increased. However in the PEI/surfactant solutions
studied here the aggregation behaviour appears to follow a different trend. SANS and
X-ray experiments shown in chapter 3 and 4 demonstrated that the interaction of PEI
with BDHAB caused a doubling of the micelle volume, and even CPBr showed a small
swelling of the micelle size when interacting with PEI. O'Driscoll et al observed as well
an increase of the of CTAB micelle aggregation number when adding SPEI [7]. Overall
189

-------------------------------------- Chapter 5 --------------------------------------------------the mesostructures of these cationic surfactants are highly dependent on the
concentration and temperature [42, 43], where changing in these parameters causes
reorganization from one mesophase to another phase consequently changing the lattice
thickness. BDHAB has a bigger micelle volume than CPBr; nevertheless the CPBr
containing films have a bigger d-spacing compared with the BDHAB films before and
after polymerisation. These results are in good agreement with neutron reflectivity from
free standing water/air polymer/surfactant films (chapter 4). As stated in chapters three
and four this is due to the various interactions between PEI and the surfactant micelles
headgroup, where CPBr/PEI films show a strong interaction with PEI compared with
the BDHAB/PEI system, which that leads to thicker PEI/water layers between CPBr
micelles. Jung et al [49] observed a change in lyotropic liquid-crystalline phases during
polymerization of styrene in dioctadecyldimethylammonium bromide (DODAB)
solution, where the initial structure of this system was lamellar. In this research they
found that the final structure of polymerized styrene inside a lyotropic liquid -crystalline
phase at 30C does not change the initial structure. However when the temperature was
increased to 60-70 ºC both Iad and Imm cubic phases were found as a final
polymerized structure. An Iad phase was found at relatively low concentrations of
DODAB while an Imm cubic structure was found at high concentration of the
surfactant. These results show good agreement with polymerized styrene in
BDHAB/PEI films because both Iad and Imm cubic structure was seen at high
polymerization temperature for this system.
The final polymerized CPBr/LPEI films structure illustrated in general either a lamellar
structure or cubic structure (Fmm - Iad). There are two types of cubic mesophases.
The first type is bicontinuous cubic phases. These phases are formed of a continuous
bilayer, dividing space into two interwoven networks in a fluid continuum.
Bicontinuous cubic phases mostly occur as one possible type of intermediate phase at
the transition between layered structures and cylindrical micelles. The second type of
cubic mesophases is the discontinuous micellar cubic phases which consist of organized
separated spherical micelles [40, 50-52]. In general Iad, Pnm and Imm phases are
bicontinuous cubic phases whereas Fdm and Fmm are cubic phases formed from
micelle aggregation. The Pmn cubic structure is most frequently formed from very
close-packed micelles. However in the case of large headgroup cationic surfactants,
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to the bicontinuous cubic structure phases [53, 54].
Since the most initial CPBr/PEI films showed a lamellar structure and bicontinuous
cubic structures are the most likely structures to form from a lamellae structure,
therefore the cubic structure found in the final polymerized film is more likely to be
Iad rather than Fmm. In addition, the most commonly observed space group of
bicontinuous cubic phases in surfactant and lipid systems is Iad [55-57]. On the other
hand SANS and SAXS experiments in chapter 3-4 suggested that styrene was
encapsulated in rod-like shaped micelles rather than spherical micelles. The d-spacing
of the final CPBr/PEI/styrene films polymerized at temperatures between 25ºC to 45ºC
were 28Å while in those polymerized at temperatures between 50ºC and 60ºC the dspacing jumped from 28Å to 44Å which indicate a critical change in the final
mesostructure. This abrupt jump in

d-spacing suggests that the final structure of

polymerized styrene/CPBr/PEI films at 50ºC or 60ºC could be Pmn micellar cubic
rather than a lamellar structure where the Pmn phase most likely derived from the
initial lamellar structure by break-up of the sheets into discrete micelles containing
polymer particles [58].
In general thermal polymerization of both BDHAB/PEI/Styrene and CPBr/PEI/Styrene
systems showed changes in mesostructures and intermediate transition phases. These
changes in lyotropic phases are most likely due to temperature influence in these
cationic surfactant films rather than polymerization effect. As mentioned earlier that the
temperature/concentration phase diagram of CTAB and CPCl [21, 44] shows cubic and
lamellar phases at relatively high temperature and high concentration of these cationic
surfactants, and typically BDHAB and CPBr show similar results, as reflected in the
structures formed at high temperature observed here.
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Films.
The previous section on thermal polymerization styrene in polymer/surfactant films
illustrated very clearly the influence of temperature on those templated mesostructured
films. By increasing the temperature the entropy increases due to the increasingly free
mobility of surfactant molecules and encapsulated monomer. Subsequently this free
movement of both surfactant and monomer molecules can increase the rate of micelle
re-arrangement through interdroplet diffusion and droplet exchange resulting in phase
segregation of the polymer from the micellar structures. Therefore in this section the
polymerization of encapsulating monomer was done at room temperature by using
photo-irradiation to initiate the polymerization which can reduce the effects of
temperature on these polymer/surfactant films. Photo-polymerization of trapped
monomer in templated well-ordered structure has become very attractive in the
polymerization research area. This technique exhibits advantages such as the very fast
capability to transform the initiator molecules into free-radicals from non-initiated
molecules, so that the rate of polymerization can be controlled by the radiation intensity
and photoinitiator concentration [59-61]. In addition the most important advantage of
this kind of polymerization is that it is independent of temperature which means
polymerization in a stable well-ordered structure is easier to control [62]. Photopolymerization is also a useful approach to study the kinetic and the transformation of
mesophases during polymerization due to the ability to control and tune the intensity
and irradiation time which allow monitoring of the different polymerization processes
[63, 64]. Time-resolved photopolymerization measurements can provide very important
details regarding the structure of templated styrene in polymers/surfactant mesophases
during polymerization [65, 66]. Figure 5.2.9 illustrates the time-resolved GIXD patterns
taken during photopolymerization of BDHAB/LPEI film encapsulating 0.03M styrene
and 0.05mM ACHN at 25ºC where the photopolymerization was carried out using UV
radiation at 254nm wavelength.
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Time-Resolved Measurement of the Photopolymerization

Figure 5.2.9: Time resolved GIXD patterns during photopolymerization at 25ºC of
BDHAB/LPEI film encapsulating 0.03M styrene and 0.05mM ACHN. From left to right;
first pattern was taken after 1 min, the second pattern after 17 min and the third pattern
after 60 min. The fourth graph shows the Qz line profiles of those GIXD pattern films at
0.01Å-1 on the Qxy axis.
The time-resolved photopolymerization of BDHAB/LPEI films encapsulating 0.03M of
styrene / 0.05mM ACHN or 0.09M styrene / 0.1mM ACHN showed the same transition
phases and final polymerized structure. The difference between these two films was the
transition phase in the film containing 0.09M styrene / 0.1mM ACHN occurred earlier
than the phase transitions in the film encapsulating 0.03M styrene / 0.05mM ACHN.
The final GIXD pattern of these photopolymerized films shown in Figure 5.2.9 shows
obvious rings where the first 4 rings can be indexed as the 110, 200, 210 and 211
reflections of a Pmn cubic phase (figure 5.2.9).

Figure 5.2.10: Time resolved GIXD patterns during photopolymerization at 25ºC of
BDHAB/LPEI film encapsulating 0.03M styrene and 0.10mM ACHN at 25ºC. From left
to right; first pattern was taken after 5 min, the second pattern after 15 min and the
third pattern after 60 min. The fourth graph shows the Qz line profiles of those GIXD
pattern films taken at 0.01Å-1on the Qxy axis. The weak diffraction bands at Q = 0.35 0.39 and 0.43 - 0.47 Å-1 are related to the Kapton rings.
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BDHAB/LPEI films containing higher relative amounts of ACHN ie those
encapsulating 0.03M styrene / 0.10mM ACHN, 0.03M styrene / 0.20mM ACHN and
0.09M styrene / 0.20mM ACHN show similar behaviour but which is different to that of
the polymerizations above. After 5 min of UV irradiation, a fine ring appears at Qz
=0.203 Å-1. Then after 15min another ring started developing at Qz =0.190 Å-1 while the
intensity of the broad diffraction ring at Qz =0.280-0.307 Å-1 began disappearing. The
GIXD patterns of the final photopolymerized film structure showed around 6 rings
which suggests more than one phase structure is present. The best assignments for those
rings indicate a combination of a lamellar with cubic phases. The rings at Qz =0.136,
0.185, 0.205 and 0.295 Å-1 can be indexed as the 110, 200, 210 and 310 reflections of a

Pmn cubic phase, while the rings at Qz =0.185, 0.205 and 2.90 Å-1 can be indexed as
the 111, 200 and 220 reflections of a Fmm cubic phase (figure 5.2.10).

Figure 5.2.11: Time resolved GIXD patterns during photopolymerization at 25ºC of
BDHAB/LPEI film encapsulating 0.09M styrene and 0.05mM ACHN at 25ºC. From left
to right; patterns taken at 1, 15 and 60 min. The fourth graph is Qz line profiles of these
GIXD pattern films taken at 0.01Å-1on the Qxy axis.

The time-resolved GIXD patterns taken during photopolymerization of a BDHAB/LPEI
film with the highest styrene concentration but low amounts of initiator, (0.09M styrene
and 0.05mM ACHN) shows three rings growing in at Qz =0.126, 0.147 and 0.176 Å-1
which in the pattern of the final polymerized structure can be indexed as the 110, 111
and

200

reflections

of

a

Pnm

cubic

phase

(figure

5.2.11).

Similarly

photopolymerization of a CPBr/LPEI film also containing relatively high styrene
concentrations with low amounts of initiator (0.05M styrene and 0.05mM ACHN),
resulted in 3 rings developing at Qz =0.109, 0.196 and 0.216 Å-1 after 15 min UV
irradiation. In this case the GIXD pattern of the final polymerized film shows 5 rings at
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210 and 211 reflections of a Pmn cubic phase (figure 5.2.12).

Figure 5.2.12: Time resolved GIXD patterns during photopolymerization of CPBr/LPEI
film at 25ºC encapsulating 0.03M styrene and 0.05mM ACHN. From left to right;
patterns taken after 1, 15 and 60 min. The fourth graph shows the Qz line profiles of
those GIXD pattern films taken at 0.01Å-1 on the Qxy axis.
At higher initiator concentrations and/or higher styrene concentrations CPBr/LPEI films
encapsulating 0.05M styrene / 0.1 or 0.20 mM ACHN and 0.09M styrene / 0.05, 0.10
and 0.20 mM ACHN show in general three stable rings in the initial GIXD patterns. The
first ring around Qz =0.165 Å-1 became broader with time but the final GIXD pattern of
the photopolymerized film can be indexed as showing the 110, 200 and 211 reflections
of an Imm cubic phase (figure 5.2.13). The final photopolymerized structures for
LPEI films containing BDHAB and CPBr with different amount of styrene and ACHN
are summarized in table 5.2.2.

Figure 5.2.13: Time resolved GIXD patterns during photopolymerization of CPBr/LPEI
film at 25ºC encapsulating 0.09M styrene and 0.05mM ACHN. From left to right;
patterns taken after 1, 15 and 60 min. The fourth graph shows the Qz line profiles of
those GIXD pattern films taken at 0.01Å-1 on the Qxy axis.
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photopolymerized films at 60min containing encapsulating styrene in a
polymer/surfactant mesophase.
Average
Structure
Surfactant
unit cell
assignment
size (Å)
0.03
0.05
71
Pmn
a
b
0.03
0.10
67 / 60
Pmn - Fmm
a
b
0.03
0.20
67 / 61
Pmn - Fmm
BDHAB/LPEI
0.09
0.05
72
Pnm
0.09
0.10
82
Pmn
a
b
0.09
0.20
74 / 62
Pmn - Fmm
0.03
0.05
69
Pmn
0.03
0.10
55
Imm
0.03
0.20
56
Imm
CPBr/LPEI
0.09
0.05
55
Imm
0.09
0.10
58
Imm
0.09
0.20
59
Imm
a is the Average unit cell for Pmn and b for Fmm. The errors in the unit cell sizes are
 0.5Å
Styrene
conc. (M)

ACHN conc.
(mM)

However despite the fact that the initial of BDAHB and CPBr films encapsulating
styrene in general shows a lamellar structure, the intermediate phases observed in the
photopolymerization of encapsulated styrene in both BDAHB and CPBr films were, in
general stable and similar to the final film structure. It is important to notice that
mesostructure phases of both BDAHB and CPBr films encapsulating different amounts
of styrene but without any amount of initiator (ACHN) did not show any significant or
rapid change during UV irradiation, which provides good evidence that the changes in
phases during the photopolymerization process are mainly due to polymerization of
encapsulating styrene.
Most GIXD patterns taken during the phase transitions for both BDAHB/LPEI and
CPBr/LPEI films solubilising different concentration of styrene and ACHN showed
gradually increasing numbers of diffraction ring and the intensity of these rings during
UV irradiation. These diffraction rings grew at the same Q positions. However
structures formed during thermal polymerization showed different intermediate phases
compared with their initial or final structure. This constancy in transition intermediate
phases indicates stability of the forming mesostructure suggesting it is easier to control
photopolymerization compared with thermal polymerization.[65, 67].
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of initiator for both BDHAB and CPBr systems. This agrees with the GC results
reported above (section 5.1) that the polymerization rate was increased by increasing the
amount of initiator. However the rate of photopolymerization in liquid crystalline
system does not only depend on the initiator type or concentration. Guymon et al. [68]
found that shape and geometry of nanocomposites hosting the monomer has a great
influence on photopolymerization rate and mechanism. This study demonstrated that
polymerization rate is highly dependent on the hosting morphology, where the more
ordered the nanostructure is, the faster the polymerization rate. Moreover the techniques
used to trap monomers within organized systems such as polymer templating in liquid
crystals, organized particle templating, linear chain templating or catalytic
polymerization, templating of assembled vesicles and molecular imprinting are a very
important factor affecting the photopolymerization process [65, 69]. In general
differences in polymerization rate are mainly due to diffusional limitations on
propagating chains of polystyrene. In the case of BDHAB and CPBr films, even though
the styrene is embedded in solid state films, the photopolymerization for those films
showed stability after 60min. Also conversion percentage of styrene in solution
experiment (section 5.1) showed that more than 50% of styrene polymerized after
120min by using UV radiation. This relatively fast polymerization of styrene in solid
state films suggests that the styrene is encapsulated in well-ordered mesostructured
films and the templating method used to solidify the nanostructured system worked very
well with photopolymerization technique.
The final structure resulting from photopolymerization of films containing styrene in
BDHAB/LPEI at different concentration of styrene and ACHN was in general a Pmn
structure, while the photopolymerization of styrene in LPEI/CPBr films resulted in
Imm cubic structures. However the initial structures of these films were in general a
lamellar structure. Therefore these phases seen in the final photopolymerized films for
both BDHAB and CPBr developed from lamellar phases. This is possibly due to a
change in the packing parameter of surfactant micelles, resulting from changes in
styrene density during of polymerization process [70]. The intermediate transition
phases and final photopolymerized films showed in general different structures
compared with those formed during the thermal polymerization process. This variation
suggests

that

the

mechanisms

of

structure
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technique [71]. In thermal polymerization the most influence on the change of transition
phases was the temperature, while photopolymerization occurred at 25°C. Some of
BDHAB/Styrene/LPEI

photopolymerized

films

encapsulating

relatively

high

concentration ratio of ACHN had a proposed structure combining two structures. Based
on the micelle surface curvatures and degree of freedom which can allow surfactant
micelles to rearrange and deform in close packed structures, El Safty and Hanaoka
suggested that both the micellar Fmm and Pmn cubic phase structures could occur in
one film. In addition the cubic Fmm and Pmn geometries are found as stable phases in
structures formed from surfactants with a relatively long hydrocarbon chain [72].
At low concentrations of encapsulating styrene (0.03M), the final photopolymerized
structure of the surfactant/styrene/LPEI systems for both BDHAB and CPBr show in
general, a decrease in average unit cell size through increasing the amount of initiator
(table 5.2.2). However at relatively high concentration of encapsulating styrene
(0.09M), the average unit cell shown for both LPEI films containing BDHAB or CPBr
increased when increasing the amount of initiator. This behaviour could be related to the
propagation of the polystyrene chain during of the photopolymerization process.
Photopolymerization rate and conversion are affected by surfactant/monomer
concentration as reported by DePierro et al [71]. The photopolymerization rate increases
at higher surfactant concentrations as initiator becomes more diffusely dispersed in the
system and the initiator radicals have more potential to initiate the polymerization
process. Faster photopolymerization rate typically results in a decrease in the polymer
molecular weight which could be causing re-arrangements of the micelles as well as
affecting the micelles size [73]. Another possibility is related to the re-formation of both
BDHAB and CPBr micelles demonstrated by the observed volume change at relatively
high concentration of styrene in the presence of PEI as shown in chapter 4.
The final photopolymerized films of styrene/LPEI/BDHAB show bigger mesostructure
spacings compared with final structures in the CPBr/styrene/LPEI films. This result
shows good agreement with results on the amounts of encapsulating styrene in
polymer/surfactant films and solutions reported in chapters 4. As mentioned before the
reason behind this variation is due to the differences in polyelectrolyte/surfactant and
surfactant/styrene interactions.
198

-------------------------------------- Chapter 5 --------------------------------------------------In the previous chapter in polymer/surfactant films containing encapsulated styrene
monomer a disordered structure was found for the case of CPBr/LPEI films as the
concentration of styrene was increased, while in the case of BDHAB/LPEI/styrene films
an enhancement in ordered structures emerged by increasing the styrene concentration.
However photopolymerization of styrene/CPBr/LPEI films showed that the diffraction
ring at Qz 0.165 Å-1 split into more than one ring at the same Q position which indicates
formation of a more ordered structure during the photopolymerization process (figure
5.2.13).
5.2.3.2

Effect of UV Irradiation Time and Wavelength

The effect of exposure time on the photopolymerization reaction was investigated by
changing the UV irradiation time. All of previous photopolymerization samples were
exposed to 245nm UV radiation from the beginning to the end of photopolymerization
run. Figure 5.2.14 shows time-resolved GIXD patterns for the photopolymerization of
BDHAB/LPEI film encapsulating 0.09M styrene and 0.10mM ACHN at 25ºC. The UV
irradiation was turned on 10 min from the beginning of the photopolymerization run
then turned off for further 10min. This exposure procedure kept alternating on and off
every 10 min up to the end of the run when the structure stopped changing. It was
shown that by keeping UV irradiation on, growth in the diffraction rings intensity was
seen, while in the case where the UV irradiation was off, the intensity of these
diffraction rings was paused.

Figure 5.2.14: Line profiles from time-resolved GIXD patterns taken during
photopolymerization of BDHAB/LPEI film encapsulating 0.09M styrene and 0.10mM
ACHN at 25ºC. UV irradiation was alternated on and off every 10min. The Qz lines
profile were extracted from the GIXD patterns at Qxy =0.01Å-1.
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peaks proposed good evidence that photopolymerization process is dominated by UV
exposure time. This changing in mesostructure was very obviously seen by using
245nm UV radiation, while at 365nm UV wavelength the changes in peaks intensities
were very slow and gradual during the polymerization when the UV irradiation
alternated on and off every 10min. This result suggests that 245nm UV radiation has
more power to initiate the ACHN faster than 365nm and at the same time the 245nm
radiation probably also enabled initiation of the styrene monomer directly to produce
styrene free radicals, enhancing the polymerisation rate further [74]. Overall
successfully managing switching the polymerization process on and off suggests a
powerful method of controlling the rate of the photopolymerization process [65].

Figure 5.2.15: Line profiles from time-resolved GIXD patterns taken during
photopolymerization of BDHAB/LPEI film encapsulating 0.09M styrene and 0.10mM
ACHN at 25ºC. The photopolymerization occurred at 365nm (top graph) and 254nm
(bottom graph). The Qz lines profile were extracted from their GIXD patterns at Qxy
=0.01Å-1.

Figure 5.2.15 show the film evolution during photopolymerization at two different UV
wavelengths 254nm and 365nm with constant irradiation for the same film composition
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showed clearly differences in the size of the resulting polymerized structures. As
mentioned above, the final structure in the photopolymerized film of BDHAB/LPEI at
254nm encapsulating 0.09M styrene and 0.10mM ACHN demonstrated a Pmn cubic
structure with an 82Å unit cell. The same film composition polymerized at 365nm still
exhibited the same cubic phase structure but with a 43 Å unit cell. The first peak at Qz
0.215 Å-1 was seen in the 365nm polymerization to start growing after 30 min, whereas
in the case of 254nm irradiation the peak at 0.195 Å-1 started to grow after just 7 min
irradiation time. These results suggest that the main reason behind these different
polymerization performances is due to the variation in photopolymerization rate
between short and mid wavelengths. Styrene is the one of photosensitive monomers
able to produce radical species upon absorption of light [75]. Although the maximum
absorption and recommended wavelength to initiate the ACHN is 360nm [76], using
254nm wavelength light showed a faster polymerization rate. Styrene monomer itself
has a maximum UV absorption between 240-300nm, while at 360nm it does not show
any UV absorbance (Chapter 4 Figure 4.2.1). Therefore styrene monomer is highly
excited at 254nm which subsequently it is easier to produce direct free radical; in
addition of presence ACHN (photosensitive initiator) could accelerate the
photopolymerization rate many times. On the other hand due to variances in absorption
of UV light, the polymerization rate of a photosensitive monomer is highly dependent
on the wavelength of the irradiating light, where at lower wavelengths; the light is
absorbed very fast, leading to a greater radical generation rate. Cramer et al
polymerized a range of monomers including styrene using UV irradiation at 360nm and
254nm without any addition of initiator. This study illustrated very clearly that the
photopolymerization rate of styrene at 254nm was four times faster than at 360nm. In
this paper they concluded that polymerization rate for those system are highly
dependent on the wavelength of the irradiating light [74].
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Effect of PEI Molecular Weight

As stated in chapter 4, films grown at the water/air interface using an aromatic
headgroup surfactant with LPEI showed better structure than surfactant/SPEI films.
However aliphatic headgroup surfactants gave opposite results where low molecular
weight PEI gave relatively highly ordered compared with high molecular weight of PEI
[7, 31]. Photopolymerization of styrene in BDHAB/SPEI films also results in an
enhancement in mesostructural ordering (figure 5.2.16).

Figure 5.2.16: GIXD patterns of photopolymerized films encapsulating 0.09M styrene
and 0.10mM ACHN at 25ºC from left to right; BDHAB/SPEI, BDHAB/LPEI,
CPBr/SPEI and CPBr/LPEI. Patterns were taken after 60min of exposure to 254nm UV
light.
The styrene/BDHAB/SPEI film before polymerization had a lamellar structure, while
the final photopolymerized film has a GIXD pattern with rings suggesting formation of
a Pnm cubic structure with a 65Å unit cell. In the case of photopolymerization of
styrene in CPBr/SPEI films, the initial lamellar structure did not significantly transform
during the photopolymerization process, so the final film remained as a lamellar
structure. However the final structure of photopolymerized styrene in CPBr/LPEI films
as mentioned above showed an Imm cubic phase. In general the final structure of
photopolymerized styrene in surfactant/LPEI films provided bigger structures compared
with the same films composition but with low molecular weight of PEI. The differences
in lattice spacing between short and long PEI was ~9Å. This result agree with previous
work within the group [77-79], where the SPEI has a lower molecular weight than LPEI
and is less branched, consequently SPEI can fit more easily between the micelles,
causing screening of the apparent charge on the micelles and thus decreases in lattice
spacing.
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Effect of Surfactant Chain Length

As demonstrated in chapter 4 most films formed at the water/air interface C 14
hydrocarbon chain surfactants solubilising styrene did not show well-ordered structures.
Most of these films showed a very broad diffraction feature in the GIXD patterns which
indicates high polydispersity and poor ordering within the structure [4]. Figure 5.2.17
illustrates the time-resolved GIXD data taken during photopolymerization of styrenecontaining C14 hydrocarbon chain surfactant/LPEI films.

Figure 5.2.17: Line profiles from time-resolved GIXD patterns taken during
photopolymerization of C14 tail BDTAB/LPEI (top graph) and TDPB/LPEI films
(bottom graph) encapsulating 0.09M styrene and 0.10mM ACHN at 25ºC/254nm. The
Qz lines profile were extracted from their GIXD patterns at Qxy =0.01Å-1.

Both BDTAB and TDPB films showed, in the beginning, a lamellar structure, while
after 90 min the styrene/LPEI/BDTAB photopolymerized film had a Fmm cubic
structure with a 56Å unit cell and GIXD data from the styrene/LPEI/TDPB film showed
a

Pmn

mesostructure

with

a

39Å

unit

cell.

The

styrene/LPEI/BDTAB

photopolymerized films have bigger unit cell dimensions compared with those from the
styrene/LPEI/TDPB

films,

as

expected
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than those formed using CPBr. However the C14 surfactant films have in general smaller
unit cell compared with C16 surfactant films. These results agree with micelle size
(Chapter 4) where the main reason is the hydrocarbon tail length. Subsequently this
variation in the micelles size could affect the final molecular weight of polystyrene
since it is correlated with shape and volume of the hosting medium [80, 81].
Changes in diffraction peak intensity for both BDTAB and TDPB films appear early
during the photopolymerization process but the photopolymerized structures in the C14
films took more than 60 min to stabilize which indicates that there is more mobility of
surfactant and growing polymer chains in the C14-surfactant containing films compared
with C16-surfactant containing films. This behaviour may be related to variances of
Krafft point between C14 and C16 hydrocarbon chain of these surfactants [82], where the
long hydrocarbon tail increases the Krafft point. Therefore these surfactant with longer
hydrocarbon tail have a greater tendency to form crystals than the C14 tail surfactants,
subsequently increasing the viscosity and reduce the surfactant mobility [83].
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5.1

Characterization of Polymerized Styrene in Organized systems.

Although the GC results discussed above demonstrate the polymerization of styrene in
relatively

high

concentration

cationic

surfactant/PEI

solutions,

nevertheless

polymerization of encapsulating monomer in the solid state (ie here in the films) is still
not well established and more challenging to determine than in solution. Therefore it is
very important to understand the characteristics of the final product in these reactions
(polystyrene).

5.1.1 NMR, FT-IR and GPC Used to Identify and Study Polystyrene.

The first challenge in characterization of the polymerized styrene in solid
polymer/surfactant films was how to extract the pure polystyrene from this mixture.
Many attempts were made to purify polystyrene to make sure that the identification and
characterization results are realistic. Since polystyrene is insoluble in water while the
other materials forming the films are soluble, therefore extraction by pure water was the
first choice. Unfortunately the solubilisation power of amphiphile molecules for
hydrophobic organic compounds, made polystyrene extraction very difficult.
Acid/water solutions, organic solvent and mixtures of organic solvent were also tried to
purify the polystyrene from the film matrix. Finally a 7:3(v/v) mixture of water/ethanol
solution was found the best way to purify polystyrene. However by using this solution
more than half of the polystyrene weight is still lost during decantation of the
centrifuged solution from the insoluble polymer. Figure 5.3.1 illustrated proton NMR
and FT-IR spectrum of purified polystyrene from polymer/surfactant films.
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Figure 5.3.1: 1H NMR (left) and FT-IR (right) spectra of purified polystyrene.

The 1H NMR spectrum of purified polystyrene illustrated the typical proton resonance
of standard polystyrene [84]. The peaks around 6.2 - 7.3 ppm belong to the C-H of the
benzyl ring while the two peaks at 1.2 and 1.5 ppm belong to saturated aliphatic C-H
and C-H2 respectively. The two peaks at lower ppm confirm that double bonds of the
styrene are completely converted and demonstrate formation of the polystyrene chain.
The IR spectrum of the purified polystyrene showed absorption bands at 3029 and 2931
cm-1 corresponding to aromatic and aliphatic C-H stretches respectively. The peaks at
1604 and 1494 cm-1 are allocated to aromatic C=C stretches. The C-H deformation
vibration band of adjacent hydrogens in the benzene ring is observed at 758 cm-1. The
ring deformation vibration occurs at 697 cm-1 and the C-H stretching vibrations of those
hydrogens occur at 3063 and 3089 cm-1 [85]. The small peaks around 2232 cm-1
corresponds to cyano (-C≡N) group which derive from the end group derived from the
ACHN initiator [86]. Overall the assignment of NMR and FT-IR peaks indicates very
clearly that the final product is pure polystyrene and nothing else.
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Figure 5.3.2: GPC curves of purified polystyrene extracted from films after
photopolymerization in a styrene/BDHAB/LPEI film (left) and a styrene/CPBr/LPEI
film (right).

GPC measurements were made to determine the molecular weight of the polymerised
polystyrene. Although the same quantity of photopolymerized styrene/BDHAB/PEI and
styrene/CPBr/PEI films were dissolved in equal amount of solvent, nevertheless the
area under the peak for purified polystyrene extracted from styrene/BDHAB/LPEI films
was bigger than that of purified polystyrene extracted from styrene/CPBr/LPEI films.
As mentioned in the GC experiment the rate of conversion of styrene in BDHAB/PEI
solution was very similar to CPBr/PEI solution. Therefore it must be assumed the
quantity lost during purification of polystyrene from CPBr/LPEI films was greater than
for polystyrene purified from BDHAB/LPEI films. The GPC results suggest that the
proportion of low molecular weight (Mn) polystyrene resulting from photopolymerized
styrene/CPBr/LPEI films was greater compared with that in photopolymerized
styrene/BDHAB/LPEI films. There was therefore a risk that low molecular weight
polystyrene, as well as any unpolymerised styrene was lost during the decanting process
via solubilisation by CPBr surfactant. Therefore to obtain a more accurate Mn and Mw
distribution of final photopolymerized polystyrene, fragments of whole surfactant/PEI
films were dissolved in a known volume of THF. Using this method ensured that all
polystyrene across the entire molecular weight distribution was dissolved in the THF
solvent, but unfortunately THF also dissolved a portion of the surfactant molecules.
That means that some surfactants molecules will pass through the GPC column, and
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to be analysed using this technique. In future work a comprehensive analysis of the
polystyrene Mn and Mw distribution for all of these photo and thermal polymerized films
could be done using the MALDI-TOF mass spectroscopy technique [87]. Table 5.3.1
illustrates the average molecular weight, molecular number and polydispersity of
polystyrene measured for styrene photopolymerized in cationic surfactant/LPEI films.

Table 5.3.1: Mn, Mw and PD of polystyrene were photopolymerized within
surfactant/LPEI films encapsulating 0.09M styrene and 0.10mM ACHN.
Hosting surfactant/LPEI films

Mn

Mw

BDHAB polymerized at 254nm
889000 1261000
BDHAB polymerized at 365nm
766000 1409000
BDHAB polymerized at 254nm1463000 1760000
purified
CPBr polymerized at 254nm
607000
844000
CPBr polymerized at 365nm
568000
942000
CPBr polymerized at 254nm-purified 849000 1161000
Errors in the reported values are ±5%.

PD

Δ Mw
(365nm/254nm)

1.42
1.84

1.12

1.2
1.39
1.66
1.37

1.12

As can be seen from the table above the molecular weight of photopolymerized
polystyrene in BDHAB/PEI films overall is higher than that polymerized in CPBr/PEI
films. As stated before, all the BDHAB/PEI films had ordered structures with larger unit
cell dimensions compared with CPBr/PEI films, so this indicates that the volume and
shape of the hosting surfactant phase play a significant role in defining the molecular
weight of the polymer templated in these organized systems. It is clear that
photopolymerization using 365nm, for both BDHAB/PEI and CPBr/PEI films gives
higher Mw compared with those films were polymerized at 254nm. These results
demonstrate good agreement with the observed photopolymerization rate variation
between short and medium wavelengths. More free radicals were produced at 254nm so
consequently the photopolymerization rate at 365nm was slower compared with 254nm.
In the end this suggests slower termination and so gives more chance for polystyrene
chain growth (propagation) [88]. On the other hand polystyrene in films polymerized at
254nm display a narrower molecular weight distribution compared with those films that
208

-------------------------------------- Chapter 5 --------------------------------------------------were polymerized at 365nm. That means photopolymerization at short wavelength,
particularly for this polymer/surfactant system, can produce controllable Mw/Mn and
potentially nanostructured polystyrene. Overall this photopolymerization method also
demonstrates narrow polydispersity compared with other free radical techniques used
for polymerization in organized system [13].
The samples where polystyrene was purified before measurement showed the highest
Mw and at the same time display the lowest polydispersity. This suggests that parts of
their molecular weight distribution are chopped off, particularly those of low molecular
weight, during the purification process.
This photopolymerization technique was used to polymerize encapsulating styrene in
novel well-organized polymer/surfactant systems. In general these results demonstrated
that polystyrene with very high molecular weight is formed. As mentioned in Chapter 4,
theoretical calculation of the number of encapsulated styrene molecules for the 50%v/v
styrene in BDHAB or CPBr micelles was 5440 and 429 molecules respectively (for
samples without PEI). However in the case of surfactant/PEI solutions the number of
encapsulated styrene molecules was dramatically decreased to 1587 molecules in case
of BDHAB and 78 styrene molecules in case of CPBr micelle. That mean ‘in the best
case’ the final polymerized polystyrene molecular weight should be 566576 and 44680
respectively (considering that 100% of conversion). These results do not match well
with the actual GPC results although the correct trend is followed (ie the polymer
formed in BDHAB-containing films has higher Mn than that formed in the CPBr
micelles). As stated before, deformation and rearrangement of the surfactant micelles
size and shape were seen by varying the water/surfactant/PEI concentrations. However
the final GIXD patterns of surfactant/LPEI for photopolymerized films encapsulating
0.09M styrene and 0.1mM ACHN demonstrated a Pmn structure in the case of
BDHAB, where CPBr films showed an Imm cubic structure. These 3D mesophases
cubic structures were seen in the final photopolymerized films for both BDHAB and
CPBr are thought to develop from lamellar phases as seen from figure 5.3.3. This means
that substantial micelle rearrangement does occur during photopolymerization allowing
styrene encapsulated in different micelles to merge during the polymerisation process,
allowing higher molecular weights to form.
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Figure 5.3.3: Schematic of theoretical phase change during photopolymerization of
BDHAB and CPBr films encapsulating styrene monomer. Mesophases structures were
redrawn from [54, 89].

The Imm phase can be found as 3D micellar and bicontinuous (sponge) cubic structure
[90]. The Pmn cubic structure is formed from close-packed micelles, which, in the case
of large headgroup cationic surfactants (such as BDHAB) forms as a clathrate packing
micelles (identical to the melanophlogite silicate network) [54, 90]. This suggests that
polymerization of styrene monomer in clathrate packing micelles or bicontinuous
mesostructure phases leads to higher molecular weights when compared to
polymerization of this monomer inside disconnected and small micelle volumes.
Therefore the high polystyrene molecular weight found in these photopolymerized films
supports the hypotheses that styrene was encapsulated and polymerized in a wellorganized mesophases. Finally in this part, it is good to report that increases in
molecular weight were found when these films were polymerized at 365nm, compared
with 254nm, and the ratio of the increase in Mw between these two wavelengths was
constant. This performance was seen for both of BDHAB and CPBr films which
indicate that photopolymerization reactions in these systems are highly consistent
(Table 5.3.1).
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Figure 5.3.4: EM images for polystyrene resulting from photopolymerization of
BDHAB/LPEI films encapsulating 0.09M styrene and 0.1mM ACHN. Cryo-TEM image
of BDHAB/LPEI/styrene film polymerized at 254nm (A), FESM of purified polystyrene
resulting from BDHAB/LPEI film polymerized at 365nm (B), FESM of purified
polystyrene from BDHABLPEI film polymerized at 254nm (C) and TEM of purified
polystyrene from BDHAB/LPEI film polymerized at 254nm (D).

Figure 5.3.5: EM images for polystyrene resulting from photopolymerization of
CPBr/LPEI films encapsulating 0.09M styrene and 0.1mM ACHN. TEM of purified
polystyrene from CPBr/LPEI film polymerized at 365nm (A) and TEM of purified
polystyrene from CPBr/LPEI film polymerized at 254nm (B.)
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was photopolymerized in surfactant/PEI films. Cryo-TEM of a polymerized
styrene/BDHAB/LPEI film showed small darker spots of polystyrene in the lower
density PEI matrix. These spots show a uniform distribution nevertheless do not show
any obvious identifiable order probably because the film, in areas which could be
imaged, is only one layer of micelles thick. The soft PEI hydrogel may also be affected
by the electron beam resulting in lower apparent ordering. In general the purified
polystyrene morphology, after removal of the PEI hydrogel and the surfactant,
demonstrated spherical parts connected with each other in a polymer network structure.
These spheroidal parts suggesting that the styrene was encapsulated and polymerized
inside surfactant micelles which prevented the growth of larger particles and reflects the
proposed micellar cubic and bicontinuous structures seen in the GIXD. The polystyrene
extracted from BDHAB/LPEI films show more compacted structures compared with
polystyrene extracted from CPBr/LPEI films supporting the proposal that styrene
polymerized in a different morphology in each type of film. The diameter of the
polystyrene spheres was calculated and is summarized in Table 5.3.2.
Table 5.3.2: Mw and diameter of polystyrene photopolymerized in surfactant/LPEI films
encapsulating 0.09M styrene and 0.10mM ACHN.
Hosting surfactant/LPEI films

Diameter (Å)

BDHAB polymerized at 254nm

334 17

BDHAB polymerized at 365nm

418 21

CPBr polymerized at 254nm

233 12

CPBr polymerized at 365nm

294 15

Δ Diameter
(365nm/254nm)
1.27
1.26

20 particles were counted, to give good statistical results. Errors in these numbers are
4.2 times the standard deviation of the size distribution.

In general polystyrene polymerized at 365nm shows bigger particles diameters
compared with those were polymerized at 254nm, which agrees with the larger Mw
measured for polystyrene from films polymerized at 365nm above. In addition
polystyrene extracted from BDHAB/LPEI films illustrated larger particle diameters than
that which was polymerized in CPBr/LPEI films. Overall the diameters of extracted
polystyrene particles are about four times bigger compared with average cell unit of
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polystyrene sphere resulted from aggregation of polymer from four bicontinuous cubic
unit cells. Since nanostructures have large surface energies, and the polymer
purification process involved some heating it is possible that the structures fused during
removal of the PEI matrix. The polystyrene particle diameters polymerized at 364nm
and 254nm show a steady increase for both BDHAB and CPBr films which is
compatible with the increase in Mw ratio. The consistent increase of Mw and polystyrene
particle diameter ratio confirms that photopolymerization of polystyrene in these
templated surfactant/polymer films is easy to control and is a tunable polymerization
process.
Although the final purified polystyrene shows a nanocomposite structure however the
aim of this experiment was to synthesis well-organized nanostructured polymer.
Unfortunately the final purified polystyrene does not show a clear 1:1 copy of their
hosting film structure. This could be due to a collapsing of polystyrene structure during
the purification process. As mentioned earlier the removal of the PEI matrix was not
easy so, involving warming to 40ºC ,then vigorous centrifugation was used to extract
the polystyrene from surfactant and PEI, which could have caused fusion & distortion
of the initially formed structure. Future work should try to develop an extraction and
purification method which can maintain the initial structure. The second suggestion is to
strengthen the polystyrene structure by building more supporting ‘scaffolds’, this step
could be achieved by cross linking the polystyrene during polymerization.
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5.2

Conclusion

In the previous chapter successful encapsulation of hydrophobic species in
mesostructure polymer/surfactant films was demonstrated. These films were shown to
contain an ordered array of micelles surrounded by polyethyleneimine. In this chapter,
polymerization of the encapsulated styrene monomer in these films was investigated by
GC and GIXD, while the resulting polystyrene was characterized by using FTIR, NMR,
GPC and electron microscopy.
Styrene conversion studied by GC illustrated that styrene can be polymerized in cationic
surfactant/PEI solutions using both thermal and photo irradiation techniques. However
the most efficient conversion of styrene in these solutions was at high temperature
(60ºC). Nevertheless polymerization of styrene in these solutions was successfully
achieved at room temperature by using UV irradiation. Therefore polymerization
styrene at room temperature by using UV irradiation can promote polymerisation in
more viscous solutions thus reducing micelle re-arrangement through interdroplet
diffusion and droplet exchange.
Thermal polymerization of styrene in both BDHAB/PEI/ and CPBr/PEI films showed
variation in mesostructures and intermediate transition phases, where these changes in
lyotropic phase were most likely due to temperature influences in these cationic
surfactant films rather than polymerization effect. Both BDHAB/LPEI and CPBr/LPEI
films showed a lamellar structure before thermal polymerization. However
BDHAB/LPEI films transformed from a lamellar to a cubic structure as the
polymerization

temperature

increased.

Generally

CPBr/LPEI

films

showed

multilamellar structure with different d-spacings within the same film composition.
These multilamellar structures are likely due to varying water/polyelectrolyte domain
size and local variation in encapsulated styrene content within these films. The final
polymerized CPBr/LPEI films structure illustrated in general lamellar and Pmn cubic
structures.
The main observation seen in photopolymerization of equivalent films was the stability
of the intermediate phases compared with thermal polymerization. The final structure
resulting from photopolymerization of films containing styrene in BDHAB/LPEI at
different concentrations of styrene and ACHN was in general a Pmn structure, while
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structures. However the initial structures of these films were again, in general, a
lamellar structure. The photopolymerization using 245nm UV radiation has shown
variation in mesostructure with time, while change in peak intensity was slow during
photopolymerization using 365nm UV radiation. Also 254nm wavelength light showed
a faster polymerization rate compared with 365nm which is due to the energetic 254nm
wavelength being able to initiate both ACHN and styrene at the same time. In general
the photopolymerization technique has been shown to be a powerful method of
controlling the rate of the polymerization process by managing switching the
polymerization process through alternating UV irradiation time and wavelength.
NMR and FT-IR confirmed the polymerization of styrene was achieved, and that the
extracted white powder from surfactant/PEI films was pure polystyrene. However the
extraction and purification of polymerized polystyrene from these polymer/surfactant
films was big challenge, since the surfactant has high ability to solubilize part of the
polystyrene, particularly the low molecular weight portion. In general the molecular
weight of photopolymerized polystyrene in BDHAB/PEI films was higher than those
were polymerized in CPBr/PEI films. On the other hand photopolymerization using
365nm in both BDHAB/PEI and CPBr/PEI films gives higher Mw compared with those
films that were polymerized at 254nm. In addition electron microscopy illustrated that
polystyrene were photopolymerized at 365nm had bigger particles diameters compared
with those that were polymerized at 254nm. Also polystyrene extracted from
BDHAB/LPEI films was larger particle diameters than that which was polymerized in
CPBr/LPEI films. The final structure of extracted polystyrene does not reflect the
hosted

shape.

Nevertheless

successful

templating

of

monomer

in

these

polymer/surfactant films and polymerization of these monomer by thermal and photo
initiaton process was achieved. Nanoscale polystyrene network were synthesised and
have been shown to be a promising route to achieve 3D mesostructure polymers.
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6. PAN-Pyrene Micelle Based Sensors for Metal Ions
Fluorescent sensors for metal cations are mainly based on multi-component molecules
containing a fluorophore and a receptor covalently linked by a spacer [1, 2]. Recently
synthesis of macromolecules consisting of a fluorophore/receptor a pair conjugated by a
spacer have been proposed as new fluorescent sensors due to their high selectivity and
sensitivity for the detection of metal cations [3-5]. However synthesis of these
molecules is not easy and can be very expensive. In this chapter a method is
demonstrated to combine these two parts (fluorescence and chelating molecules) in a
simple way, by encapsulating the fluorescence part (pyrene) and chelating agent
molecules (PAN) inside cationic surfactant micelles films [6, 7]. This method takes
advantage of self-assembly and our robust polymer/surfactant films to encapsulate these
fluorescence and chelating agent molecules inside the micelles where they can work
together as a nanosensor. The solid nanostructured polyelectrolyte films formed through
self-assembly at the air solution interface, discovered by Edler group can be promising
hosts for many applications [8]. In the previous chapters it was successfully shown,
using neutron reflectivity and small angle scattering, that hydrophobic molecules can be
encapsulated within these surfactant/polyelectrolyte films, inside the micelles, so here
this is used to prepare a metal ion sensor.
The species 1-(2-Pyridylazo)-2-naphthol (PAN) is a multipurpose organic chromogenic
reagent that forms complexes with a numerous of transition metals in a wide range of
pH and with different adsorbents. There are several reports of research that has used
PAN-modified solid supports in the preconcentration of metal ions [9-19]. Also the
good advantage of PAN is the absence of its affinity for alkali and alkaline earth metal
ions [6, 7, 20]. PAN shows pH dependent behaviour but works best at high pH, so is
compatible with the PEI-quaternary ammonium surfactant film-forming system. When
used in combination with pyrene in micellar systems the fluorescence response of
pyrene is modified in a quantitative manner in the presence of the chelator, and when it
is bound to metal ions [6]. The response can thus be calibrated and used as a
fluorescence sensor. Therefore it should be possible to develop micelle based metal-ion
sensors using the PAN/pyrene system by incorporating these hydrophobic species,
solubilized in micelles into the polyethyleneimine (PEI) films. Such films could be used
222
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content in aqueous samples. Figure 6.1 shows schematic of PAN/pyrene system
incorporating in cationic surfactant micelles as metal-ion florescent sensor.

Figure 6.1: Schematic of metal-ion florescent sensor as PAN/pyrene system
incorporating in cationic surfactant micelles. M is a metal ion.
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6.1 Study of PAN and Pyrene Encapsulation in Micelles Using SANS
This section concentrates on studying incorporation of PAN and pyrene into surfactantpolymer film forming solutions. This by using contrast variation and small angle
scattering to quantify the amount of pyrene present in the micelles, and to investigate
how the micelle structure is affected by introducing PAN and pyrene into the surfactant
micelles. From the previous chapters, studying styrene in PEI/surfactant systems, and
other initial work on encapsulation of decane, cyclohexane and benzene in the same
system [21]. It was suggested that hydrophobic molecules were successfully solubilized
in cationic surfactant micelles, and that aromatic headgroups surfactants with a
relatively long hydrocarbon tail. Consequently, improved mesostructures compared
with those in films formed from surfactants with an aliphatic headgroup. Therefore this
work focused on cationic surfactants with aromatic headgroup to encapsulate aromatic
species such as pyrene and PAN in the surfactant micelles. Preliminary work on
PEI/surfactant films containing PAN/pyrene showed that solid films formed at the
air/solution interface in the presence of these species. However better structure was
found for SPEI films compared with LPEI, which is opposite to the results found for the
surfactant/PEI/styrene systems. Therefore low molecular weight ~2000Da was used at a
concentration of 15g/L in these solution scattering experiments. A range of surfactants
with aromatic headgroups were used in this experiment, covering C12,C14 and C16
hydrocarbon chain lengths, to study the chain-length effects on the solubilisation and
the

micelle

geometry.

tetradecylpyridinium

Consequently

bromide

(TPBr),

benzyldimethyldodecylammonium

dodecylpyridinium

bromide

(DPBr),

cetylpyridinium

bromide

(CPBr),

bromide

benzyldimethyltetradecylammonium

bromide

(BDDAB),
(BDTAB)

and

benzyldimethylhexadecylammonium bromide (BDHAB) were synthesised as reported
in Chapter 3 and used to solubilize PAN and pyrene. In addition tail deuterated
benzyldimethylalkylammonium bromide and fully deuterated (tail and headgroup)
cetylpyridinium bromide were synthesised and used for contrast experiments. All
surfactant solutions were prepared at a concentration of 0.05M in 100% D2O or 70%
D2O solution and the structures characterised in the presence and absence of PAN
where final concentration of PAN was 1mM or 2mM. Fully deuterated and
hydrogenated pyrene was used at concentration of 2mM or 4mM. All solutions were
tested at 35ºC to avoid any surfactant crystallization.
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Appleton Laboratories, Chilton, England. SANS patterns from micelles containing
hydrogenated and deuterated additives were fitted simultaneously using the NIST
SANS Analysis package within Igor PRO program (WaveMetrics) [22]. A uniform
ellipsoid form factor with a Hayter-Penfold structure factor [23] for charged spheres
used to fit the data, since this model gave the best fit, compared to other trialled models,
based on the results giving the lowest χ2. The temperature was fixed at 308 K, dielectric
constant held at 78 and salt concentration was held at zero in this model. The variables
fitted were the volume fraction, micelle radii, SLD ellipsoid contrast (between the
centre of the micelle containing both surfactant tails and additives, and the solvent),
micellar charge and incoherent background. The amounts of encapsulated additives and
aggregation numbers of surfactant monomer (Nagg) were calculated based on the micelle
radii and literature values for the volumes of the surfactant molecules. The molecular
volume of pyrene (264 Å3) and PAN (334 Å3) was calculated as stated in chapter 4 [24].
Nagg of micelles [21, 25] were calculated in the same way as in Chapter 3. An alternative
method was also used to calculate the aggregation number by evaluating the ratio of the
total ellipsoid micelle area to the surfactant headgroup surface area (a0) [26, 27]. The
first method, using the ratio between the micelle volume and surfactant volume, could
be accurate for the surfactant micelles without any additives but it is not necessarily true
in the case of micelles solubilizing hydrophobic molecules. This because the total
volume of the micelle encapsulating hydrophobic molecules is the sum of the volume of
aggregated surfactant monomer plus the volume of these solubilized additives.
Therefore the volume of micelles solubilized additives is measured as the same as the
surfactant molecule volume, while calculating Nagg using the micelle surface area
method neglects the contribution of encapsulated molecules to the overall volume. The
approximate ellipsoid surface area was calculated by the following equation:
S ≈ 4π (

2( ap bp ) + (bp)2
3

)

where a and b are the micelle radii, p ≈ 1.6075 which yields a relative error of at most
1.061% [26, 27].
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Figure 6.2 shows the simultaneous fitting of SANS data using the uniform ellipsoid
with structure factor model for surfactants with C12, C14 and C16 hydrocarbon chains
containing 4mM of hydrogenated or deuterated pyrene. O’Driscoll [21] and Wasbrough
[28] also found that the uniform ellipsoid model was the most appropriate model to fit
cationic surfactant solutions solubilizing different species of additives in the presence
and absence of PEI. Although scattering patterns for BDHAB micelles show the
presence of long prolate ellipsoid (rod-like) micelles nevertheless the ellipsoid model
was still much more suitable to fit these data than a cylinder with structure factor model,
based on the relative χ2 values.

Figure 6.2: SANS data for surfactants with C12, C14 and C16 hydrocarbon chains in
D2O solution solubilizing 4mM of hydrogenated pyrene (circles) and deuterated pyrene
(squares). The solid lines are simultaneous fits to the data using the uniform ellipsoid
with structure factor model.
Figure 6.2 shows clearly the variation of the SANS profiles curvature as the surfactant
hydrocarbon chain length is increased. This suggests that shape and size of these
surfactant micelles are highly dependent on the surfactant tail length as expected.
However the total micellar widths and lengths for C12, C14 and C16 of CnTAB
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benzyldimethyl bromide surfactants, which indicates that aggregation number for these
aliphatic surfactant headgroup (CnTAB) are greater than aromatic surfactant were used
in this experiment. Table 6.1 shows the micelle major and minor radii Ra and Rb from
the modelled SANS parameters.
Table 6.1: Micelle radii (Ra and Rb), volume of micelle ellipsoid, numbers of
encapsulated additives and aggregation numbers (Nagg).

Additives

Surfactant

2 mM
Pyrene

4 mM

Pyrene

1 mM PAN

Number of
Encap.
additive
molecules

Nagg

43122
82138

0
0

70
124

Ra (Å)

Rb (Å)

31

18

BDHAB
DPBr
TPBr

49
75
21
31

20
22
18
19

153726
27836
47599

0
0
0

215
58
90

CPBr

36

22

75503

0

131

BDDAB
BDTAB
BDHAB
DPBr
TPBr

36

18

60
134
23
31

20
23
18
20

49027
100370
291799
32541
54703

22
69
523
18
27

80
151
408
68
104

CPBr

39

23

85709

39

148

BDDAB
BDTAB
BDHAB
DPBr

36

18
21
23
17
21

18
140
650
10

78
179
454
64

TPBr

67
143
25
33

47907
119075
325357
30391
58496

41

111

CPBr

41

23

92822

66

161

BDDAB
BDTAB
BDHAB
DPBr
TPBr
CPBr

31
51
126
23
31
37

18
20
23
18
20
23

43367
86976
277176
29447
50313
80634

1
14
370
5
8
15

71
131
387
62
95
140

BDDAB
BDTAB
No
Additives

Vol. of
Ellip. (Å3)

The errors in micelle radii are ±2 Å, so the errors in the ellipsoid volume, number of
encapsulated additives and Nagg were ±5% of the measured value.
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The SANS data fits for these cationic surfactants solution in the presence and absence of
additives shows that the micelles have a prolate ellipsoid shape. The micelles ellipsoid
volume of these surfactants illustrate huge differences resulting from the changes in
alkyl tail length, for instance in the case of alkyl-benzyldimethyl micelles without
additives the micelle volume for the surfactant with a C16 hydrocarbon chain was 3.6
times bigger than the equivalent C12 surfactant, while in the presence of pyrene the
micelles volume was 6.4 times bigger. The volume variation in the case of alkylpyridinium was less than that observed for the benzyldimethyl surfactants. In this case
the average volume variation between C16/C12 was 2.8 times (Table 6.1). This result
indicates that both the surfactant hydrocarbon chain and surfactant headgroup play
important roles in determining the micelle size and shape [30], and thus also the
aggregation number (Nagg). Figure 6.3 illustrates the correlation between these cationic
surfactants headgroup and their tail length with the micelle aggregation number.

Figure 6.3: The aggregation number (Nagg) of 0.05M alkyl-benzyldimethyl bromide and
alkyl-pyridinium bromide micelles solubilizing different amounts of PAN and pyrene.
The errors in Nagg were ±5% of the measured value.

Figure 6.3 clearly shows that the aggregation number of surfactant molecules increases
significantly as the surfactant hydrocarbon chain length is increased. However BDHAB
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particularly when these micelles were used to solubilize PAN and pyrene. In general
alkyl-benzyldimethyl bromide surfactants tend to form to form relatively bigger
micelles compared with alkyl-pyridinium bromide surfactants. Mata et al. reported the
aggregation number of DPBr, TPBr and CPBr at 30ºC in pure surfactant solution [31]
where Nagg were 56, 81 and 111, respectively, which are close to the values found in this
work for alkyl-pyridinium bromide micelles without additives. Malliaris et al studied
the aggregation number of several cationic surfactants at a wide range of amphiphile
concentrations up to 1 M [32]. The surfactants were alkylammonium chlorides with
aliphatic chain length (n = 12, 14, 16). The author found that at low concentration, close
to the critical micelle concentration the micelle shape was spherical while, as the
concentration increased toward 1 M, the aggregation number increased linearly.
However the surfactant micelles with a chloride counterion tend to stay spherical and
smaller (at higher surfactant concentrations) than bromide micelles since Br - binds to
the surfactant headgroups neutralising them while chloride does not, therefore the
aggregation number of bromide surfactants in micelles is larger as there is less charge
repulsion [33-35]. Although some physical parameters such as concentration,
temperature and pressure also affect the micellization process, nevertheless the nature of
the surfactant molecules is the main factor controlling the size and micelle morphology
[25, 36, 37]. Several authors reported growth in micelle size as the surfactant
hydrocarbon chain is elongated [38-40]. However the bulkiness of the hydrophilic
headgroup in amphiphilic molecules has complicated effects on aggregation
performance, due to the interfacial free energy of the micelle which is affected by
electrostatic and steric hindrance interactions between adjacent headgroups [41, 42]. It
is well known that the packing parameter (p) decreases as the surfactant headgroup
size is increased, based on the Israelachvili equation [ p=V/(al) ], where V is the volume
of the hydrophobic chain, a, the headgroup area and l the average alkyl tail length [43].
Shrinkage in micelle size as the surfactant headgroups area increased was reported in
several experiments [42, 44, 45]. However here in this experiment as shown in Figure
6.2, the alkyl-benzyldimethyl bromide surfactant with a relatively bulky surfactant
headgroup demonstrated bigger micelles aggregation number compared with alkylpyridinum bromide surfactants. Zhang et al, pointed out two possible reasons behind
why benzyldimethyl surfactants have this different behaviour [46]. Benzyldimethyl as a
headgroup (apart from the alkyl tail) consists of three parts, which are the benzyl group
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atom. The benzyl segment is relatively large, and the bond with the N is flexible, so due
to their hydrophobicity, this part can potentially act as a second hydrocarbon tail which
bends around to enter the micelle. In this case, the total volume of hydrocarbon chain
expands, subsequently increasing the packing parameter. In addition, the asymmetry of
the two hydrophobic chains in these molecules gives extra space to bend and rotate with
higher conformational freedom for the main hydrocarbon tail, consequently reducing
the total free energy of micellization. The second possibility related to the overall
hydrophobicity of the micelle shell. The bulkiness of the benzyl group partially shields
penetration of the water molecules and counterion into the surfactant micelle shell.
Generally such behaviour increases the hydrophobicity of the micelle shell which
subsequently leads to increase the micelle aggregation number. In general, micellar
geometry and their size result from the balance of physical and thermodynamic
interactions of the headgroups with themselves and with solvent/counterions, and the
hydrophobic interactions of hydrocarbon chains in the micellar core [41, 47-51].
Encapsulation of hydrophobic molecules in the micellar core is one of the physical
properties which influence this sensitive interaction between micellar components.
Figure 6.4 shows a relationship between the capacity of the micelle to encapsulate
hydrophobic molecules in cationic surfactants with different hydrocarbon tails and
headgroups size.

Figure 6.4: Calculated number of encapsulated hydrophobic molecules in cationic
surfactant micelle solutions. The errors are ±5% of the measured value.
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In general surfactants with C12 tails showed the lowest pyrene encapsulation capacity,
while the long hydrocarbon chain enhanced solubilisation these hydrophobic molecules.
However benzyldimethyl surfactants with C14 hydrocarbon chain had a higher pyrene
encapsulation capacity compared with CPBr which has a C16 hydrocarbon tail. This
result suggesting that encapsulation ability of these surfactant micelles varies, where the
combination of properties of surfactant headgroup and their chain length both can affect
the encapsulation capacity.
By doubling the concentration of pyrene, the micelle volume and number of
encapsulated hydrophobic molecules increase. However this increase is not linear with
the amount of pyrene added. Therefore it seems that encapsulation within the micelles
depends on several factors, other than just surfactant structure, including ionic strength,
temperature, and the nature and bulk of the solute [52, 53]. In general encapsulating
these hydrophobic molecules in both alkyl-benzyldimethyl and alkyl-pyridinium
bromide surfactant micelles transforms the micelles from long prolate to rod-like shape.
O’Driscoll et al. also reported changes in micellar shape when solubilising n-decane,
cyclohexane and cyclohexanol molecules within cationic surfactant solutions. He found
that cyclohexane and decane consistently swelled the micelles leading to larger,
spherical shapes, while cyclohexanol caused elongation of the prolate micelles along
their long axis.
Encapsulation of PAN and pyrene was also studied here for these surfactants in the
presence of SPEI. The data were fitted by the same model as above. Table 6.2 shows the
micelle radii (Ra and Rb) resulting from fitting these data. The number of encapsulated
molecules and surfactant aggregation numbers were calculated based on fitted data
using the same two ways to calculate Nagg as described earlier.
In general, Nagg values calculated by the micelle surface area method give a higher
aggregation number than those values which were calculated by micelle volume (Table
6.2). This is related to the difference between additive and surfactants volumes, where
volumes of PAN or pyrene are less than of those of the cationic surfactants that were
used in this experiment.
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aggregation numbers (Nagg) for solutions containing both PAN and pyrene.
Additives

2mM Pyrene
1mM PAN

Surfactant
BDDAB
BDTAB
BDHAB
DPBr
TPBr

Ra (Å)

Rb (Å)

Encap.
additive

38
65
144
20
33

18
20
23
20
20

27
98
579
18
32

Nagg calc.
Nagg calc. by
by surface
volume
area
101
188
463
96
142

83
166
447
69
108

40
23
CPBr
51
196
156
40
17
BDDAB
10
98
75
93
20
BDTAB
234
257
225
2mM Pyrene
149
23
BDHAB
563
468
441
1mM PAN
20
20
DPBr
20
97
70
1.5% SPEI
30
21
TPBr
25
137
104
40
23
CPBr
50
196
155
The errors in micelle radii are ±2 Å, the errors of number of encapsulated additive
molecules and Nagg (calculated by volume) were ±5% of the measured value and ±7% of
Nagg (calculated by surface area).
The differences in Nagg for these surfactants, calculated by the two methods, display
growth in BDDAB micelles by about 21 surfactant monomers, 27 for BDTAB and 22
for BDHAB solubilizing of both PAN and pyrene, whereas in the case of DPBr, TPBr
and CPBr the differences in Nagg was 27, 34 and 41 surfactant molecules respectively.
These differences were very close in both the cases of solubilizing a single additive or
in the case of solubilizing PAN with a pyrene companion. Overall encapsulating
mixtures of PAN and pyrene results in bigger micelle volumes and larger aggregation
numbers compared with solubilizing 2mM pyrene or 1mM PAN as a single additive.
Micelles containing pyrene at the concentration of 4mM showed variable Nagg values
compared with those encapsulating a mixture of PAN and pyrene.
In general addition of SPEI to these surfactant solutions solubilising a mixture of PAN
and pyrene does not show significant changes in Nagg of these surfactant micelles;
except for BDTAB/SPEI which exhibited a slight growth in Nagg after addition of SPEI.
As stated before BDHAB shows an extraordinary growth in Nagg compared with other
surfactants which is related to the benzyl group performing as second tail [46]. This
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case of BDTAB/SPEI solubilising aromatic molecules, through the interaction between
PEI and the nitrogen atom in the surfactant headgroups and the hydrophobicity of
benzyl group improve the ability of the benzyl group to conjugate with encapsulated
aromatic molecules. This thus increases the stability of BDTAB headgroups by forming
π-cation bonds between the benzyl group and encapsulated PAN and pyrene [21, 54].
However it seems this process is balanced with surfactant tail length since BDDAB
does not show this behaviour with SPEI.

6.1.2 Incorporation of Metal Ions into Surfactant/PAN/pyrene Micelle
Systems.
Following the experiments on PAN/pyrene incorporation into cationic micelles, metal
ions were added to the solutions. The purpose of these experiments was to determine
changes in micelle shape and interactions with the polymer due to PAN binding metal
ions, which will affect the structure and interactions of these species in the films and the
sensor behaviour. Three different oxidation states metals Cu+, Cu2+ and Fe3+ as metal
chloride were added to the surfactant/PAN/pyrene solutions at two concentrations, 1
and 2 mM, in the presence and absence of SPEI. The micelle radii and aggregation
numbers were calculated based on fitted data (Table 6.3). In general addition of metal
ions was found to elongate the prolate micelles along their long axis but the effects of
these three ions with different charge vary. Figure 6.5 shows the individual effect of
these metal ions on the BDHAB/PAN/pyrene micelle aggregation number.
The first indication from Figure 6.5 is that pyrene concentration still has the most
dominant effect on the aggregation behaviour of BDHAB, while adding PAN shows
less effect. On the other hand addition of the Fe3+ ferric ion to the BDHAB/PAN/pyrene
solutions in the absence of PEI has the largest effect on the aggregation number of all
the ions trialled. At low concentrations of pyrene and a 1:1 molar ratio of PAN and to
metal ion, addition of Cu+ has the lowest effect on Nagg while Cu2+ and Fe3+ give almost
the same micelle size.
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micelle volumes and micelle surface areas (S.A).
Surfactant
0.05M

Nagg By Nagg By
Vol.
S.A
3+
Fe
149
23
463
479
+
BHHAB
1 mM Cu
148
23
463
477
2+
Cu
132
23
422
433
2mM Pyrene
3+
1mM PAN
Fe
43
23
166
207
+
CPBr
1 mM Cu
42
23
164
204
2+
Cu
42
24
168
207
3+
Fe
161
23
510
522
+
BHHAB
2 mM Cu
151
23
451
476
2+
Cu
150
23
464
481
2mM Pyrene
3+
2mM PAN
Fe
46
23
175
218
+
CPBr
2 mM Cu
43
23
167
208
2+
Cu
37
24
153
190
3+
Fe
177
23
566
576
+
BHHAB
1 mM Cu
156
23
486
502
2+
Cu
163
23
505
523
4 mM Pyrene
3+
1 mM PAN
Fe
55
22
196
245
+
CPBr
1 mM Cu
52
23
193
239
2+
Cu
50
24
202
241
3+
Fe
179
23
570
580
+
BHHAB
2 mM Cu
176
23
551
566
2+
Cu
176
23
559
571
4 mM Pyrene
3+
2 mM PAN
Fe
50
23
198
239
+
CPBr
2 mM Cu
50
23
197
238
2+
Cu
52
23
203
245
3+
Fe
191
22
547
587
BHHAB
+
1 mM Cu
191
22
552
589
SPEI
2+
Cu
190
22
551
588
2mM Pyrene
3+
1mM PAN
Fe
50
22
182
228
+
CPBr SPEI
1 mM Cu
52
23
189
235
2+
Cu
50
23
184
230
3+
Fe
188
22
547
583
BHHAB
+
185
22
538
573
2mM Pyrene 2 mM Cu
SPEI
2+
2mM PAN
Cu
184
22
537
571
3+
CPBr SPEI
2 mM Fe
52
23
191
236
The errors in micelle radii are ±2 Å where the error of Nagg (calculated by volume) was
±5% of the measured value and ±7% of Nagg (calculated by surface area).
Additives

Metals added
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Figure 6.5: Average aggregation numbers of BDHAB/PAN/pyrene micelles in the
presence of different metal ions and SPEI.
When PEI is present using a 2:1:1 molar ratio of pyrene, PAN and metal ions
respectively the micelles size almost doubles compared with the same mixture but
without the polyelectrolyte. On the other hand no obvious change was seen of Nagg in
the case of presence of PEI and metal ions. Nevertheless increasing the amount of the
PAN and pyrene in this system reduces the overall micelle size. These results are
particularly seen in the case of BDHAB micelles, however in the case of CPBr micelles
a different behaviour in observed. Figure 6.6 shows the effect of the same metal ions on
the CPBr/PAN/pyrene micelle aggregation numbers.
For the CPBr micelles, addition of PAN and pyrene showed the same effects as for
BDHAB micelles overall, whereas the effects of metal ions addition is different. At low
concentrations of pyrene and 1:1 molar ratios of PAN to metal ions, micelles in the
presence of Cu2+ shows the lowest Nagg while those with Cu+ and Fe3+ have almost the
same micelle size. However at 2:2:2 molar ratio, micelles in the presence of Fe3+
demonstrate the highest, while those with Cu+ exhibit the lowest Nagg. At a high
concentration of pyrene and 2:2 molar ratios of PAN and metal ions, Cu2+ containing
solutions had the lowest micelle size but the micelles were still bigger than at low
pyrene concentrations. When PEI was present, micelles in solutions containing Cu+ and
Fe3+ showed almost the same micelle size while micelles in the presence of Cu+ had the
highest Nagg.
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Figure 6.6: Average aggregation number of CPBr/PAN/pyrene micelles in the presence
of different metal ions and SPEI.
From the data in Figures 6.3 and 6.4, it is apparent that there is a strong relationship
between the metal ions used (Cu+, Cu2+ and Fe3+) and the micellar growth. There are
two possibilities for the mechanism of influence of metal ions on the micellar
aggregates. The first possibility relates to the effects of these metals ions as counterions.
Several studies have highlighted the effects of surface electrostatic interactions on the
aqueous micellar solutions [55-57]. Many of these studies demonstrated that addition of
salt to a micellar solution of an oppositely charged surfactant enhances growth of the
spherical micelles into long anisotropic aggregates. The main reason of this
performance is related to the effect of the counterion, reducing the effective head group
area of the surfactant molecules by neutralizing the charge on the micellar surface
which increases the packing parameter. Enhanced screening of the repulsions between
the charged head groups of the surfactant favours aggregation [58-60]. The surface
electrostatic forces have a strong effect on the equilibrium size and shape of the micellar
aggregates. Overall altering the charge on the head group and the counterion of the
surfactant molecule changes the interfacial forces and the system properties. Here in this
study different amounts of chloride counterion were added during the addition of Cu+,
Cu2+ and Fe3+ however although metal ion and chloride ratio are varied for these metal
compounds, nevertheless no obvious trend were found for the Nagg of these cationic
surfactant micelles with the concentration of chloride ions that were added.
The second possibility is related to the PAN/Metal interaction. Some authors reported
changes in size and shape of the PAN molecule occurring during PAN-metal complex
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ions, forming coloured chelate complexes. Generally there are two established
PAN/Metal molar ratio complexes interactions. The first structure is observed for
PAN/Metal ratios of 1:1. At this ratio the complex has the tetradentate ligand
coordinating with the metal through the hydroxyl oxygen atom, the pyridine nitrogen
atom, and one of the azo-group nitrogen atoms [64]. The second structure is found at a
2:1 PAN/Metal ratio, where the complex with the metal ion is coordinating to the
ligand through two perpendicularly planar ligands [63] (Figure 6.7). On the other hand
it has been suggested that when chelation forms between PAN and a metal ion like
Fe3+, two five-membered chelate rings are formed [65]. The heterocyclic nitrogen, the
hydroxy-group and the nitrogen atom farthest from the pyridine ring are involved in the
chelate formation. Szabó et al. found that the PAN molecule can take on different
conformations, depending on the values of the dihedral angles [61]. Safari et al [66]
reported a 2:1 molar ratio stoichiometry of PAN/Metal complexes for Co2+, Ni2+ and
Zn2+ ions in different solvent solutions.

Figure 6.7: The optimized structure of 1:1 and 2:1 molar ratios of PAN/Metal complex
interactions, where M is a metal ion.
The geometry of PAN/Metal complex structures and bonds lengths are reported in
several published papers [61, 63, 64, 67, 68]. These papers showed overall that the size
and structure of PAN/Metal complex compounds certainly are dissimilar to that of just
the PAN molecule itself. That means that in general the new geometry and size of PAN
after addition of metal ions is the most likely the main reason behind the variation in
micelles volume of these cationic surfactants used in this experiment.
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SANS Study Using Contrast Variation to Study Surfactant Micelles
Solubilising Pyrene

The effects of PAN and pyrene encapsulation in the quaternary ammonium bromide
surfactant micelles have been discussed above. In this section, by using contrast
variation the aim was to find the relative locations of the pyrene and PAN in the
micelles. This information could assist interpretation of fluorescence measurements on
ion binding in this system and their performance as sensors. Therefore in this section
both fully hydrogenated and tail-deuterated alkyl-benzyldimethyl bromide surfactants
were synthesised and used to solubilise d10-pyrene, h10-pyrene and h-PAN. Fully
hydrogenated, headgroup deuterated, tail deuterated and fully deuterated CPBr were
also used to solubilise these additives. All of these surfactants and additives were
dissolved in 100% D2O solvent, except for tail and fully deuterated CPBr which were
dissolved in 70%D2O solution since there is no good contrast between this surfactant
and 100% D2O. Table 6.5 show the scattering length densities (SLDs) for the additives
and hydrocarbon tails of these surfactants. Since the model used to fit the data was a
simple uniform ellipsoid, the contribution of the surfactant headgroups to the scattering
in 100% D2O has been neglected, and it was assumed that only the tail regions
contributed significantly to the scattering in these fits.

Table: 6.5: Theoretical scattering length densities for all components used to fit the
uniform ellipsoid model to the SANS data.
Component
Deuterated water D2O
70% D2O Solution
1.5% PEI in 100%D2O
1.5% PEI in 70%D2O
PEI alone (not in solution)
Pyridine
Pyridine-d10
1-(2-Pyridylazo)-2-naphthol (PAN)
Hexadecyl
d33-Hexadecyl
Tetradecyl
d29-Tetradecyl
Dodecyl
d25-Dodecyl
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SLD (Å2)
6.36 × 10-6
4.29 × 10-6
6.18 × 10-6
4.16 × 10-6
5.69× 10-7
1.78 × 10-6
5.71 × 10-6
2.77 × 10-6
-3.53 × 10-7
6.74 × 10-6
-3.59 × 10-7
6.66 × 10-6
-3.67 × 10-7
6.59 × 10-6
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SANS data from alkyl-benzyldimethyl bromide surfactant with different neutron contrast
solubilizing hydrogenated or deuterated pyrene and hydrogenated PAN.
Surfactant
BDDAB
BDTAB
BDHAB
d25-BDDAB
d29-BDTAB
d33-BDHAB
BDDAB
BDTAB
BDHAB
d25-BDDAB
d29-BDTAB
d33-BDHAB
BDDAB SPEI
BDTAB SPEI
BDHAB SPEI

SLD (Å2)

Additives
2mM Pyrene
2mM Pyrene-d10
2mM Pyrene
2mM Pyrene-d10
2mM Pyrene

-3.37 × 10-7
9.94 × 10-8
-3.55 × 10-7
6.82 × 10-7
1.19 × 10-7

2mM Pyrene-d10

1.39 × 10-6

2mM Pyrene
2mM Pyrene-d10
2mM Pyrene
2mM Pyrene-d10
2mM Pyrene

4.86 × 10-6
5.17 × 10-6
5.72 × 10-6
5.81 × 10-6
5.84 × 10-6

2mM Pyrene-d10

5.86 × 10-6

1mM PAN and 2mM Pyrene
1mM PAN and 2mM Pyrene-d10
1mM PAN and 2mM Pyrene
1mM PAN and 2mM Pyrene-d10
1mM PAN and 2mM Pyrene

-3.31 × 10-7
1.32 × 10-7
-3.50 × 10-7
1.99 × 10-8
1.23 × 10-7

1mM PAN and 2mM Pyrene-d10

1.77 × 10-6

1mM PAN and 2mM Pyrene-d10
1mM PAN and 2mM Pyrene-d10
1mM PAN and 2mM Pyrene-d10

5.54 × 10-6
5.78 × 10-6
5.88 × 10-6

1mM PAN and 2mM Pyrene
1mM PAN and 2mM Pyrene-d10
1mM PAN and 2mM Pyrene
1mM PAN and 2mM Pyrene-d10
1mM PAN and 2mM Pyrene

-1.57 × 10-7
-2.75 × 10-8
-9.28 × 10-8
1.86 × 10-7
-1.06 × 10-7

1mM PAN and 2mM Pyrene-d10

1.10 × 10-6

Ra
(Å)

Rb
(Å)

36

18

60

20

134

23

34

21

60

31

132

34

38

18

65

20

144

23

38
65
144

26
31
34

40

18

93

20

149

23

d25-BDDAB SPEI
1mM PAN and 2mM Pyrene-d10
5.87 × 10-6
39
-6
d29-BDTAB SPEI
1mM PAN and 2mM Pyrene-d10
5.94 × 10
91
-6
d33-BDHAB SPEI
1mM PAN and 2mM Pyrene-d10
6.13 × 10
145
The errors in micelle radii are ±2 Å and the error in the SLD is ±7.92 × 10-8.
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presence and absence of PEI in the micelle through the use of more complex models,
such as core-shell spheres and core-shell prolate ellipses but use of these models was
not justified by the data available. Therefor all of the contrast data was fitted using the
uniform ellipsoid model with a structure factor as described previously. Table 6.6 shows
the micelle radii and SLDs values that were obtained from fitting the different contrasts
of alkyl-benzyldimethyl bromide surfactant micelles containing solubilized PAN and
either hydrogenated/deuterated pyrene. Simultaneous fitting was performed in the case
of hydrogenated and deuterated pyrene; however the resulting fits were poor.
Subsequently it was found from many trials that the ellipsoid micelle radii of
hydrogenated alkyl-benzyldimethyl surfactant are not equivalent to that of the taildeuterated surfactant. From the data in Table 6.6, it is apparent that the lengths of Rb
(minor axis) for the tail-deuterated alkyl-benzyldimethyl surfactant are in general are
bigger than those of the full hydrogenated surfactant while Ra (major axis) are closer in
length. Candau et al. investigated the solubilisation behaviour of 1-pentanol by
hydrogenated and deuterated alkyl chain of tetradecyltrimethylammonium bromide.
They reported also differences in the micelles radius and aggregation number in case of
hydrogenated and deuterated alkyl chain of the same surfactant. Moreover the
solubilisation coefficient of 1-pentanol by these surfactants was different [69]. Another
possibility for the micelle size variation observed in this case could be related to
impurity variation between hydrogenated and tail deuterated alkyl-benzyldimethyl
arising during synthesis of these surfactants. However a similar purification procedure
was followed for both deuterated and hydrogenated surfactants, also NMR, LC-MS and
TLC showed high purity of these synthesised surfactants nevertheless the exact quantity
of impurity in these synthesised surfactants are unknown.
In general the C12 and C14 tail regions of benzyldimethyl surfactant micelles have small
SLD differences between micelles containing pyrene -d10 or pyrene- h10, while the
maximum SLD difference was seen for the C16 micelles (1.65×10-6 Å2). Figure 6.6
displays the average percentage of the ratio between numbers of encapsulated
hydrophobic molecules to the surfactant monomer. The ratio of solubilised additive to
surfactant molecules were calculated by dividing of numbers encapsulated molecules
over the number of surfactant molecules forming the micelle (Nagg). The SLD contrasts
between micelles containing pyrene-d10 and pyrene-h10 are compatible with
pyrene/surfactant percentage ratio (Figure 6.8) calculated from Tables 6.1and 6.6.
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Figure 6.8: The percentage ratio of numbers encapsulated hydrophobic molecules to
alkyl-benzyldimethyl ammonium bromide surfactant monomer compared to the
difference in SLD between micelles with h-pyrene and micelles containing d-pyrene.
The errors in encapsulating values are ±5% and the error in the SLD is ±7.92×10-8 Ǻ-2
The differences in SLDs for micelles containing -h10 or –d10 pyrene in the case of tail
deuterated alkyl-benzyldimethyl surfactants showed less variation compared with a
similar comparison for fully hydrogenated surfactant. This could be related to the small
contrast between tail deuterated surfactant and the solvent (D2O) or it could be related to
the variation in encapsulation capacity between hydrogenated and deuterated surfactant
as stated above [69].
Several authors have reported the location of pyrene inside cationic surfactant micelles.
A number of authors reported that an attractive interaction exists between pyrene and
quaternary ammonium headgroups [70-72]. Mainly this is due to an electrostatic
interaction that occurs between the π-electrons surrounding the pyrene molecules and
the positive charge of the quaternary ammonium headgroup. Consequently pyrene
molecules would prefer to be situated in the palisade layer because of the greater charge
density on their surface and less hydrophobicity due to occupancy of the largest free
space area in the micelle geometry [73]. In this experiment solubilizing the combination
of PAN and pyrene in the cationic micelles shows that some micellar swelling is
observed, with small variation in the SLDs but the data could not be fitted to core-shell
models so the location of the PAN and pyrene could not be determined directly by this
method [74].
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of PEI is lower than those without PEI, while for tail deuterated BDHAB with PEI the
SLD is higher compared with the same system without PEI. These suggest that PEI in
solution allows removal of some of the hydrophobic species from the micelle cores
possibly stabilizing them in the headgroup region of the micelle, or removing them
entirely into solution via binding to the polymer. However some PAN and pyrene must
remain, as the core SLD remains higher than that expected for the pure h-alkyl tails, and
lower than that of pure d-alkyl tails. This is backed up by the fact that fully
hydrogenated alkyl-benzyldimethyl surfactants encapsulating pyrene in presence of PEI
are roughly the same size (within the errors of the measurement) as those with tail
deuterated alkyl-benzyldimethyl, and both are similar to the size of the same micelles
without PEI.

Table 6.7 SLD results from contrast variation experiments using cetylpyridinium
bromide surfactants solubilizing hydrogenated or deuterated pyrene and hydrogenated
PAN.
CPBr
Contrast
Additive
SLD (Å2)
h10-pyrene
SLD (Å2)
d10-pyrene

Full-h

Head-d

Full-d

Tail-d

Full-h

Full-d

2mM
Pyrene

2mM
Pyrene

2mM
Pyrene

2mM
Pyrene

2mM
Pyrene
1mM PAN

2mM
Pyrene
1mM PAN

-1.11×10-7

2.16×10-8

3.52×10-6

3.14×10-6

-3.50×10-7

3.63×10-6

-1.71×10-8

1.29×10-7

3.61×10-6

3.21×10-6

1.64×10-8

3.69×10-6

The SLD errors are ±8 × 10-8 Å2

The results from fitted SLD contrast variation data for CPBr solubilizing different
contrasts of pyrene are summarized in Table 6.7. In general the differences in SLDs for
different contrasts using pyrene shows relatively very small values, when the maximum
SLD contrasts of pyrene were obtained from fitting this data compared with theoretical
differences of SLDs expected between deuterated and hydrogenated pyrene in these
micelles.
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since CPBr shows a lower encapsulated amount of pyrene. The SLD differences in case
of CPBr with a deuterated headgroup encapsulating –h10 or –d10 pyrene was greater
than for tail or full deuterated of CPBr solubilizing pyrene. Fully deuterated CPBr
encapsulating PAN and pyrene had in general larger differences in SLD than the fully
hydrogenated CPBr encapsulating the same contrasts of hydrophobic additives. In
general small differences in SLDs were found in case of CPBr and BDHAB but this
difference in SLD indicates there are some of these additives in the core of micelles.
This result is in good agreement with several studies which found that hydrophobic
molecules such as pyrene prefer to locate in the region between the micellar core and
shell region, close to the surfactant headgroup, in the palisade layer [69, 73-77].

243

------------------------------------------------ Chapter 6 -------------------------------------------

6.2

Incorporation of PAN/Pyrene Swollen Micelles in Cross-Linked
Polyelectrolyte Films

As mentioned earlier solid nanostructured polyelectrolyte films prepared through
spontaneous self-assembly at the air-solution interface [8], retain their nanoscale
structure after removal from the solution surface [78, 79]. These films are selfsupporting [29, 78, 80] and they can be lifted from the solution surface after crosslinking onto either solid substrates or as membranes on an open mesh. O'Driscoll found
that cetyltrimethylammonium bromide and polyethylenimine films can be significantly
reinforced by cross linking the polymer after the film has formed, using ethylene glycol
diglycidyl ether (EGDGE) [78]. The PEI/cationic surfactant films were crosslinked at
room temperature under ambient conditions simply by including EGDGE in the subphase solutions. The higher concentration of polymer in the films allowed the
membrane at the surface of the solution to be crosslinked well before the bulk solution
in the sub-phase. This crosslinking allowed the films to be removed from the solution
surface on an open mesh for drying or transfer onto a substrate (Figure 6.2.1). The
extent of crosslinking directly affects the robustness of the film, and also the
organisation of the micellar array encapsulated within the polymer hydrogel membrane.
If the crosslinker concentration is too high it disrupts micelle organisation and the
ordered mesostructure is lost [78].
To operate efficiently, the sensor containing films will require rapid diffusion of water
and metal ions through the polymer hydrogel to the sensor sites, thus the crosslinker
density and its effect on the micelles containing the sensor species is crucially important
to this application. Therefore in this section films were prepared using BDHAB and
CPBr at 0.05M to solubilise PAN and pyrene at three concentrations (1, 2 and 3mM)
and (2, 4 and 6mM) respectively. The molar ratio of solubilised pairs of PAN/Pyrene
was kept at 2:1 since the preliminary work showed that stable solid films formed with
relatively good mesostructures at this ratio of PAN/Pyrene. The films were crosslinked
using ethylene glycol diglycidyl ether EGDGE) at a fixed concentration (30mM). This
amount was found to be a suitable concentration from preliminary experiments and
from previous work in the group [78, 81].
The aim from this study is to characterise the in-plane structure of these cationic
surfactant/PEI films as they grow at the air-water interface, encapsulating PAN/pyrene
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crosslinking, and incorporation of the pyrene and PAN species.

Figure 6.2.1: Fresh film grown on a solution of 0.05M BDHAB and 1.5% S-PEI
solubilising 4.0mM pyrene and 2.0mM PAN containing 30.0mM of EGDGE, lifted from
the top of this solution.

6.2.1 Solubilisation of Pyrene in Surfactant/PEI Films.
Neutron reflectivity experiments were performed on SURF at the ISIS Pulsed Neutron
Source, [82]. The incident angle used for the reflectometry experiments was 1.5, with
data being collected between Q =0.048 and 0.600 Å−1. Film formation was observed by
collecting the reflectivity patterns every 15 min up to 90 min. Figure 6.2.2 shows the
time-resolved neutron reflectivity patterns of BDHAB/SPEI and CPBr/SPEI films
solubilising 4.0mM of pyrene.

Figure 6.2.2: Time resolved neutron reflectivity patterns of films formed on 0.05M
BDHAB with 1.5wt% SPEI solubilising 4.0mM of pyrene (left) and 0.05M CPBr with SPEI solubilising 2.0mM of pyrene (right). The patterns were collected every 15min from
bottom to top.
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systematic shift of the high intensity peak to lower Q values with time. This shift
indicates that the spacing between adjacent repeat units of these films is increasing
about 1.0Å every 15 min. CPBr/SPEI films solubilising different concentrations of
pyrene show an overall stable d-spacing during the time-resolved measurements
compared with the BDHAB/SPEI films suggesting film formation is completed within
the first 15 minutes when this surfactant is used. Figure 6.2.3 display more details of
films formation on solutions of BDHAB and CPBr solubilising 2.0, 4.0 and 6.0 mM of
pyrene during the first 90 min of these films formation.

Figure 6.2.3: d-spacing, crystallite size and number of layers formed in films composed
of BDHAB/SPEI solubilising different amount of pyrene (left 3 charts) and for films
formed from CPBr/SPEI solubilising different amount of pyrene (right 3 charts).
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and peak width at half height of the high intensity peaks from the neutron reflectivity
data as mentioned in Chapter 4. In general BDHAB/SPEI films solubilising different
amount of pyrene have a slightly bigger spacing between adjacent repeat units than
CPBr/SPEI films solubilising the same amounts of pyrene. Although the d-spacing of
BDHAB/SPEI and CPBr/SPEI films solubilising different amount of pyrene does not
show significant variation, however these results demonstrate an obvious increase in
crystallite size and an increase in the number of layers in the film compared with
BDHAB/SPEI and CPBr/SPEI films without pyrene. This result is in good agreement
with SANS fitting data for the micelle solutions used to grow these films. In the
previous section BDHAB and CPBr solubilising different amounts of pyrene illustrated
stable and similar values for the elliptical micelle short axis (Rb), around 22.2Å –
23.3Å. On the other hand these ellipsoid micelles increased in size in the long axis (Ra)
compared to those for the same surfactant without pyrene. For instance, BDHAB
micelles solubilising 4.0 mM of pyrene were about double the length of the same
surfactant micelle without pyrene. The long and relatively thin micelles were found
from SANS data suggesting that the structure of these films most likely are made up of
rod-like micelles packing parallel to the solution surface [28].
Interestingly, as shown in Chapter 4; solubilising styrene in BDHAB/SPEI and
CPBr/SPEI films does not result in significant variation in crystallite size and number of
layers for those films before and after solubilising styrene. The crystallites size for films
of both surfactants solubilising 50vol% of styrene in the micelles was between 160 to
200Å and the maximum number of layers for those systems was 33 layers. Thus the
mean number of repeating layers and final thickness of BDHAB/SPEI or CPBr/SPEI
films solubilising different amount of pyrene are two times bigger than similar films
without pyrene or solubilising different amount of styrene. This results suggesting that
nature and properties of encapsulated hydrophobic molecules have a crucial influence in
the final structure size and thickness of these films. As mentioned before that these
aromatics tend to be encapsulated into the palisade layer of the micelle, which leads to
formation of π-cation interactions between the polarisable benzene ring of the solute
[54] and the surfactant headgroups. This correlation increases the average space
between the surfactant headgroups, leading to a decrease in charge density on the
micelle thus reducing the micellar curvature [83, 84]. This could be related to varying
interactions between polyelectrolyte and surfactant headgroups in the micelles during
247

------------------------------------------------ Chapter 6 ------------------------------------------solubilisation of hydrophobic molecules [21, 85]. As stated before there is an interaction
between PEI and the polar part of these cationic surfactants and the strength of this
interaction may vary as the micelle morphology changes. In other words, when the
micelles transform from spherical to ellipsoid then to rod-like during solubilisation of
hydrophobic additives, this changes the overall micelles curvature, hence the micelle
surface area exposing points where PEI can bind will increase, leading also to increases
in the interaction strength. Consequently the significant increases occurring in crystallite
size and number of layers for these films solubilising pyrene could be due to an increase
in surfactant micelle and PEI interaction. On the other hand the polyelectrolyte in
solution can act as a counterion to the surfactant also causing changes in the curvature
of surfactant/water interfaces. The strong interaction between surfactant micelles and
polyelectrolyte binds the micelles to each other and brings them closer together. This
bridging will change the distances between micelles, and cause them to phase-separate,
in our case into a thicker film [85].

6.2.2 Solubilisation of PAN in Surfactant/PEI Films.

Figure 6.2.4: Time resolved neutron reflectivity patterns of films formed on 0.05M
BDHAB with 1.5wt% S-PEI solubilising 2.0mM of PAN (left) and 0.05M CPBr with SPEI solubilising 2.0mM of PAN (right). The patterns were collected every 15min from
bottom to top.
Films grown from solutions of BDHAB with 1.5wt% S-PEI solubilising 1.0, 2.0 or
3.0mM of PAN show different reflectivity patterns compared with the same film
composition solubilising pyrene and also compared with CPBr/SPEI solubilising PAN
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intensity peak observed at Q = 0.118 Å-1 became broader and less intense, while after
60min two overlapping peaks were seen at Q = 0.10 Å-1 and 0.12 Å-1. These two
overlapping peaks could be due to a rearrangement of the micelle structure into different
phases, meaning two different mesostructures are present in the films at the same time.
CPBr/SPEI films solubilising different concentration of PAN show, in general, stable dspacings, indicating little change in the distance between adjacent repeat units during
the time-resolved measurements. However the film thickness, suggested increases in
crystallite size with time (Figure 6.2.5).

Figure 6.2.5: d-spacing, crystallite size and number of layers formed in films composed
of BDHAB/SPEI solubilising different amount of PAN (left 3 charts) and for films
formed from CPBr/SPEI solubilising different amount of PAN (right 3 charts).
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more than two diffraction peaks, which indicate that these films are forming from
repeated of mesostructured layers. The mesostructures of these films will be discussed
in more detail in GIXD section. BDHAB/SPEI films solubilising different amount of
PAN show in general a growth in the d-spacing of these films during the time-resolved
measurements of these films formation. However when the amount of PAN in the
solution is increased, the BDHAB/SPEI films illustrate a shrinkage in d-spacing which
suggests that the micelles re-arrange in the films. A second reason for this change could
be due to a reduction in the amount of water or PEI in the water-PEI layer between the
micelles within the film. Unfortunately there is not enough SANS data to support
whether this change in shape of the BDHAB micelles solubilising PAN occurred just in
the solid state films or also in the micelle solutions.
However, for a given PAN concentration, despite the fact that BDHAB/SPEI films
show a growth in d-spacing throughout the time of film formation, nevertheless the
apparent crystallite size and number of layers for these films exhibits a reduction during
the measurement. This behaviour was also typically seen in the case of BDHAB/PEI
solubilising styrene monomer (Chapter 4), where it was suggested that the reason
behind loss in the film thickness with time is related to the dissolution rate of
BDTAB/SPEI films being faster than the accumulative rate. The other possibility for
decreases in crystallites size and number of layers for these films could be due to
formation of a second mesostructure within the same film as mentioned earlier. The
broadening of first diffraction peak seen in the time resolved neutron reflectivity
patterns of BDHAB/SPEI films support that there is more than one mesophases
structure within the same film, where one of these mesophases are shrinking and the
other is growing [29, 80, 81].
CPBr/SPEI films solubilising different amounts of PAN on the other hand, show a
growth in crystallite size and number of layers during these films formation. However
there are no significant variations in CPBr/SPEI films thickness through solubilising
different amounts of PAN. This suggests that CPBr/SPEI films solubilising different
amounts of PAN are more stable compared with BDHAB/SPEI films solubilising
similar amount of PAN.
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Solubilising combinations of different amounts of both PAN and pyrene together gives
different neutron reflectivity patterns compared with those films solubilising individual
of each of these additives (Figure 6.2.6).

Figure 6.2.6: Time resolved neutron reflectivity patterns of films formed on 0.05M
BDHAB with 1.5wt% S-PEI solubilising a combination of 4.0mM pyrene and 2.0mM
PAN (left), and right, films on a similar solution using CPBr. The patterns were
collected every 15min from bottom to top.

Reflectivity patterns for BDHAB/SPEI and CPBr/SPEI films solubilising different
concentrations of pyrene showed very intense diffraction peaks. However, whereas
reflectivity patterns of BDHAB/SPEI films solubilising different amount of PAN had
two overlapping peaks, patterns from CPBr/SPEI films showed only the two peaks of a
single lamellar or oriented 2D hexagonal phase. However, time resolved neutron
reflectivity patterns of CPBr/SPEI films solubilising both PAN and pyrene shows in the
beginning two discrete diffraction peaks at Q = 0.118 Å-1 and 0.235 Å-1. After 90 min
from starting measurements, four diffraction peaks were seen at Q = 0.112, 0.125, 0.171
and 0.217 Å-1 where the first two peaks overlapped. These diffraction peaks suggesting
that CPBr/SPEI films solubilising combination of PAN and pyrene form a complex
mesostructure. In contrast, BDHAB/SPEI films solubilising different concentrations of
PAN and pyrene show only one diffraction peak, although that does not necessarily
mean that these films have a simple structure. O’Driscoll et al. reported loss in the
intensity of neutron reflectivity diffraction peaks over time for CTAB/SPEI films. This
was suggested to be due to increasing disorder in the mesophase present in these films
[29]. Hillhouse et al. demonstrated the expected variation in the diffraction peaks from
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mesophase relative to the direction of the X-ray beam. In the case where the mesophase
was oriented with the direction of the long axis of the micelles parallel to the substrate
face, and the X-ray beam is reflected from the surface, 2 peaks should be seen in the
reflectivity pattern corresponding to the 100 and 200 reflections of the 2D hexagonal
phase. This pattern cannot be distinguished from that of a lamellar phase in the same
orientation. However no diffraction peak should be seen in the reflectivity pattern for
the same film structure if the mesophase was oriented with the direction of the long axis
of the micelles perpendicular to the substrate. Thus the number of diffraction peaks are
related to the beam direction with orientation of mesophases ordering [86].

Figure 6.2.7: d-spacing, crystallite size and number of layers formed in films composed
of BDHAB/SPEI solubilising combinations of PAN and pyrene (left 3 charts) and for
films formed from CPBr/SPEI solubilising combinations of PAN and pyrene (right 3
charts).
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concentrations of PAN and pyrene (0.5/1.0 mM and 1.0/2.0 mM) show in general
greater variation in d-spacing during the time of these films formation, compared to
those solubilizing high concentration of PAN and pyrene (Figure 6.2.7). This behaviour
could be related to micelle rearrangement in these films, consequently changing their
mesophases over time. Overall increases in the concentration of solubilising PAN and
pyrene in BDHAB/SPEI films shows decreases in d-spacing. CPBr/SPEI solubilising
different concentrations of PAN and pyrene generally show an increase in d-spacing and
number of repeat units during the time of those films formation. In addition increases in
the amount of PAN and pyrene in the CPBr/SPEI films increased the d-spacing.
However at high concentration of PAN/Pyrene (3.0 mM PAN and 6.0 mM pyrene), the
d-spacing decreased by about 7Å (±2Å). This behaviour could be related to the
solubilisation capacity of CPBr micelles, where this surfactant shown cleavage into
small micelles when the amount of styrene solubilized in the micelles is increased
(Chapter 4). The other possibility is related to loss of water molecules in the water/PEI
layer between the micelles within the film due to solubilising high amount of
hydrophobic molecules.
The SANS fitting data showed that BDHAB/SPEI micelles solubilising 1.0 mM of PAN
and 2.0 mM of pyrene were bigger 3.7 times in the longer micelles axis (Ra) than
CPBr/SPEI solubilising similar amount of PAN and pyrene. The smaller micelle axis
(Rb) for both BDHAB/SPEI and CPBr/SPEI solubilising 1.0 mM of PAN and 2.0 mM
of pyrene did not change (around 22.5-23.1 Å). However the lowest d-spacing for these
self-assembled films solubilising different concentration of PAN and pyrene was 48Å,
which is twice as large as the small micelles axis (Rb). This result suggests that the
micelles might be re-arranged into a different phase with smaller dimensions in the film
compared to the micelles in solution.
In general BDHAB/SPEI and CPBr/SPEI films solubilising combinations of PAN and
pyrene or even solubilising PAN or pyrene individually show relatively large crystallite
sizes and high numbers of repeating layers in these films. These results suggest a high
potential surface area will be available on the micelle surfaces within the films for
sensor interactions [87]. In addition the neutron reflectivity data suggests that these
films are formed with ordered mesostructures. GIXD for those films solubilising PAN
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the next section.
Mainly there are two crucial factors for any good metal ion sensors. First the time of
response including the accuracy during the experiment time measurement, and second a
high sensitivity which indicates the detection limits [88, 89]. Jung et al. reported that
thicker sensing layers demonstrate higher sensitivity and a wider range of analyte
concentrations detection, but in the other hand caused a longer response time [90], since
the time of response is related to the diffusion rate of the metal ions [89]. Wellorganised mesostructured films also can give extra advantage for these prospective
surfactant/SPEI/PAN/Pyrene metal ion sensor films by improving the diffusion in short
times. Another advantage for well-ordered nanostructured film is increasing the overall
surface area of micelles within the film. This means the chance of metal ion interactions
with PAN molecules will increase which subsequently will increase the sensitivity of
the sensor [91].

6.2.4 Cross-Linking of Surfactant/PEI Films Solubilising PAN/Pyrene.

Figure 6.2.8: Time resolved neutron reflectivity patterns of films formed on 0.05M
BDHAB with 1.5wt% S-PEI solubilising a combination of 4.0mM pyrene and 2.0mM
PAN (left), and right, films on a similar solution using CPBr. Both films were crosslinked using 30.0mM EGDGE. The patterns were collected every 15min from bottom to
top.
As stated earlier the main purpose of this sensor is to provide a simple and sensitive
method of monitoring metal ion content in aqueous samples in a format such as a metal
ion dip stick testing kit. Therefore to strengthen the polymer/surfactant films by using
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to maintain the templated structure of these self-assembled nanostructured films, second
to prevent these solid films from dissolution during contact with aqueous media.
Therefore EGDGE was used at 30.0mM to crosslink and improve the robustness of
these films. Although the extent of crosslinking affects the robustness of the film, it
could also disturb the organisation of the micellar array encapsulated within the
polymer hydrogel membrane. O’Driscoll reported that in the case of CTAB/PEI films
with high concentrations of EGDGE as cross linker, he micelle organisation was
disrupted and the ordered mesostructures were lost [78]. Figure 6.2.8 shows the
evolution of neutron reflectivity patterns from films prepared from BDHAB/SPEI and
CPBr/SPEI solubilising both pyrene and PAN, where these films were cross-linked by
EGDGE. The patterns from both films started with sharp peak around Q = 0.12Å, while
after 90min the pattern for BDHAB/SPEI had very broad overlapped peaks, whereas the
pattern for the CPBr/SPEI film still showed a single sharp peak. This result shows that
reflectivity patterns of these films with EGDGE behave in a different way compared
with those from films solubilising the same amount of PAN and pyrene but without
cross linker. EGDGE reacts with the PEI through nucleophilic addition reactions
involving the amine groups on the polymer, since EGDGE has two epoxide groups.
This interaction between EGDGE and PEI reduces the number of primary amine groups
in PEI which decreases the strength of the dipole formed across the amine group,
subsequently the interaction between PEI and the cationic surfactant will decrease [78].
However via crosslinking the effective molecular weight of the polymer is increased so
the films made from SPEI become thicker and more stable while retaining their
mesoscale ordering. The structure of the films may change due to crosslinking altering
the size of gaps between polymer strands in the water-gel network surrounding the
micelles but at the level of crosslinker investigated here, this process does not adversely
affect the mesostructure. Therefore the structure of films containing surfactant/PEI
micelles solubilising PAN and pyrene in the presence of EGDGE has different
reflectivity behaviour than those films without EGDGE, but the films are still ordered.
In general the d-spacing, crystallite size and number of layers for the films solubilising a
combination of PAN/pyrene then cross-linked by EGDGE show a slight increase in
these values compared with those for films that were not cross-linked. This change
could be related to rearrangement of micelles during the film formation to form bigger
micelles, however this is unlikely since the micelle size in the layer is largely
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which is not changing.

Figure 6.2.9: d-spacing, crystallite size and number of layers formed in films composed
of BDHAB/SPEI solubilising combinations of PAN and pyrene cross-linked by 30.0mM
of EGDGE (left 3 charts) and for films formed from CPBr/SPEI solubilising
combinations of PAN and pyrene cross-linked by 30.0mM of EGDGE (right 3 charts).

The other possibility for this growth in lattice spacing and in the films thickness is
related to the growing polymer molecular weight of the PEI between these micelles due
to the cross-linking interaction between EGDGE and polymer. Overall the growth
behaviour of these cross-linked films shows a similar performance to those films
without EGDGE although grown with a slightly higher molecular weight PEI. In
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crystallite size and number of layers while at high concentration of PAN and pyrene the
crosslinked films have more layers than those films solubilising the same amount of
PAN and pyrene but without crosslinking.
6.2.5 Effects of Metal Ions on Cross-Linked Films Solubilised PAN/Pyrene.
In the previous section, the effects of metals ions such as Fe3+ and Cu2+ on micellar
shape and size has been studied by using SANS. In the last part here, on neutron
reflectivity from films made from cationic surfactant/PEI solubilising PAN and pyrene,
the films were investigated in presence of 2.0mM of these metal ions to observe their
effects on the final surfactant/PEI/PAN/pyrene film structures. Neutron reflectivity
patterns of cross-linked films formed on BDHAB or CPBr solutions with 1.5wt% SPEI
solubilising a combination of 4.0mM pyrene, 2.0mM PAN and mixed with either Fe3+
or Cu2+ show intense diffraction peaks which indicates that these films still maintain
their mesostructure even in presence of these metal salts (Figure 6.2.10). The main
variation seen between these cross-linked films before and after addition of metal ions is
a broadening of diffraction peaks in the case of films without metal ions, while the
cross-linked films incorporating metal ions show an almost stable peak width. This
result suggesting that incorporation of metal ions in these films reduces the
polydispersity in the layer thickness [28] and stabilizes them against changes in
mesostructure during formation.

Figure 4.2.10: Time resolved neutron reflectivity patterns of (left) a cross-linked film
formed on 0.05M BDHAB solution with 1.5wt% S-PEI, solubilising a combination of
4.0mM pyrene, 2.0mM PAN and mixed with 2.0mM Cu2+ and (right), a cross-linked film
formed from 0.05M CPBr with S-PEI solubilising a combination of 4.0mM pyrene,
2.0mM PAN and mixed with 2.0mM Cu2+. The patterns were collected every 15min
from bottom to top.
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Figure 6.2.11: d-spacing, crystallite size and number of layers formed in cross-linked
films composed of BDHAB/SPEI solubilising combinations of PAN and pyrene where
the film forming solutions were mixed with metals salts (left 3 charts) and for films
formed from CPBr/SPEI solubilising combinations of PAN and pyrene cross-linked by
30.0mM of EGDGE and with metals salts mixed into the film forming solutions (right 3
charts).
The adjacent repeat units for both films in the presence of ferric ions demonstrates a
higher lattice spacing value compared with the case of copper ions (Figure 6.2.11). This
result is in a good agreement with SANS fitting data, since both BDHAB and CPBr
solubilising PAN and pyrene showed bigger micelles in the presence of ferric ions
compared with copper ions. Both BDHAB/SPEI and CPBr/SPEI films solubilising
PAN/pyrene show in general an increase in their d-spacing with time during the
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BDHAB and CPBr films tended to decrease with time in the presence of Cu2+ ions,
while they increased with time in the case of addition Fe3+ ions during these films
formation.
This variation in number of repeating units and number of layers during film grown is
related to either the influence of the chloride counterions. The chloride counterions
could alter the apparent charge on the surfactant headgroup when present at higher
concentrations hence enhancing growth of the micellar aggregates in the case of Fe3+
ions [92]. The second possibility is due to a transformation in the size, shape and
hydrophobicity of the PAN molecule during the complex formation between PAN and
metal ions [61-63]. However, in general 90min after these films form on solutions
containing metal ions the values of d-spacing, crystallites size and numbers of layers
were very similar compared with those cross-linked films solubilising PAN and pyrene
but without metals. Thus the presence of metal ions in general did not affect the final
film structure or properties of these films.
The next section will discuss the final mesostructured films formed from cationic
surfactant/PEI films solubilising PAN and pyrene as individual additives and the
structure of these films solubilising a combination of PAN and pyrene.
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6.3

Grazing Incidence X-ray Diffraction of Cationic Surfactant/PEI
Films Solubilising PAN and Pyrene

Film forming solutions were made up from BDHAB or CPBr with low molecular
weight PEI at the same concentrations as discussed above, solubilising either a
combination of PAN and pyrene or solubilising individual components. These films
show at least three diffraction spots rather than rings which suggest that all of these
films contain very well ordered mesostructures (Figure 6.3.1). All of these diffraction
spots can be indexed as the (010), (100), (110), (120) and (200) reflections [93], which
indicate a highly ordered 2D hexagonal mesostructure. SANS data for the surfactant
micelle solutions used to form these films showed that the micelles transformed from
long prolate ellipsoid to rod-like micelles when solubilising either single components or
combinations of PAN and pyrene.

Figure 6.3.1: GIXD patterns of BDHAB/SPEI films solubilising 4.0mM pyrene (A),
2.0mM PAN (B), cross-linked BDHAB/SPEI film solubilising a combination of 4.0mM
pyrene and 2.0mM PAN (C), CPBr/SPEI films solubilising 4.0mM pyrene (D), 2.0mM
PAN (E) and CPBr/SPEI cross-linked film solubilising a combination of 4.0mM pyrene
and 2.0mM PAN (F).
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apparent lamellar spacing, since the specular pattern only crosses the Ewald sphere on
the Qxy = 0 line, while GIXD shows the full in-plane structure. The diffraction spots
seen in the GIXD patterns suggest that the micelles are packed at the air-liquid interface
to form highly ordered arrays, with a final 2D hexagonal mesostructure where the
cylindrical micelles are oriented with the long axis of the cylinders parallel to the air–
solution interface [28, 86].
Table 6.3.1: The Q positions, d100-spacing and unit cell dimensions of surfactant/SPEI
films solubilising different amount of PAN and pyrene, calculated from GIXD patterns
showing a 2D hexagonal micelle packing geometry. When EGDGE was used it was at a
concentration of 30.0mM.
Conc. of Conc. of
Q for
d100Unit cell
Pyrene
PAN
(100) spot spacing dimension
(mM)
(mM)
(Å-1)
(Å)
(Å)
BDHAB
0.0
0.0
0.144
44
50
CPBr
0.0
0.0
0.140
45
52
BDHAB
2.0
0.0
0.150
42
48
BDHAB
4.0
0.0
0.150
42
48
BDHAB
6.0
0.0
0.153
41
47
CPBr
2.0
0.0
0.163
39
45
CPBr
4.0
0.0
0.155
41
47
CPBr
6.0
0.0
0.150
42
48
BDHAB
0.0
1.0
0.154
41
47
BDHAB
0.0
2.0
0.152
41
48
BDHAB
0.0
3.0
0.152
41
48
CPBr
0.0
1.0
0.165
38
44
CPBr
0.0
2.0
0.153
41
47
CPBr
0.0
3.0
0.152
41
48
BDHAB
2.0
1.0
0.140
45
52
BDHAB
4.0
2.0
0.128
49
57
BDHAB
6.0
3.0
0.150
42
48
CPBr
2.0
1.0
0.135
47
54
CPBr
4.0
2.0
0.151
42
48
CPBr
6.0
3.0
0.150
42
48
BDHAB with EGDGE
2.0
1.0
0.122
52
59
BDHAB with EGDGE
4.0
2.0
0.118
53
61
BDHAB with EGDGE
6.0
3.0
0.130
48
56
CPBr with EGDGE
2.0
1.0
0.124
51
59
CPBr with EGDGE
4.0
2.0
0.120
52
60
CPBr with EGDGE
6.0
3.0
0.122
52
59
-1
Error for the spot positions is ± 0.02 Å and for the d-spacing and unit cell dimension
is ±2 Å.
Surfactant
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structure over a wide composition range for films made from cationic surfactants mixed
with polyethylenimine solutions [28, 78, 94, 95] . For instance O’Driscoll et al. found
that CTAB/SPEI films assemble into 2D hexagonal arrays of rod-like surfactant
micelles templated by polymer [78]. Yang et al. found that a mixture of
CTAB/PEI/silicate films also formed 2D hexagonal phases [81]. Wasbrough et al
reported that self-assembled films formed from a mixture of DDAB/CTAB/PEI solution
and demonstrated a 2D hexagonal structure as packed cylinders arranged with a unit cell
size of 46Å [28]. These results are therefore comparable with the earlier work, and the
presence of PAN, pyrene and cross-linker does not alter the expected structure, although
they do appear to improve the ordering in the films.
It is important to note here that the structures seen for the films solubilising PAN and
pyrene is identical to the 2D hexagonal mesostructure seen in previous work (Figure
6.3.1). The average of d-spacing for these films calculated from GIXD patterns (Table
6.3.1) is close to the d-spacings seen in neutron reflectivity patterns from similar films.
Cross-linked films solubilising a combination of PAN and pyrene have the highest d100spacing and unit cell values which agree with neutron reflectivity data discussed above.
This results support the proposal that the cross-linker is connecting the polyelectrolyte
molecules with each other, subsequently strengthening the mesostructure templated in
these films. In general all of these films show well-ordered 2D hexagonal
mesostructures.
These highly-ordered mesostructured materials have potential applications in the field
of metal ion sensors. The well-ordered materials are highly desirable because they have
a big micelle surface area displaying PAN binding sites, and highly networked
connectivity through the surrounding polymer hydrogel leads to high sensitivity and
selective detection [96-98]. Chandra et al. fabricated highly ordered 2D-hexagonal
mesoporous organosilica fluorophore grafted materials are found that this material had a
very strong affinity for metal cations such as Zn2+, Fe3+, Hg2+ and Cd2+, and thus can be
very efficiently used for the removal of these heavy metal ions from wastewater. This
well-ordered material also could have possible application in optical sensors [96]. Xia et
al. proposed that a carbon paste electrode modified with hexagonal mesoporous silica
demonstrated improved sensitivity and high selectivity toward the detection of
cadmium, lead and copper [97]. Sherif and Shenashen identify several advantages of the
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long-term stability of

signalling and recognition functionalities that in general provide extraordinary
sensitivity, selectivity and reusability [98].
However these metal ion sensor research examples are synthesised from either silicate
or metal nanocomposite substrates, nevertheless all of these papers confirmed that the
efficiency and sensitivity of these sensors are significantly increased by enhancing the
surface area of these sensors. On the other hand 3D hydrogel sensors for specific metal
ion sensing have also proven to have high sensitivity and very low background noise
[99, 100], where trapping of target cations causes shrinkage of the hydrogels causing
blue shift of the refraction peak wavelength with a detection limit lower than 1 -9 M.
Also three dimensional hydrogel based sensors showed about 100 times increase in
signal density due to the advanced immobilization ability of sensing moieties within the
matrix [101]. In general hydrogel sensors have good advantages since the response rate
is dependent on the hydrogel composition, shape and size which can be controlled.
Modified hydrogel with small rectangular monocrystalline silicon tips have been used
as well for ion-sensing [102]. Zhang et al. [103] used a hydrogel layer based on
acrylamide and (3- acrylamidopropyl) triethyl ammonium chloride, this system shown
high selectivity to CrO4-2 with a sensitivity as low as 10-11 M.
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6.4

Characterization of cationic surfactant/PEI films solubilising
PAN/Pyrene.

Several approaches and techniques for the detection of toxic metal ions have been
developed and published. Some of these techniques such as atomic absorption
spectroscopy [104], potentiometric or colorimetric titration [105] and fluorescence
spectrometry [106] exhibited high sensitivity and low limit of detection. But on the
other hand some of these techniques are expensive, hard to handle and have high
operation costs. Simple methods for metal ion determination which can be used with
minimal equipment costs are therefore still needed.

6.4.1 Surfactant/PEI/PAN/Pyrene films as an electrochemical metal ion sensor.
Recently, many experiments are being performed using electrochemical techniques and
sensors to detect toxic metal ions at low concentrations. There are many advantages of
the electrochemical approach for detection of metal ions such as simplicity, suitability,
and fast response for the preparation of inexpensive and portable instrumentations
[107]. Cyclic voltammetry (CV) is one of the particularly sensitive electrochemical
technique for measuring trace metals and also can carry out simultaneous detection of
many metals in different matrices [108, 109]. Figure 6.4.1 shows the setup of the
electrochemical cell that was used in this experiment.

Figure 6.4.1: Electrochemical cell formed from three electrodes where A is the counter
electrode, B is the working electrode and C is the reference electrode.
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prepared from tin-doped indium oxide (ITO) coated glass slides. The spontaneously
self-assembled film formed from BDHAB/SPEI solubilising 2.0mM and 4.0mM
PAN/Pyrene cross-linked by EGDGE was deposited on a 1cm × 1cm ITO glass slide. A
platinum (Pt) wire was used as counter electrode while a silver/silver chloride couple
(Ag/AgCl, 3 M KCl) was used as reference electrode (Figure 6.4.1). Two metals ions
(Fe3+ and Cu2+) as chloride salts at 10 ppm final concentration were investigated. The
metals salts were dissolved in 10mM H2SO4 as electrolyte solution. The electrochemical
measurements were implemented by an electrochemical analyser microAutolab II
potentiostat system (EcoChemie, Netherlands) with GPES software [110]. All scans
were conducted at room temperature but the system was not thermostated. Figure 6.4.2
shows the cyclic voltammetry curves from the BDHAB/SPEI film coated electrodes in
the 10mM H2SO4 electrolyte solution.

Figure 6.4.2: CV curves of BDHAB/SPEI/PAN/Pyrene coated electrodes in the 10mM
H2SO4 electrolyte solution (left) and BDHAB/SPEI electrode without PAN/pyrene in the
10mM H2SO4 electrolyte solution containing 10ppm Cu2+. The potential was scanned
between −0.95 and +0.95 V with scan rate of 30 mV per second for 8 scan cycles.
The CV measurement curves for the acidic electrolyte solution without any metals ions
using BDHAB/SPEI/PAN/Pyrene as the working electrode showed flat lines at all
positive potentials in the voltage scan. The shoulder in the curves at negative potentials
(-0.25 to -0.95V) could be attributed to reduction of H+ in the acidic solution [111].
When a BDHAB/SPEI films on electrodes without PAN and pyrene was scanned in
presence of 10ppm Cu2+ no obvious oxidation/reduction process was seen, confirming
the fact that the PAN/pyrene sensor was required to observe any electrochemical
activity in the films. Overall no significant anodic or cathodic peaks were found during
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scan

of

the

blank

10mM

H2SO4

electrolyte

solution

for

both

BDHAB/SPEI/PAN/Pyrene electrode without metal ions or for BDHAB/SPEI electrode
without PAN/Pyrene in presence of Cu2+.

Figure 6.4.3: Cyclic voltammetry curves of BDHAB/SPEI/PAN/pyrene as the working
electrode measured in an acidic solution containing 10ppm Cu2+ where the
measurements of the potential was scanned between −0.95 and 0.95 V with a potential
scan rate of 30 mV s−1 for 9 scan cycles ( left image). The right image is the cyclic
voltammetry curves of BDHAB/SPEI/PAN/pyrene as the working electrode measured in
an acidic solution containing 10ppm Fe3+ where the measurements of the potential was
scanned between −0.12 and 1.25 V with a potential scan rate of 30 mV s −1 for 10 scan
cycles.

The I/E curves of copper ion solution when using an electrode coated in the
BDHAB/SPEI/PAN/pyrene film show a peak (A) starting at -0.13V, then after 8 cycles
end up at -0.25V. This peak corresponds to the reduction of Cu2+ to Cu+1 and this peak
show increases in the current value with time. As the potential becomes more negative,
a peak B, is also exhibited at -0.66V. This peak is related to the reduction of Cu+1 to Cu.
When the potential changes toward more positive values, the metallic copper is oxidized
on the electrode surface resulting in a change in the observed current. The broad peak
around +0.25V contains two overlapping peaks at +0.26V (peak C) and +0.40 (peak D)
which corresponds to oxidation of Cu+1 and Cu2+ respectively (Figure 6.4.3 left image)
[111, 112].
CV

scans

of

ferric

ion

solutions

using

an

electrode

coated

in

the

BDHAB/SPEI/PAN/pyrene film show small peak (A) at -0.30V related to the reduction
of Fe3+ to Fe2+. The second reduction occurred at potential -0.75V (B) where the two
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ferrous iron ions (Figure 6.4.3 right image) [107, 113]. Figure 6.4.3 shows clearly that
CV scans using BDHAB/SPEI/PAN/pyrene as a working electrode in presence of metal
ions exhibited obvious anodic or cathodic peaks while CV scans without the metal ions
do not show these features. The second observation from the CV scans for both Cu2+
and Fe3+ metal ions is that the current signal increases with time for both reduction and
oxidation peaks. This increase is proportional to time however the scan rate was fixed
(30mVs-1). This result suggests that metal ions are diffusing and accumulating at the
BDHAB/SPEI/PAN/pyrene electrode therefore causing an increase the current signal
[114].

Figure 6.4.4: The differential of cyclic voltammetric current for the first oxidation peak
measurement at BDHAB/SPEI/PAN/Pyrene electrode in 10ppm Cu2+ solution and
10ppm Fe3+ solution for 8 min.

The increase of CV current during scan time was calculated and plotted as seen in
Figure 6.4.4. This increase of CV current corresponds to an increase of metal ions
concentration at the BDHAB/SPEI/PAN/Pyrene electrode and differs for Cu2+ and
Fe3+ ions which indicates that diffusion rate for these ions in the film varied [115]. Also,
the maximum CV current of Fe3+ ions was 27µA after 8 min while CV current of Cu2+
ions was 24µA suggesting that the affinity and sensitivity detection of these metal ions
at the BDHAB/SPEI/PAN/Pyrene working electrode was different [113]. Overall this
variation in behaviour of these metal ions at the BDHAB/SPEI/PAN/Pyrene working
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several metal ions at the same time.
This preliminary cyclic voltammetry study focused on the performance of a cross-linked
surfactant/SPEI film solubilising PAN and pyrene as a metal ion sensor and it showed
clearly differences between CV measurements for this electrode in presence and
absence of metal ions, which demonstrate the effective voltammetry activity of this
system. However there is no function of solubilised pyrene in this electrode,
nevertheless pyrene molecules was kept in these electrodes to ensure that the final
structures were retained, also to demonstrate the possibility to prepare a multifunctional
electrode which might be working as electrochemically active sensor, as well as
allowing simultaneous UV-Vis and fluorescence measurements.
In future work full comparison of these surfactant/SPEI films solubilising different
concentrations of PAN and pyrene should be investigated using the cyclic voltammetry
method to determine the influence of the mesostructure and composition of these films
on the electrochemical activity.

6.4.2 Fluorescence and UV-Vis of surfactant/PEI/PAN/Pyrene films.
Fluorescence spectroscopy is widely used for detection of a broad range of chemical
compounds since it is highly sensitive, simple to apply, and uses low cost
instrumentation [116-118]. Recently several methods to detect and quantify transition
metal ions have been developed using fluorescence sensors. This technique has
advantages, because it does not need extensive sample preparation and it is a relatively
fast technique [119-121]. In this work fluorescence spectroscopy was performed on a
Perkin Elmer LS 50B Spectrometer. The excitation wavelength was used at 300nm and
the spectrum was recorded between 350nm and 660nm. Different concentrations of
Cu2+ as copper chloride (CuCl2) was added gradually to a solution consisting of
BDHAB, SPEI, PAN, pyrene and EGDGE at concentrations of 10.0, 1.2, 0.6 and 2.0
mM respectively. The emission wavelength was 337nm ±2nm, where the spectra and
the intensity at the maxima (372nm) were recorded. Figure 6.4.5 illustrates the
fluorescence spectra of a BDHAB/SPEI/PAN/Pyrene solution with increasing amounts
of Cu2+ ions. From this Figure it shows that by increasing the concentration of copper
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copper ions with BDHAB/SPEI/PAN/pyrene solutions does not show any new
fluorescence peak as expected [122]. This could be related to the complex formation
between copper ions and PAN and also intramolecular π-π interactions, between PAN
and pyrene inside BDHAB micelles [123]. Fluorescence scans at a relatively high
concentration of BDHAB/PAN/Pyrene solutions display low signal/noise ratio while the
curves from solutions at low concentrations of BDHAB/PAN/pyrene solutions have
lower signals in the Cu2+ calibration curve.

Figure 6.4.5: Fluorescence spectra of a BDHAB/SPEI/PAN/Pyrene solution with
increasing amounts of Cu2+ ions (left) and the calibration curve for Cu2+addition
calculated from fluorescence spectra at the intensity maxima of 372nm.
The calibration curve of Cu2+ using BDHAB/SPEI/PAN/Pyrene solutions as the
fluorescent metal ion sensor shows a detection range from 0.05ppm up to 3.0ppm which
is about three times higher (for instance) than results found by Lan et al. [124] however
the fluorescent probes made by this author were selective and sensitive for detection of
copper ions. Figure 6.4.6 shows fluorescence spectra of BDHAB/SPEI/PAN/Pyrene
solution with Zn2+ and with Co2+ ions.

269

------------------------------------------------ Chapter 6 -------------------------------------------

Figure 6.4.6: Fluorescence spectra of BDHAB/SPEI/PAN/Pyrene solutions with 10ppm
Zn2+ or 10ppm Co2+ at an excitation wavelength of 342 nm.

As

seen

from

the

previous

Figure

6.4.6

the

fluorescence

spectra

of

BDHAB/SPEI/PAN/pyrene solution with Cu2+ ions did not show any peak between
400nm-500nm. However the fluorescence spectra of BDHAB/SPEI/PAN/Pyrene
solutions interacting with 10 ppm of Zn2+ showed a broad peak between 420nm-520nm,
while the same concentration of Co2+ produces a very intense and broad peak in the
same region (Figure 6.4.6). These peaks found in the case of Zn2+ and Co2+ are possibly
due to strong intramolecular π–π interaction between PAN and pyrene units which
result in an increase in the excimer emission [125]. This result agrees with the
conclusion of Safari et al [66] that the stoichiometry of PAN/Metal complexes molar
ratio for Co2+, Ni2+ and Zn2+ ions was 2:1 as stated before (section 3.1.2 Figure 6.6).
This result suggests that the BDHAB/SPEI/PAN/Pyrene system can work as a selective
fluorescence sensor for those two metal ions and the high peak intensity shown for the
fluorescence spectrum with Co2+ ions suggests a high relative sensitivity for this metal
ion.
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Figure 6.4.7: UV-Vis spectra of BDHAB/SPEI/PAN/pyrene solution with increasing
amounts of Cu2+ ions (left) and calibration curve of Cu2+addition where calculated
from the Vis. region spectra at the intensity maxima of 545nm.
The same concentrations of BDHAB/SPEI/PAN/Pyrene solutions were tested by UVVis spectroscopy in the presence of metal ions. The experiment was carried out in a
Hewlett Packard HP spectrometer with linear diode array. Scan measurements were
recorded between 200-800 nm-1 with the addition of different concentrations of Cu2+
ions. The UV-Vis spectra of the BDHAB/SPEI/PAN/pyrene solution shows growth of a
new peak at 545nm as the Cu2+ concentration increases, while the peak at 465nm
exhibits a decrease in intensity at the same time (Figure 6.4.7). This change in UV-Vis
absorption for these two bands is due to the n-π* electronic transitions arising from Cu2+
and PAN interaction [126]. On the other hand, peaks in the UV region at 309, 322 and
337 nm show an increasing intensity with increase of Cu2+ concentration. The
calibration curve of UV-Vis measurements for BDHAB/SPEI/PAN/Pyrene in the
presence of Cu2+ ions shows a linear detection range from 0.10ppm up to 1.0ppm with
good R-squared values when fitting a straight line. This result suggests that the
BDHAB/SPEI/PAN/pyrene system can also be used as metal ion sensor by using UVVis detection. The detection range found here using UV-Vis spectroscopy with the
BDHAB/SPEI/PAN/Pyrene solution is 5 times more efficient than the detection range
of Cu2+ found by Shvoeva et al, however they used direct UV-Vis measurements for
PAN/Cu2+ ions in organic solutions [127]. Yun et al. on the other hand demonstrated
0.023ppm detection limits of Cu2+ also by using UV-Vis micellar colorimetric
determination of metal ions complexes but using Tween 80 micellar medium as the
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were found among different analytes ions when using Tween 80 micelle solutions to
host the PAN. [128].

Figure 6.4.8: UV-Vis spectra of BDHAB/SPEI/PAN/Pyrene solutions with a broad
range of metal ions.
The UV-Vis scan of BDHAB/SPEI/PAN/pyrene solutions without metal ions shows
three peaks at the range between 300nm – 350nm and a broad peak at 465nm. As stated
above by adding Cu2+ to BDHAB/SPEI/PAN/pyrene solutions a new peak arose at
545nm (Figure 6.4.8). This behaviour was not seen when 10ppm of each of Fe3+, Li+1,
Mg2+, Cs+1, Ba2+ and Ag+1 were mixed with the BDHAB/SPEI/PAN/Pyrene solution.
These solutions did not alter the UV-Vis scan compared to that of the
BDHAB/SPEI/PAN/Pyrene solution without any metal ions, as seen in Figure 6.4.8. On
the other hand Zn2+, Cd2+ and Co2+ gave different UV-Vis scan features. This result
agreed with fluorescence experiment since addition of Zn2+ and Co2+ showed different
fluorescence spectra compared with Cu2+ ions. As mentioned above this behaviour is
due to the n-π* electronic transitions during metal/PAN complex interaction as seen in
Figure 6.4.8 [126]. This variation in the UV-Vis absorption for these metal ions
suggests that the UV-Vis spectroscopy method can be used for the selective detection of
Zn2+, Cd2+ and Co2+ ions using BDHAB/SPEI/PAN/pyrene solutions. Unfortunately
attempts to use UV-Vis spectroscopy on similar systems supported in films did not
272

------------------------------------------------ Chapter 6 ------------------------------------------succeed due to light scattering by the film and insufficient time was available to find a
solution to this problem.
In general, the electrochemical cell using BDHAB/SPEI/PAN/Pyrene films as the
working electrode showed a good sensitivity for metal ions so may be one way to
develop a sensor from these films. UV-Vis and fluorescence spectra illustrated
sensitivity and selectivity for BDHAB/SPEI/PAN/pyrene solutions but insufficient time
was available to optimise the films as optical sensors. From these results it can be said
that the BDHAB/SPEI/PAN/Pyrene system could work as a multifunctional sensor with
high selectivity and sensitivity for detection of metal ions. However one of the purposes
of these films was to use it in dip stick testing to offer a simple and sensitive method of
measuring metal ion content in aqueous samples, and this was not achieved.
Investigation directly of solid films using UV-Vis or fluorescence spectroscopy did not
provide accurate and reasonable results so far. This could be related to the high
concentration of surfactant in solid state films which cause the films to become opaque
and which shields the signals from the other components. In future work different
concentrations of surfactant, PEI and PAN/Pyrene should be tested to find the best
concentration to prepare solid films as sensors with maintains a good 3D nanostructure.
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6.5

Conclusion

In this chapter it was successfully shown that solid nanostructured polyelectrolyte films
formed through self-assembly at the air solution interface are promising hosts for metal
ions sensors. A combine of fluorescence and chelating molecules was achieved in a
simple way by encapsulating pyrene and PAN inside cationic surfactant micelles.
The SANS data of the cationic surfactants solutions in the presence and absence of PAN
and pyrene illustrated a prolate ellipsoid micelle shape. The micelle volume of C16
hydrocarbon chain of benzyldimethyl-headgroup micelles without PAN/Pyrene was 3.6
times bigger than that of the equivalent C12 surfactant, while in the presence of pyrene
the micelle volume was 6.4 times bigger. These results emphasise that morphology of
these surfactant micelles are highly dependent on the surfactant tail length. Alkylpyridinium bromide surfactants showed lower micelle volumes and encapsulation
capacities than alkyl- benzyldimethyl bromide surfactants with an equivalent
hydrocarbon tail length.. This indicates that both the surfactant hydrocarbon chain and
surfactant headgroup play important roles in determining the micelle size and shape,
and thus the aggregation number of these cationic surfactants. BDHAB showed
extraordinary increase of Nagg compared with other surfactants which supports the idea
that in this molecule benzyl group can potentially act as a second hydrocarbon tail. In
general encapsulating hydrophobic molecules in both alkyl-benzyldimethyl and alkylpyridinium bromide surfactant micelles changes the micelles from long prolate to rodlike shapes.
Addition of metal ions into surfactant/PEI/PAN/Pyrene solutions resulted in formation
of new micelle geometries and changes in micelle volume. This was mainly due to
direct interaction between PAN and metal ions forming complexes, and this interaction
overall influences the micelles aggregation behaviour when solubilizing PAN in the
micelles.
In general BDHAB/SPEI and CPBr/SPEI films solubilising PAN and pyrene were
shown to have relatively high numbers of layers and large crystallite sizes within these
films. This suggests that they should be an ideal sensor with multiple interaction sites
due to the high potential surface area which will be available on the micelle surfaces.
Also GIXD confirmed that the micelles in these surfactant systems are packed in films
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mesostructure where the cylindrical micelles are oriented with the long axis of the
cylinders parallel to the air–solution interface. This structure also supports the goal of
high surface interactions and rapid ion diffusions which should thus increase the sensor
sensitivity.
Electrochemical
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of

cationic

surfactant/PEI

films

solubilising

PAN/Pyrene proved that metal ions are diffusing and accumulating at the
BDHAB/SPEI/PAN/Pyrene electrode therefore causing an increase the current signal.
The signal differed for different metal ions which suggests that these electrodes can be
used as a metal ion sensor to detect several metal ions at the same time. Both
fluorescence and UV-Vis spectroscopy illustrated high sensitivity and selectivity of
BDHAB/SPEI/PAN/Pyrene solutions as metal ions sensors but further work is required
to incorporate this system into films to prepare an optical sensor. All of these
multifunctional detection methods suggest that the surfactant/PEI/PAN/Pyrene system
can work as a multifunctional sensor with high selectivity and sensitivity for detection
of metal ions, if further development is carried out.
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7

Summery, Conclusions and Future Work

The overall aims of this project were threefold. First, to improve the understanding of
cationic surfactant and polyelectrolyte interactions responsible for forming particular
nanoscale structures in free-standing polymer amphiphile films, second to use the films
as a template to form insoluble nanostructured polymers and third to use the films as
supports for a metal ion sensor.
In the first section, the interactions in polyelectrolyte-cationic surfactant solutions and
the relationship between these and the materials properties of the films were
investigated by using different chain lengths and headgroups of cationic surfactants. The
critical micellar concentration of surfactants was been used to study the free energy of
micellization and degree of ionization of the surfactants by using conductivity
measurements. SANS experiments were also used to study the micellar volume and
aggregation number of cationic surfactants with and without addition of the film
forming polyelectrolyte, polyethylenimine. Chapter 3 discussed the micellization
behaviour of a wide range of cationic surfactants with varied head groups and
hydrocarbon chain lengths. The results demonstrated that the nature and bulkiness of
the surfactant headgroup and hydrocarbon chain length all play significant roles in
surfactant micellization. Both aromatic and aliphatic headgroup cationic surfactants
with three different hydrocarbon chains length (C12, C14 and C16) showed an exponential
correlation between hydrocarbon chain length and critical micelle concentration, where
increases in the number of methyl groups in the surfactant hydrocarbon tail reduced the
critical micelle concentration. In addition thermodynamically it was more favourable for
longer hydrocarbon chain surfactants to form micelles. On the other hand interactions
between the polyelectrolyte PEI, and the cationic surfactants drives the surfactants to
form micelles at lower concentrations.

SANS studies in Chapter 3 confirmed that the aggregation number in the presence and
absence of PEI for the wide range of cationic surfactants increases with increased
surfactant hydrocarbon chain length. The bulkiness of the surfactant headgroup however
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of cationic surfactants investigated was dissimilar. Therefore the structures formed by
combining these cationic surfactants and PEI were driven by a complex interaction
affected by several factors such as surfactant tail length, hydrophobicity and bulkiness
of headgroup of these surfactants.

In this Chapter, only one type of polyelectrolyte (PEI) with different molecular weights
were used with a variety of cationic surfactants to investigate the polymer/surfactant
interaction. To extend our understanding of polymer/surfactant interactions further,
different type of polyelectrolyte such as polyacrylamide, polyacrylic acid, polystyrene
sulfonate, could be used with the same cationic surfactants as were used in this Chapter
to compare the aggregation behaviour and the nature of these polymer /surfactant
interactions.

The aim in Chapter 4 was to select PEI/cationic surfactant films with well-organized
mesostructures as a first step towards synthesising nanoscale insoluble polymer
membranes which could be used as supports for catalysis and size selective membranes.
Therefore the encapsulation of hydrophobic monomers into cationic surfactant micelles
in solutions and in solid polymer/surfactant films was investigated to determine the
structure of the micelles formed in those systems which also provided good formation
of the films at the interface, since there is a close relationship between the solution
structures and the final structure of the films.
The solubilisation studies of styrene in cationic surfactant solutions by using UV-Vis
spectroscopy in Chapter 4 demonstrated shifts in styrene λmax from surfactant/styrene
mixture solutions compared with a styrene/water scan. This shift is due to changes in the
* transitions band due to attractive polarisation forces between the surfactant
hydrocarbon chain and styrene hydrophobic monomer, which lower the energy levels of
both the excited and unexcited states. This interaction between the surfactant
hydrocarbon chain and styrene molecules indicates that styrene preferred to encapsulate
inside the micelles at the hydrophobic tail region. SANS investigations of the
encapsulated styrene monomer locations inside cationic surfactant micelles suggested
286

-------------------------------------------------- Chapter 7 ---------------------------------------that styrene was encapsulated mainly in the palisade layer, although some of the
encapsulated styrene was also located in the micelle core associated with the surfactant
tails.
The influence of PEI on cationic surfactant micelle solutions encapsulating styrene
demonstrated that there is an attractive complex interaction between the cationic
surfactant micelles and PEI. Polyethylenimine binds to the cationic surfactant micelle
headgroup through electrostatic interactions between the PEI amino group and the
positive charge on the cationic headgroup. At the same time PEI interacts with water
molecules close to the surfactant headgroup and also with PEI itself by hydrogen
bonding.
The extent of encapsulated styrene was calculated and showed that cationic surfactants
with aromatic headgroups have more solubilisation capacity for styrene than those with
aliphatic surfactant headgroups. BDHAB with and without PEI had the highest
encapsulation capacity compared with the other surfactants that were used in this
project. Overall SANS results from polymer/surfactant solutions encapsulating styrene
demonstrated that the surfactant headgroup plays an essential role in determining the
micellar volume and thus can determine the polyelectrolyte/surfactant interaction and its
influence on these micelles encapsulating hydrophobic molecules. On the other hand the
influence of PEI on these cationic surfactants encapsulating styrene was greater for
BDHAB then CPBr while CTAB showed the least effect. Both BDHAB and CPBr
showed micellar cleavage into smaller micelles in the case of micelles encapsulating
styrene in presence of PEI.

The second part of Chapter 4 studied the formation of solid polymer/surfactant films at
the air-solution interface. A range of surfactants with aliphatic and aromatic headgroups
and three hydrocarbon chain lengths C12, C14 and C16 were used to select the films with
the best mesostructures for the next polymerization step.
In general cationic surfactants with C14 and C16 hydrocarbon tails formed robust films
on the top of the water/air interface of the solution while C 12 surfactants did not show
any obvious solid films on their solutions surface. The cationic surfactants having a C12
hydrocarbon tail with SPEI formed a simple adsorbed layer rather than forming ordered
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attractive interaction with PEI compared with the benzyldimethylammonium group due
to the effects of steric bulk in the headgroup and hydrophobicity effects.
Time resolved studies of polymer/surfactant films encapsulating styrene demonstrated
that the crystallite size of the TDPB/SPEI system grew with time while the thickness of
BDTAB/SPEI films was reduced during the films formation. This behaviour mainly is
due to the dissolution rate of BDTAB/SPEI films which was faster than the
accumulative rate for the same system therefore loss in the film thickness was seen with
time. The accumulative rate of TDPB/SPEI system was higher than dissolution rate,
thus built thicker films with time.
The layer thicknesses for both BDHAB/SPEI and CPBr/SPEI films without styrene
overall were thicker than in case of presence of styrene. This indicates that solubilising
styrene in the cationic surfactant/PEI films decreases the attraction between PEI and
micelles thus leading to closer packing of these micelles. Overall the number of layers
and the films thickness of films formed from surfactants with long hydrocarbon tail and
benzyldimethyl and pyridinium headgroups encapsulating hydrophobic monomer
suggested that these films were the most suitable host media for polymerization of
monomers inside these templating films.
Grazing incidence X-ray diffraction was used to show that surfactants with a C16
hydrocarbon chain for both headgroups (benzyldimethyl and pyridinium) solubilising
different concentration of styrene formed more well-organized structures compared with
those formed from surfactants with a C14 hydrocarbon chain. Also BDHAB/LPEI films
encapsulating different concentration of styrene formed well-organized structures
compared with SPEI films, as solubilising styrene in BDHAB/LPEI films enhanced the
mesostructures of BDHAB/LPEI films.
Overall Chapter 4 demonstrated from SANS results of micellar solutions and neutron X-ray reflectivity of polymer/surfactant films that surfactant with an aromatic
headgroup and a relatively long hydrocarbon tail were suitable mesostructured hosts for
templating hydrophobic monomers into these surfactant/PEI films. Therefore in the next
Chapter on polymerization of encapsulated styrene the work mainly focused on
surfactants with aromatic headgroup with a C16 hydrocarbon tail since this formed the
most well-ordered structures and the most robust films.
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surfactant/PEI films. This investigation was achieved by using GC and GIXD.
Polymerized of polystyrene was also characterized in by using FTIR, NMR, GPC and
transmission electron microscopy.
The preliminary study of conversion of styrene into polymer in the micelles confirmed
that styrene can be polymerized in cationic surfactant/PEI solutions using both thermal
and photo-irradiation techniques. Polymerization of styrene in PEI/surfactant solutions
could be successfully achieved at room temperature by using UV irradiation, which
avoided thermal disruption to the micelles.
Thermal polymerization of styrene in both BDHAB/PEI/ and CPBr/PEI films exhibited
changes in the initial mesostructures to produce new structures after polymerisation and
intermediate transition phases. This change in lyotropic phases was mainly due to
temperature effects in these cationic surfactant films. The initial structure for both
BDHAB/LPEI and CPBr/LPEI films encapsulating styrene before polymerization
displayed a lamellar structure. BDHAB/LPEI films transformed from a lamellar to a
cubic structure as the polymerization temperature increased. Generally a multilamellar
structure, containing several different layer spacings at the same film composition was
seen for the initial CPBr/LPEI films encapsulating styrene. The multilamellar structure
was due to local changes in water/polyelectrolyte domain size and variations in the
amount of encapsulated styrene within these films. The final polymerized CPBr/LPEI
film structures demonstrated, in general, lamellar and Pmn cubic structures. The main
advantage seen in photopolymerization of equivalent films was the stability of the
mesophases compared with thermal polymerization.
In general a Pmn cubic structure was found in the final films resulting from
photopolymerization of styrene in BDHAB/LPEI films, while photopolymerization of
styrene in LPEI/CPBr films showed Imm cubic structures. Using 245nm UV radiation
showed differences in the mesostructures which evolved with time, while 365nm UV
radiation gave stabile mesostructures during photopolymerization. Also 254nm
wavelength light showed a faster polymerization rate compared with 365nm which is
due to the energetic 254nm wavelength being able to initiate both ACHN and styrene
radicals at the same time. Overall photopolymerization in this system system has been
shown to be a powerful method of controlling the rate of the polymerization process by
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wavelength.
Polymerized styrene and purity of polystyrene was confirmed by NMR and FT-IR. In
general the molecular weight of photopolymerized polystyrene in BDHAB/PEI films
was greater than those polymerized in CPBr/PEI films. On the other hand
photopolymerization using 365nm in both BDHAB/PEI and CPBr/PEI films illustrated
higher Mw compared with those films that were polymerized at 254nm. In addition
transmission electron micrographs of polystyrene that was photopolymerized at 365nm
showed interconnected particles which had bigger particle diameters compared with
those that were polymerized at 254nm. Polystyrene extracted from BDHAB/LPEI films
also had larger particle diameters than that which was polymerized in CPBr/LPEI films.
Overall successful templating of hydrophobic monomer in polymer/surfactant films and
polymerization this monomer by thermal and photo initiation process, was achieved in
this work. The resulting nanoscale polystyrene network demonstrated that this is a
promising route to achieve 3D mesostructured polymers.
From both Chapters 4 and 5 it was been suggested that the extent of water molecules in
polymer/surfactant films can determine the final mesostructure of these films. In future
work it would be interesting to monitor the exact percentage of water and PEI during
formation of these films. Extension of the work to different hydrophobic monomers
would also be required to demonstrate the universality of the technique. Attempts to
create different surfactant phases after swelling by monomer would also be needed to
demonstrate that it would be possible to generate different nanoscale structures using
this technique

In Chapter 6 it was successfully shown that solid nanostructured polyelectrolyte films
are promising hosts for metal ions sensors by encapsulating a combination of
fluorescent and chelating molecules in a simple way inside cationic surfactant micelles.
Prolate ellipsoid micelles shape was seen for the cationic surfactants micelle solutions in
the presence and absence of PAN and pyrene. The shape and size of these micelles are
elongated as the encapsulated amount of PAN and pyrene was increased. BDHAB

290

-------------------------------------------------- Chapter 7 ---------------------------------------showed an extraordinary increase of Nagg compared with other surfactants which
support that benzyl group is potentially act as a second hydrocarbon tail.
Overall encapsulating hydrophobic molecules in both alkyl-benzyldimethyl and alkylpyridinium bromide surfactant micelles changes the micelles from long prolate to rodlike shape. Addition of metal ions in surfactant/PEI/PAN/Pyrene solution system also
changed the micelle geometry due to direct interaction between PAN and metal ions.
The result of this interaction overall was to increase the micelles aggregation number.
In general BDHAB/SPEI and CPBr/SPEI films solubilising PAN and pyrene formed
films with relatively high numbers of layers and large crystallite size within the films.
These films are ideal for sensor interactions due to high accessible surface area on the
micelle surfaces within the open polymer hydrogel network. Also these surfactant
systems formed highly ordered arrays, with a final 2D hexagonal mesostructure with the
cylindrical micelles oriented with the long axis of the cylinders parallel to the air–
solution interface which also support high surface interaction and good ion diffusion
within the films thus potentially increasing the sensor sensitivity.
Electrochemical studies of cationic surfactant/PEI films solubilising PAN/Pyrene
illustrated that metal ions are diffusing preferentially into the films and accumulating at
these electrodes causing an increase the current signal. Different metal ions produced
signals at different potentials so these electrodes could be used as a metal ion sensor to
detect several metal ions at the same time. Fluorescence and UV-Vis spectroscopy
confirmed high sensitivity and selectivity of BDHAB/SPEI/PAN/Pyrene micelle
solutions for metal ion sensing which suggesting these systems could eventually act as a
multifunctional electrochemical and optical sensor with high selectivity and sensitivity
for detection of metal ions. However the optical signal from the film was not sufficient
to use the films directly as sensors, and further optimisation of this system is required to
reduce opacity and scattering in the films by possibly reducing the thickness or
removing micron scale defects which scatter light.
Other future work required for the development of BDHAB/SPEI/PAN/Pyrene films to
work as a dipstick kit for metal ion would be to find the best combination of
concentrations and structures of the films and the limits of detection possible in these
polymer/surfactant/PEI/Pyrene systems.
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Conclusions

Overall, polymer/surfactant films was discovered by Edler group are very promising in
wide range of applications such as targeted delivery including as membranes for topical
drug delivery for wound dressings and bandages as well as other encapsulation and
release systems such as agrochemicals, flavour components, odourants and nutrients,
and also for instrumental application like sensors and responsive membrane. In this
work clearly showed that styrene monomer encapsulated inside cationic surfactant
micelles mainly in the palisade layer and in the micelle core associated with the
surfactant tails. The influence of PEI on cationic surfactant micelle solutions
encapsulating styrene demonstrated that there is an attractive complex interaction
between the cationic surfactant micelles and PEI, where templating of hydrophobic
monomer in polymer/surfactant films and polymerization this monomer by thermal and
photo initiation process, effectively was achieved in this work. The resulting nanoscale
polystyrene network demonstrated that this is a promising route to achieve 3D
mesostructured polymers. On the other hand, these polymer/surfactant films
demonstrate very appropriate hosts for metal ions sensors by encapsulating a
combination of fluorescent and chelating molecules in a simple way inside cationic
surfactant micelles.
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1- Using polymerisable surfactants within highly ordered polymer/surfactant films
to create reproducible solid polymer nanostructures within the water soluble
polymer film. These polymer networks will reinforce the film making it more
robust and suitable for applications requiring unsupported membranes. Also,
depending on the nanoscale structure of the surfactant liquid crystalline network
within the film, the encapsulated polymer strands could be aligned in a
unidirectional manner or connected in a 3D network. The particular liquid
crystalline phase used will therefore provide either isotropic or anisotropic
networks, which will affect the materials properties of the resulting membranes.
Testing of film strength and elastic properties would be of interest.
2- Synthesis of responsive polymer films by using responsive polymers such as
polyNIPAM (which has a thermoreversable phase transition around 37 C). PEI
is itself responsive to changes in pH as the nitrogen groups can reversibly take
up positive charge. The swelling and collapse of cross-linked cationic
surfactant/PEI films should be investigated as a function of pH.

3- Combination of the solid polymer network, with responsive hydrogel matrices
into responsive films and the incorporation of sensor species into in the films. In
the final stage this could produce a responsive hydrogel network reinforced with
a polymerised nanostructured backbone which contains the sensor molecule
system to provide a robust material for application in real-world sensor
applications.
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Appendix A: Chemicals used in this thesis.

Aliphatic Surfactant Headgroup

Aromatic Surfactant Headgroup
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Other Chemicals
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Appendix B: Uniform Ellipsoid Model with a Hayter Penfold Structure
Factor.

Table B: Measured value of micelle charge and SLD of micelle core with h/d-styrene
for BDMHAB, CPBr and CTAB with and without of 1.5% LPEI. Calculated by global
fitting used a uniform ellipsoid model with a Hayter Penfold structure factor.
Amount of
styrene added
(vol%)

Micelle
charge

30
40

33
32

-1.20 X 10-6
2.21 X 10-6

-4.6 X 10-7
7.96 X 10-6

50

30

2.12 X 10-6

7.89 X 10-6

30

9

-3.12 X 10-7

5.03 X 10-8

50

7

-8.73 X 10-7

4.92 X 10-7

30

23

40

27

-8.81 X 10-8
-1.83 X 10-7

4.82 X 10-7
5.85 X 10-7

50

30

1.25 X 10-7

1.15 X 10-6

30

4

-1.83 X 10-7

3.78 X 10-7

50

6

-5.20 X 10-7

-1.54 X 10-7

CTAB

50

12

5.87 X 10-8

2.20 X 10-7

CTAB /LPEI

50

5

1.18 X 10-6

2.73 X 10-6

Solution

BDHAB
BDHAB/LPEI

CPBr

CPBr/LPEI

SLD of micelle
core with hstyrene

SLD of micelle
core with dstyrene

The errors of SLD core are ± 3.51x10-8 Å-2 and ±5% of micelle charge
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Appendix C: Principal mesostructures mentioned in this work

Figure C: Schematics of mesostructures with symmetric of (A) Lamellar (B) Pmn [1]
(C) Imm [1] (D) Fdm [2] (E) Iad [3] (F) Pnm [4] (G) Fmm [5] (H) p6mm
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