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Abstract

Formulation is a complex science. Many functional molecules require formulation to
enhance their aqueous solubility or to promote and protect their function.
Understanding the interaction between the formulation components is a necessary first
step in that process. This project focuses predominantly on quantifying the
interactions (synergistic and antagonistic) that arise when a triblock copolymer
Pluronic (P123) is mixed with the anionic surfactant sodium dodecyl sulfate (SDS), in
the presence of the cosolvent, ethanol. The interaction between P123 and SDS is
synergistic, and leads to the formation of mixed micelles at low P123 concentrations
and liquid crystalline phases at high P123 concentrations. Ethanol is shown to weaken

that interaction, introducing antagonistic interactions at low P123 concentrations.

Moreover, we also study the physicochemical characteristics of some new
biocompatible responsive polymers with potential biomedical applications. Here, the
“formulation” is inherently built into the structure of the polymer-protein construct.
These constructs possess a thermo-responsive character, and pulsed-gradient spin-
echo NMR (PGSE-NMR) and small-angle neutron scattering (SANS) have been used

to examine the solution conformation of these polymers as a function of temperature.
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Chapter 1: General Introduction

1.1. Introduction

Waterborne mixtures play a major role in modern technologies. Key examples include
foods, paints, cosmetics, herbicides, drug delivery, medical imaging etc. In general
these systems contain-besides water—-a multitude of different components, such as
polymers, surfactants, proteins, and small ions such as salts [1]. The reasons of these
components to industrial products are varied; paints contain polymers to obtain a
suitable viscosity so that the paint will stick to the wall [2], cosmetics contain
surfactants to ease the mixing of the hydrophilic and hydrophobic components,
herbicide formulations contain surfactants to ensure that the product covers the whole
leaf after application, and in the biomedical applications surfactants are used as carrier
to deliver drugs [3, 4]. However, in such a complex mixture, these components may
influence the behaviour of others. It is possible that component A can only fulfill its
technological role in the presence of component B, or the other way around, that

component A can not fulfill its role because it is hindered by component B.

Two important materials are considered in this study, polymers and surfactants and in
particular their properties in aqueous solution. As solutes, both types have unique
properties and it is not surprising that mixed polymer-surfactant solution can display
unusual properties due to the interactions between the two materials. Polymers and
surfactants are often used together in industrial formulations to take advantage of
these different properties. When present together, they can interact to provide useful
properties. In industrial systems, such interactions have significant effects on the
processing conditions. For instance, in biological systems the interactions between
natural polymers (proteins) and biological membrane surfactants control the structure
of biological membranes and processes such as trans-membrane transport. Therefore,
polymer-surfactant interactions are not only of interests to various industrial
applications, but also of fundamental importance and therefore stimulate academic
research. The following sections will discuss background to polymers, surfactants and
their mixtures and the effects of solvency on these interactions. The stimuli-
responsive polymers and phase behaviour of polymer-surfactant systems will be also

discussed.
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1.2. Polymers

A polymer is a substance in which one or more constitutional units known as
monomers is repeated many times. There are linked to each other by covalent bonds
to form large chains or macromolecules, as first established by Hermann Staudinger,
who received- the Nobel Prize in 1953. In 1932, polyethylene was accidentally
discovered by ICI co-workers, R.O. Gibson and J. Swallow. In 1934 W. H. Carothers,
working for DuPont, made nylon. Carothers consequently produced an excellent
series of publications on condensation polymerization. By the late 1930s Hill and
Crawford from ICI had developed poly(methyl methacrylate), “Perspex” and both
polystyrene and poly(vinyl chloride) were in commercial production [5]. In the 1950s,
Ziegler and Natta developed a family of stereo-specific transition metal catalysts that
lead to the commercialization of polypropylene. The 1960s-1970s witnessed the
development of a number of high performance polymers that could compete
favourably with more traditional materials, such as metals, for automotive and
aerospace applications. Nowadays, polymers are used in almost all areas of daily life
and are one of the most significant products of the major global industries. A useful
division of the science of polymers is that deals with natural and synthetic
macromolecules. Natural polymers are, for example, proteins and polysaccharides
while synthetic polymers are, for example, the common plastics and adhesives.

Natural polymers usually have more complex structures than synthetic polymer
1.2.1. Classification of polymers

The polymers can be divided into main groups according to their nature: e.g. cationic
polymers such as poly(ethylene imine), and anionic polymers such as poly(acrylic
acid). On the other hand, in colloid science, one often defines polymers using several

different sets of nomenclature as below [6].

1. Homopolymers consist of only one monomer that is repeated Np times, where Np

is called the degree of polymerization.

2. Heteropolymers, in which two or more different monomer units are joined in a

nonregular pattern, and often found in biopolymers e.g. (proteins, and nucleic acids).
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Chapter 1 General Introduction

1.2.2.1. Properties of block copolymers

The following section will highlight the self-assembly of block copolymers in the
presence of different solvents, at surfaces or interfaces, in dilute and concentrated

solutions.

1.2.2.1.1. Block copolymers at surfaces and interfaces

The adsorption of copolymers from solution to surface and interface is an important
area of research in colloidal science. The process is accompanied by decrease in the
conformation entropy of the copolymer chains, which opposes the attraction between
the chains and the surface. Therefore, the adsorption energy per copolymer segment
much reach some critical value before any adsorption occurs, usually comparable to
the thermal energy, KT, where K is the Boltzmann constant and T is the temperature.
As this value exceeds KT copolymer adsorption increases sharply as the individual
energy for each of the segment accumulates to give large net adsorption energy per

copolymer chain [9].

Amphiphilic copolymers are interracially active and adsorb at surfaces which
interacts favourably with one of the blocks, whereas the other block extends into the
solution (Figure 1-2) [10], where (a) high density i.e. “brush” formation [11]
monolayers are formed when PEO-PPO-PEO copolymers adsorbed into hydrophobic
surfaces; the PEO (hydrophilic) blocks extends into the water and the PPO
(hydrophobic) binds the polymer to surface [12]; (b) a low density i.e. “Pancake”
formation, conformation, however, resulting from the adsorption PEO blocks at
hydrophilic surface, was not effective in preventing protein adsorption [13]; (c) block
copolymers ease the distribution of a liquid on a solid surface; (d) diblock copolymers
reduce the interfacial tension at a liquid/liquid interface; and (e) block copolymers

sarcastically stabilize colloidal particles.
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Chapter 1 General Introduction

1.2.3. Triblock copolymers, Pluronics

Poly(ethylene oxide)y-poly(propylene oxide),-poly(ethylene oxide)y,, (PEO-PPO-
PEO) triblock copolymers are an interesting class of non-ionic surfactants. These
were first introduced commercially as non-ionic surfactants under the trade names
Pluronics (BASF) and Poloxamers (ICI). Figure 1-5 represents the relationship
between copolymers structure, physical form and surfactant characteristics in which
molecular weight ranges of the hydrophobic are plotted against percent of
hydrophobic in the final polymer [18]. They contain various (PEQ/PPO) ratios or
different chain length of the two components. The molecular weights range from
2,000 - 20,000 with 20 - 80 wt% PEO content [19-29]. Therefore, such polymeric
materials with hydrophilic-lipophilic properties meet the diverse requirements for a
range of applications, such as detergency, dispersion, stabilization, foaming,
emulsification, lubrication, as well as in cosmetics, bioprocessing and pharmaceutical
~ applications [15, 30, 31]. Moreover, due to of their amphiphilic nature and apparent
low toxicity [32], they have generated considerable interest for both drug delivery and
disuse engineering applications [33]. Recently, Pluronics have been proposed for
pharmaceutical use and as components in different drug delivery systems for
sparingly soluble drugs [34] as formulations to obtain controlled release from “gelled”
states at body temperature, as injectable [35] solutions for subcutaneous
administration or as gel formers in nasal administration, as components in the
formation of treatments for thermal burns and in topical formulation to increase
bioavailability etc. [10, 34]. Coding of Pluronic starts a litter to define it physical state
at room temperature, L (liquid), P (paste) and F (flake or solid).
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Chapter 1 General Introduction

found that less hydrophobic copolymers (higher PEO/PPO ratio) or lower molecular
weight do not aggregate at room temperature but can form micelles at higher
temperature. The micellization of such copolymers is driven by the unfavourable
entropy associated with the solubilization of the additives in aqueous solutions.
However, in water the entropy-induced hydrophobic effect is the driving force for
micelle formation, which arises due to the smaller entropic penalty of assembling the

surfactant molecules than entropic penalty of the caging water molecules [44].

1.2.3.2. Concentration-temperature dependence

The most characteristic properties of strongly concentration and temperature
dependent micellar behaviours of PEQ-PPO-PEO triblock copolymers in water have
been reported [45-48]. The amphiphilic nature of these copolymers arises from the
temperature-dependent solubility of PPO in water. Below 15°C, PPO is soluble in
water (remains hydrated), but it turns hydrophobic at elevated temperature because of
diminishing hydrogen bonding with water. In contrast, PEO is predominantly
hydrophilic within the temperature range of 0-100°C [49]. As a consequence, these
copolymers form aggregates above the CMC and CMT with a core consisting of
predominantly PPO and a corona made up of hydrated PEO blocks [21, 30, 31, 47, 50,
51]. On the other hand, the CMTs of these copolymers are concentration-dependent
and decrease with increasing copolymer concentration [21, 30, 52, 53]. Above the
CMT, an increase in temperature weakens the hydrogen bonding between the PEO
chains and water and leads to a progressive dehydration of the PEO chains. As a
result, the micellar size generally increases due to the phase separation at the cloud

point [29], and the PEO chains becoming insoluble.

1.2.3.3. Pluronic in selective solvents

Similar to small molecules, copolymers may or may not be soluble in a solvent.
Polymers that are soluble in a given solvent are called hydrophilic in the case of
water, hydrophilic or lipophilic in the case non-aqueous environments. The solvent
quality is therefore, a strong factor in the determining CMC, CMT, and structure of
micelles [53, 54]. The addition of a polar cosolvent to water provides an extra degree

of freedom in tailoring of solution properties for specific application. For example, in
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Chapter 1 General Introduction

investigations showed that the presence of salting-out electrolytes such as NaCl, NaF,
which decrease in the solubility of the copolymers, therefore, would decrease both
CMC and CMT values. Whereas, salting-in electrolytes like Nal, NaSCN and non-
electrolytes such as small chain alcohols, urea, have an opposite affects because
increases the;solubility of particular copolymers [53, 58-60]. The effect of both

cosolvent and electrolytes on Pluronic is given more details in the following sections.
1.2.3.4.1. Effect of cosolvents on Pluronic

Relatively limited numbers of studies on the effect of addition of cosolvents such as
alcohols and highly polar solvents such as glycols on the phase behaviour Pluronics
have been reported [22, 54, 55, 57, 61]. The glycol interacts with PEO and PPO
blocks to different extent and promotes their aggregation. Leharne et al. [54, 61]
reported that methanol, ethanol, and formamide prevent the onset of micellization for
F87 in water, while, butanol and hydrazine favour micelle formation. Moreover,
medium-chain aliphatic alcohols have a profound effect on the micellization of F85 in

water and the effect increase with increasing alcohol chain length (C4-Ce) [61].
1.2.3.4.2. Effect of electrolytes on Pluronic

Addition of electrolytes having anions and cations of different sizes and
polarizabilities may lead to “salting-out” and stabilizing effect or “salting-in” and
destabilizing effect [15, 62]. In general, a gradual decrease in the CMC and CMT was
observed with the increase of neutral salts concentration [39]. It should be stressed
that studies with the same cation showed that the properties of the counter-anion are
also relevant. For potassium halides, the effect on micellization follows the sequence
KCl > KBr > KI [63]. In another work, it was shown that while NaCl (salting-out),
had a stabilizing effect, NaSCN (salting-in) displayed the opposite influence [63].
Pandit and Kisaka reported that salts with multivalent anions, at characteristic
concentrations, prevent Pluronic F127 solutions from forming gels, being an
indication of a destabilizing effect [58]. Moreover, inorganic salts such as KCl, NaCl
and KF dehydrate the chain of PEO and PPO blocks, reduce CMC, CMT, CP and
enhance the aggregation, whereas, salt such as KSCN have exactly the opposite
effects. In this study, we have used Pluronic [P123: (PEO)20-(PPO)70-(PEO)20] which

11
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is a difunctional block copolymer surfactant terminated by primary hydroxyl groups.
It is non-ionic surfactant with an average molecular weight of 5800 and consists of a
centre segment of hydrophobic part PPO (with 70 monomer units) flanked by two
hydrophilic part PEO segment each containing 20 monomers units.

1.2.4. Stimuli-responsive polymers

Polymers that exhibit large changes, in their physical state or properties as respond to
small changes in environmental stimuli are often called “smart polymers” and also
known as “stimuli-responsive polymers”. They are defined as polymers that undergo
relatively large and sudden physical or chemical changes in response to small external
changes in the environmental conditions. Names coined such as “stimuli-responsive”
polymers have been given as stimuli-sensitive, intelligent [64], smart [65, 66] or
environmentally sensitive polymers [67]. These polymeric systems might distinguish
a stimulus as a signal, evaluate the magnitude of this signal, and then change their
chain conformation in a direct response. There are many different stimuli to modulate
the response of the polymeric systems. These stimuli could be classified as either
physical or chemical stimuli. Physical stimuli, such as temperature, electric or
magnetic fields, and mechanical stress and affect the level of various energy sources
and alter molecular interactions at critical onset points. The chemical stimuli, such as
pH, ionic factors and chemical agents change the interactions between polymer chains
or between polymer chains and solvents at the molecular level. These responses of
polymeric systems are very useful in bio-related applications such as drug delivery
[68-74], bio-technology [75-77], and chromatography [78-80]. Some systems have
been developed to combine two or more stimuli-responsive mechanisms into one
polymeric system. For instance, temperature-sensitive polymers may also act in
response to pH changes [81-84]. In this thesis, we focused on the temperature
responsive polymers, because they have been the most intensively investigated in
various laboratories and industries due to their relatively effective control in vivo as
well as in vitro and their versatile application range [81]. Therefore we a brief survey

of the most important thermosensitive are given in the following section.
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1.2.4.1. Temperature responsive polymers

Temperature is the most widely used stimulus in environmentally responsive polymer
systems as they have potential applications in the biomedical field [85]. This type of
polymeric syétem exhibit a critical solution temperature CST, usually in water at
which the phase of polymer and solution is changed in accordance with their
composition. Those systems exhibiting one phase above this defined temperature and
phase separation below it, i.e. they possess an upper critical solution temperature
UCST. On the other hand, polymer solutions that appear as monophasic below a
specific temperature and biphasic above it, normally exhibit the so-called lower
critical solution temperature LCST. These represent the types of polymers with the
vast number of applications [86].

The classic example of temperature responsive polymers is poly(N-iso-
propylacrylamide) (PNIPAAm) that presents a LCST at 32°C in water [87]. Below
that temperature the polymer is soluble as the hydrophilic interactions driven
hydrogen bonding predominant, whereas a phase separation occurs above the LCST
due to the onset of hydrophobic interactions. Other types of temperature sensitivity
are based on intermolecular associations as in the case of Pluronics or Poloxamers
(PEO-PPO-PEQ) [88], where the hydrophobic associations of PPO blocks lead to the
formation of micelle structures above the CMT.

1.2.4.1.1. Polymers with LCST

The LCST can be defined as the critical temperature at which in which polymer
solutions undergo phase separation from one phase to two phases the concentration of
polymer is different [89]. Below the LCST the enthalpy term, related to the hydrogen
bonding between the polymer chains and water molecules, is responsible for the
polymer dissolution. When the temperature rises above the LCST, the entropy term
(hydrophobic interactions) dominates, leading to polymer precipitation. The LCST of
polymers in aqueous solutions can be modulated by incorporating hydrophilic or
hydrophobic moieties. For example, when N-iso-propylacrylamide (NIPAAm) is
copolymerized with hydrophilic monomers such as acrylamide (AAm), the LCST

increases up to about 45°C when 18% of A4m is incorporated to the polymer, and in
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contrast the LCST deceases to about 10°C when 40% of hydrophobic N-tert-
butylacrylamide (N-tBAAm) is added to the polymer [90].

1.2.4.1.2. Coil -to-globule transition

Thermosensitive polymer exhibits a coil-to-globule transition and has been used in a
large number of applications that require switching of a material property with
temperature. Such polymers have various applications and can be used in drug
delivery, bio-separation and microfluidics. Polymer chains in solution exhibit
different conformations depending on the nature of the polymer and the solvent
conditions. In a good solvent, where segment-solvent contacts are favoured, the
polymer has an extended coil conformation. Whereas, in a poor solvent, where
segment-segment contacts are favoured, the polymer is collapsed. The transition
between the extended and collapsed states in which temperature or solvent was varied
has been the focus of many theoretical studies [91]. The coil and globule are two
different and distinct (in theory) thermodynamically stable states for a linear flexible
homopolymers, chain in solution. The transition from a coil to a globule has long been
predicted if the solvent quality changes from good to poor [92]. Experimentally, the
coil-to-globule transition has been widely studied in the last twenty years [91],
because not only it is a fundamental problem, but drives many useful phenomena,
such as the collapse of gel network [14], and the complexation between two
polymeric chains [93]. Some water-soluble polymers undergo a sharp coil-to-globule
transition in water upon heating and change from an expanded coil below their LCST
to a collapsed globule above the LCST. For instance, most applications that make use
of this phenomenon aqueous solution of PNIPAM as it exhibits a LCST near body
temperature, 32°C. As the temperature is changed during the LCST, the polymer
chains are known to undergo a reversible “coil-to-globule” transition (Figure 1-7)
[94].
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Chapter 1 General Introduction

1.3.1.1. Non-ionic surfactants

Non-ionic surfactants have an uncharged polar head group that cannot be ionized in
aqueous solution. The hydrophobic part is a fatty chain and the hydrophilic part
contains a noﬁ-ionizable atom of oxygen, nitrogen or sulphur. The solubility is
obtained as a result of the formation of hydrogen bonds between the water molecules
and certain atoms of the hydrophobic part. For example, the ether function of the
poly(ethylene oxide), PEO or poly(propylene oxide), PPO, but sugar esters and
alkanolamides can also be included.

1.3.1.2. Anionic surfactants

Anionic surfactants constitute the largest group of available surfactants. When the
polar group, which is linked in a covalent manner with the hydrophobic part of the
* surfactant, carries a negative charge (-COO", -SOj5’, and —802'4) the surfactant is
anionic. Common examples includes: soaps, alkyl benzene sulfonates, fatty alcohol
sulfates. Anionic surfactants are used in greater volume than any other type, the main
reasons for this being the ease and low cost of manufacture. Anionic surfactants are
used in most detergent formulations and best detergency is obtained when the alkyl
chains are in the C;,-C;5 range. Most anionic surfactants are moncovalent but there
are also important examples of divalent anionic ampholyte. For anionic surfactants the
choice of counter-ion plays a role in the physicochemical properties. Most anionic
surfactants have sodium as a counter-ion but other cations, such as lithium, potassium,
calcium and protonated amines, are used as surfactant counter-ions for specific
purposes. Sodium Dodecyl Sulfate (SDS) has been used in this work, as the
interaction of polymer with such anionic surfactant is grater than with other
surfactants.

1.3.1.3. Cationic surfactants
Cationic surfactants are frequently based on amine-containing polar groups (-

NR1R2R3+). Due to their charged nature, the properties of cationic surfactant, e.g.,

surface activity and self-assembly, are generally strongly dependent on the nature and
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Chapter 1 General Introduction

for solvent or bulk phase, called the hydrophilic group often known as a head.
Although, in principle, surface activity and related concepts are applicable to any
system composed of at least one condensed phase. However, the majority of the
scientific and technological literatures are concerned with aqueous solvents and their
interaction with a second phase usually air or oil [95]. The hydrophobic group is
normally hydrocarbon (alkyl or alkyl aryl), typically with at least eight-carbon atoms.
It therefore has very low solubility in polar solvents, but dissolves in non-polar ones.
Furthermore, the surface activity of a particular surfactant depends on the balance
between its hydrophilic and hydrophobic properties, for simplest case of a
homologous series of surfactants, an increase in the length of the hydrocarbon chain

as the series is ascended results in increased surface activity.
1.3.3. Hydrophilic - lipophilic balance (HLB)

- The hydrophilic-lipophilic balance of a surfactant is a measure of the degree to which
it is hydrophilic or lipophilic, determined by calculation values for the different
regions of the molecules, as described by Griffin in 1949 [96] and in 1954 [97]. Other
methods have been suggested, notably in 1957 by Davies [98]. Moreover, the
hydrophilic-hydrophobic balance can be adjusted by introducing two side chains that
have hydrophilic and hydrophobic properties respectively. Therefore, when
surfactants dissolve in a solvent, solvation of the hydrophilic group increases the free
energy of the system. Accordingly, molecules adsorbed at surfaces have higher
potential energies than those in the bulk. The difference being the work required to
bring a surfactant molecule from the core to the surface which will be lower than for a
water molecule and as result the surfactant concentration becomes higher at the
surface.

1.3.4. Formation of micelles

The process of micelle formation is known as micellization. Micelles, and indeed
other aggregates, only form when the temperature of the system is greater than the
CMT, and the concentration of surfactant is greater than the CMC of the surfactant.
Therefore, when surfactant molecules are dissolved in water at concentrations above

the CMC, they form micelles. In a micelle, the hydrophobic tail flock to the interior in
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order to minimize their contact with water, and the hydrophilic heads remain on the
outer surface in order to maximize their contact with water ( Figure 1-8) [94, 99]. The
spontaneous formation of micelles (i.e. aggregation) can be understood by considering
the thermodynamics of the systems: micelle can form spontaneously because of a
balance between the entropy and enthalpy of the system. In water, the hydrophobic
effect is driving force for micelle formation, despite the fact that assembling of the
surfactant molecules together reduces their individual entropy. This is because, above
the CMC, the entropic penalty of this aggregation of the surfactant molecules is less
than the entropic penalty of the hydrophobic portion of the surfactant monomers by
the water molecules. Also important are enthalpic considerations, such as the
electrostatic interactions that occur between the charged surfactants head groups

(ionic surfactant) and hydration forces (non-ionic surfactants).

Surfactant Surfactant
Tail
a \ / Head
s J
1‘.
P e, =
./\/
Surfactant Monomers Micele

Figure 1-8: Scheme illustration of the reversible monomer-micelle thermodynamic

equilibrium. Figure adapted from Tanford et al. Ref [93].

1.3.5. Micellization measurement of surfactant

Measuring different physicochemical properties of aqueous surfactant solution as a
function of concentration, one finds many peculiarities [100). For anionic surfactants,
at low concentrations the properties should be similar to those of a strong electrolyte.
There are many of the physical properties of surfactant solutions undergo an abrupt
change at the CMC, as illustrated in Figure 1-9. Apparently, very simple surface
tension measurements probably constitute the most frequently employed method for
determining the CMC of a surfactant system. The determination of a surfactant CMC
experimentally is usually by plotting some physical properties, such as surface
tension, conductivity, osmotic pressure, efc. as a function of surfactant concentration

and extrapolating the results at low and high concentrations to an intersection point.
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For instance, in the case of the surface tension a sharp break was observed in the

curves indicating the formation of micelles at that point [101].

Magnitwie of Physical Preperty

oMC Concentration ——s-

Figure 1-9: Schematic representation of the effect of surfactant concentration on various

physical properties. Figure adapted from Lindman and Wennerstrom et al. Ref. [99].

1.3.6. Aggregation number (N,gz)

Other important parameter that characterizes micelles is the aggregation number that
corresponds to the average number of surfactant monomers in each micelle of a
micellar solution. Usually, in a micellar solution the aggregation number is
approximately constant for a broad total concentration range (up to about 100 times
the CMC), with the number of micelles varying [102]. However, at certain conditions
micelles can grow and as a result the aggregation number varying with the surfactant

concentration [103].
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1.4. Polymer- surfactant mixtures

Polymer and surfactant mixtures in solution may interact strongly, weakly or not at
all. In systems that do not interact in the bulk phase there seems generally also to be
no interaction at the air/water interface. The adsorption behaviour of a polymer-
surfactant system at the air/water interface is dependent on a number of factors
including the surface activity of the polymer, and whether or not the surfactant and
polymer interact with each other at the surface. Understanding the nature of the
interactions between polymers (both biological and synthetic) and surfactants in bulk
aqueous solutions is of fundamental important of industrial products. These including
cosmetics, detergents, coatings, paints, adhesives and glues, lubricants and food and
pharmaceutical products. In general, many of these products are based on dispersion
of polymers and surfactant, where the polymers impart colloidal stability and special
rheological features, whereas surfactants provided emulsification ability, interfacial
- tension control, and colloidal stability [104]. The interaction is generally referred to as
binding of the surfactant to the polymer and represented as a “binding isotherm”. At
Critical Aggregation Concentration (CAC), the interaction between surfactant
micelles and polymer chains began. CAC is thus an equivalence of the CMC of
polymer-free surfactant solution.

1.4.1. Polymer- surfactant interactions

Generally, there are three main types of polymer-surfactant interaction at the air/water
interface, “weak interactions” with the surfactant head groups, “strong hydrophobic
interactions” with the surfactant chains and “strong electrostatic interactions” between
oppositely charged polyelectrolyte and surfactant head groups. These can be divided
into two main areas according to the type of polymer, non-ionic polymers, where the
interactions with surfactant are driven by hydrophobic forces and polyelectrolyte,
where the interactions tend to be dominated by strong electrostatic interactions with
the surfactant head groups, although hydrophobic interactions sometimes seem to play
a significant role. The polymer acts as a nucleation core for the surfactant unimers.

Such concentration where the first aggregate start to form the CAC. When the
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surfactant concentration is increased further, more aggregates on the polymer will

form, and the unimer concentration will essentially be constant.

1.4.1.1. Non-ionic polymers

The most widely studied polymer-surfactant solution has been poly(ethylene oxide)
with sodium dodecyl sulfate PEO-SDS. The variation of surface tension with
surfactant concentration at a fixed concentration of polymer shows break points at two
concentrations, the first at the CAC, which corresponds to the beginning of the
formation of micelles on the polymer, and the second at the CMC, which corresponds
to normal micellization of the surfactant {105]. Experimental binding studies of mixed
polymer-surfactant solutions can be summarized as shown in Figure 1-10, [106]. The
figure is schematic but gives a good description for aqueous mixtures of a non-ionic

homopolymers and an ionic surfactant.

1. At low surfactant concentrations there is no significant association at any polymer
concentration, i.e. CMC is only very weakly dependent on polymer concentration

over wide ranges.

2. Above the CAC, association increases up to a surfactant concentration which
increases linearly with the polymer concentration (CAC/CMC) is to a good
approximation of polymer molecular weight down to low values. For very low

molecular weight the interaction is weakened.

3. Association is saturated and the surfactant unimer concentration increases (the

plateau binding increases linearly with the polymer concentration).
4. There is a coexistence of surfactant aggregates at polymer chains and micelles

(anionic surfactants show a marked interaction with most homopolymers while

cationic surfactants show a weaker but still significant interaction).
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Chapter 1 General Introduction

In this study, the focus is on the interaction between non-ionic polymer, triblock
copolymer, Pluronic, PEO-PPO-PEO, and anionic surfactant, SDS, which triblock
copolymers can be designed to be strongly amphiphilic and to have bulk and surface
properties typically seen for surfactants, such as strong surface activity and the

formation of micelles.
1.4.1.3. Pluronic—surfactant interaction

The interaction of polymers and surfactants in the past two decades, have received
significant attention [108] and the studies of the interaction in Pluronic-surfactant
systems are mostly limited to the dilute concentrations regions of the triblock
copolymer and surfactant [20, 109, 110]. Surfactants are expected to bind strongly
with the polymer if they are more hydrophobic than PPO block and will interface with
polymer aggregation at low concentrations. Studies of Pluronic PEO-PPO-PEO
micellization in the presence of SDS with self-association of SDS in the presence of
triblock copolymers monomers up to the saturation of the polymer by surfactant.
Hecht et al. [111] have studied the interaction between the SDS Pluronic F127
(PEO)g7-(PPO)ss-(PEO)97 using many techniques including differential scanning
calorimetry DSC, static light and small angle neutron scattering (SLS and SANS),
they found that SDS suppresses the micellization of F127. Almgren et al. have been
also studied the interaction between SDS and two Pluronics F68 [(PEO)7s-(PPO)30-
(PEO)73] and L64 [(PEO);3-(PPO)39-(PEO);3] using fluorescence quenching and Be
NMR measurements showed that SDS binds strongly to both Pluronics [20]. Hecht et
al.[110, 111] have reported that very small amount of SDS interfered with the micelle
formation of F127 and when the concentration of added SDS was sufficiently high the
micellization of F127 was completely suppressed. In recent times, many studies [41]
[112-121] have been undertaken to explore interactions between Pluronics and
surfactants, since they have a profound influence on the self-assembly behaviour of
the Pluronics. In the majority of these studies Pluronic have been employed in
combination with anionic surfactant such as SDS. One of the important findings from
these studies is that an increase in the surfactant concentration gradually suppresses

the formation of copolymer micelles.

24



OC 7«

&

3

5*6 P/DQ#

P</0Q

P/DQ

<F?

-
/, & &
3/0L63 :,633 :> ,63 M !
Iy P</IQ# 85 P<<<Q#
.&10 )
33 I 8
.&/0
#
#
P/AQ
85 #
! .&/0#
$
2 # I
. 1%
$ #
.&/0
!
E + #"& &
] =
E+ #" &
33_
! " Q9 >
B &

/?

'*5.

# #
.</0"
#
$
!
.1%
"y 19 *[ 2 21



Chapter 1 General Introduction

1.5. Phase behaviour of polymer-surfactant systems

Polymer-surfactant solutions have been extremely studied during last decade, [124-
126] mainly with respect to rheological properties and aggregation phenomena in
relatively dilute systems. Phase diagrams are simple to prepare and can convey a large
amount of information on the phase behaviour of a system, provide fundamental
information on the solute-solute interactions and have been obtained for a number of
cases. It was suggested that the phase behaviour for polymer-polymer and surfactant-
surfactant systems should provide an appropriate starting point for analysing the
complex patterns observed for polymer-surfactant systems [127]. In this section some
of findings for polymer-surfactant systems will be reviewed. Also, the behaviour of
such findings will be compared those of analogous systems. The problems of phase
separation in solutions containing two types of molecules or self-assemblies of

colloidal dimensions will be also discussed.

There are three different mechanisms behind this behaviour that were suggested. The
oldest of these models was reported by Kjellander and Florin [128]. It was suggested
that water forms an ordered structure around the EO chain at low temperatures to
produce a highly ordered structure, which is entropically unfavourable, and destroyed
at higher temperatures. The second model [129] was an adaption of the early work of
Hirschfelder et al. [130] to the systems containing EO groups. In this model the
decrease in solubility was explained by a hydrogen-bonding between the EO groups
and water and the hydrogen bonds were destroyed at higher temperature. In the last
model, the decreases in solubility were explained as being due to the change in
conformational structure of the EO chains. At lower temperatures, the segments of EO
chains are mainly in a polar conformation that interacts favourably with water, but at
higher temperatures entropy makes the less polar structures more probable. These less

polar conformers interact unfavourably with water [131].

1.5.1. Liquid crystals (LCs)

Liquid crystals LCs are states of matter intermediate between that of a crystalline and

an isotropic liquid. For instance, an LC may flow like a liquid, but its molecules may
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Chapter 1 General Introduction

1.5.1.2. Lyotropic liquid crystal of Pluronic

Amphiphilic triblock copolymers of the PEO-PPO-PEO type at a higher polymer
concentration normally produced LLC phases [132-134]. Since the effective volume
of the systems is much larger than the real volume, where it is normally not expected
for hydrocarbon surfactants. It was shown for the first time by SANS measurements
that the gelation process, which is observed in some moderately concentrated block
copolymer solutions with increasing temperature is actually due to the formation of a
cubic phase [135]. Since then Mortensen et al. [136] have obtained detailed
information by SANS on the cubic phase. They showed in particular that these phases
can be aligned by shear. Beside the cubic phases, other LC phases like hexagonal and
lamellar phases have also been observed [137].

1.5.2. Phase behaviour of surfactant

Low molecular weight non-ionic surfactant associate into micelles above the CMC in
water and form different LC phases “cubic, hexagonal, and lamellar mesophases™ at
higher concentrations. In addition, the aqueous solution of PEO non-ionic surfactants
shows a “cloud point” where the one-phase solution is separated into a dilute
surfactant solution and a concentrated solution containing micelles. Phase behaviour
of non-ionic hydrocarbon surfactants, particularly of the PEO alkyl ether type
Cm(EO)n, has been extensively investigated. In general, the phase equilibria examined
showed some common features independent of the detailed chemical structure of the
polar groups. The phase equilibria are governed not only by the balance between the
energetically favourable hydration of the polar groups and the energetically
unfavourable contact between hydrocarbon and water, but also by the solubility
behaviour of the PEO portion in water as a function of temperature which leads to the

occurrence of a LCST.

1.5.3. Phase behaviour of Pluronic

In principle, similar phase behaviour could be expected for Pluronic copolymers,
namely; the self-assembly of the copolymer chains to form associated structures of

different shapes (spheres, rods, etc.), the growth and interactions of micelles to form
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order structures (e.g., LCs) and the occurrence of the cloud point for the solution
phases and the melting point for the LC phases. On the other hand, the phase
behaviour of aqueous solution of non-ionic polymers and surfactants containing the
EO segment is a problem that has both theoretical and experimentally received much
attention in recent years, perhaps mainly due to the phase separation occurring in such
systems at elevated temperatures [138-140]. The obvious explanation to this decrease
in solubility at higher temperatures is a rapid increase in the effective attraction
between different solute molecules with temperature. Pluronic can display with water
and cosolvent and/or surfactant binary ternary phase behaviour, therefore, we focus

these behaviour of Pluronic P123 in the following sections.

1.5.3.1. Binary phase behaviour

The block copolymer displays a rich morphology in water where the binary
polymer/water phase diagram is presented [133]. The binary phase diagram of P123
with water has been reported by Wanka et al. [132]. It presents below 60°C and with
increasing concentration P123, the solution and LLC phases appear in the following:
isotropic solution — cubic phase — hexagonal phase. Two phases region exists
between the adjacent phases in the above sequence of phases. All the LLC phases
melt below 90°C, but the cubic phase at 50°C as indicated in Figure 1-14.

100 T/°C
80
80 | rrutti phase
40
20
0 e/ wit'h

Figure 1-14: Binary Phase diagram of P123/H,0 system with concentration and
temperature. Figure adapted from Wanka et al. Ref. [131].
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Chapter 1 General Introduction

planner micelles Figure 1-16. The boundaries of one-phase regions are drawn with

solid lines. Points indicate the compositions of P123/water/ethanol in ternary mixture.

Ethanol

04

0.2

Figure 1-16: Ternary phase diagram of P123/water/ethanol at 23°C. Figure adapted
Jrom Soni et al. Ref. [142].

1.5.3.3. Cosolvent effect on the phase behaviour of Pluronic

The addition of cosolvents can modulate the swelling behaviour of the different
blocks of the polymer and hence alter the phase behaviour to a great extent. The rich
phase behaviour observed in ternary mixture of block copolymer, water and additives
provide new pathways for morphological control that suits specific applications. The
cosolvent effects on the self-assembled microstructure are related to changes in the
mean interfacial area occupied by PEO blocks, its preference to locate in different
microdomains and ability to modify the interfacial curvature by swelling different

block of the copolymer to different extents [55, 57].

The phase behaviour of block copolymers is affected by various organic solvents, [55,
145] therefore, the block copolymer-solvent interactions can lead to either
suppressing or facilitating the formation on micelles in solution and of LLC having
long-range order. Organic solvents depending on their relative polarities locate either
in the PEO-rich or PPO-rich domains of the microstructure. Where some solvents,
however, independent on their polarities (e.g. ethanol and glycerol triacetate) may
show amphiphilic behaviour and act as cosurfactant locating at the interface between
the PEO-rich and the PPO-rich domains [57]. Latterly, Ganguly et al. [146] reported
the effect of the addition of ethanol on the structure of P123/water system in the
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diluted isotropic phase by using SANS, DLS and viscosity at 23°C. The studies show
in the presence of a small amount of ethanol (5-10%) induces a sphere to rod shape

transition of micelles at high temperature.
1.5.3.4. Surfactant effect on the phase behaviour of Pluronic

Mixed aqueous mixtures of Pluronics and classical surfactants have been studied
mostly in diluted solutions of both components. Since the studies of Pluronic block
copolymer micellization in presence of SDS revealed that with increasing the SDS
concentration, the micelle association number decreases until pure SDS micelles and
individual Pluronic macromolecules saturated with SDS are presents, surfactants are
believed to bind the PPO block of the block copolymer amphiphilicity. At saturation
of the Pluronics with surfactant, the block copolymer micellization is completely
suppressed [20, 111] and this leads to the destruction of the LC phases formed by the
~ block copolymer [108]. Hecht and Hoffmann [110] has greatly contributed to a better

understanding of the association in dilute solutions of a Pluronic and SDS.

Zhang et al. [108] one of three authors of a new contribution analyzed the phase
behaviour of Pluronic with surfactant of ternary system of (L64/SDS/water), and
stressed the effect of SDS on the LLC Phases of L64. Pluronic L64 is a commercial
copolymer with a normal composition of (PEQ);3-(PPO)3-(PEO);3, which alone
displays a rich polymorphism in water (micellar solution— hexagonal — cubic —
lamellar LC phases upon increasing the copolymer concentration). The interaction
between L64 and SDS was mainly studied at 25°C by NMR quadruple splitting (of
»Na and *H of D,0) and 'H-NMR self-diffusion coefficients. At moderately high
copolymer concentrations the LC phases of L64, consisting of infinite aggregates,
melted upon the addition of SDS in a large isotropic liquid region. The solution
microstructure of this region was not well defined and hence remains structurally

uncharacterized [108].

Ivanova and his workers [142] have explored the interaction of Pluronic F127 with
anionic surfactant, SDS by studying the ternary phase diagrams of the
F127/SDS/water system, their interest was in the part of the phase diagram where the
block copolymer forms LC structures and also shows that SDS do not maintain the
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stability of the block copolymer assemblies. In this case, the micellar cubic structure
can accommodate less than 6 wt% surfactant. The presence of one-phase hexagonal
structure (H,) in the ternary system has not been detected within the resolution of their
concentration grid, they believe, however (on the basis of two-phase samples), that H,
is stable at less-than 2 wt% surfactant. The extent of the micellar cubic structure in the
case of SDS as obtained here is in very good agreement with the data of 30 wt% F127
at 25°C and identical conditions reported in [111].

1.6. Objective of the studies in this thesis

The chief goal of this PhD project dissertation was to study the effect of cosolvents
such as ethanol on the competitive interaction between the anionic surfactant sodium
dodecyl sulfate (SDS) and a non-ionic triblock copolymer Pluronic P123, (PEO),¢-
(PPO)7-(PEO),. Both SDS and P123 form micelles in aqueous solutions whose
structure may change as a function of ethanol content. Our additional goal was to
investigate the phase behaviour of Pluronic copolymer (P123) in water as a function
of its concentration to ethanol and sodium dodecyl sulfate concentration. Finally, was
explored the physico-chemical properties of stimuli-polymers as a function of
temperature for polyethylene glycol ethyl ether methacrylate (PEGMA-EE, Mn 246)
and polyethylene glycol methyl ether methacrylate (PEGMA-ME, Mn 475) in the

absent and in the presence of protein (trypsin).

1.7. Outline of this thesis

The work represented in this thesis described the interaction between copolymer and
surfactant. We have selected the P123-SDS model system to carry out this research.
Chapter one deals with the background for the research involved. Chapter two
describes the most important features of the surface tension, fluorescence, viscosity,
Pulsed-Gradient Spin-Echo NMR, PGSE-NMR and Small Angle Neutron Scattering
(SANS) and the materials used in this research. Chapter three deals with the basic
experiments and theory of techniques that have been used. Chapter four describes the
results of a systematic set of experiments performed with polymer-surfactant

interaction. Chapter five deals with how the P123 and SDS concentrations range
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effect of phase behaviour of the LLC structures attained by the PEO-PPO-PEO block
copolymers is modulated by the interactions of the PEO and PPO blocks with
surfactant, SDS, in cosolvent ethanol. Finally, Chapter six describes the temperature
effect on some responsive-polymers, “Hybrid” block copolymers, named P6 and P7,
composed of statistical sequences of PEGMA-EE246 with PEGMA-ME475, from
which were grown an outer block of PEGMA-ME475 (PEGMA-EE, Mn=246),
(PEGMA-ME, M;= 475) and their conjugates with trypsin which conjugate P6-
trypsin (Hybrid A) and conjugate P6-trypsin (Hybrid B).
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Chapter 2: Materials and Equipment

2. Introduction

In this chapter we will briefly describe about the materials used and how they were
purified and the preparation of these materials. Techniques used in this study were
surface tension, fluorescence and viscosity. Further work involved the use of pulsed—
gradient spin-echo NMR (PGSE-NMR) and small-angle neutron scattering (SANS),

these techniques are discussed in Chapter 3.

2.1. Materials

2.1.1. General materials

8-anilino-1-naphthalene sulfonic acid (ANS), ethanol, (Fisher Scientific, 99.99%),
deuterium oxide (D;0), (Fluorochem, 99.9%), trypsin, sodium sulphate (Na;SOy),
(Fisher scientific) and phosphate buffer sqlution (PBS) at pH 7.2, (Sigma diagnostics,

USA) were all used as received.
2.1.2. Surfactants

Sodium dodecyl sulfate (SDS) (Aldrich, purity 98%) was purified by repeated
recrystallization from ethanol (see section 2.1.5). Deuterated sodium dodecyl sulfate
(d-SDS) for use on SANS experiments (Chapter 4) was obtained from Aldrich

(99.9%) and used as received.
2.1.3. Pluronic studies

Poly(ethylene glycol)o-block-poly(propylene glycol);o-block-poly(ethylene glycol)zg
as known Pluronic P123 copolymer, average molecular weight M,~5800 gmol™,
np(20°C) =1.4650, (Aldrich), was used as received. The 'H-NMR spectrum of this
copolymer (Figure 2-1), show the intensities of the signals attributed to water (HDO),
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Chapter 2 Materials and Equipment

2.1.5. Purification of sodium dodecyl sulfate (SDS)

Sodium dodecyl sulfate was purified by four times recrystallization in absolute
ethanol to remove the impurities present, as these can noticeably affect the surface
tension data obtained (Figure 2-3). (N.B. black lines added to this data to highlight the

change in surface tension.

70 —&— 4 recrystalliations
—&— 2 recrystalliations
- —&— Belore recrystalliation
"
=
i -
=
©
§ w |
30 4
20 T L)

0.01 01 1 16 100

Surfactant Concentration,[SDS]/mM

Figure 2-3: Recrystallization effects on SDS surface tension at 25°C.

2.1.6. Sample preparation

Samples were always prepared from stock solutions to minimise errors. All materials

used as received, except where stated.
2.1.6.1. Surface tension and fluorescence measurements
1) Sodium dodecyl sulfate SDS solutions (Chapter 4)

First, stock sodium dodecyl sulfate SDS solutions were prepared by dissolving the
appropriate mass of SDS in distilled water or ethanol mixtures, to produce a total SDS
concentration of SOmM. Serial dilutions were prepared to obtain different SDS
concentrations ranging from 0.01mM to 40mM, on a 3.0mL a scale.
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2) Pluronic P123 solutions (Chapter 4)

Pluronic P123 stock solutions were prepared by dissolving the appropriate mass of
P123 in distilled water or ethanol mixtures, to produce a total P123 concentration of
2.0wt%. Serial dilutions were prepared to obtain different P123 concentration ranging
from 5.0¢” to 1wt %, on a 3.0mL a scale.

3) Pluronic P123 with SDS solutions (Chapter 4)

P123/SDS solutions were prepared by dissolving the appropriate masses of P123 and
SDS in distilled water or ethanol mixtures to produce a total P123 and SDS
concentrations of 0.2wt % (fixed) and 50mM of SDS respectively. Serial sample
dilutions were prepared to obtain 0.2wt % P123 with different SDS concentration
ranging from 0.01mM to 40mM on a 3.0mL a scale.

For fluorescence measurements, 8-anilino-1-naphthalene sulfonic acid (ANS) was
used as a probe. This was prepared by dissolving 5.98mg (20um) in 1mL acetone and
transferring this to a 1000 ml volumetric flask, removing the acetone and adding
water and covered by aluminium foil. This stock solution was then used to prepare the
appropriate concentrations of SDS, P123 and P123 with SDS, following the procedure

employed to prepare the surface tension measurement samples.
2.1.6.2. Viscosity measurements
1) Pluronic P123 solutions (Chapter 4)
First, a stock P123 solution was prepared by dissolving the appropriate mass of P123
in distilled water or ethanol mixtures, to produce a total P123 concentration of 10wt%

P123. Serial dilutions were made to obtain different P123 concentrations, ranging

from 0.5 to 10wt %, on a 15mL a scale.
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2) Pluronic P123 with SDS solutions (Chapter 4)

P123/SDS solutions were prepared by dissolving the appropriate masses of P123 and
SDS in distilled water or ethanol mixtures to produce a total P123 concentration of
1.0wt % (fixed). Serial dilutions were made with a 1.0wt % P123/SDS solution to
obtain a fixed 1.0wt % P123 concentration with different SDS concentration ranging
from 0.01mM to 100mM, on a 15mL a scale.

2.1.6.3. PGSE-NMR measurements

1) Pluronic P123 (Chapter 4)

First, a stock P123 solution was prepared by dissolving the appropriate mass of P123
in deuterium oxide or ethanol mixtures, to produce a total P123 concentration of 10wt
% P123 in 10mL (1.0g/10ml). Serial dilutions were made to obtain different P123

concentrations, ranging from 0.05 to 5.0wt %, on a 1.0mL a scale.

2) Pluronic P123 with SDS solutions (Chapter 4)

P123/SDS solutions were prepared by dissolving the appropriate mass of P123/SDS
in deuterium oxide or ethanol mixtures to produce a total P123 and SDS
concentrations. Serial sample dilutions were made with 5.0wt % a P123/SDS solution
to obtain a fixed 5.0wt % P123 concentration with different SDS concentration
ranging from 10 to 100mM, on a 1.0mL a scale.

3) Pluronic P123 solutions (Chapter 5)
15 samples comparing 1.0, 5.0, 10, 15 and 20(w/w) % P123 in 0, 8 and 15(w/w) %
ethanol/D,O mixtures respectively and in ds-ethanol were prepared on a 4.0g scale.

Vials were placed on a roller mixed for 24 hours in order for the P123 to dissolve and

the samples to equilibrate.
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4) Hybrid polymers and their conjugated with trypsin (Chapter 6)

a) Trypsin in phosphate buffer solution, PBS (8.3mmol/l, pH 7.2). 10ml of PBS was
prepared in D,0, into which was dissolved of 10mg trypsin.

b) Copolymer P6 was prepared at a concentration of 10mg/ml P6 in D,O and P6 with
salt (Na,;SQO,) prepared 0.3M Na,SO4 (42.6mg/mL),10mg of P6 dissolved in 1.0ml
0.3M Na,S04/D,0 in NMR tube.

c¢) Copolymer P7 was prepared at a concentration of 5Smg/0.5ml P7 in D,O and P7
with salt (Na;SO;) prepared 0.3M Na,;SO4 (42.6mg/mL),5mg of P7 dissolved in 0.5ml
0.3M Na;S04/D,0 in NMR tube.

d) Conjugate P6-trypsin was prepared at a concentration of 10mg/1.0ml in PBS/D,0O
in a NMR tube.

2.1.6.4. SANS measurements
1) Pluronic P123 solutions (Chapter 4)
a) Prepared 0.2 wt% P123 in D,0.

b) Prepared four samples of 0.2 wt% P123 with 0.5 and 5.0mM hydrogenation and

deuterated respectively in D,O.

c¢) Prepared 5.0 wt% P123 in D,O (0.25g in 5ml), 5.0 wt% P123 in 15 wt% d-
ethanol/D,0 (0.25g in 5.0ml) and 5.0 wt% P123 in 0, 8 and 15 wt% d-ethanol/D,0
(0.25g in 5.0ml).
d) Prepared four samples of 5.0 wt% P123 in 15 wt% h-ethanol, in 15 wt% d-ethanol,
in (10 wt% h-ethanol + 5.0 wt% d-ethanol) and in (5.0 wt% h-ethanol + 10 wt% d-
ethanol) in D,0.

e) Prepared 5.0 wt% P123 with 50mM d-SDS (0.25g P123, 72.1mg SDS in 5.0ml) in
0, 8 and 15 wt% ethanol in D,0.
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2) Pluronic P123 solutions (Chapter 5)

a) Prepared 12 samples comparing 10, 20, and 30 wt% P123 in 0, 8 and 15 wt%
ethanol/D,0O mixtures, respectively and in d6-ethanol were prepared on a 1.0g scale.
Vials were placed on a roller mixed for 24 hour in order for the P123 to dissolve and

the samples to equilibrate.

b) Prepared 12 samples of 30 wt% P123 comparing with 5.0, 10, 20, and 25 wt% SDS
in 0, 8, and 15 wt% ethanol/D,O mixtures, respectively were prepared on a 2.0g scale.
Vials were placed on a roller mixed for 24 hour in order for the P123/SDS to dissolve

and the samples to equilibrate.

3) Hybrid polymers (P6 and P7) and their conjugated with trypsin (Chapter 6)
-a) Trypsin was prepared at a concentration of 10mg/1.0ml in D,O in a glass vial.

b) P6 was prepared at a concentration of 10mg/1.0ml P6 in D,O and P6 with salt
(NazS0y) prepared 0.3M Na,SO4 (42.6mg/mL),10mg of P6 dissolved in 1ml 0.3M
Na;S04/D50 in a glass vial.

c) P7 was prepared at a concentration of 10mg/1.0ml P7 in D,O and P7 with salt
(NaySOy) prepared 0.3M Na,SO4 (42.6mg/mL), 10mg of P7 dissolved in 1.0ml 0.3M

Na;S0; in a glass vial.

d) Conjugate P6-trypsin (hybrid A) was prepared at a concentration of 10mg/1.0ml in
D,0 in a NMR tube.

e) Conjugate P7-trypsin (hybrid B) was prepared at a concentration of 10mg/1.0ml in
D,0 in a NMR tube.
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2.2. Analytical instruments

2.2.1. Surface tension

There are many methods for measuring surface tension; in this study we will use a

maximum bubble pressure method.

2.2.1.1. Maximum bubble pressure method

The maximum bubble pressure method is a convenient approach to measure the
dynamic surface tension. In this method gas bubbles are produced in the sample liquid
at an exactly defined bubble generation rate. The gas bubbles enter the liquid through
a capillary whose radius is known. During this process, (Figure 2-4) the pressure rises
to a maximum pressure. Here the bubble has smallest radius equal to the radius of
capillary and forms hemisphere. Beyond this point, the size of the bubble increases
exponentially with time and the pressure inside the bubble decreases. Finally the
bubble is removed from the capillary and movements to the surface and the cycle

begins again with the formation of the next bubble.

The maximum pressure reached is proportional to the surface tension; the pressure is

converted into surface tension by Laplace’s relation [6]:

a-_-[Pw-”o)R @.1)

where ¢ is the surface tension, P, is the maximum pressure reached, Py is the

hydrostatic pressure at the tip of the capillary and R is the maximum bubble radius.
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Chapter 2 Materials and Equipment

2.2.2. Fluorescence Spectra

All emission spectra from the probe 8-anilino-1-naphthalene sulfonic acid (ANS) and
chemical structure see (Figure 2-7) were recorded on a Perkin-Elmer LB50
Luminescence spectrophotometer. All solutions are prepared from stock solutions of
distilled water with the appropriate volume of acetone (1.0ml), containing ANS probe
at the a concentration of 2x10° M. Emission intensities were determined by
integration of the fluorescence intensity over the range 490-520 nm, with excitation at
320 nm using a scan speed of 240 nm/s and slit widths of 5.0 nm, were obtained on

samples equilibrated at room temperature.

©\NH SO;H

Figure 2-7: Structure of the fluorescent probe, ANS.

2.2.3. Viscosity

The most frequently employed methods for measuring viscosities are based on flow
through a capillary tube. The pressure under the liquid flows furnishes the shearing
stress. The viscosities of liquids (here surfactant and copolymer) can be determined
by using an Ostwald capillary viscometer (Figure 2-8). The viscometer was always
suspended vertically in a water bath thermostated at 25.0 + 0.1°C, was cleaned and
dried every time before each measurement and calibrated by water and ethanol/water
mixtures. The flow time for constant volume of solution through the capillary was

measured with a calibrated stopwatch.

The liquid is added to the viscometer up to mark C. Liquid is then drawn up (from
right hand side) until the liquid levels are above A. The liquid is then released and the
time to pass between the marks A and B is measured, (L is the length of the capillary

section).
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wavelengths (between 2 and 10 A) were used to span a O-range of approximately
0.008-0.3 A™!, where Q is the scattering vector, is given by:

4z . 6O
Q= - .,111('2-) (2.4)

where 4 is the neutron wavelength and @ is the scattering angle.

The scattering intensity I(Q) is described in terms of the relative contributions of the
form factor P(Q) which describes the size and shape of the scattering body and Bi,.
which is a background arising from incoherent scattering, mainly due to hydrogenous

material within the sample, which is given by equation:
1Q)=nV,’ (Ap) P(Q,R)S(Q) + B, 2.5)

where n, is the number of scattering, ¥), is the volume of scattering bodies, 4, is the
scattering length density between the scattering centre and its surrounding medium,
and S(Q) is the structure factor which describes how the scattering is modulated by

interference effects between neutrons scattered by different scattering centres.
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Chapter 3: Experimental Approaches

3. Introduction

Several techniques have been employed in this study to characterise certain facets of
the systems. Therefore, in this chapter these techniques will be described in detail; for
example, surface tension measurement of CMC, fluorescence to measure changes in
the structure of the palisade layer by using the probe 8-anilino-1-napthalene sulfonic
acid (ANS), viscosity measurements to investigate the macroscopic changes in the
polymer conformation, pulsed-gradient spin-echo NMR (PGSE-NMR) to quantify the
binding of polymer to surfactant and small-angle neutron scattering (SANS) to probe
the radii of gyration of polymer, the size and shape of the polymer-bound micelles.
Moreover, we have used the last two techniques (PGSE-NMR and SANS) to measure

polymer conformation too.
3.1. Surface Tension

A wide range of tensiometer has been developed to determine surface tension; these
instruments can determine both static and dynamic surface tension. Static surface
measurements are generally defined as those made a long time after the formation of
the surface, when the system has attained an equilibrium state. Dynamic tension
measurements determine how the surface tension changes over time periods of a
fraction of a second to tens of seconds and such systems may be far from the

equilibrium state.

Basically, the molecules at the surface of a liquid do not behave in a similar way to
the molecules within the bulk of the solution. The molecules which are located in bulk
of a liquid are balanced by to equal forces of attraction in all directions, whereas those
located at a liquid/air interface are lacking in one direction due to the unbalanced

attractive forces [1] (Figure 3-1).
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Chapter 3 Experimental Approaches

3. This energy loss induces the molecule to drop down the vibrational energy levels

by radiation less decay.

4. When the molecule reaches the lowest vibrational level of the excited state if the
other molecules cannot accept the energy required allowing the molecule to re-enter

its ground, it will spontaneously emit its energy as radiation, i.e. it will fluoresce.

Fluorescence techniques are widely applied to study surfactant systems, to analyse
such properties as CMC [5], microviscosity and the localised polarity of a system [6].
A fluorescence experiment described in this thesis requires the addition of a
fluorescence probe to the system. The fluorescence spectrum of this probe is analysed
to give information about the particular characteristic of interest and accordingly
specific probes are used for specific experiments e.g. 8-anilino-1-naphthalene

sulphonic acid (ANS) is used mainly to investigate surfactant CMC value.
3.2.2. Fluorescent probes and #n- * transitions

There are some fluorescent probes such as naphthalene and pyrene, that consist
mainly conjugated molecules, in which the absorption of radiation by a carbon-carbon
double bond causes an electron to be excited from a & orbital to a #* antibonding
orbital. Therefore, it is the carbon-carbon double bond that is performing as the
chromophore. A chromophore is a broad term used to explain any chemical group,
which gives specific optical absorptions, and hence colour. Unconjugated double
bond absorption lies in the UV region. However, if the double bond is in a conjugated
environment the z electrons are free to move around the whole molecule and are said
to be delocalised. The molecular orbital in a conjugated molecule are closer together
than they would be in an un-conjugated molecule and therefore require less energy to

complete the transition (Figure 3- 4).

61



Chapter 3 Experimental Approaches

\c{/c\/\ ~ C’;C’\/\

Conjugated chain Unconjugated chain
Figure 3-4: A simple example of a conjugated and an unconjugated system.

3.2.3. ANS (8-anilino-1-naphthalene sulphonic acid)

One such probe employed in this study is ANS (Figure 3-5). This probe is used when
studying surfactant systems as its gives information regarding the environment
surrounding the probe, hence, the functionality of the probe determines in part its

location within the micelle.

NH SO;H

Figure 3-5: Chemical structure of the fluorescent probe, ANS.

ANS is frequently used as a probe in polymer-surfactant systems [7-9], and is known
to bind to the region of the micelle occupied by the hydrated head group, the palisade
layer. The equilibrated sample is excited at 320nm and the fluorescence emission
intensity monitored as a function of surfactant concentration by integration of the
intensity between 490-520nm. The spectra obtained display a gradual reduction in the
intensity between these values, as the concentration decreases, until a plateau is

reached, indicating the CMC of the surfactant, as shown in Figure 3-6.
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Figure 3-6: ANS intensity detects the CMC through changes in both ANS
partitioning and environment.

3.2.3.1. ANS in surfactant-polymer systems as a probe

There are a number of studies using fluorescence techniques to probe the polymer-
surfactant system, using ANS, as probe [7-9]. The ANS provides a qualitative
indication of the polarity in the surrounding environment. Such probes find use in the
determination of CAC or CMC by detecting changes in polarity. The fluorescence
intensity of ANS increases with increasing hydrophobicity, and thus, the measured
fluorescence is an average of the intensity within the polar shell and in the aqueous

pseudo phase.

3.3. Viscosity

The viscosity of a liquid is a measure of the internal resistance offered to the relative
motion of different parts of the liquid. Polymer dissolved in a liquid, the solvent and
solute are very different in size. Therefore, the frictional properties of the solvent in
the solution are significantly changed, and an increase in viscosity occurs, reflecting
the size and shape of the dissolved solute, even in dilute solution. This was observed
in 1930 by Staudinger who found that an empirical relationship existed between the

relative magnitude of the increase in viscosity and the molar mass of polymer [10].
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There are various measures of viscosity. The list below gives the common

nomenclature used in solution viscosity;

1) Relative viscosity:

t
nrel=l=_ (31)

M &

where; 1 is the solvent viscosity and t, is the time of flow of the solvent.

2) Specific viscosity:

- t—t
”sp = 1= = = Nrer -1 (32)
o fy

3) Reduced viscosity:

Mrea =~ (3-3)

4) Inherent viscosity:

T = h{ﬂ) (.4)
C

5) Intrinsic viscosity:
[7]= ln(z”i) =(LJ 3.5)
¢ c=0 ¢ c=0

In dilute solution, molecular interference is expected to occur and 7, is extrapolated
to zero concentration to obtain a measure of the influence of an isolated polymer coil.
This is carried out in one of two ways: (i) 75 can be expressed as a reduced quantity

(n/c) and extrapolated to ¢ = 0 according to the relation:

(n,,/c)=In1+ WP e (3.6)
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where; the intercept is the limiting viscosity number [#/, a characteristic parameter for
the polymer in a particular solvent and x' is a shape dependent factor called the

Huggins constant or (ii) extrapolating the inherent viscosity as:

(logn,., /c)=[n+x"[n)c (3.7)

where; k" is another shape dependent factor.

For a given polymer-solvent system at a specified temperature, fy/ can be related to
molecular weight M through the Mark-Houwink equation [2]:

[n]=K.M" 3.8)

where K, and v can be established by calibrating with polymer fractions of narrow
known molar mass and once this has been quantified for a system, [i] alone will give
M for an unknown fraction.

3.4. Pulsed-gradient spin-echo NMR (PGSE-NMR)

3.4.1. Introduction

Nuclear magnetic resonance, NMR is a technique which has been used throughout
this study, in confirming chemical structures and observing interactions between
molecules. NMR is a valuable technique which has found a huge range of applications
in chemistry, physics, biology and medicine. The common encountered elements
possessing a magnetic moment used for NMR spectroscopy are 'H and BC nuclei
which are found in the most surfactant molecules; in addition 2H is present in

selectively deuterated surfactant and '°F found in fluorocarbon surfactant.

Pulsed-gradient spin-echo NMR, PGSE-NMR is an example of one of many NMR
techniques; owing to its non-invasive nature and wide applicability, it has become the
method of choice for measuring self-diffusion coefficients in solution state. Like all
nuclear magnetic resonance techniques, it possesses a numbers of advantages when
applied to multi-component systems; it is non-invasive, non-destructive but most

importantly, the chemical specificity of NMR enables the behaviour of each

65



Chapter 3 Experimental Approaches

component within the mixture to be identified and analysed in a single experiment.
PGSE-NMR [11, 12] sometimes referred as Pulsed Field-Gradient Spin-Echo,
(PFGSE-NMR) has been reviewed previously in the context of polymer solutions

[13], self-associating and supramolecular systems [14].
3.4.2. Self-diffusion coefficient

Self-diffusion is the random translational diffusive motion of molecules driven by
internal kinetic energy. Translational diffusion also known as self-diffusion
coefficients is the most fundamental from of transport [15] and is responsible for all
chemical reactions, since the reacting species must collide before they can react.
Therefore, the self-diffusion coefficient is one of the most fundamental and important
physicochemical quantities and provides information on dynamic aspects of the liquid

state.

The measurement of self-diffusion coefficients is extremely valuable in the study of
multi-component systems, as correlation between diffusion rates is a good indicator

that two molecules are interacting in solution.

The self-diffusion coefficient, D;, of a particle in solution is described by the Stokes-
Einstein equation [16, 17] :

T
D =% 3.9
I (3.9

where; kg is the Boltzmann constant, T the absolute temperature, and f is the friction
coefficient. For the simple case of a spherical particle with an effective hydrodynamic

radius (Stokes radius) Ry in a solution of viscosity # the friction factor is given below.

f =6xnR, (3.10)

Then we can rewrite equation (3.9);

xgT
67nR,

D =

s

(3.11)
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3.5. Small-angle neutron scattering (SANS)

3.5.1. Introduction

The techniques of small-angle neutron scattering SANS, small-angle X-ray scattering
SAXS and small-angle light scattering (SALS) are together given the name small
angle scattering “SAS”. In the above techniques, the radiation is scattered elastically
by a sample and the scattering pattern thus attained is analysed to provide information
about the size, shape and orientation of the components of the sample. The main
difference between these three techniques is that light and X-ray are both scattered by
the electrons surrounding the nucleus of an atom, whereas the neutrons are scattered
by the nucleus itself. An electron which is charged is unable to travel a long distance
inside a material without being attracted by the nucleus or repelled by the electrons
present in the materials. Neutrons, being electrically neutral particles, are capable of
penetrating substance to charged particles. However, this technique suffers from weak
scattering and low intensities greater degree due to the interaction of neutrons with

nucleus.

Owing to neutrons properties above, small-angle neutron scattering is a very powerful
technique by analysis the molecular arrangement within the micelle systems is
important information when studying the relationships between molecular structures
and physical properties.

3.5.2. Neutrons production

There are two common ways of producing neutrons [21] for SANS experiments. The
first is by the fission of a heavy atom, such as uranium-235, in a nuclear reactor,
which is known as “steady state” source. Each fission event releases a huge amount of
energy (~ 200 MeV) in the form of kinetic energy of the fission fragments, gamma
rays and 2-3 neutrons. The most powerful reactor in the world is the 57 MW high-flux
reactors at the Institute Laue Langevin (ILL) in Grenoble, France [22] (Figure 3-8).
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3.5.3. Theory of small-angle neutron scattering

Small-angle neutron scattering is a diffraction technique, which exploits the wave-
particle duality of a neutron and its unique nuclear properties to probe information
about the size and shape of molecules and their assemblies. The small wavelength, 4,
of the incident neutrons, of the order of 1 to 10 A, allow, SANS to probe the size and
shape of small structures. Scattering occurs due to differences in neutron scattering
length density (SLD/ p) within the sample, which can readily be calculated from the

sample composition and density:

p=NZb, = ‘LVAZb,. (3.13)

where; 6 is the bulk density of the molecule (g.cm™), N4 is Avogadro’s number
(6.023x10”2 mol™), b; is the coherent neutron scattering length of nucleus i, and M is

the molar mass of the sample. p has dimensions of (length)? and units of 10"° cm™ or
10°A2,

3.5.4. Contrast matching

One very powerful characteristic of neutron scattering is that it is possible to
underline different parts of the systems by using a method called “contrast-matching”.
By substituting 'H in a molecule with D, it is possible to control the scattering length
density of the molecule so that it matches that of its surrounding medium and
becomes “invisible” to the neutron. As the scattering length of hydrogen and
deuterium are considerably different, -0.3741 x 10" and 0.6671 x 10° cm™
respectively, this is usually achieved by dissolving a hydrogenated sample into a
deuterated solvent. Figure (3.10) illustrated this process for a surfactant micelle. If
surfactant molecules are selectively deuterated so that the hydrophobic chains contain
deuterium and the head groups contains hydrogen, in solution they will form a micelle
with a deuterated core and hydrogenated corona. If the solvent is H,O, the solvent and
corona are said to be contrast matched and scattering will be highlighted form the
deuterated core (Figure 3.10: a), when dissolved in H,O the solvent and core are

contrast matched and scattering from the corona is highlighted Figure (3.10: b). The
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3.5.5. Scattering vector, Q

The scattering vector, Q, also known the wave vector, describes the relationship
between the incidents, k; and scattered, ks neutrons respectively. Since the scattering
is coherent, they are equal in magnitude (Figure 3.10). Neutrons with wavelength, 4
are spherically symmetrically scattered by nuclei in the sample. A fraction of the
neutrons scattered through an angle 8 are then recorded on a two-dimensional detector
at a distance Ly from the sample at a radial 74, and k; , ks are wave vectors of the

incident and scattered neutrons respectively.

The scattering vector, Q, described as the change in direction of the neutrons, has the
dimensions of inverse length and is normally quoted for neutron scattering in terms of
cm™ or A, Q is defined as:

4m r,,

4m (2]
= Ql|=lk, —k,|=——sin(—) ~
0=|Ql=|k, -k, ~-sin() 7L

(3.14)

where; n is the neutron refractive index may be taken as unity, and @ is the scattering

angle. By substituting equation 3.14 into to the Bragg law of diffraction.

A = 2d sin( %) (3.15)

One obtains the very useful expression

d=22 (3.16)

where; d is a molecular-level length scale by virtue of the Q-range accessible in a
SANS experiment. In essence, d and Q are inversely related, thus small Q values are

requires do investigate the large—scale structure in a sample.
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scattering centre and its surrounding medium, P(Q) is the form factor, S(Q) is the

structure factor and Bj,, is the (incoherent) background scattering [25].

3.5.7. Data analysis

There are two important functions when analysing SANS data, these being the form
factor, P(Q) and the structure factor, S(Q).

3.5.7.1. Form factor, P(Q)

The form factor or shape factor is a mathematical function from which information on
the size and shape of the particles can be obtained. Expressions for the form factor are
known for a range of different shapes including homogeneous spheres, spherical
shells, polyelectrolytes, Gaussian coils and cylinders or rods. In this study, a number
of P(Q) were used, and each discussed in the relevant chapter e.g. Chapters 4 and 5

Pedersen and Chapter 6 Gaussian coil [27].
Therefore, its value is highly dependent upon the size and shape of the scattering

centre and expression exist describing for factors common shapes, some of which

are shown in Table 3.2.

Table 3-2: Form factor expressions for spheres, discs and a Gaussian coil .

Description Analytical expression

Sphere of radius R P(0) - [3{&.” (OR ) - ORCos (OR )2}]2
(QR )

Disc of negligible thickness and P(O) = 2 [l W (2QR):|

radius R (OR)’ OR

Gaussian coil with radius of PO) = 2(exp(-Q*Rg*) + Q*Rg* -1

gyration Rg (Q*Rg*)
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3.5.7.2. Structure factor, S(Q)

The structure factor is a dimensionless function, which describes how the scattering is
modulated by inference effects between neutrons scattered from scattering centres.
Consequently it is dependent on the degree of local order in the sample and the
interaction potential between adjacent scattering centres. The interparticle structure

factor is given below.

4nN

S@) =1+ QV:’ oj[g(r)—ur sin(Q, )d, (3.19)

where; r is the distance between each nearest-neighbour coordination shell and g(r) is

the radial density distribution function.
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Chapter 4: Cosolvent effects on Polymer and Surfactant

Systems

4. Context

The association of Pluronic triblock copolymers PEO-PPO-PEO and the anionic
surfactant sodium dodecyl sulfate (SDS) has been examined using several methods,
such as fluorescence spectroscopy, nuclear magnetic resonance, dynamic light
scattering and isothermal titration calorimetry. One of the important findings from
these studies shows that, depending on their concentration and temperature,

interactions between these materials lead to formation of mixed micelles [1, 2].

In this current study, we have studied the effect of the cosolvent ethanol on the
competitive interaction between SDS and the Pluronic P123 (PEO)-(PPO);-
(PEO)y, using surface tension, fluorescence, viscosity, PGSE-NMR and SANS. In
this chapter, the experimental data for each experimental method will be first
presented, this significance highlighted, and collectively discussed at the end of the
chapter. Inherently, a different Pluronic concentration had to be used for the various
techniques, typically; surface tension and fluorescence (0.2 wt%), viscosity (1.0
wt%), PGSE-NMR and SANS (0.2 wt% and 5.0 wt%), and the implications of this are

discussed.
4.1. Determination of the CMC by surface tension and ANS fluorescence data

Surface tension is one of the techniques commonly used for the determination of the
CMC in micellar solutions. In combination with tensiometry, fluorescence probes
such as 8-anilino-1-naphththalene sulfonic acid (ANS) provide a qualitative indication
of the polarity of the probe environment and therefore a complimentary measure of
the CMC.
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4.1.1. An ionic surfactant SDS in ethanol/water mixtures

Figures 4-1 and 4-2 show the combined surface tension and normalised ANS
fluorescence intensity behaviour for aqueous solution of SDS as a function of the
concentration of added ethanol. In both figures there is clearly only one break in each
curve yielding the CMC SDS “(CMC (SDS)”. For pure water, the CMC = 8.0mM, in
excellent agreement with the literature value [3, 4]. In the presence of 5.0 wt%
ethanol the break in surface tension occurs at a lower SDS concentration, CMC =
5.0mM, compared with the water case, confirming that micellization is promoted (the
CMC decreases) by this amount of ethanol. The CMC for 10 wt% ethanol was found
be 3.5mM. These estimates are in excellent agreement with Griffiths et al. [4] and
Safarpour et al. [S]. The reduction in CMC is called the co-surfactant effect.

The measured fluorescence intensity (Imeasured) from ANS in solution may be simply
interpreted as a concentration weighted summation of the intensity arising from that
fraction of ANS dissolved into the solution phase (Psolution) @and that fraction of ANS
solubilised into micelle (Pmicele), modulated by the environment-specific intensity

associated with those two phases, Lsolution and Imicelle T€Spectively:

measured =p solution I solution + p micelle I micell ¢ 4.1)

For ease, the intensities stated here have been normalised to account for subtle

changes in ANS solubility by:
IANS

I ANS ANS
normal* = I™™(SDS = OOlmM) 4.2)

It is clear that on passing through the CMC for both systems, there is an increase in

the intensity, and we may conclude that p ;0. Loomsion < Pmicerie | . Further, it

micelle

is well-known that 1., >> I .. due to the more hydrophobic and less fluid

environment the ANS experiences.

The normalised intensity of ANS in SDS solution in both the absence and presence of
ethanol increases significantly above the CMC, but the increase in pure water is much

more rapid than the 5.0 wt% ethanol case, reflecting the fact that either the ANS is
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