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UNIVERSITY OF BATH

Abstract
Department of Chemistry

Doctor of Philosophy

Extraction and Modification of Greener Surfactants from Natural Sources and
their use in Development of Delivery Methods for Active Compounds

by Naomi Elstone

The main aim of this work was to investigate more sustainble surfactant systems us-
ing X-Ray and neutron scattering, in combination with other scattering and surface
sensitive techniques, to investigate the structure and interactions which are present
within pure and mixed systems and their likely effects upon their stability and ap-
plicability.

This thesis contains two related but different bodies of work. The main focus of this
thesis has been the investigation amino acid surfactants prepared with three amino
acids. The three amino acids used were selected as they are the main components of
a waste product of the brewing industry which we were interested in valorising. To
determine whether surfactants prepared from these amino acids and their mixtures
were likely to be of interest for applications fundamental studies were carried out,
in which the structure of mixed and pure amino acid surfactants were investigated.
These measurements were carried out in solution and for Langmuir monolayers of
insoluble surfactants using SANS and reflectometry respectively.

The second study involved the investigation into mixtures of sulfobetaines and
phospholipids at the air-water interface. These were of particular interest from both
a fundamental perspective, as the headgroups of these two compounds have the
opposite charge orientation, and from a more application based perspective as sul-
fobetaines have been found to be biocompatible and therefore of use in drug deliv-
ery applications. The structure of these monolayers was also investigated using a
combination of X-ray and neutron reflectometry. The isotopic sensitivity of neutron
reflectometry was exploited to determine the structure of the tails of the components
of the monolayers separately within the mixed monolayers.
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1

1 Introduction

Work presented in this thesis mainly focuses on the characterisation of mixed am-
phiphilic systems. These samples are characterised using a range of techniques,
mostly those based upon X-Ray and neutron scattering, mainly reflectivity and
small angle scattering. Further information on the theory which supports these
techniques is covered in more detail in Chapter 2.

The work carried out within this thesis can be divided into two subsections; inves-
tigation of insoluble surfactants at the air-water interface and the characterisation
and development of applications of soluble surfactants.

Through out this thesis the surfactants investigated have been chosen due to their
green credentials, as defined by the 12 tenets of green chemistry.[1] The introduc-
tion will cover general applications and properties of surfactants before discussing
environmental concerns relating to surfactants and reviewing the literature relevant
to the specific classes investigated in this thesis, sulfobetaine surfactants and amino
acid based surfactants.

1.1 Surfactants: History and Characterisation

Surfactants are amphiphilic molecules which have two regions one of which is hy-
drophobic and the other hydrophilic.[2] These are referred to as the tail and head of
the molecule respectively, the general structure is shown in Figure 1.1

FIGURE 1.1: General structure of a surfactant, tail left, head right

Surfactants have been used since as early as 2500 BC due to their cleaning capa-
bilities, however the commercialisation of soaps did not take place until the early
20th century and the development of synthetic surfactants has occurred since.[3]
There are three main classes of surfactants, based upon different headgroup types;
non-ionic, ionic and zwitterionic. Ionic surfactants are permanently charged, non-
ionic surfactants have uncharged but polar head groups.[4] Zwitterionic surfactants
are an intermediate between ionic and non-ionic surfactants, which have formally
uncharged headgroups which contain both an anion and a cation.[5]
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1.1.1 Soluble Surfactants

At low concentrations these molecules tend to adsorb at interfaces between hy-
drophobic and hydrophilic media and alter them. For example, when a surfac-
tant adsorbs at the air-water interface surface tension is reduced. This reduction is
caused by formation of a monolayer of the surfactant at the interface which shields
the water surface from contact with air.

As the surfactant concentration increases and the interface becomes saturated, this
can be identified as the point where the surface tension remains constant. This point
generally correlates to the formation of micelles in solution and so it often used to
determine the critical micelle concentration, CMC. The CMC values for some indus-
trially relevant surfactants of each type are shown in Table 1.1. At this point contact
between the hydrophobic tails and aqueous media has to be reduced in another
manner and this drives the formation of micelles.

TABLE 1.1: CMCs of industrially relevant surfactants

Surfactant Type CMC (mM)

Sodium Dodecyl Sulfate, SDS Anionic 8.3 [6]

Dodecyltrimethylammonium bromide, C12TAB Cationic 16 [7]

Hexaethylene glycol monododecyl ether, C12E06 Non-ionic 0.09 [8]

N-dodecyl-N,N-dimethyl-3-ammonio-1-propanesulfonate, SB3-12 Zwitterionic 2.7 [9]

Micellar structure depends upon the nature of the surfactants, their concentra-
tion and other thermodynamic properties.[10] At low concentrations of surfactant
above the CMC the structure of the micelles can be predicted by calculating the crit-
ical packing parameter. This can be achieved using Equation 1.1, where Pc is the
critical packing parameter, V is the tail volume, a0 is the average headgroup area
and lc is the maximum extended tail length of the surfactant within the core of the
micelle.[11]

Pc =
V

a0 × lc
(1.1)

The value of Pc can be used to give a prediction as to the micelle structure likely to
be present for any given surfactant.

TABLE 1.2: Micelle structures from packing parameters

Pc Micelle
<0.33 Spheres
0.33-0.5 Rods
0.5-1 Bilayers
1 Planar extended bilayers
>1 Inverted micelles

As the concentration of surfactant increases different structures can be accessed
depending on the micelle type. At high concentrations this can result in the forma-
tion of liquid crystal phases, which can be used as templates for synthesis and for
the controlled delivery of active compounds, such as drugs.[12] As micelles grow at
least one linear dimension is limited, in the case of bilayers this is the thickness of
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the layer, as the concentration increases a transition from vesicles to lamellar struc-
tures is observed. For rod like micelles as the surfactant concentration is increased
worm-like micelles and hexagonal liquid crystal phases are produced.[10][11] These
phases can be observed and identified using polarised optical microscopy.

1.1.2 Insoluble surfactants

Thus far we have focussed on the behaviour of water soluble amphiphiles, how-
ever, insoluble amphiphiles such as phospholipids play an important role in biol-
ogy making up the majority of cell membranes. Much like their soluble counter-
parts when adsorbed at the air-water interface insoluble lipids affect the surface
properties of water, and this varies upon compression of a monolayer, recorded as a
pressure-area isotherm, the method for doing so will be further discussed in Section
2.

On compression the structure of the lipid varies which results in changes in the
surface pressure measured. Depending upon the nature of the lipids present at the
interface, lipids may go through a range of phases prior to collapse of the mono-
layer.

FIGURE 1.2: Diagrammatic representation of a Pressure-Area isotherm and
the structure of lipid molecules in different phases as the monolayer is com-

pressed. Diagram adapted from Blume et al.[13]

A complex example of a Langmuir isotherm is shown in Figure 1.2, the struc-
tures associated with the transitions are shown next to the appropriate positions on
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the graph. The liquid expanded phase (LE) is found at high area per molecule and
occurs when the tails lift from the surface of the water but are still disordered and
fluid. In the liquid condensed phase (LC) the molecules are ordered and the tails
aligned. Between these two phases there is a coexistence region, which has been
characterised as the LE phase which contains islands of the LC phase. In many
isotherms only the LE phase is observed, prior to collapse of the monolayer.[14]

At the collapse point the surface of the monolayer begins to buckle and deform.
This forces the surfactant into the aqueous subphase below. This process is too fast
to be observed using traditional methods and instead has been investigated using
computational modelling. It was found that most likely mechanism of monolayer
collapse is folding of the monolayer, leading to the formation of a vesicle which is
the ejected into the subphase below. [15]

The most commonly investigated class of insoluble surfactants are phospholipids,
they have been widely explored as simple model cell membranes, either as mono-
layers, bilayers or as vesicles.[16],[17]

1.2 Surfactant Applications

The main applications of surfactants are as detergents and for solubilisation. Deter-
gency is an intrinsic property of surfactants, caused by the head and tail regions of
the surfactant having different affinities for oil and water. The fundamental proper-
ties of surfactants have made them one of the most widely used families of organic
compounds, with 13 million tonnes produced in 2008 and this volume increasing
every year. [18]

There are many ways in which surfactants can be segregated, by headgroup charge,
for instance, which is the most common. In this report we are interested in two
types of surfactants; those which are naturally occurring and those which are syn-
thetically prepared, which are more common. Naturally occurring surfactants can
be used to prepare a wide range of structures and may be used in many applications
as they are often biodegradable and biocompatible.[19]

Their roles within the natural environment are extensive, and they are found ubiqui-
tously across the spectrum of living organisms. This high availability has resulted in
naturally occurring surfactants being an area which has been well researched over
recent years. [19], [20], [21], [22] In addition, there has been an increasing interest
in research into benign, “greener” surfactants including naturally occurring surfac-
tants. It is hoped that the extraction of these naturally occurring surfactants from
bacteria and plants will reduce the reliance on petrochemically derived surfactants
which make up the majority of the surfactants currently used.

Surfactants find applications across a range of industries from personal care and
household products to agrochemical and petrochemical industries. The main con-
sumption of surfactants is still as detergents and cleaners with this making up al-
most 50% of the surfactant use in North America, Japan and Western Europe.[23]

Anionic surfactants, which have negatively charged headgroups, are the most com-
monly used as the main components of detergent formulations. As of 2003 the
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most commonly used of these was linear alkylbenzene sulfonate, because the use
of branched surfactants has fallen out of favour due to their persistence in the envi-
ronment. [24]

Non-ionic surfactants, which have uncharged headgroups, are used extensively
when water hardness can adversely affect a formulation as they have low sensi-
tivity to salt and pH variations.

Synthetically prepared surfactants can also be separated into two groups; those pre-
pared using petrochemical sources and those which are prepared using renewable
resources. Although at this time the most commonly used surfactants are still pre-
pared from petrochemical resources, a lot of work is being carried out to find alter-
natives. [20], [22], [25], [26] Such as making bio-oil,[27] which allows for the syn-
thesis of drop in replacements for existing surfactants and making surfactants from
naturally occurring products and especially, when possible, waste products.[28] The
synthesis and use of amino acid based surfactants which is the main topic of this
work, is an example of the second method.

1.2.1 Formulation

Formulation is the act of preparing a mixture of unreactive chemicals to make a
product. This can contain an active ingredient whose properties are enhanced by
the act of formulation, for example ZnO in sunscreen, or may be a mixture of chem-
icals which are individually not particularly useful for the desired applications but
together have the desired properties, such as moisturiser or fabric conditioner.

Formulation is used in a wide range of industries. A common application of sur-
factants in formulations is as emulsifiers. Emulsifiers stabilise a dispersion of one
phase within an another, where the two components are immiscible. The most com-
mon combination is oil in water. Emulsions are used in many industries, from the
obvious, such as the preparation of the eponymous paint, to the less intuitive appli-
cations in food, cosmetics, agriculture and photography. [29]

Emulsions can be prepared from a wide range of surfactants, however here we
are most interested in applications which use naturally occurring or green surfac-
tants. Phospholipids have been investigated for use as emulsifiers. They have been
used to successfully produce nano and mini-emulsions from decane and water.[30]
These emulsions are applicable to a range of industries from the pharmaceutical to
cosmetic industries, as phospholipids are intrinsically non-toxic and are stable to
variations in their environment. [30], [31]

Phospholipids have also been investigated for use in the food industry. Applica-
tions include the encapsulation of bitter hydrophilic phenolic compounds found in
virgin olive oil, which have been reported to have health benefits, and in the prepa-
ration of liposomal drinks, which were not well received due to their unappetising
taste caused by the presence of free fatty acids. [32], [33], [34]

The main disadvantage of using phospholipids in formulations is their high cost,
caused by the complex synthesis and difficulty associated with their extraction from
cell membranes. [35]
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As well as traditional emulsions more complex formulations can be prepared such
as multiple emulsions. These have been explored in a range of industries and have
been applied to reduce the fat content in food, and have been explored as one
method to help tackle obesity.[36] Oil in water in oil emulsions prepared using wax
and liquid paraffin as the oil phases have been explored for topical drug delivery.
By using multiple phases the rate of drug release can be prolonged, reducing the
number of applications of the formulation to the skin. This will also result in a more
consistent dose of the active ingredient, in this study hydrocortisone was used and
the model active ingredient.[37]

Other than their application as emulsifiers, surfactants have other roles within for-
mulations. For example, they can also be used to stabilise sols (dispersions of solid
colloidal particles in aqueous media). They are often used in combination with
polymers to reduce aggregation and coalescence of colloidal particles.[38], [39]

Polymer surfactant interactions have been widely studied due to their applications
in many of the industries previously listed. Polymers much like surfactants are
widely used in formulations, they have roles as stabilisers and thickeners. It has
been reported that polymer surfactant complexes are likely to have applications in
drug delivery applications. These are of particular interest for controlled release.
By using particular surfactant polymer combinations it is possible to control the
triggers for release of active compounds. One area of particular interest is the pro-
tection of drugs in oral formulations from degradation or release in the stomach.
The use of anionic and nonionic surfactants has been found to be effective for the
solubilisation of insoluble drug molecules under in vivo conditions.[40]

Some surfactants have also been found to have antimicrobial and antifungal prop-
erties which can be used to preserve formulations.[41], [42], [43] This is especially
useful when these surfactants also have other applications within the formulation
and so reduces the total number of components. This not only reduces cost but also
potential interactions, which may destabilise the product.

In this section, we have focussed on the applications of surfactants for drug de-
livery and food science. These are areas where common green surfactants are likely
to find applications, as they are often biocompatible and non-toxic. Green surfac-
tants are often also biodegradable and so are useful in agrochemical applications
and other areas where they are likely to be released into the environment. In this
thesis use of the word green applies to compounds which have been developed in
such a way that they follow at least some of the tenets of the 12 principles of green
chemistry.[44] The potential effects of surfactants upon the environment is covered
in further detail in Section 3.

1.2.2 Templating and liquid crystals

Liquid crystals are fluids which have long range order. They can form on the disso-
lution of surfactants at high concentrations and as an intermediate phase between
the solid and liquid phase on the melting of a surfactant.[45] They have been in-
vestigated for use in many areas including energy conversion and as stabilisers in
emulsions. Liquid crystal phases have been investigated for use in drug delivery
applications for controlled release in topical applications.[46]
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The application of surfactants as templates for the production of mesoporous ma-
terials has been widely reported since the early 1990’s. One of the most common
applications being the synthesis of mesoporous silica. Mesoporous silica has found
applications in a huge range of applications, including in drug delivery, medical
imaging, catalysis and gas storage. [47], [48], [49]

One way this has been achieved is by using a liquid crystal hexagonal phase pre-
pared from non-ionic surfactants in an aqueous solution at pH 2 and tetramethyl
orthosilicate which is hydrolised to silica and methanol. This results in a regular
hexagonal porous structure.[50] Mesoporous silica can also be prepared using lower
concentrations of surfactants, Edler et al. used cetyltrimethylammonium bromide to
prepare mesoporous surfactants, at much lower concentrations of surfactant. This
resulted in mesoporous silica films with hexagonal structures, if the ratio of surfac-
tant, TMOS and acid are correct with respect to water.[51]

Surfactant templating can also be used to prepare other mesoporous inorganic ma-
terials and nanomaterials such as zinc oxide, which is a wide band semiconductor,
which can be applied to a range of applications, including solar cells, chemical sen-
sors and in light emitting photo diodes.[52] The methodologies discussed have also
been applied to the formation of other nanostructures such as gold nanoparticles
and carbon frameworks. [53], [54]

Within templating, green surfactants have already found applications, some of which
will be covered in more detail in Section 1.5.3. Amino acid surfactants have been
applied to the preparation of mesoporous silica and hierarchical structures of ZnO.
[52], [53] Biosurfactants have also been reported to be applicable for the stabilisa-
tion of a range of metal nanoparticles during their synthesis, including silver, gold
and cadmium nanoparticles. [55] The preparation of liquid crystalline phases using
green surfactants has been reported for a range of green surfactant systems, includ-
ing those prepared from gemini surfactants with amino acid headgroups.[56], [57],
[58]

1.3 Environmental Considerations

In recent years regulation on the use of environmentally damaging surfactants has
been tightened, with some of the more damaging ones being completely phased
out. However, the release of even the most benign surfactants into the environment
is still cause for some concern.

Despite the move to safer more degradable surfactants and the improvements in
water treatment processes, surfactants are still being released into the environment
after water treatment, albeit in concentrations well below their toxic doses.[23] In
some applications of surfactants the surfactant is released into the environment in-
stead of entering the sewerage systems, such as, the spraying of agrochemical for-
mulations and the loss of surfactants into water from sun protection.

Even at low concentrations of surfactant some of the problems associated with
their presence still affect the environment. For example, surfactants at these con-
centrations can facilitate the transport of water insoluble pollutants into the water
ways, which may result in the pollutants entering the food chain and eventually
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bioaccumulating.[59]

As well as facilitating the transport of other compounds some surfactants are intrin-
sically toxic, especially to marine life.[60] This is often caused by their interactions
with cells which can lead to cell membrane lysis, resulting in disintegration of the
cells.[61]

The adverse affect of surfactants on aquatic life are numerous and unpredictable,
due to the complicated and entangled nature of ecosystems. Some surfactants, espe-
cially those with phosphate based headgroups, can lead to algal blooms which can
have disastrous ecological effects such as decimating aquatic species and adversely
affecting human health.[20], [62] While other surfactants and associated pollutants
may reach higher levels in the food chain, if for example, insect populations are af-
fected this can result in an increase in the population of shrimp and a decrease in
algae. It has also been observed that the presence of common surfactants such as
SDS can adversely affect water-self purification by bivalves which are filter feeders,
this effect is observed at concentrations of surfactant as low as 1mg/L.[63]

In addition to water pollution it is also important to consider the contamination
of soils with surfactants. It has been shown that surfactants adsorb readily at the
soil water interface, and that cationic surfactants are the most effective at doing so
and with anionic surfactants being the least effective. The contamination of soils
can occur through three main routes; waste water discharge into surface waters,
pesticide application and sludge disposal on land. The sludge disposal occurs as
this waste product is used as a low cost fertiliser for agricultural land. The presence
of surfactants in soils rather than in water can also affect how effectively they are
broken down and their degradation routes.[18]

The majority of surfactants can be degraded under aerobic conditions with some
being persistent under anaerobic conditions, such as in soil. For this reason when
releasing surfactants it is essential to not only consider the environmental effects
of the surfactant but also its degradation products. Alkyl phenol ethoxylates were
a wideley used category of anionic surfactants whose degradation products have
been found to be toxic to aqueous life and to cause estrogenic responses in fish re-
sulting in feminisation of fish.[60] These findings lead to a widespread ban of many
of the surfactants within this class throughout Europe, although this has not been
adopted globally.[64]

In order to minimise the environmental impact of surfactants, research into alterna-
tives which are not only biodegradable, non-toxic and non-petrochemically sourced,
and whose degradation products are benign is required. This can be achieved in
two main ways; by researching surfactants naturally produced by bacteria or other
micro-organisms and research into surfactants produced from renewable sources.
Examples for the first category include sopholipids and glycolipids. [65], [66] The
focus of this work is in the second category, specifically into amino acid based sur-
factants and sulfobetaines.
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1.4 Sulfobetaines

Sulfobetaines are zwitterionic surfactants which have been widely investigated for
a wide range of applications due to their positive characteristics. Sulfobetaine sur-
factants have been found to be non-toxic and biocompatible, which makes them
useful in a wide range of personal care and medical applications.[67], [68]

Our interest in them stems from their charge distribution which is the opposite to
that of phospholipids, which are the main component of cell membranes.[69] Both
phospholipids and sulfobetaines have a zwitterionic headgroup with the sulfobe-
taine containing a sulfonate anion and ammonium cation separated by a methyl
linker, the length of which can be varied to give different properties.[5], [60] The
notation SBn-c is used to describe such systems, where n is the number of carbon
atoms in the hydrocarbon linker and c is the number of carbon atoms in the hydro-
carbon tail. In the case of Figure 1.3 this is 3 and 13 respectively, and so would be
referred to as SB3-13.

FIGURE 1.3: Example sulfobetaine structure

The opposite charge distribution of these molecules to that of phosphocholine phos-
pholipids has garnered some interest in recent years. Within the research group we
have focussed on investigating the structure of insoluble sulfobetaine surfactants.
We have prepared both single and double tailed structures. These have been used
to prepare a monolayer at the air-water interface which was measured using reflec-
tometry. From this Hazell et al. [69] found that sulfobetaines have tails which are
less tilted relative to the interface when compared to that of the equivalent phos-
pholipids.

The effect of NaCl and CaCl2 upon the monolayer structure of the single tailed
sulfobetaine was also investigated. It was found that there was not a significant dif-
ference between the sulfobetaines structure on pure water and on the salt containing
subphase. For the double tailed sulfobetaine more variation in the headgroup thick-
ness was observed but it was not considered to be large enough to be significant.[69]

These observations are in line with other research into the interactions of sulfobe-
taines with salts. It has been reported that the terminal sulfonate remains strongly
hydrated and therefore cannot interact with cations such as Ca2+. [70] The ammo-
nium anion has been found to interact more with "softer" anions and so hard anions
such as Cl− will have little effect upon the surfactant structures.[71]

Work carried out by Aikawa et al. [72] is particularly pertinent to the investigations
discussed in Chapter 5 of this thesis. Like us they have investigated mixtures of
sulfobetaines and phospholipids. They have directly investigated this, using DPPC
and a sulfobetaine analogue which (unlike our molecule) is structurally identical
to DPPC outside of the headgroup (i.e. they include the carboxylate linkers to
the saturated hydrocarbon tails). They investigated their systems using differen-
tial scanning calorimetry, DSC, and by analysing pressure-area isotherms. Surface
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pressure-area isotherms showed a negative deviation in the extrapolated area-per
molecule while DSC was used to determine that the excess free-energy of mixing
showed a minimum for the 1:1 mixture. Thus it was concluded that sulfobetaines
and phospholipids have a favourable interaction with each other, which will result
in homogenous mixtures of alternating lipids in monolayers at 1:1 molar ratios.[72]

1.4.1 Synthetic routes

The preparation of sulfobetaine surfactants can be carried out from a bromoalkane
starting material. For simple single tailed sulfobetaines the first step is the formation
of a alkylamine, we used dimethyl amines throughout this work. The first step of
this synthesis is carried out at 75°C and takes 21 hours prior to purification and is
carried out under N2.

FIGURE 1.4: Final step of the synthesis of a sulfobetaine surfactant with a
butyl linker [73]

The final step of all butyl sulfobetaine syntheses is shown in Figure 1.4. This step
proceeds with a reasonably high yield, over 70% in most cases, and requires a re-
crystallisation from methanol and acetone as a purification step. The synthesis takes
18 hours and is carried out at reflux.[73] This methodology was used for the syn-
thesis of the surfactants as no alternative route has been described in the literature.
Some variations have been recorded but these only involve varying the solvent and
hence the temperature and time required for the reaction. All yields recorded are
high and similar to each other.[73], [74], [75], [76] The methodology used for syn-
thesis of sulfobetaines within this thesis was the best available when the synthetic
route was devised by Hazell et al.[69] and has been used as it has been proven to be
effective for the synthesis of deuterated products.

1.4.2 Applications of Sulfobetaines

Sulfobetaines are some of the most studied zwitterionic surfactants and as such
have been found to have a large range of potential applications.[5] Like all zwit-
terionic surfactants, sulfobetaines have behaviour which can be described as inter-
mediate between ionic and non-ionic surfactants, which can lead to this class of
surfactants having advantages over both.

Zwitterionic surfactants are;

• stable over a broad isoelectric range

• resistant to hard water

• resistant to degradation by oxidising and reducing agents
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• able to form stable foams [73]

However despite these advantages over other classes of surfactants zwitterionic
surfactants are not as widely used, due to their higher productions costs, caused
by the need for high temperature and long reaction times, as well as high cost reac-
tants, especially 1,3-propanesultone, for this reason they are generally only applied
to high value applications. Sulfobetaines are widely used in cosmetic products and
domestic detergents, as well as the properties listed above, they are non-toxic, mild
to the skin and eyes and do not transport substances across the skin barrier.[73], [41]

Sulfobetaines have also been found to have antimicrobial and antifungal proper-
ties, and to be effective antimicrobial agents against both Gram-positive and and
Gram-negative bacteria.[41] [77] The antimicrobial behaviour has been shown to
vary with the length of the headgroup linker and the hydrocarbon tail, with sulfobe-
taines with longer tails being more effective antimicrobial agents.[77] It is possible
that sulfobetaines also penetrate mammalian cells, however as they are non-toxic
they are unlikely to cause cell lysis in this case.

Many of the properties listed so far also make these compounds viable for use in
drug delivery applications. One method to facilitate the delivery of hydrophilic
drugs is the preparation of vesicles, which can encapsulate an aqueous phase. Perttu
et al. [71] observed that the presence of salt was required to facilitate the formation
of these structures using dichain sulfobetaines. They found that the higher the salt
used on the Hofmeister series, the lower the concentration required to allow the
formation of vesicles to occur. The Hofmeister series was first observed in relation
to the salting in and out abilities of different ions on proteins, but has since been
found to be relevant to other systems which interact with salts. This cause of the
behaviours observed for this series have been widely researched but the cause has
not been fully determined. [78], [79] The trend observed for the formation of vesi-
cles has been hypothesised to be caused by the greater interactions of sulfobetaines
with softer anions which has been widely reported and utilised.[71] [70] Sulfobe-
taine vesicles are compared to those prepared using DPPC, as the sulfobetaines
used are structurally similar to DPPC with the positions of the charges swapped.
It was found that sulfobetaine vesicles release a greater proportion of the encapsu-
lated compounds at 37°C than those prepared with DPPC. At 44°C the sulfobetaine
vesicles are found to be less "leaky" than those prepared with DPPC, but this is not
a biologically relevant temperature. Another interesting observation was that vary-
ing the salt concentration had little effect on the degree of leakage, although this
is not surprising considering the interactions with salts previously discussed. This
means that sulfobetaine vesicles would be well suited for use in the human body
where vast salt concentration variations occur.[71]

Sulfobetaines have also been used to stabilise quantum dots. Quantum dots are
semi conducting nanocrystals which can be used for biolabelling and cell imaging
due to their fluorescent properties. However, quantum dots cannot be used effec-
tively without modification as they are hydrophobic and made of toxic metals.[80]
Investigation into the uses of sulfobetaines to stabilise quantum dots used a biden-
tate zwitterionic dihydrolipoic acid sulfobetaine ligand, which gave a thin stable
coating on the surface of the quantum dot without affecting its optical properties.
The sulfobetaine ligand was used due to its excellent stability at a range of pH con-
ditions and non-fouling properties, which meant there was low non-specific protein
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binding observed.[81]

Non-detergent sulfobetaines, which have very short tails, have been investigated
for use in preventing protein aggregation and denaturation and were found to be
effective. Avoiding protein aggregation is important, as the aggregation hinders
crystal formation, which is essential when investigating protein structures. It was
reported that this was caused by the interactions between the sulfobetaine in solu-
tion and the amino acids in the protein, it was found to be in highest concentrations
near glycine residues.[82]

As well as being used to decrease crystallisation rates sulfobetaines have also been
used to facilitate reactions and increase their rates. This can be achieved by exploit-
ing the chameleon effect, whereby anions and cations can be concentrated at the
micelle surface. This allows for a variety of simple reactions to be catalysed.[5]
An example of this is the SN2 reaction of methyl naphthalene-2-sulfonate. The
presence of sulfobetaine micelles of tetradecyl-dimethyl-, -dipropyl- and -dibutyl-
ammonio-propanesulfonate have been found to increase the rate of reaction of this
compound with both anions and amines. It was reported that this is caused by
the interaction between anions and the headgroups of the surfactant in the micelle.
Which results in the anion being transported into the micelle where the methyl
naphthalene-2-sulfonate will be in a higher concentration than in the bulk, facili-
tating the reaction.[83]

Varying the bulk around the sulfobetaines’ amine group causes variation in the se-
lectivity of the micelles acting as catalysts; with greater headgroup bulk leading to
greater selectivity of the product.[83] The variations of behaviour with headgroup
bulk may also be applicable to drug delivery applications. Varying the headgroup
bulk may control the rate of release of an active compound from a micelle or vesicle
and so the rate of uptake by the cell.

Structure based control can also be applied to forming specific molecular config-
urations of sulfobetaines. These can also be adapted by varying the temperature
and pH. The ability of surfactants to form mesostructures has been exploited in the
preparation of ion conduction channels for Li ion batteries and hydrogen fuel cells.
The structures of interest for these applications are bicontinuous cubic phases with
nano-pores. These structures can be achieved using tri-chain sulfobetaine surfac-
tants in the presence of benzoic acid and at high temperature. The structure formed
has been attributed to the high relative bulk of the surfactant tail and the interac-
tions of the headgroup with benzoic acid.[84] Again, preparation of such structures
could also be applied to drug delivery. A desired liquid crystal structure for this
application has been found to be a bicontinuous cubic phase, as the multiply con-
nected channels facilitate drug encapsulation and release for both hydrophilic and
hydrophobic active compounds, which can be loaded into the complex structures.

1.5 Amino Acid Surfactants

Since the beginning of the 20th century the potential use of amino acids as head-
groups for surfactants has been known and investigated. In recent years this area
has had a renaissance due to increasing need for more sustainable products.[25]
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Amino acid surfactants have been found to be more biodegradable and biocompat-
ible than many currently used commercial surfactants and so of great interest for
use in personal care and agrochemical formulations.[25], [28] Despite amino acid
surfactants being prepared from naturally occurring products they are not natu-
rally occurring in themselves and so synthetic routes to produce them have had to
be found.

FIGURE 1.5: N-acyl amino acid surfactant general structure

The compounds of most interest to this work are the N-alkyl amino acids shown
in Figure 1.5, they have been selected due to their facile synthesis and applications
in a range of industries. This class of compounds has been reasonable extensively
investigated over the years, as will be covered in later sections. We will explore the
structure and interactions of their mixtures and mixtures with commercial surfac-
tants. We primarily explore these characteristics using X-ray and neutron scattering
techniques.

1.5.1 Amino Acid Surfactant Synthesis

The synthetic route in Figure 1.6, and variations upon it, have allowed the synthesis
of amino acids based upon fatty acid tails and amino acid head groups to be carried
out to produce N-alkyl amino acid surfactants.

FIGURE 1.6: N-acyl amino acid surfactant general synthesis [85], [86]
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Oxalyl Chloride is the one of the most commonly used chlorinating agents, although
others such as thionyl chloride and phosphorus trichloride have also been used,
but the phosphorous based routes are now much less widely used. Phosphorus
trichloride method is less commonly used due its lower atom efficiency and high
excess required.[85], [87], [88] Dimethylformamide, DMF, has been commonly used
in conjunction with the oxalyl chloride in the first step in the reaction to facilitate
the formation of the acid chloride by acting as a catalyst following the mechanism
shown in Figure 1.7.

FIGURE 1.7: Conversion of the a fatty acid into a fatty acid chloride using
Oxalyl chloride and catalytic DMF [86]

The active compound formed above is known as the Vilsmeier-Haack reagent and
allows for acid chlorides to be formed at ambient temperature and pressure condi-
tions.

The second step of this reaction is an amination using the acid chloride and two
equivalents of the amine to allow the removal of a proton. An alternative to this is
to use the Schotten-Baumann route to synthesis, which instead of using two equiv-
alents of the amine, uses a base to neutralise the acid. There are problems related
to exposing acid chlorides to basic conditions, as they tend to react to give the car-
boxylic acid. For this reason these reactions must be carried out in two immiscible
solvents, traditionally dichloromethane and water.[86]

Although the traditional method for the synthesis of N-alkyl amino acids is effec-
tive, and has been the method used in this work, alternative greener methods have
been investigated in recent years, as the high solvent use and use of toxic com-
pounds in the synthesis of these compounds somewhat reduces their green creden-
tials.

The possibility of using lipase enzymes to facilitate the synthesis of amino acid sur-
factants as bio-catalysts is being investigated. The normal function of lipases is to
hydrolyse lipids to smaller molecules including fatty acids. The advantages of using
chemo-enzymatic syntheses over traditional organic synthetic routes are numerous,
including that these routes do not only generally use more mild reaction conditions
and reagents they also tend to give better specificity of products and often only give
a single enantiomeric product.[89] The formation of an enantiomerically pure prod-
uct requires that the reagents used for the synthesis are a single enantiomer. The
surfactants prepared in this report all use single enantiomers of the amino acids
where relevant.
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By using different solvents it is possible to reverse the function of the enzymes and
in the case of lipases use them to synthesize compounds instead. Early work found
some success in the synthesis of amino acid surfactants via enzymes for biocatalysis
using organic solvents such as ethanol and ether mixtures and, although yields of
the L-lysine and L-serine amino acid surfactants were low, at 2-9%, it was shown
that this was caused by the low solubility of the reactants. This was further demon-
strated by the increased yields observed when the amino acids were modified to
make them less polar, in which case yields between 50% and 90% were achieved.[89]

As the problem with the above method was deemed to be the solubility of the
products further investigations have since been carried out to optimise the organic
solvent used and the other conditions of the synthesis. It was determined that the
best solvent in the case of palmitic acid and lysine was tert-butyl alcohol. All other
conditions were optimised by design of experiments allowing a maximum experi-
mental yield of 89% to be obtained.[89]

Ionic liquids, ILs, are an alternative which can be investigated for use as the sol-
vents for these chemo-enzymatic reactions. It has been found that for other chemo-
enzymatic syntheses that hydrophobic ILs have advantages over hydrophobic or-
ganic solvents as they do not tend to affect the shell of water essential to the en-
zymes function. Investigation of the use of hydrophilic ILs mixed with water have
also been carried out and it has been found that the activity in this case is higher
than in hydrophobic organic solvents or ILs, as the enzyme is dissolved rather than
suspended. Although these IL systems have not yet been used to synthesise amino
acid based surfactants, to the author’s knowledge, they have been shown to give
good yields and resolution for the preferential formation of the L-enantiomer of
phenylalanine methyl ester from its racemic mixture, showing some selectivity for
amines. [90]

The high cost of ionic liquids and their toxicity to aquatic organisms means they
are not likely to be a viable solvent for production of amino acid surfactants using
biocatalysis on a large scale.[91] In recent years research into applications of deep
eutectic solvents, DESs, which are eutectic mixtures of Lewis or Brønsted acids and
bases, has increased. These can be used as an inexpensive and environmentally
friendly alternative to ILs.[92] It has been found that good activity of lipase en-
zymes, Candida Antartica, are maintained in the DES choline chloride: urea de-
spite the fact that urea can denature enzymes.[93] Monhemi et al.[94] have carried
out molecular modelling of these systems and determined that choline chloride:
urea may stabilise the enzyme structure, when compared to the enzyme in pure
water, which is surprising considering that urea denatures enzymes when not used
to prepare a DES. The stabilisation was found to be facilitated by the formation of
hydrogen bonds between the components of the DES and the surface residues of
the enzymes.

1.5.2 Physical properties of Amino Acid surfactants

N-alkyl amino acid surfactants have been investigated for many years, with the syn-
thetic routes and physical properties of surfactants being described. For example,
Mhaskar et al. [95] investigated the effect of tail structure and headgroup variation
upon the physical properties of the sodium salts of the surfactants. The main focus
of their work was leucine based surfactants but they also prepared lauroyl glycine
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and lauroyl proline surfactants which are of particular interest to us. They found
that lauroyl proline is liquid at room temperature and has a CMC of 7.4 mM while
lauroyl glycine has a melting point of 118°C and a CMC of 8.3 mM. The tolerance to
calcium ions was also investigated and it was found that the proline surfactant was
tolerant to Ca2+ while glycine surfactant was not.

TABLE 1.3: CMC Values for some Amino acid based surfactants reported in
the literature

Compound Counterion CMC, mM Source

Lauroyl Proline Na+ 7.4 Mhaskar et al. [95]

Lauroyl Glycine Na+ 8.3 Mhaskar et al. [95]

Lauroyl Glycine Na+ 10 Qiao et al [96]

Myristoyl Glycine Na+ 0.5 Qiao et al [96]

Palmitoyl Glycine Na+ 0.32 Qiao et al [96]

Lauroyl Serine Na+ 1.6 Qiao et al [96]

Myristoyl Serine Na+ 1.6 Qiao et al [96]

Palmitoyl Serine Na+ 1.3 Qiao et al [96]

Lauroyl Glutamic acid Na+ 50 Bordes et al. [97]

Lauroyl Malonic acid Na+ 40 Bordes et al. [97]

Lauroyl Malonic acid Li+ 47 Bordes et al. [97]

Lauroyl Malonic acid K+ 56 Bordes et al. [97]

The use of the sodium salt of these surfactants by Mhaskar et al.[95] is no coinci-
dence as the protonated forms of these surfactants are insoluble. The effect of the
counterion used has been investigated by Bordes et al. [97] while researching into
dicarboxylic amino acid surfactants prepared from glutamic and aspartic acid. They
found that the counterion used has a significant effect upon the CMC with Li+ re-
sulting in the lowest CMC, and the CMC increasing as the atomic weight of the
counterion increases. The found that the dicarboxylic acid surfactants had signifi-
cantly higher CMCs than those of the equivalent glycine surfactant.

Further investigation into the sodium salts of the glycine based surfactants has been
carried out by Qiao et al.[96] Compounds were prepared with fatty acids between
six carbons and 16 carbons in length. It was found that CMCs were too high to be
accurately determined for compounds with tails shorter than 10 carbons in length
and that a significant reduction in CMC occurred for the myristoyl surfactant from
a CMC of 10 mM for lauroyl glycine to a CMC of 0.5 mM for myristoyl glycine.
This was not found for the analogous serine compounds investigated in the same
study whose CMCs were all between 1.0 mM and 1.6 mM with no obvious pattern
being present. The cause of this is thought to be the greater solubility of the serine
compounds compared to those of glycine.

Varying the tail architecture was also expected to have a distinct affect upon the sur-
factant behaviour. However, in order to achieve this alternative synthetic routes to
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the compounds need to be investigated. Kawase et al.[98] prepared amino acid sur-
factants with a range of amino acids, including glycine and proline, and an alkoxy-
carbonyl tail. This increases the size of the headgroup region of the surfactant. They
found that these surfactants have lower CMCs than those of the equivalent N-alkyl
surfactants, when dissolved in two equivalents of NaOH.

Li et al.[99] prepared N-alkyl surfactants, from alkyl halides and derviatives of amino
acids, which they describe as true amphroteric surfactants, whereas N-acyl com-
pouds are described as anionic surfactants, with the sodium cation associated with
the carboxylic acid region of the headgroup. The CMCs of the N-alkyl compunds
are found to be lower than their N-acyl equivalents with a CMC of 3 mM being
reported for sodium N-dodecyl glycinate, while as previously stated the CMC for
sodium N-dodecanoylglycinate is 10mM. However, it was found that the N-alkyl
amino acid surfactants had lower room temperature solubility than N-acyl which
was found to be highly dependent on pH. [99]

The effect of Ca2+ upon the behaviour of glycine and proline based surfactants
has been mentioned above. The effect of Ca2+, especially CaCO3, upon amino
acid surfactants is important when considering the potential applications, espe-
cially those in detergency and personal care where they may be used in conjunc-
tion with hard water. It was found that N-oleyl amino acid surfactants prepared
from proline, isoleucine and phenylanaline have significantly higher calcium toler-
ance than sodium lauryl sulfate. With the tolerance increasing from phenylanaline
to proline to isoleucine, this is in line with an increase in hydrophilicity of the
headgroups.[100] Bordes et al.[97] have investigated the interactions of cations with
the sodium salts of dicarboxylic acid amino acid surfactants. They found that the
greater the spacer between the carboxlylic acids the greater the resistance to calcium.

1.5.3 Applications of Amino Acid surfactants

Amino acid surfactants have garnered a large amount of interest in recent years
due to their positive characteristics, including biodegradability, biocompatibility
and antimicrobial behaviour. [25], [101] These characteristic make them useful in
a vast range of applications, including in drug formulation, personal care products
and foods, as both emulsifiers and preservatives.

Akter et al. [102] have carried out investigations into potential delivery vehicles
using sodium N-lauroylsarcisonate hydrate, a commercially available amino acid
based surfactant. They first prepared emulsions, using a mixture of the amino acid
surfactant and a co-surfactant, 1-decanol. They found that by varying the ratio of
surfactant to co-surfactant they were able to access different aggregate structures.
At certain molar ratios of surfactant to co-surfactant emulsion phases were pre-
pared rather than pure vesicles.[102] To improve the stability of the vesicles and
to improve their drug delivery capabilities Akter et al. [103] investigated the effect
of addition of polyethylene glycol, PEG, upon the vesicles. They found that at low
concentrations, 1.5 wt%, this improved the stability of the vesicles but at higher con-
centrations the PEG destabilised the vesicles.

Using sodium N-lauroylsarcisonate and oleic acid, microemulsions can be formed.
In this case the emulsion was formed by addition of water to an oil and surfactant
mixture, followed by hand mixing and centrifugation to test for phase separation.
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By adding kappa-Carrageenan, a natural hydrocolloid, a gel was formed with the
emulsion droplets trapped within the gel network. This type of gel has been shown
to have applications for oral drug delivery. [104]

Amino acid surfactants have also been applied to the solubilisation of non-polar
drugs. Amphotericin B which is an anti-fungal therapeutic agent has been solu-
bilised by a gemini amino acid surfactants based upon cysteine. In this example
the use of the surfactant will allow the active ingredient to be delivered in a non-
toxic formulation which was not previously the case. Toxicity was caused by dif-
ferent oligomeric forms of the active ingredient aggregating, with the water soluble
oligomers causing an increase in the toxicity. [105]

Amino acid surfactants have also been investigated for use as gene delivery agents.
Gemini surfactants have once again been used in this case to prepare appropriate
delivery methods for gene therapy. In one case nanoparticles were prepared and
the effect of using surfactants, with and without the amino acid headgroups, on the
uptake of these particles into cells was determined. It was found that there was
an increase in transfection efficiency when the glycyl-lysine headgroup was present
over when it was not. This occurred due to lower levels of early release and degra-
dation of the DNA prior to release, caused by increased binding between the DNA
and Gemini surfactants, during trafficking of the nanoparticles into the cell. [106]

Studies have shown that cationic Gemini surfactants derived from quaternary am-
monium salts have the ability to disassemble aggregated proteins associated with
neurodegenerative disorders such as Alzheimer’s. However, their cytotoxicity pre-
vents them from being used in vivo. [107] For this reason initial work has been car-
ried out to determine whether biocompatible surfactants, such as gemini surfactants
based upon cysteine, were applicable to this application. Branco et al. [108] found
that this surfactant causes bovine serum albumin, BSA, a model protein to unfold.
Further work is required to determine whether these amino acid surfactants are ap-
propriate for this application but the initial study gives promising results. [108]

Amino acid surfactants have found many uses outside medical applications, due to
their wealth of useful properties. The racemic nature of amino acids also increases
the potential applications of these compound, with them being investigated for use
in the separation of racemic mixtures. This has been shown to be effective by bind-
ing the surfactants with headgroups, including leucine, to into a polymeric struc-
ture in order to prepare a column, for electrochromatography applications. Good
separation was achieved in the case of cationic chiral compounds and achiral sepa-
ration of neutral compounds. These set-ups have the potential to be configured for
enantiomeric separations, although the authors stated further investigations were
required. [109]

Amino acid surfactants have been used to prepare a range of hierarchical struc-
tures of ZnO. It was found that by varying the amino acid used for the headgroup
of the surfactant, different structures could be accessed. This application is partic-
ularly important, as ZnO is a wideband semiconductor and by accessing different
morphologies the structure can be tuned to be useful for a range of applications
within solar cells, chemical sensors, catalysis and many other areas. In this case a
sol-gel route was used to prepare the samples and their structures were investigated
using scanning electron microscopy. Different structures were accessed by varying
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the headgroup and the solvent used. [52] This method and these surfactants could
also be applied to other metal oxide systems which may be useful for catalysis or in
other applications.

Amino acid surfactants can also be used to prepare mesoporous silica, in another
templating application. These materials, like ZnO, have a vast range of applica-
tions as catalysts, for delivery of drugs and in separations. The work described by
Baccile et al. [65] investigates a method for preparing mesoporous silica using only
sustainable resources under environmentally benign conditions. This was found
to be possible within this work. Although, it was only successful under a narrow
range of reactant and template compositions. The work did show that surfactants
which were not highly pure could be used to template silica. This means a greater
range of natural products may be able to be used to prepare mesoporous silica than
previously thought. [110]

1.5.4 Environmental considerations relating to Amino Acid surfactants

The toxicity of some amino acid surfactants with tail lengths between 10 and 14
carbons in length, to various human cell lines has been tested. The toxicity was
compared to SDS by Perinelli et al. [111]. The cell lines used are models for oral,
respiratory and parenteral (by injection) administration of the surfactant, as, as pre-
viously discussed, they have been widely explored for drug delivery applications.

It was found that the EC50 values of N-acyl amino acid surfactants prepared from
analine and leucine were greater than those of SDS. Although, the value for surfac-
tants prepared with C14 tails was very similar to those of SDS. This shows that these
surfactant are less toxic than SDS. The increase in toxicity with chain length follows
the variation in CMC. the nature of the headgroup also has an effect upon toxicity,
with alanine based surfacts having lower EC 50 values than the equivalent leucine
surfactants. [111]

Perinelli et al. [112] investigated the effect of headgroup structure upon surfactant
toxicity in a further study. In this study they investigated the toxicity of four N-acyl
amino acid surfactants with tails prepared from decanoic acid. The amino acids of
interest were leucine, methionine, serine and proline. They found that surfactants
with the serine based headgroup have the lowest toxicity and that all samples had
much lower toxicity than SDS.

As well as investigating human toxicity, it is important to determine the effect of
surfactants upon the environment. One way in which this is investigated is by
determining the toxicity to Daphnia Magna, a model organism used to determine
aquatic toxicity. Investigations into the aquatic toxicity of anionic N-acyl amino acid
surfactants have not been reported. The toxicity of cationic surfactant Lauroyl arge-
nine methyl ester has been investigated and found to be significantly lower than the
of the equivalent trimethyl ammonium bromide, TAB, surfactants.[113] The toxicity
of cationic Nα-acyl leucine surfactants was also investigated and found to be much
lower than equivalent TAB surfactant. There was once again a trend to increasing
toxicity with increased tail length. [114] Although these samples do not have identi-
cal structures to those of interest to this work, they are like to be indicative of a trend
in toxicity of amino acid surfactants. Thus they are likely to be generally lower than
the currently used equivalents.



20 Chapter 1. Introduction

Another environmentally relevant consideration are the degradation pathways and
efficiency of N-acyl amino acid surfactants. The more easily degradable they are
in the environment, the lower their impact, assuming the degradation products are
non-toxic,which is likely to be the case for compounds prepared from non-toxic
compounds, such as these. The biodegradability of N-acyl amino acid surfactants
has been reported widely as one of their intrinsic properties, with Infante et al.[115]
describing their biodegradability as high.

1.6 Summary

In this introduction we have given an overview of the properties and characteristics
of both soluble and insoluble surfactants and explored both their applications and
potential environmental impact. We have then focussed on the applications of sur-
factants relevant to the work carried out in this thesis.

In the section devoted to sulfobetaines their synthetic routes and potential appli-
cations were discussed. Due to the high cost of production of these compounds
they are generally only used in high value products. Many of these are in medical
and drug delivery applications. This lead to a study by Aikawa et al. [72] being
carried out into the interactions between sulfobetaines and phospholipids. The re-
sults they obtained gave no structural information. In Chapter 5 structural results
obtained from sulfobetaine and phospholipid mixtures at the air-water interface are
discussed. These have been determined using X-Ray and neutron reflectometry
techniques in conjunction with pressure-area isotherms collected for the monolay-
ers. These techniques are further discussed in Chapter 2.

In the section devoted to amino acid surfactants we discuss synthetic methods which
have been used to produce them as well as the physical characteristics of these com-
pounds, their applications and their potential environmental impact. Although the
physical properties of many amino acid surfactants have been discussed in the liter-
ature for a wide array of compounds, investigation into their bulk structures using
scattering techniques have not been reported. In Chapter 8 the bulk structures of
the amino acid surfactants used in this thesis are reported along with the structure
of their mixtures and the effect that mixing them has upon their physical properties
and structure.

In order to be applicable to a range of potential formulations, the interactions be-
tween amino acid surfactants and widely used commercial surfactants need to be
determined. Reddy et al.[116] discussed the interactions of lauryl-glycinate and SDS
which they found formed vesicles. In Chapter 8 we have investigated the variation
in the CMC on mixing myristoyl proline with SDS, C14TAB and C12E06. The bulk
structures of some of these mixtures over the CMC have also been investigated us-
ing scattering techniques.

In order to better understand the nature of the interactions between different amino
acid surfactants, insoluble amino acid surfactants were synthesised and their struc-
tures at the air-water interface measured using reflectometry measurements in com-
bination with pressure-area isotherm data. This data is presented in Chapters 6 and
7.
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2 Theory

In this Chapter we will introduce the theory behind the techniques used to charac-
terise the systems of interest to this thesis. We will also discuss the analysis tech-
niques used to interpret these data sets, whether by us or by the software used.

The techniques used can be divided into two categories; those used to characterise
the behaviour and properties of the surfactant and those used to analyse the struc-
tures formed by the surfactants.

2.1 Surfactant Characterisation

As discussed, in Chapter 1 surfactants tend to adsorb at interfaces and modify them,
which for a surfactant adsorbing at the air-water interface leads to a reduction in
surface tension, which can be measured and analysed. In the case of soluble surfac-
tants this can be used to determine the CMC, which will be discussed later, and for
insoluble surfactants a Langmuir isotherm can be recorded.

2.1.1 Insoluble Surfactants: Langmuir Isotherms

Investigation into insoluble amphiphiles and their mixtures often begins with the
measurement of a Langmuir isotherm, also known as a pressure-area isotherm. As
a result of the compression of a monolayer the surfactant can adopt a range of differ-
ent phases and by measuring the variation in surface pressure the area per molecule
at which these phase changes occur can be determined.

FIGURE 2.1: Diagrammatic representation of a Langmuir trough set-up and
the spreading of insoluble lipids at the air-water interface, not to scale.
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To prepare the monolayer the amphiphile is dissolved in a spreading solvent, most
often chloroform, which is volatile and immiscible with water. This solution is then
spread between moveable barriers and the solvent allowed to evaporate prior to the
isotherm being collected. A representation of the general set up is shown in Figure
2.1.[117]

To determine the variation in surface pressure upon compression of the monolayer,
a pressure sensor is used in conjunction with a Wilhelmy plate. The Wilhelmy plate
used can be made either of platinum, or in the case of the work described herein,
filter paper. The Wilhelmy plate is hung from a force sensor and immersed into the
subphase, which is usually water. Prior to all experimental measurements the plate
is given time to equilibrate to ensure no variations in surface pressure are caused by
differences in wetting of the plate.

π = γ0 − γ (2.1)

Surface pressure is calculated using Equation 2.1, where π is the surface pressure,
γ0 is the surface tension of pure water and γ is the surface tension of the system of
interest and hence the surface pressure of pure water is zero.[13], [118]

The surface tension is determined from the force applied to the the Wilhelmy plate,
which can be calculated using Equation 2.2.

Ftotal = FGrav + 2× l × γ × cosθ − FBouyancy (2.2)

Where Ftotal is the force detected on the plate, FGrav is the force applied to the plate
due to gravity, l is the length of the perimeter of the plate, θ is the wetting angle and
FBouyancy, the upward force caused by the buoyancy of the plate, which is ignored
if a filter paper is used, as the buoyancy is constant throughout the measurement
and taken into account by the instrument.[13]

As the plate is immersed into the subphase prior to the experiment, to ensure that
wetting of the plate is in equilibrium, a liquid meniscus will form, which gives a
contact angle of 0. And so cosθ will be 1. As the Ftotal can be measured and FGrav
calculated the surface tension can be determined. [13]

As the monolayer is compressed, and therefore the area per molecule decreased,
an increase in surface pressure is observed. The manner in which this occurs gives
an indication as to the phases which are likely to be present at the particular area
per-molecule. This was shown in Figure 1.2 in Chapter 1.

Further information on the phases present in the monolayers can be extracted from
pressure-area isotherms by determination of the compression modulus. Compres-
sion modulus, Cs, is a useful tool for determining the behaviour of a monolayer, as
it gives an indication of the film stiffness. This in turn indicates the likely phase of
the monolayer. It can be calculated using Equation 2.3.

Cs = −A
(
dπ

dA

)
(2.3)

Where A is the area per molecule and π is the surface pressure.
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Values of the surface compression modulus are indicative of the phase present, al-
though the values associated with each phase are not consistent throughout the
literature. Some of the values of compression modulus and the expected associated
phase are reported in Table 2.1.

TABLE 2.1: Examples of compression moduli and the phases reported within
the literature

Compression modulus Phase predicted Source

>200 mNm−1 Liquid Condensed Phase Grasso et al. [119]

<100 mNm−1 Liquid Expanded Phase Flasiński et al. [120]

12.5-50 mNm−1 Liquid Expanded Phase Gómez-Serranillos et al.[121]

100-350 mNm−1 Liquid Condensed Phase Blume et al. [13]

FIGURE 2.2: Plots of example compression moduli vs area per molecule
(top) and Surface pressure (bottom) the liquid expanded to liquid compressed
phase transition is labelled in both examples. The inflection seen at high sur-
face pressure is indicative of a further phase transition. Diagram adapted from

[13].
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For this reason, other techniques such as Brewster angle microscopy and grazing
incidence X-Ray diffraction may be required to definitively determine the phase of
the monolayer, although the compression modulus of a sample does give a good
indication of the phase.

By plotting compression modulus against either area per molecule or surface pres-
sure, the presence of phase transitions can be more clearly observed. Examples of
the graphs that may be obtained for this data are shown in Figure 2.2.

Theoretically the compression modulus would be zero at the phase transitions, al-
though this is rarely the case. This is can be caused by a range of factors including;
impurities and too high compression rates, which mean that the monolayer is not
able to equilibrate at so an increase is pressure is still recorded.[13]

2.1.2 Soluble Surfactants: CMC determination

There a many methods to determine the critical micelle concentration, CMC. Some
properties which have been used to determine the CMC are optical turbidity, elec-
trical conductivity, osmotic coefficient and surface tension.[122] An indication of the
variation in these properties prior to and after the CMC is shown in Figure 2.3. [10]
In order to best determine the CMC the property chosen or a function of it is plotted
against the concentration, or a function of it.

FIGURE 2.3: Variation of a range of properties with the concentration of sur-
factant before and after the CMC. Diagram is adapted from [10].
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For example, in order to determine the CMC from variations in surface tension,
surface tension is plotted against log of the concentration. This function is used as
it gives a distinct change in gradient at the CMC to a near constant value of surface
tension, allowing the CMC to be easily identified. If this function is not used the
transition is significantly less clear. From this plot other parameters can also be
determined such as the surface excess and area per molecule using Equations 2.4
and 2.5.

Γ = − 1

nRT
× dσ

dln(c)
(2.4)

where Γ is the surface excess, n is the number of species, R is the gas constant, T is
the temperature and dσ

dln(c) is the gradient of the linear region of the surface tension
vs ln(conc) data prior to the CMC.

A =
1

ΓNa
(2.5)

Where A is the APM and Na is Avogadro’s number. In this work CMC determi-
nation has been carried out using a surface tension methodology. Variation in the
surface tension was measured using a du Noüy ring, named for the person who
developed it.[123] The method for determining the surface tension in this case is
very similar to that described for the Wilhelmy plate method, discussed in Section
2.1.1. The du Noüy ring method for measuring surface tension uses a platinum ring
which is pulled through the interface to determine the surface tension.

To determine the surface tension two equations are required. The first, Equation
2.6, allows the determination of the ideal surface tension, γideal. Where Ftotal is the
total force applied to pull the ring through the interface, Mring is the mass of the du
Noüy ring and R is the radius of the ring.[124]

Ftotal = Mring + 4πRγideal (2.6)

In order to determine an accurate value of surface tension, Equation 2.6, a correction
factor is applied which takes into account the fact that the inside and outside radius
of the ring are different. This causes a distortion in the meniscus shape relative to
the ideal, and hence this correction factor is called the meniscus correction factor, f.
[124]

γ = fγideal (2.7)

Correction factors for measurements carried out within this report were automat-
ically applied by software associated with the instrument used, this is reported in
Chapter 3.

2.2 Scattering

The interactions between waves and matter have been long known and can result
in two types of scattering; elastic and inelastic scattering. Inelastic scattering occurs
when there is a transfer of energy while for elastic scattering the energy of the wave
is unaltered by the scattering event. In this thesis we are primarily interested in
elastic scattering of neutrons and X-Rays from the interface and from small struc-
tures in the bulk of between 10−9 to 10−7m in size, for example micellar structures.
[125] We do however, also discuss scattering of visible light which is also utilised to
characterise systems of interest.
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In this Section, we begin by discussing the methods used to produce X-Rays and
neutron and the differences between the applications of the two. We then cover the
two main techniques used in this thesis, reflectivity and small angle scattering and
briefly cover other techniques used which involve the scattering of visible light.

2.2.1 X-Ray Generation

X-rays can be produced in a number of ways and have a wide range of applications
for research purposes. The traditional method involves bombarding a metal target
with electrons to facilitate the production of X-Rays. The intensity and wavelengths
of X-Rays produced depends upon the metal bombarded. However, this method of
production does not provide adequate flux for many experiments to be carried out
and the energy of the X-Rays produced cannot be modulated. In order to obtain
X-Rays with the flux and modulation required for many of the experiments carried
out in this thesis X-Rays produced using a synchrotron have been used.

2.2.2 Synchrotron Radiation

The use of synchrotrons to produce X-Ray radiation was first seen in 1947 and this
method for producing X-Rays for use in research was first applied in the 1960s. The
first dedicated X-ray source was the Synchrotron Radiation Source, in Daresbury.
[126]

Synchrotrons use an electron beam to produce X-Rays. The electrons are produced
using the aptly named electron gun, which works using the same principles found
in cathode ray tubes used for older screens. In this work we will focus on the setup
and methods used at the Diamond Light Source, Didcot, to produce X-Rays as this
is the facility used for the research contained within this thesis.

Once the electrons have been produced they are accelerated to approximately the
speed of light and are introduced into a storage ring. Storage rings contain a ring of
dipolar magnets, which ideally generates a uniform field to circulate the electrons,
and quadrupole magnets, which focus the beam to ensure it does not spread. This
can be further refined by using magnets with a greater number of poles to reduce
beam instability. The total energy loss for for an electron circulating in a storage
ring can be calculated using Equations 2.8 and 2.9.[126]

Nrad = N
2πR0

L0
(2.8)

dE

dt
=

2

3
× q2c

4πε0
(
E

m0c2
)4

1

R2
0

Nrad (2.9)

Where Nrad is the number of radiating electrons, N is the number of electrons, E
is the energy of the circulating electrons, R0 is the orbit radius, L0 is the orbit cir-
cumference, I is the circulating electron current and q is the electric charge, ε0 is the
permittivity of a vacuum, m0 is the mass of an electron.

In order to produce X-Rays two magnetic set ups are used, the first being undu-
lators, which are comprised of blocks of dipole magnets with alternating magnetic
fields. These magnets deflect the electron beam in its plane. As the beam changes
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direction X-Rays of a narrow energy band are emitted. Alternatively, a wiggler
can be used which operates under the same principle, using magnets to deflect the
electron beam, and in this case the beam is deflected by a larger amount than for
undulators. When a wiggler is used a broad spectrum of X-Ray radiation is pro-
duced with higher energy than those produced using an undulator. At the Diamond
Light Source these two set-ups are used to provide for the requirements of different
techniques.[126], [125]

2.3 Neutron Generation

The use of neutrons for scattering is possible due to the wave-particle duality of
subatomic particles. The wavelength of a neutron is much smaller than those of
X-Rays and light, which results in more complex scattering. This will be further
discussed in Section 2.6.[127]

There are advantages to using neutrons over X-Rays or light scattering to investi-
gate structure: neutrons are very penetrating and so complex step-ups can be used
and they can be used to measure opaque samples, they are also isotopically sensi-
tive and so contrast variation can be used to highlight areas of interest, assuming
that varying the isotope does not affect the molecular structure. [127], [128]

The production of neutrons is non-trivial and always requires the use of a large
facility. There are two main methods for the production of neutrons: fission and
spallation.

2.3.1 Radiation Source

Fission is still the most common source of neutrons for scattering research and re-
actors are currently the brightest sources of neutrons, although unlike spallation
sources which will be discussed later they have reached their theoretical limit. De-
spite the relatively high brightness of radiation sources the flux is relatively low,
108 neutrons/cm2/s, which is is 10 orders of magnitude smaller than the fluxes ob-
tained by third generation X-Ray synchrotron sources.[129]

The basic set up for a nuclear reactor has four components: the fuel, the moder-
ator, the coolant and shielding. At the ILL, the neutron reactor source used within
this thesis, the fuel used is enriched uranium, 93% enriched with 235U. The fuel rods
used contain a central neutron adsorbing control rod, made from a silver-indium-
cadmium alloy. The coolant used in this reactor is water and, as in most reactors,
this is pumped through the reactor fins in order to remove the heat generated by
the reactor. The water also serves as the primary moderator. The core is encircled
by a heavy water moderator, which reflects back neutrons into the core for further
moderation and to contribute to the chain reaction responsible for the neutron pro-
duction. The reflection of the neutrons also causes a peak in the thermal neutrons
just outside the reactor core. This is where the neutron beam tubes are positioned,
penetrating the biological membrane, the shielding which avoids neutron and other
radiation escaping the reactor. The presence of the tube causes a decrease in the
neutron concentration, which causes more neutrons to move towards the tube and
an increased flux down the beam tube, towards the instruments which use them.
These beam tube tend to be tangential to the core to reduce the background caused
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by γ-rays. Neutron guide tubes transport neutrons further away from the reactor
source for experiments. These guide tubes maintain the high neutron intensity, by
reflecting the neutrons within the tube to minimise loss. These neutron beams also
have low backgrounds as γ rays are not focussed by the tubes and the beam is kept
reasonably narrow, which reduces the background scattering. The high length of
the tubes, up to 120m, allows many instruments to be installed along each guide
tube.[129]

2.3.2 Spallation Sources

At the ISIS pulsed neutron and muon source, which produces neutrons via spalla-
tion, neutrons are produced by accelerating protons at 800 MeV towards a tungsten
target. The protons are then absorbed into the nuclei of the tungsten, which is a
heavy metal and there they undergo an intranuclear cascade which leads to the
emission of high energy neutrons and other subatomic particles which can then go
on to trigger further spallation through an internuclear cascade, as shown in Figure
2.4. The neutrons are then slowed using moderators in order to reduce their energy
to allow them to be used in neutron scattering experiments.[130]

FIGURE 2.4: Schematic representation of spallation by proton bombardment
and the processes which can follow the initial process.[129], [130]

Scattering experiments are generally carried out using neutrons of a known wave-
length, which allows determination of the angular variation from scattering and so
the nature of the scatterer. The specifics of this will be discussed for reflectivity and
small angle scattering in the later sections. Monochromation of the beam results in
many of the neutrons being lost, for a spallation source this is not necessary, as all
the neutrons are created in pulses and so the wavelength can be determined using
Equation 2.10. This allows the majority of the neutrons created in each pulse to be
used in scattering experiments, calculating the wavelength of neutrons in this way
uses time of flight.

λ =
h(t+ t0)

mn(L+ L0)
(2.10)
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Where t is the time is takes for a neutron to reach the detector, L is the distance from
the moderator and t0 and L0 are offsets which need to be calibrated and mn and h
are the mass of a neutron and Planck’s constant.

2.4 X-Ray and Neutron Scattering

The scattering of X-Rays and neutrons by matter operates differently but both inter-
act with matter in a way that facilitates the measurement of structures at the atomic
length scale. This means that the scattering of both X-Rays and neutrons can be
used to investigate many complex problems which could not otherwise be easily
observed.

X-Rays are able to interact with matter as their wavelengths are in the Å range, as are
chemical bonds. The interaction between X-Rays and matter occurs with the elec-
tron clouds of atoms, and hence as atomic number increases so does the scattering
of X-Rays. This makes X-Ray based techniques particularly useful when investigat-
ing samples containing atoms with relatively high atomic numbers but less useful
when investigating samples with high molecular concentrations of hydrogen.[131]

Neutrons interact with matter in a different manner, as they scatter from the nu-
cleus of atoms, (or unpaired electrons, which is not relevant to the work carried out
in this thesis) rather than the electron clouds.[132] This nature of the interactions
are therefore sensitive to isotopic substitutions and the scattering of neutrons varies
across the periodic table in a much more random manner. This is shown in Figure
2.5. The important factor for the investigations carried out herein is the difference
in scattering length of hydrogen and deuterium, which has been widely exploited
in order to explore biological and soft matter systems.

atomic weight

FIGURE 2.5: Variation of Coherent Scattering length of isotopes for elements
up to Zr across the periodic table, and deuterium, taken from the NIST web-

site. [133]

As shown in Table 2.2 the variation between the coherent scattering of hydrogen
and deuterium is significant for neutrons, as is the difference in the incoherent cross
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section of the two. Hydrogen has a much greater incoherent cross section than deu-
terium, which results in high background signals when coherent scattering tech-
niques such as reflectivity or small angle scattering are used to investigate samples.
These techniques are further discussed in later sections.[132]

TABLE 2.2: Scattering Length and Incoherent Scattering Cross section of Hy-
drogen and Deuterium.

Nuclei Coherent scattering Length, b (cm) Incoherent cross section, σic, (cm2)

1H -0.3741 x 10-12 80.27 x 10-24

2H= D 0.6671 x 10-12 2.05 10-24

In order to determine the scattering of X-Rays and neutrons by molecules and bulk
materials a scattering length density, SLD, is calculated using Equation 2.11.

ρ =
∑
i

nibi (2.11)

Where SLD is ρ, scattering length is bi and ni is the number density.

For X-rays bi is calculated using Equation 2.12. For neutrons as previously discussed
the values are obtained from the literature.

bi = 2.85x10−5 × Zi (2.12)

2.5 Scattering from the interface

Structures at interfaces have been widely studied and include, but are not limited
to, model membranes, solar cells and spontaneously forming films.[134], [135], [136]
Systems of interest to this thesis can be easily divided into two sections: those aris-
ing from insoluble surfactants spread at the interface and those caused by adsorp-
tion of soluble surfactants at the interface.

2.5.1 Reflectivity

Reflectivity can be employed to investigate the vertical structure of any monolayer
with or without organized structure. The technique allows determination of the
following parameters [137]:

• Surface and interfacial nanoscale roughness

• Layer thickness

• Surface and layer density profiles

• Periodic or non-periodic multilayer structures

• Atomic scattering factors, if all other parameters are known.

This is achieved by scanning through angles close to the critical angle (αc), the angle
at which total reflection from a surface occurs, using a collimated X-Ray or neutron
beam. This allows up to a depth of 8 nm into the sub-phase to be probed.
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A basic model for the collection of reflectometry data is shown in Figure 2.6.[138]
This diagram shows the interaction of X-Rays or neutron with a clean flat surface,
and is a basic model of how a beamline designed for reflectometry is set up.

FIGURE 2.6: Basic model of reflectometry set-up.

If we begin by describing the interactions of a beam of X-Rays or neutrons with a
clean surface, such as that shown in Figure 2.6, then we can work towards under-
standing the interactions which occur for a multilayered sample.

The refractive index (n1) at the an interface can be calculated using Equation 2.13,
which is attributed to Snell. This equation can be applied to the refraction of all
waves as they pass between different media.

n1 =
k1
k0

=
cosθ0
cosθ1

(2.13)

Where ki is the wave vector of the layer and θ is the incident angle.

The refractive index of a material relative to a vacuum can be also related to its
SLD using Equation 2.14.

ni ≈ 1− λ2SLDi

2π
(2.14)

Where λ is the wavelength of the X-Ray/ neutron and SLDi is the scattering length
density of the layer.

Before the critical angle is reached total reflection of the beam occurs from the sur-
face. The point at which the critical angle is reached is dependent upon the material
the beam is interacting with and so can be calculated, if there is knowledge of the
material present. Solving equation 2.13 at the critical angle, θc, with the knowledge
that total reflection occurs at this point leads to equation 2.15.

cosθc = n1 (2.15)

Where n1 is the refractive index of the material which is reflecting the beam.

Q =
4πsinθ

λ
(2.16)



32 Chapter 2. Theory

Equation 2.15 can then be combined with the Equation 2.16 which is used to deter-
mine momentum transfer, Q, and the fact that sin2θ + cos2θ = 1 to determine the
critical momentum transfer, Qc, using Equation 2.17.

Qc = 4
√
SLDπ (2.17)

FIGURE 2.7: Example reflectivity patterns created using the Motofit package
for Igor with subphase SLDs of 10, 5 and -5 ×10−6Å−2 and no roughness,

patterns are shifted for clarity.

As previously stated below the critical angle total reflection occurs. This is not the
case if the SLD of the subphase is negative, which can be the case for neutron reflec-
tivity when the subphase is hydrogenated. In this case a critical edge is not present
in the reflectivity pattern. This can be seen in Figure 2.7, which shows examples of
reflectivity patterns with subphases with SLDs of 10, 5 and -5×10−6Å−2.

The reflectivity, R, for a clean interface has been found to be related to the incoming
wave vector, k0 and the wave vector in the subphase, ks as well as to the momentum
transfer Q and the SLD of the subphase. This relationship, described in Equation
2.18, between RQ and Q indicates that the reflectivity pattern will fall off with a
decay to the power -4, which can be seen in Figure 2.7.

R(Q) =

(
k0 − ks
k0 + ks

)2

≈ 16π2SLD2
s

Q4
(2.18)

When layers are present on the subphase the behaviour of the beam is more com-
plex. The scattering of X-Rays and neutrons at grazing angles depends upon the
"refractive indices" normal to the interface. When a multilayer is present on the
bulk phase, in our case a surfactant monolayer, reflective and refractive processes
occur between the layers. This is illustrated in Figure 2.8.[139] In this diagram we
show two layers as well as the continuous phase to show the behaviour of the beam
when interacting with a surfactant at the air-water interface.

From top to bottom, in Figure 2.8, the layers can be considered to be the following;
air, surfactant tails, surfactant heads and finally water, which is the subphase. The
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subphase and air are considered to have infinite thickness relative to the surfactant
adsorbed at the interface.

FIGURE 2.8: Interfacial reflection and refraction of the incident beam as seen
in a two layer model of a surfactant monolayer.

The addition of each layer to the interface results in more complex reflectivity pat-
terns. The most simple case is the application of a single uniform layer to the inter-
face which results in a change in the reflectivity pattern as shown in Figure 2.9.[125]
The nature of the change in the reflectivity pattern depends upon the SLD and thick-
ness of the layer. SLDs higher than that of the subphase result in a reflectivity pat-
tern above that predicted for the pure interface and SLDs lower than that of the
subphase gives the opposite. Thicker layers give narrower patterns than thinner
layers, following the relationship in Equation 2.19.

∆Q = 2π/t (2.19)

Where t is the thickness of the layer.

t
t

t

FIGURE 2.9: Variation of a modelled reflectivity pattern when uniform layers
of varying thickness,t, and SLD are applied to the interface. All SLD’s have

units of ×10−6Å−2.
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Calculation of the reflectivity patterns shown in Figure 2.9, for single uniform lay-
ers, is more complex than for the clean interface. Firstly the wave vector, ki for each
layer can be calculated. This is done using the wave vector of the beam travelling
through air, k0, and the SLD of the layer i. This equation can be applied to any of
the multiple layers in a multilayer system.

ki =
√
k0 2 − 4π(SLDi) (2.20)

As the beam is reflected or refracted at each interface, the final signal collected
by the detector will be affected by the constructive and destructive interactions of
this radiation. The Fresnel reflection coefficient, r, of the beam from a single layer
can be calculated using the Equation 2.21. The reflectivity, R(Q) is defined as |r|2,
and this is the parameter plotted against Q.[140]

r =
sinθ0 − n1sinθ1
sinθ0 + n1sinθ1

=
Q0 −Q1

Q0 +Q1
(2.21)

Thus far we have discussed the reflectance of X-Rays and neutrons from uniform
interfaces but perfectly flat interfaces are highly unusual and so it is important to
take into account the degree of roughness within a layer. Roughness at an interface
can be caused by a range of factors, including: capillary waves at the air water
interface, inhomogeneity of the tail or headgroup packing or, for crystal systems,
defects, such as steps, on the crystal. The difference in scattering from a rough and
smooth interface is shown in Figure 2.10.

FIGURE 2.10: Differences in scattering from smooth (left) and rough (right)
interfaces. [139], [140]

The diffuse scattering from rough interfaces has a increasing effect upon the re-
flectivity as Q increases. Prior to the critical angle diffuse scattering has no effect
upon the reflectivity data obtained. After the critical angle the effect of roughness
increases with Q.[139] This can be formalised as shown in Equation 2.22. [140]

r =
Q0 −Q1

Q0 +Q1
exp(−2Q0Q1σ2) (2.22)

where σ is the roughness.
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2.5.2 Modelling Reflectivity Data

Data analysis in this thesis has all been carried out using the Motofit package for
Igor Pro (Wavemetrics) [141], [142]. This package uses the Abelès matrix method
to fit data. This method can be used to calculate reflectivity from an interface with
multiple layers as a function of Qz , the perpendicular momentum transfer, defined
in Equation 2.16. The use of these matrices allows a multi-slab model to be built. An
illustration of the slab model generally used for a surfactant is shown in Figure 2.11.
As with all models this is an approximation of the structure, while in reality the
scattering length density varies within the heads and tails of surfactant molecule,
they are assumed to be constant in each slab. Although this is not perfect it gives
a good approximation and reasonable fits to the data obtained, and is much less
computationally expensive than if the SLD was allowed to vary within the slabs.

FIGURE 2.11: Illustration of the slab model used to fit reflectometry data when
compared to the structure of a surfactant.

The Abelès matrix method is a less computationally expensive method of calculat-
ing the reflectivity profiles than the method described in Section 2.5.1. Equations
2.20, 2.21 and 2.22 which relate ki to the SLD, the Fresnel reflection coefficient and
the roughness are used in combination with Equation 2.23, which accounts for the
thickness of each layers.

βi = kiti (2.23)

Where ti is the thickness, βi is the phase factor for each layer and ki is the wave
vector for each layer.

These equations are combined to build a characteristic matrix, ci for each layer,
which combined the Fresnel reflection coefficient and phase factor to describe each
layer.

ci =

[
exp(βi) rnexp(βi)

rnexp(−βi) exp(−βi)

]
(2.24)

A resultant matrix, M, taking into account all layers, is calculated from the product
of the characteristic matrices for each layer, Equation 2.25.

M =

n∏
n=0

cn (2.25)
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For a two layer model the resultant matrix can be shown to be as follows:

M =

[
(eβ1 × eβ2) + (r1e

β1 × r2e−β2) (eβ1 × r2eβ2) + (r1e
β1 × eβ2)

(r1e
−β1 × eβ2) + (e−β1 × r2e−β2) (r1e

−β1 × r2eβ2) + (e−β1 × e−β2)

]
(2.26)

From Equation 2.25 reflectivity, R, is calculated using Equation 2.27.

R =

∣∣∣∣M11

M12

∣∣∣∣2 (2.27)

The model used to fit reflectivity data within the Motofit package for Igor Pro writ-
ten by Nelson [141] has a minimum of 5 variables and as more layers are added
more variables are included in the model.

The most basic case is a clean interface, which has the 5 variables. These are:
SLDsubphase, SLDsuperphase, interfacial roughness, instrumental scale factor and the
sample background. Most of these variables can easily be constrained or calculated.
In the case of a measurement at the air-water interface, the SLDsuperphase is zero, the
SLDsubphase can be calculated and in this work for layers on water the interfacial
roughness is assumed to be equal to the value reported for a capillary wave on wa-
ter, which is 3Å. [143]

The addition of each layer to the model adds a further 4 variables to it, and so in
order to ensure these complex models reflect the reality of these systems constraints
need to be used. In this work the SLDs are calculated from molecular volumes re-
ported in the literature and held constant, as a way to minimise the number of vari-
ables being fitted. For new molecules literature values for similar compounds have
been used to calculate a reasonable estimation of their molecular volume. The maxi-
mum tail length of a surfactant, lt is calculated from the Tanford equation, Equation
2.28, and where possible further constrained by the area per molecule determined
using other techniques, using Equation 2.29. [144]

lt = 1.54 + 1.265n (2.28)

Where lt is the tail length and n is the number of carbons in the tail.

APM =
bt

SLDt × Tt
(2.29)

Where bt is the scattering length of the tail, SLDt is the SLD of the tail and Tt is the
tail thickness.

Headgroup hydration can also be constrained to ensure that the number of heads
and tails in the monolayer is equal for the fitted parameters. Solvent penetration, φs
is calculated using the relationship described in Equation 2.30.[145]

φs =
SLDtTtbh
SLDhThbt

(2.30)

A recent paper by Campbell et al.[146] has investigated different methodologies in
order to determine the best method for fitting neutron reflectivity data. They re-
ported the best fits when a two layer model, as mentioned previously, was used.
They also reported that applying a roughness of 3Å to each layer, equal to the capil-
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lary waves reported for water, gave a good fit for their data. For lipids in the liquid
condensed phase they reported that the SLD for the tails needed to be increased in
order to take into account the chain compaction seen in this phase. They determined
the value of compaction by varying it between 0 and a maximum value of 15%[147]
and determining which gave the best fit.

2.5.3 X-Ray Reflectivity

There are two ways in which X-Ray reflectivity, XRR, can be carried out, either the
sample can be tilted or the beam deflected in order to access the Q range of interest
by varying the incident angle.

As the work carried out for this thesis is based upon liquid samples tilting them
would not be a viable method for investigating their structure. The beamline used
for XRR measurements throughout this thesis is the I07 beamline at the Diamond
Light Source, which uses a double crystal deflector system, DCD. This is used to
deflect the beam to vary the incident angle at the air-water interface after the beam
has be collimated through the use of focussing mirrors.

Beam deflection using a DCD is achieved using two silicon crystals one with Si(111)
and one Si(220). By varying the relative alignment of these two crystals, the path of
the beam can be changed and a wide range of incident angles can be accessed. The
set-up for I07 is shown in Figure 2.12. [148]

FIGURE 2.12: Schematic representation of the optics and DCD set-up on the
I07 beamline at the Diamond light source. [148]

As previously discussed, the roughness of a sample has a distinct effect on the re-
flectivity profile obtained and this also contributes to the background measured
from samples, along with scattering from the instrument and other factors. In order
to subtract the background from measurements carried out on I07 two regions of
interest are used. The first is used to collect the data and a second region of interest
of the same size is used to approximately subtract the background. This is not a
perfect background subtraction as there will be differences between the two regions
of the sample.
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FIGURE 2.13: Raw data taken from the beamline, highlighting the different Q
regions used for data collection.

Typical data obtained from I07 is shown in Figure 2.13, with the desired Q range
collected using different attenuation regimes. The data obtained are then stitched
together and normalised. This is achieved using a script which essentially overlaps
the beginning of each region with the previous one, to provide a full reflectivity
profile and sets the critical edge to unity, to allow for direct comparison between
different data sets.

2.5.4 Neutron Reflectivity

Neutron reflectivity, NR, has been measured on many beamlines and so discussions
of the theory specific to neutron reflectivity will be more general than those covered
for XRR.

FIGURE 2.14: The effect of selective deuteration of the surfactant and sub-
phase upon the contrast of the head and tail of the surfactant used.
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As previously discussed neutrons scatter from the nucleus not the electron cloud
and so are sensitive to isotopic variation. The most important substitution is be-
tween hydrogen and deuterium which have coherent scattering lengths that are
significantly different; with hydrogen having a negative value and deuterium being
positive. As the subphases used in this thesis are all water based we are able to tune
the proportions of D2O and H2O to either highlight or hide the samples headgroup.
We were also able to deuterate the tails of many of the surfactants used in this thesis
which allows for samples to either have high or low scattering from the surfactant
tails. Some samples also had partially deuterated headgroups. The way in which
this can be used to highlight different regions of the surfactant is shown Figure 2.14.

2.5.5 Systems investigated using reflectivity

In this thesis two types of systems have been investigated using reflectivity. Mono-
layers prepared by spreading insoluble surfactants at the air-water interface and
those which occur from soluble surfactants adsorbing at the air-water interface.

Insoluble monolayers

The composition of insoluble monolayers is determined by the contents of the sol-
vent spread at the air-water interface. These samples have been measured using
XRR and NR to determine the structure of the compounds at the air-water inter-
face. This is achieved by simultaneously fitting the data collected for each sample
at a given surface pressure or area per molecule and applying constraints the fits
using the equations discussed in Section 2.5.2 and the pressure-area isotherms col-
lected for each monolayer.

When appropriate the calculated SLD for the tails has been adjusted to take into
account the compaction of tails for densely packed monolayers as described by
Campbell et al.[146] For some systems we have used a mixture of deuterated and
hydrogenated surfactants in order to determine the structure of the two components
separately within a mixtures, this will be covered in detail in Chapter 5.

Surfactant adsorption

Measurements carried out for mixtures of soluble surfactants allow the composition
of the monolayer at the air-water interface to be determined. This is achieved by
selective deuteration of different surfactants. This method is illustrated in Figure
2.15. Details as to the specific experiments carried for this thesis will be discussed
in Chapter 3 and the some of the results covered in Chapter 10. Again the data
obtained is fitted using the constraints from the equations in Section 2.5.2 and the
areas per molecule found when measuring the CMC of the mixtures.
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FIGURE 2.15: Model of examples of the experiments carried out to deter-
mine surface adsorption of surfactants at the air-water interface using neu-
tron reflectivity. ACM=Air-contrast matched. Solid tails indicate that they are

deuterated while dashed tails are hydrogenated.

2.5.6 Grazing incidence X-Ray Diffraction

Grazing incidence X-Ray Diffraction, GIXD, can be utilised to investigate structural
arrangement of surfactant monolayers at the air-water interface. Like X-Ray diffrac-
tion, GIXD, can be used to determine the structure of of highly ordered structures,
which for surfactant monolayers will include surfactants in the LC and S phase.

The incident angle for GIXD measurements is lower than the critical angle, θc, so
that total reflection from the surface occurs. At this angle the wave travels almost
parallel to the interface and probes up to 8 nm, which means that this geometry
is surface sensitive. For a crystalline surfactant monolayer the wave will be Bragg
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scattered from the ordered surfactant tails which are orientated such that the lattice
planes are at an angle, θhk, which fulfils the Bragg condition, Equation 2.31.[149]

λ = 2dhksinθhk (2.31)

Where dhk is the distance between the Miller indices.

As the crystal structure of surfactant monolayers at the air-water interface are prone
to lattice fluctuations, in most cases only the first order diffraction peaks which
correspond to the distance between neighbouring surfactant tails are generally ob-
served. If a single peak is observed this is indicative of hexagonal packing, with
equal distances between the chains, and in this case the APM can be calculated us-
ing Equation 2.32 by rearrangement of Equation 2.31.[150]

APM =
d2

sin(60)
(2.32)

If two distinct Bragg peaks are recorded then this points to a rectangular unit cell
and in this case the area per chain, which for our systems will be the APM can be
calculated using Equation 2.33 .[150]

APM =
d202d11√

4d202 − d211
(2.33)

where d11 and d02 are the lattice distances in the 1,1 and 0,2 planes respectively.

For a rectangular unit cell the position of the peak in the Qz plane can also be utilised
to determine the tail tilt relative to the interface.[150] This has been found to be com-
parable to the chain tilt calculated from reflectivity data by comparison between the
tail layer thickness and maximum extend tail thickness calculated from the Tanford
equation.[144]

2.5.7 Brewster Angle Microscopy

Brewster angle microscopy, BAM, is a technique which allows for direct visualisa-
tion of condensed domains formed by lipids at the air-water interface. This tech-
niques is based upon the premise that p-polarised light is not reflected from an
interface at the Brewster angle.[151] The Brewster angle can be calculated using
the Fresnel formula, Equation 2.34, for any interface if the refractive indices are
known.[152]

tan(α) =
n2
n1

(2.34)

Where α is the Brewster angle, n2 is the refractive index of the subphase, in this case
water, and n1 is the refractive index of the superphase, in this case air.

For a He-Ne-laser with a wavelength of 632.8 nm the Brewster angle for the air-
water interface can be calculated to be 53.1°. Theoretically at this angle all the in-
cident light will be transmitted, however, as the air-water interface is not perfectly
flat, due to capillary waves, some light will be reflected. [152]

When a monolayer is spread at the air-water interface the variation in the refrac-
tive index at the interface is changed, causing a change in the Brewster angle so that
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light is reflected from the interface if the incident angle is kept constant.[153] How-
ever, reflection from the interface is only significant once condensed phases begin to
form and prior to this the level of reflected light is equivalent to that for pure water.
Techniques like Brewster angle microscopy allow the mixed phases present at the
phase-transition between liquid-expanded and liquid-condensed phases to be visu-
alised. The differences between shapes the domains formed for different surfactants
can be useful when investigating mixtures as it allows determination of whether the
surfactants are well mixed. [69], [153]

2.6 Scattering from the Bulk

The scattering of light by colloidal particles has been known for a long time and
can be observed in many everyday situations. Although it is a widely observed
phenomena the theory required to describe the scattering of light from particles is
somewhat complex. The application of scattering to investigate structures, such as
micelles or polymers in solution, was not able to be widely applied until after the
development of reasonably high speed computers capable of carrying out the re-
quired calculations and data analysis. [154]

Faraday’s observation of light scattering cause by colloidal gold is one of the first at-
tempts at a systematic study of small particles interacting with light.[127] This was
further developed by Tyndall, who discussed light scattered from particles larger
than the wavelength of light scattered from them. A little later Rayleigh proposed
a theory to describe how light is scattered from particles with a size smaller than
the wavelength of light. The latter theory was then developed further by Mie,
Debye and Gans to cover more complex cases, such as larger size and particles
which adsorb light and which take into account factors such as shape and refractive
index.[127], [155], [154] These developments are essential in discussing the scatter-
ing of neutrons from soft matter systems as the wavelength of a neutron is between
1 and 10 Å, smaller than the size of the structures that we are studying.[127]

r

FIGURE 2.16: General setup for a scattering experiment, for scattering from
the bulk. [127]
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We will use the scattering of electromagnetic radiation as a general case. Electro-
magnetic radiation has electronic and magnetic components which are perpendic-
ular to one another. These two components oscillate at a frequency which is de-
termined by the nature of the material it is passing though. When scattering oc-
curs from a particle or molecule, the electric field component of the wave causes
the charge present in the scatterer to oscillate and scatter the radiation at the same
frequency as the original wave. The degree of scattering depends upon the polaris-
ability of the scatter and hence the induced dipole moment. A general set up for a
scattering experiment is shown in Figure 2.16

The simplest case of scattering is Rayleigh scattering, where the particle is smaller
than the wavelength of the light scattered from it, which limits is applicability to the
systems of interest in this thesis, as in general they are too large for it to be applica-
ble. However, the basic theory applies to other forms of scattering and the theory
for those builds upon the concepts described in Rayleigh scattering.

When radiation interacts with a scatterer some of it is scattered while the rest of
the light is transmitted. The incident light, I0, and the light incident at any given
point, i, are found to be proportionally related to the maximum electric field vector,
E0, the distance to the detector, r, the frequency of the wave, ν, the polarisability of
the scatterer, α, the angle, θ and c is the speed of light. [154]

i ∝ E2
after ∝

16π4ν4α2E2
0cos

22π(νt− r/λ)sin2θz
c4r2

(2.35)

and
I0 ∝ Ebefore ∝ E2

0cos
22π(νt− r/λ) (2.36)

and hence
iv
I0,v

=
16π4ν2α2sin2θz

c4r2
(2.37)

Equation 2.37 accounts for the vertical contribution to the intensity at any dis-
tance and angle from the origin of the scattering. To account for the horizontal
contribution the sin2θz term in equation 2.37 needs to be replaced with sin2θy.

When the radiation is unpolarised then the contribution from the horizontal and
vertical planes is not weighted and so

i

I0
=

0.5× (iv + ih)

I0
(2.38)

Which when combined with Equation 2.37 gives

i

I0
= 0.5

16π2ν4α2

c4r2
(sin2θy + sin2θz) (2.39)

It is possible to replace the two angles used in Equation 2.39 with a single angle and
to take into account the wavelength of the radiation resulting in 2.40.

i

I0
=

8π2α2

λ40r
2

(1 + cos2θx) (2.40)
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As a result, this equation results in an intensity of the scattering varies with the an-
gle in the manner shown in Figure 2.17. It also follows the expected behaviour
with higher polarisability causing greater scattering intensity and increased dis-
tance from the scatterer and longer wavelengths resulting in the intensity decreas-
ing. This variation of scattering intensity with wavelength is what causes the sky to
be blue.

FIGURE 2.17: Variation of the intensity of scattering with angle for small par-
ticles. [127] The colours used for the two contributions are for clarity.

This only describes scattering from a single small particle so this theory therefore is
only applicable for dilute solutions, it also does not take shape into account.

FIGURE 2.18: Variation of the intensity of scattering with angle for larger par-
ticles where the field is not consistent across the particle. [127]

Increasing the size of the particle causes the scattering along the x-axis to become
elongated, as shown in Figure 2.18. This is caused by the fact that as the parti-
cle becomes larger it is not subjected to the electric field uniformly, and so greater
amounts of interference occurs between the scattered radiation. Debye and Gans
developed a theory to account for this, known as Rayleigh-Gans-Debye (R-G-D)
theory.[127] They applied a correction factor to Rayleigh’s original theory to calcu-
late the correct intensity. This correction factor, P(θ), is as follows for the first term
of the expansion:

P (θ) = 1− 1/3(QRg)
2 + ... (2.41)

Q = (4π/λ)sin(θ/2) (2.42)

Where Q is the wave vector and Rg is the radiation of gyration for the particle. When
this is expanded out it shows that back scattering is less than scattering away from
the incident radiation, as shown in Figure 2.18. Using the ratio of the intensity at
45°and 135° Rg can be easily calculated for a sphere. This theory is still only ap-
plicable for relatively small scatterers, and once they become sufficiently large, Mei
theory has to be applied. This results in a much more complex scattering diagram
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than those shown in Figures 2.17 and 2.18. Although this accounts for the scattering
of larger particles, it does not account for multiple scattering but fortunately this
can be mitigated by using small volumes and dilute samples. [127]

2.6.1 Small Angle Scattering

Small angle scattering, SAS, of X-Rays or neutrons can be used to determine the
size and shape of structures in the 1-500nm size range dispersed in an appropriate
dispersion media, which in the case of this thesis, this is aqueous media.[128] A
general set-up for a small angle scattering experiment is shown in Figure 2.19. We
have mostly used small angle neutron scattering, SANS, as it allows us to take ad-
vantage of the contrast variation caused by the difference in the scattering lengths
of hydrogen and deuterium, as discussed in Section 2.4.

FIGURE 2.19: The general set-up for a SAS of a collimated beam of neutrons
or X-rays.[125], [128]

Data obtained from SANS is not generally presented and analysed as an intensity
pattern as may be presumed from Figure 2.19. Instead it is converted to a 1D SAS
pattern, which is a radial average of the intensity, which shows the variation of in-
tensity of the signal with Q, which is defined in Equation 2.16.

The variation in the intensity with Q depends upon the contrast difference between
the scatterer and the dispersion medium and the structure of the scatterer. [128]
However, this is an ideal case and in real world experiments sources of error have
a effect upon the data obtained. This is caused by instrumental and measurement
errors, as well as scattering from the dispersion medium. The scattering from the
dispersion medium can be minimised by measuring it separately and subtracting
any scattering recorded for it from the data for samples containing the scatterer.
[156] The variation in intensity for a centrosymmetric particle can be expressed by
the relationship in Equation 2.43

I(q) = n∆ρ2V 2P (q)S(q) +B (2.43)

Where I(q) is the intensity of the scattered neutrons, n is the number of scatterers,
∆ρ is the difference in SLD between the scatterer and the dispersion medium, V is
the volume of particles, P(q) is the form factor, S(q) is the structure factor and B is
the background.[157]

The structure factor and form factor combine to describe the effect of the structure
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of the particles upon the intensity. The form factor describes the shape and size of
the scatterer and models have been developed for many common shapes.[132] The
structure factor is caused by the interactions between different scatterers. For highly
concentrated samples with long range order this can lead to Bragg peaks in the SAS
pattern.[128]

As noted earlier the data obtained from SAS can be interpreted using models and
this is the method which has been primarily used in this thesis. Information can
also be extracted from the data without the use of models, this includes; the volume
fraction of each component of the system, the specific surface of the sample and the
radius of gyration, however in order to determine the volume fractions a wide Q
range is required or an inverse Fourier transform of the data.

Models have been used in this thesis as they allow interpretation of the size and
shape of the scatterers. The functions used to describe the form factors for a range
have shapes have been calculated, the simplest being for a sphere with a uniform
SLD, which is a model which has been widely used to fit data in Chapters 8 and 9,
and the form factor for which is described by Equation 2.44.[158]

P (q) =
scale

V

[
3V (∆ρ)− qrcos(qr)

(qr)2

]2
+ bkg (2.44)

Where V is the volume of the scatterer, scale is a volume fraction and r is the radius
of the sphere.

We have also applied a core-shell spherical model to fit data with variation in the
SLD between the core and shell of a scatterer. The model for this is somewhat more
complex than for the spherical model and is reported in Equation 2.45. [158]

P (q) = scale
V × 3

Vs

[
Vc(ρc − ρs) sin(qrc)−qrccos(qrc)(qrc)3

+ Vs(ρs − ρsolv) sin(qrs)−qrscos(qrs)(qrs)3

]2
+ bkg (2.45)

Where Vs is the volume of the sphere, Vc is the volume of the core, rs is the radius
of the sphere(which includes the thickness of the layer and the core radius), rc is the
radius of the core, ρc is the SLD of the core, ρs is the SLD of the shell and ρsolv is the
SLD of the solvent.

The ellipsoid model has also been used in this thesis to fit SANS data for micelles
in buffer.[156] Unlike the other models applied ellipsoids are not symmetrical along
all axis and so the average of all possible orientations must be taken into account.

For a single ellipsoid or well orientated ellipsoids the following calculations can
be used to determine the form factor.

P (q, α) =
scale

V
F 2(q, α) + bkg (2.46)

where

F (q, α) = ∆ρV
3(sinqr − qrcosqr)

(qr)3
(2.47)

where r can be calculated using Equation 2.48.

r =
[
R2
esin

2α+Rpcos
2α
]1/2 (2.48)
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Where α is the angle between the axis of the ellipsoids and q, V=(4/3)πRpR2
e is the

volume of the ellipsoid and Rp and Re are the polar (rotational) and equatorial axis
respectively.

In order to account for the random orientation of the particle Equation 2.49 is ap-
plied to the model.

〈F 2(q)〉 =

∫ π/2

0
F 2(q, α)sinα dα (2.49)

More detailed description of the models are available from the sources utilised to
build them within SASview if more detail is required.[158], [156] The models used
for the structure factor are also generally approximations which have been devel-
oped for specific systems, but these are not relevant to this thesis due to the ionic
nature of the environment.[132]. As models have been used it is important to ensure
that they used give the best possible fit to the data. The most common method for
this is the least squares method, which measures the deviation between the fit and
the model. This method can be expressed using the Equation 2.50.

χ2 ≡
N∑
i=1

(
Iexp(qi)− Imod(qi)

σi

)2

(2.50)

Where Iexp(qi) is the experimental intensity, Imod(qi) is the modelled intensity and
σi is the statistical uncertainty on a data point.[157]

χ2 can be further reduced by reducing the number of degrees of freedom, for ex-
ample by calculating the SLD. As with XRR and NR data SAS data can be simul-
taneously fitted to reduce the number of variables and increase confidence in the
model used.
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and varying degrees of Gausian polydispersity calculated is SASview. [132]



48 Chapter 2. Theory

We have previously discussed some of the sources of error in the instrument and
dispersion media, up to this point we have assumed that the scatterers are monodis-
perse. Which is often not the case, this is particularly relevant for scatterers which
do not form spontaneously such as emulsions and sols. Any polydispersity in the
sample leads to "smearing" of the data which increases with the degree of polydis-
persity, as shown in by the example data in Figure 2.20.

A Gaussian polydispersity has been used as the system which required the appli-
cation of polydispersity to the model was an emulsion and this model will best
describe the expected variation in droplet size. The Gaussian polydipsersity can be
calculated using Equation 2.51.

f(x) =
1

norm
exp

(
−(x− x̃)2

2σ2

)
(2.51)

Where x is the mean radius, σ is a width parameter and norm is a normalisation
factor which is determined during the numerical calculation. In SASview PD=σ/x.

2.6.2 Dynamic Light Scattering

Dynamic light scattering, DLS, like SAS, can be used to obtain information about
the size of particles and droplets in solution. Unlike SAS, the size information ob-
tained includes any solvent and counterion shell present. For all samples measured
in this thesis the solvent is water, and so the radius measured is referred to as the
hydrodynamic radius.

In light scattering experiments a monochromatic beam of light is shone through
a sample and if this sample contains particles or droplets in the appropriate size
range, 1-10,000 nm, the light is scattered. This scattering occurs as a function of the
size and shape of the structures present in solution, as discussed earlier. There are
two types of light scattering experiments which can be carried out. Static light scat-
tering, which provides information on the molecular weight and radius of gyration
of the structures, and DLS, which is of interest to this thesis, which can be used to
determine the size of the structures present more rapidly than static light scattering
but does not give any information about particle shape.

Dynamic light scattering, also known as photon correlation scattering, determines
the size of a particle or droplet by analysing the variation of the light scattered with
time, essentially counting the amount of light per unit time.

The variation in scattering is caused by the Brownian motion of the particles. This
is caused by the particles or droplets of interest being collided with by water and
other molecules present in the dispersion medium. This causes the light intensity
to vary as the particles and droplets rotate and translate in a random walk. The rate
of Brownian motion depends upon many factors including the viscosity of the dis-
persion medium and the temperature as well as the size of the particles. The rate of
Brownian motion, which is more commonly referred to as the diffusion coefficient,
D, can be determined from the correlation function.[155] In order to achieve an ac-
curate measure of the correlation function many measurements need to be taken
in a short period of time. If the time is too long the measurements will no longer
be correlated.[122] The electric field correlation function, g(τ ) decays exponentially
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with time as reported in Equation 2.52

g(τ) = e−τ/τc (2.52)

Where τ is the time after the beginning of the measurement and τc is the time when
there is no longer correlation. Once τc is known the diffusion coefficient can be
calculated and hence the hydrodynamic radius can be found. [127]

τc =
1

DQ2
(2.53)

RH =
kT

6πνD
(2.54)

Where Q is the wave vector, ν is the viscosity, T is the temperature, RH is the hydro-
dynamic radius D is the diffusion coefficient and τ is the time at which there is no
longer correlation.[10]

This assumes that the sample is a perfectly homogeneous dispersion which is un-
likely to be the case. In order to determine the particle size distribution more com-
plex methods must be employed. A cumulant analysis can be used for samples
where the distribution of particles is monomodal and reasonably narrow. This tech-
nique calculates a correlation function on the assumption that the correlation func-
tion recorded is the sum of several exponential decays caused by particles of differ-
ent sizes. More detail about this method can be found in reference [159].

If samples are polydisperse an alternative method of data analysis is required. One
method which was developed by Morrison et al. [160] known as the non-negative
least squares method can be applied to broad monomodal and polymodal size dis-
tributions. In order to do this it fits calculated correlation functions with different
size distributions to multiple correlation functions recorded for a sample. By using
multiple measurements the accuracy of the fit increases, as with all fitting tech-
niques, as DLS is a fast technique many measurements can be carried out in a short
period of time.

The size information obtained for charged structures can be complicated at high
concentrations by inter-scatterer interactions. In order to suppress these high salt
concentrations are required to increase charge screening and hence allow the true
size of the scatterer to be determined.[10]
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3 Materials and Methods

3.1 Materials for synthesis and experiments

3.1.1 Materials used in Chapter 5

3-[N, N-methyl-N-dioctadecylammoniumyl]propane-1-sulfonate (SB3-18) and 1,2-
dimyristoyl-sn-glycero-3-phosphocholine (DMPC) are the compounds of interest in
Chapter 5. Both of these compounds were used in the hydrogenated and partially
deuterated forms.

Hydrogenated (h-) SB3-18 was purchased from Sigma Aldrich at purity levels of
96% or higher. Hydrogenated and deuterated DMPC were purchased from Avanti,
both chemicals have >99% purity and d-DMPC has a deuteration level of 99%. Syn-
thesis of deuterated SB3-18 is discussed in Section 3.2.

3.1.2 Materials for Amino acid surfactant synthesis

The materials used to carry out the synthesise reported in Chapter 4 are listed in
Table 3.1.

TABLE 3.1: Compounds used in the synthesis of hydrogenated and deuter-
ated amino acid based surfactants

Compound Supplier Purity Deuteration

Myristic acid Sigma Aldrich ≥98% n/a

d-Myristic acid Cambridge Isotope Laboratories ≥98% >98%

Palmitic acid Sigma Aldrich ≥98% n/a

Eicosanoic acid Sigma Aldrich >98% n/a

Eicosanoic acid Alfa Aesar >98% n/a

d-eicosanoic acid CDN isotopes 98.7% 99.4%

Oxalyl chloride Sigma Aldrich 98% n/a

Dimethyl formamide Sigma Aldrich ≥99.9% n/a

L-Proline Sigma Aldrich ≥99% n/a

L-proline-2,5,5-d3 Qmx Laboratories ltd ≥98% 98.8%

Glycine Sigma Aldrich ≥99% n/a

Glycine-2,2-d2 Qmx Laboratories ltd ≥98% 98.5%

L-Glutamine Sigma Aldrich ≥99% n/a

NaOH Pellets Sigma Aldrich ≥98% n/a

K2CO3 Sigma Aldrich ≥99% n/a

33% HCl solution Sigma Aldrich n/a n/a
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3.1.3 Commercially available surfactants used

Commercially available ionic and non-ionic surfactant mixtures with myristoyl pro-
line surfactants have been investigated in Chapter 8.

TABLE 3.2: Compounds used in the synthesis of hydrogenated and deuter-
ated amino acid based surfactants

Compound Supplier Purity

Sodium dodecyl sulfate, SDS Sigma Aldrich ≥99%

Tetradecyltrimethylammonium bromide, C14TAB Sigma Aldrich ≥ 99%

Hexaethylene glycol monododecyl ether, C12EO6 Sigma Aldrich ≥98%

3.1.4 Compounds used in sample preparation

The compounds used for sample preparation in Chapter 7-9 for the soluble amino
acid surfactants are listed below.

TABLE 3.3: Compounds used in the preparation of samples for characterisa-
tion in this thesis

Compound Supplier Purity Deuteration

Hexadecane Sigma Aldrich 99% n/a

d-dodecane Qmx ≥99% ≥98%

Nile red Sigma Aldrich ≥ 98% n/a

Sodium phosphate monobasic Sigma Aldrich ≥99% n/a

Sodium phosphate dibasic Sigma Aldrich ≥99% n/a

Sodium hydroxide pellets Sigma Aldrich ≥98% n/a

All water used in sample preparation was purified to a resistivity of 18.2 MΩcm
using a MilleQ purification system from Elga. D2O was purchased by the ISIS
pulsed neutron source from Sigma Aldrich at > 99% deuteration.

3.2 Synthesis of deuterated sulfobetaines

The deuterated SB3-18 was synthesized using Bromooctadecane-d37, purity >99.8%
deuteration >98%, provided by the ISIS Deuteration Facility using the procedure
previously published by Hazell et al. [69] Chemicals required for the synthesis, ex-
cluding the bromooctodecane, were purchased from Sigma-Aldrich and used with-
out further purification.

There are two steps to this synthesis which will be described below.

3.2.1 Preparation of N-((2H37-octadecyl)-N,N-dimethylamine

The preparation method for the production of this compound was adapted by Hazell
et al.[69] from a process published by Menger et al. [161] Deuterated Bromooctade-
cane (0.5g) was dissolved in ethanol, 2 mL and dimethylamine solution (5.6 M in
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ethanol), 2.41 ml, was added dropwise under N2. This was then heated to 75 °C for
2 hours and allowed to cool. The solution was then dried under reduced pressure
and NaOH, 1M 30 mL, and hexane, 3 x 30ml, added to the resulting white solid.
The phases were then separated, and the organic phase dried over MgSO4. The re-
sulting solution was then dried under reduced pressure to give 0.3154g, 70% yield,
of N-((2H37-octadecyl)-N,N-dimethylamine.

1H NMR (250Hz, CDCl3) δ 2.21 (s, 6H, -CH3), as reported by Hazell et al.[69]

3.2.2 Preparation of 2 3-(dimethyl(octadecyl)ammonio)propane-1-sulfonate

Again this synthetic route was taken from Hazell et al.[69] who have modified
it from Qu et al.[73] The product above, N-((2H37-octadecyl)-N,N-dimethylamine,
0.25 g was dissolved in acetone, 2.5 mL and added dropwise to a solution of 1,3
propanesulfonate, 0.44 g, in acetone, 4mL. This was heated to reflux for 18 hours
and then allowed to cool prior to filtration of the white solid. This was then washed
with acetone and recrystallized in an acetone/methanol mix prior to drying un-
der high vacuum. 0.09g, 27%yield of 3-(dimethyl(octadecyl)ammonio)propane-1-
sulfonate was produced.

1H NMR (500Hz, CDCl3) δ3.78 (t, 2H, CH2), δ3.18 (m, 6H. CH3), δ2.92 (t, 2H, CH2),
δ2.4 (m, 2H, CH2), solvent peaks where found at δ2.17, acetone and δ 1.79, water.

3.3 Sample Preparation

3.3.1 Insoluble surfactant solutions

For all lipids samples are dissolved at 0.5 mg/ml concentrations. This is true for
both hydrogenated and deuterated samples.

For DMPC, SB3-18 and C20 Pro, samples are dissolved in chloroform, while for
samples containing C20 Gly and C20 Gln, methanol was required to facilitate dis-
solution of the surfactants in chloroform. This was achieved by using the minimum
amount of methanol and samples were gently sonicated using a sonic bath to break
up and agglomerates and ensure total dissolution of the surfactants.

3.3.2 Surfactant solutions

Surfactant solutions were prepared in two ways, either surfactants were dissolved
in base, NaOH, or phosphate buffer.

The base used to dissolve samples for SANS measurements was prepared using
NaOH to adjust the pH of D2O or water to pH 13.

Phosphate buffer was prepared using 0.58 g of sodium phosphate monobasic and
1.55 g of sodium phosphate dibasic in 100 mL of water or D2O to give 0.1 M phos-
phate buffer. This was used without dissolution to dissolve surfactants, at 10mM
for myristoyl surfactant, and 5 mM for palmitoyl surfactants, for CMC measure-
ments and emulsion preparation. For SANS measurements of the micelles myris-
toyl surfactants were dissolved at 5 mM and palmitoyl surfactants were dissolved
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at 3.1mM. For surface adsorption measurements surfactants were dissolved in the
buffer at 10 mM concentration.

3.3.3 Emulsions Preparation

Emulsions were prepared using hexadecane, 99% Sigma Aldrich, and deuterated
dodecane, 98% CK isotopes D26. Emulsions were prepared using 10 mM solutions
of the myristoyl surfactants and 5 mM solutions of the palmitoyl surfactants both
of which were dissolved in the phosphate buffer described in Section 3.3.2.

Some emulsions were prepared using an hexadecane containing 0.005% nile red, in
order to better visualise any oil separation and creaming of the emulsions over time.

All emulsions were prepared using an Ultrasonic Processor FB-505, sonic probe
(Fisher, 200 W cm−2) for a minimum net time of 2 minutes using a regime of 1
second on/ 1 sec off pulses at 20% of the maximum amplitude. For some samples
a longer regime was required in order to fully disperse the oil, this will be men-
tioned as appropriate. The temperature was not controlled during preparation of
the emulsions and so some warming of the samples occurred.

Emulsions with the myristoyl surfactants were prepared at 20 and 10 vol% oil while
those prepared with the palmitoyl surfactants were only prepared at 10 vol% oil.

3.4 Langmuir Isotherms

Set-up of the Langmuir trough begins by ensuring the that the paper Wilhelmy plate
is equilibrated with water, this is checked by ensuring the surface pressure recorded
remains constant. Once the plate has equilibrated the cleanliness of the interface is
assessed by compression and aspiration of the interface until the variation in sur-
face pressure on compression is less than 0.5 mNm−1.

The monolayer is then prepared by spreading a known volume of surfactant so-
lution, either dissolved in chloroform or in mixtures of chloroform and methanol
as discussed previously. Ten minutes were then allowed for evaporation of the sol-
vents.

Pressure-area isotherms were mainly measured on two Langmuir troughs, the Nima
Technology 601BAM Langmuir trough in Bath and a purpose made Nima Technol-
ogy 712BAM trough at the Diamond Light source. All measurements were car-
ried out using a 1 cm wide filter paper Whilhemy plate and a compression rate of
20 cm2min−1 using double barrier compression. For compression carried out on
beamlines single barrier compression is sometimes used to avoid interactions be-
tween the beam and the Wilhemy plate.

For all measurements the monolayer is initially compressed to a surface pressure
below the collapse point, generally 30 mNm−1, and re-expanded prior to measure-
ment to ensure the monolayer is equilibrated. If there are significant differences
between the first and second pressure-area isotherms further compressions were
carried out until equilibrium was reached. All isotherms are an average of mea-
surements of a minimum of two monolayers.
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For all experiments Mille-Q water was used, and any salts were added to the sub-
phase, their concentration will be reported as appropriate.

3.5 CMC measurements

The CMC was measured for the amino acid surfactants using the surface tension
method with an Attension Force Tensiometer Sigma 700/701 and a platinum Du
Noüy ring. Prior to measurements the ring is flamed to minimise contamination
and the container cleaned until the expected water tension is recorded. Correction
factors mentioned in Chapter 2 are applied by the Attension software which accom-
panies the instrument.

Measurements are carried out by sequential addition of surfactant, between each
addition the sample is mixed and allowed to equilibrate before the surface tension
is measured.

3.6 Reflectivity

Reflectivity measurements were carried out at many different facilities for both sur-
face adsorption and insoluble monolayer studies. When a Langmuir trough was
used for the measurements it was provided by the facility and details where appro-
priate will be included.

For reflectivity experiments unless otherwise stated all measurements were carried
out at ambient temperature, which was generally 22°C, as temperature control of
the troughs can be challenging under the conditions within the beamlines.

3.6.1 XRR at I07

X-Ray reflectivity, XRR, data was collected using the I07 beamline at the Diamond
Light Source using the double crystal deflector (DCD) for reflectivity from liquid
interfaces and a Nima Langmuir trough at controlled temperature under a helium
atmosphere to minimize beam damage.[148] The position of the trough was also
shifted between each measurement to minimize beam damage to the monolayer.

Multiple data sets were collected using different attenuation regimes to cover the
desired Q range between 0.018 and 0.8 Å−1 and normalized to the critical edge,
and by the incident flux (measured separately), as a function of the incident an-
gle. The XRR measurements were carried out at a beam energy of 12.5 keV and
data was collected from a region of interest containing the reflected beam on a Pi-
latus 100k detector, a second offset region of interest was simultaneously recorded
in order to be able to approximately subtract the background. [148], [162] Measure-
ments of the monolayers at the air-water interface were taken at different surface
pressures to investigate the effect of compression upon the monolayer structure.
It could be argued that the best comparison between monolayers may be at fixed
area per molecule. However, the isotherms show little variation between different
surface pressures and beam damage means that the surface pressure may change
during a measurement if only the area of the trough is controlled. By controlling
the surface pressure, we are able to ensure comparable monolayers that are stable
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over the full measurement time of 10-15 minutes (this was tested by repetition of
some of the measurements). The surface pressure of the monolayers was controlled
using a Nima Langmuir trough, which was custom made for use in the beamline
with a 40 × 20cm area, and a single barrier.

In order to minimise beam damage the trough was kept under a helium atmosphere
throughout the measurements.

3.6.2 Neutron Reflectometry

Neutron reflectivity was carried out on multiple beamlines and for different sample
environments, as previously discussed in Chapter 2.

For measurements of insoluble monolayers the Inter beamline at ISIS was primar-
ily used. While for surface adsorption experiments were carried out on SURF and
Figaro at ISIS and the ILL respectively.

Inter

Neutron reflectivity data was collected on the INTER beamline on Target Station
2 at the ISIS Pulsed Neutron and Muon Source (Didcot, U.K.).[163] Measurements
used a single detector and fixed grazing incidence angles of 0.8°and 2.3°. Abso-
lute reflectivity was calibrated with respect to the direct beam and the reflectivity
curve recorded from a clean D2O surface.[163] Where possible a minimum of two
contrasts were measured for each sample, one on D2O and one on Air Contrast
Matched Water, ACMW, all measurements were carried out in air.

The surface pressure of the monolayers was controlled using a Nima Langmuir
trough, which was custom made for use in the beamline with a 40 × 20cm area.
This trough is similar to the one used on I07 although compression is achieved us-
ing a double barrier configuration with the pressure sensor attached to one barrier.
All measurements were carried out in a sealed box to minimise exchange of the sub-
phase and evaporation.

Once the data was collected it was normalised and stitched using functionality
within the Mantid software.[164]

Figaro

Surfactant adsorption measurements for mixtures of amino acid surfactants were
carried out on Figaro at the Institute Laue-Langevin.[165] Figaro like Inter and Surf
is a time of flight instrument, though unlike them it is on a reactor source and so
choppers are employed to deliver pulses of neutrons to the instrument. Measure-
ments were carried out at fixed incident angles of 0.613°and 3.762°.

Surface adsorption troughs were used to contain the samples of interest dissolved in
D2O and ACMW as appropriate, ACMW was most commonly used as the solvent
for the buffer and surfactant for this experiment. Where possible measurements
were carried out on ACMW for the mixture where both surfactants are deuterated
and for the mixtures where one surfactant is deuterated and the other is hydro-
genated. From this the relative composition of the two surfactants at the interface
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can be determined. The troughs are 220 mm × 50 mm and are appropriate for sam-
ple volumes between 25 and 50 mL. Six of these troughs can be placed in a sample
changer to be measured, this is sealed as with the measurements at ISIS and the
Diamond light source. All measurements are carried out at ambient temperature to
allow for comparison with CMC data.

Once collected the background is subtracted and the data sets stitched using Cosmos.[166]
This data is discussed in Chapter 10.

SURF

Surfactant adsorption measurements for pure amino acid surfactants and mixtures
of amino acid surfactants with commercially available surfactants were carried out
on SURF, on target station 1 at the ISIS pulsed neutron source.[167] Measurements
were carried out at fixed incident angles of 0.35°, 0.65 °and 1.51°.

As on Figaro teflon surface adsorption troughs were used to contain the samples,
the sample troughs have a total sample volume fo 30 mL and five can be loaded into
the sealed sample changer. All measurements were carried out at ambient temper-
ature to allow for comparison with CMC data.

The data was stitched and normalised using the same software used on Inter.[164]
This data is discussed in Chapter 10.

3.7 GIXD

GIXD measurements were carried out for insoluble amino acid surfactants and their
mixtures at the air-water interface on I07, using the same trough set-up described
for XRR upon the same samples as measured for XRR. GIXD measurements were
carried out in order to investigate the lateral structure of the surfactant tails, from
which the APM can be determined, if the tails are sufficiently ordered, and the Bragg
condition is met.

The beam angle was adjusted to strike the interface at an incident angle, θi equal
to 0.85θcrit, the critical angle where total reflection occurs, as discussed in Section
2.5.1. The horizontal angle, θxy, is then scanned in order to investigate the presence
of Bragg peaks and hence structure in the horizontal, Qxy and vertical, Qz planes.
Data is collected using the Pilatus 100k detector used for XRR measurements and
a pinhole set-up mounted on the diffractometer to reduce the background. [148],
[168]

3.8 Brewster Angle Microscopy

BAM was carried out at the Diamond light source using a Nanofilm EP3 imaging
ellispometer (523 nm). The same purpose made Nima 712BAM trough previously
mentioned was used for compression of the monolayers, images were taken to show
the presence of structure, for icosanoyl glycine, C20Gly, monolayers at a range of
surface pressures.
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3.9 Small Angle Neutron Scattering

For SANS measurements sample preparation was the same for all experiments;
samples were loaded into 1mm path length, 1 cm wide quartz Hellma cells and
placed inside a temperature controlled sample changer.

All measurements were carried out on SANS2d at the ISIS pulsed neutron source.
SANS2d is a time of flight instrument with two movable detectors the positions of
which will be covered for each sample type separately.

3.9.1 Micellar measurements

Solutions were prepared at 5 mM concentration for myristoyl surfactants and 3.1
mM concentration for palmitoyl surfactant. Measurements were carried out and 5
and 2.5 mM concentrations for the myristoyl surfactants and 3.1 and 1.65 mM con-
centrations for palmitoyl surfactants. A minimum of two contrasts were recorded
where possible, one for hydrogenated surfactant in D2O and one for hydrogenated
surfactant in a 70:30 mixture of D2O and H2O. The measurements were carried out
in a combination of buffer and base, the concentrations of which were discussed in
Section 3.3.2.

In order to obtain a Q range of 0.004 to 0.42 Å−1 the rear detector distance was set
at 4 m from the sample. Reduction of the data was carried out using the standard
procedures within MANTID,[164] which includes subtracting the empty cell scat-
tering and normalising the data to the sample transmission, empty beam flux and
detector efficiency. The scattering from the solvent was subtracted as a background
from each sample using the NCNR SANS reduction macros for IgorPro.[169] The
data was then fitted using models within SASView.[170]

To ensure complete dissolution of the samples most measurements were carried
out at 40 °C unless otherwise stated.

3.9.2 Emulsion measurements

Emulsions were prepared at 10 vol% dodecane using the procedure described in
Section 3.3.3., with two contrasts being measured, one for d-oil in D2O with h-
surfactant, and one for d-oil in H2O with h-surfactant. All measurements were
carried out at 22 °C and the rear detector distance was set to 12 m as the droplet
size is much larger than that of a micelle. The reduction of the background was
once again carried out using the standard procedures within Mantid. The solvent
background was subtracted at the ISIS pulsed neutron source in a manner which
took into account the high volume of oil, the amount of background subtracted was
scaled appropriately. Fitting of the data was once again carried out using the models
available within SASView.[170]

3.10 Dynamic Light Scattering

All DLS measurments were carried out using a Malvern Zetasizer Nano ZS, which
has a He-Ne laser, λ of 633 nm, and a detector angle of 173°. All data collected was
analysed by the accompanying software, which was the Zetasizer software version
7.11 from Malvern. Samples were measured in disposable polystyrene cuvettes with
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a pathlength of 10 mm and unless stated otherwise all measurements were carried
out at 25 °C.

3.10.1 Emulsion measurements

Emulsion measurements were carried out for a range of emulsions at different time
periods after their creation. In order to get an accurate measurement of droplet
size, samples needed to be diluted to avoid multiples scattering. An aliquot was
taken from the emulsions and this was diluted in water prior to measurements. The
samples were diluted until they were transparent.

3.10.2 Temperature trend measurements

Variation in the micellar size of surfactant solutions were measured for amino acid
surfactants prepared in buffer. For myristoyl surfactants these measurements where
carried out at 10 mM. Measurements began at 60 °C and were taken at every degree
down to 20 °C. Prior to each measurement the sample was allowed to equilibrate
for 1 minute to ensure the temperature had equilibrated.
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4 Synthesis of Amino Acid
Surfactants

In this chapter the methodologies used to prepare the amino acid surfactants used
within this thesis are reported and characterisation of the compounds prepared dis-
cussed. The methodologies used are all based upon work previously reported for
similar or identical compounds. Comparison between the methods used and others
available are also discussed.

4.1 Synthesis of Fatty acid chlorides

The synthetic method for this process was adapted from that published by Ortmann
et al. [171] Fatty acid, X mol was suspended in dichloromethane under N2 and a cat-
alytic amount of DMF was added. Oxalyl Chloride, 1.1X mol was added dropwise
and the solution was stirred for 2 hours, until the product was completely dissolved,
the solution was light yellow, the product was then dried en vacuo.

TABLE 4.1: Examples of yields for the Fatty acid chlorides synthesised in this
report

Reactant Purity Mass (g) Product Mass (g) Yeild

Eicosanoic acid >98% 1.0 Icosanoyl chloride 1.10 95%

d-Eicosanoic acid 98% 1.0 d-icosanoyl chloride 1.15 101%

Palmitic acid >98% 50 Palmitoyl chloride 58.2 105%

Myristic acid >99% 50 Myristoyl chloride 61.1 115%

d-Myristic acid 99.8% 2.0 d-Myristoyl chloride 2.05 96%

The high yields reported in Table 4.1 for these samples are caused by the minimal
purification carried out for these compounds, which often leads to a reduction in
yield, as some product is often lost, and the lack of side products. We did not carry
out purification of the acyl chlorides as the next step of the reaction to form the N-
acyl amino acid surfactants will remove any remaining DMF and unreacted fatty
acid.

An example of the 1H NMR spectrum obtained for a fatty acid chloride, in this
case palmitoyl chloride is reported below.

1H NMR (500 MHz, MeOD): δ 0.88 (t, 3H, CH3), δ1.18-1.42 (m, 24H, CH2), δ 1.71 (m,
2H, CH2), δ 2.87 (t, 2H, CH2), Solvent peaks δ2.91: δ:2.99: CH3OH , δ5.29: CH2Cl2,
δ7.26: DMF

The peaks obtained are very similar to those obtained for the fatty acid used, and



62 Chapter 4. Synthesis of Amino Acid Surfactants

thus the NMR obtained for the reactants does not accurately confirm the structure.
This is shown by the deuterium NMR data obtained for deuterated myristic acid
and deuterated myristoyl chloride, the spectra for which are shown in Figure 4.1.
These spectra are clearly essentially super imposed and any variation between them
is not significant enough to confirm that reaction has occurred.
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FIGURE 4.1: Superimposed nmr spectra for d-myristic acid (red) and d-
myristoyl chloride (blue)

The physical properties of the fatty acid chloride are distinctly different to those
of the fatty acid. The products are yellow in colour and have a significantly lower
melting point than the reactants with the palmitoyl chloride and myristoyl chloride
being liquid at room temperature and icosanoyl chloride is a waxy solid. This gave
a good indication that the reaction had occurred. Other modes of characterisation
were not attempted due to the highly reactive nature of the products.

4.2 Synthesis of proline surfactants

4.2.1 Synthesis of soluble surfactants

The synthetic method for this process was adapted from a paper by Qiao et al. [96].
X mol of the fatty acid chloride was dissolved in acetone was added dropwise to
a solution of proline, 1.1×X mol, dissolved in water, which was cooled to 0°C and
adjusted to pH 10 using NaOH. The reaction was then stirred at 0°C for one hour
and then at room temperature for 1 hour. The sample was left over night prior to
acidification with HCl, to a pH of 1, which caused precipitation of the product.
The solid was then filtered off and washed with water until the pH of the filtrate was
7. The product was purified by dissolution in ethyl acetate and stirring in hexane
for 30 minutes to 1 hour, to remove any unreacted fatty acid. The product was dried
on a high vacuum line, and the structure confirmed by NMR.
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TABLE 4.2: Yields of Proline surfactants synthesised using the methodology
listed above

Product Yield Mass (g) Fatty acid chloride Mass (g)

Myristoyl Proline 22% 0.29 Myristoyl chloride 1.0

Myristoyl Proline 38% 7.51 Myristoyl Chloride 15.0

dd Myristoyl Proline 20% 0.142 d-Myristoyl Chloride 0.5

Palmitoyl Proline 40% 0.509 Palmitoyl chloride 1.0

The yields reported in 4.2 are similar to those obtained in the paper by Qiao et al.
for the glycine based surfactants. Alternative methods for the synthesis of proline
based surfactants report higher yields using dichloromethane as the solvent. How-
ever, this methodology was not used as where possible chlorinated solvents were
avoided, as one of the 12 tenets of green chemistry as discussed in Chapter 1, is the
use of safer solvents.[44] Another methodology reported by Sreenu et al. [100] to
prepare oleyl amino acid surfactants gave a yield of 82% however the purification
process also used chloroform dissolve the excess fatty acid. The methods described
to produce the N-acyl proline surfactants are variations of the Schotten-Baumann
reaction. Side reactions which reduce the yield result in the formation of the fatty
acid chloride which is then removed in the purification step. This is likely to have
been caused by the miscibility of the two solvents used.[86] The difference between
the yields of C14 Pro when different amounts of starting material are used may be
caused by differences in the loss of product during the purification step.

Myristoyl proline:

FIGURE 4.2: Myristoyl proline labelled to aid the analysis of 13C NMR

Hydrogenated myristoyl proline (h C14 Pro):
1H NMR (500 MHz, MeOD): δ 0.88 (t, 3H, CH3), δ1.09-1.45 (m, 20H, CH2), δ 1.59
(m, 2H, CH2), δ 1.81-2.45 (m, 6H, CH2), δ3.44-3.69 (m, 2H, CH2), δ4.35-4.56 (dd, 1H,
CH), Solvent peaks: δ3.30: CH3OH, δ4.87:H2O

13C NMR (500 MHz, MeOD): 174.33:a, 173.16:f, 59.47 & 58.76:b, 40.16:e, 33.86: g,
31.66: l, 29.36: k, 29.16: j & c, 28.95: i, (24.61 & 24.44 & 24.25): d, 22.32: m, 13.00: n,
Solvent peaks: 47.84: CH3OH

Fully deuterated myristoyl Proline (dd C14 Pro):
2H NMR (500 MHz, MeOD): δ0.88(3D, CH3), δ1.10-1.74 (24D, CD2), δ3.28-3.82 (2D,
CD2), δ4.49 (1D,CD)
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Palmitoyl proline (C16 Pro):

FIGURE 4.3: Palmitoyl proline labelled to aid the analysis of 13C NMR

1H NMR (500 MHz, MeOD): δ 0.88 (t, 3H, CH3), δ1.19-1.43 (m,24H, CH2), δ1.62 (m,
2H, CH2), δ1.85-2.43 (m, 6H, CH2), δ3.44-3.69 (m, 2H, CH2), δ4.43(m, 1H, CH), Sol-
vent peaks: δ3.31: CH3OH, δ4.86: H2O

13C NMR (500 MHz, MeOD): 174.25; a, 173.17: f, 59.55 & 58.72: b, 46.12: e, 33.78: g,
31.65: l, 30.89: h 29.36: k, 29.23: j, 28.98: i, 24.44: d, 24.25, 22.26: m, 12.99: n

4.2.2 Insoluble surfactants

The synthetic method for this process was adapted from a paper by Qiao et al. [96].
Proline, 1.1X mol, and K2CO3, 3X mol, were dissolved in water cooled to 0 °C, and
icosanoyl chloride, X mol, in acetone, 20 mL, was added dropwise. The acetone was
removed en vacuo and the remaining slurry acidified to pH 1 with HCl, 1M solution.
The solid was filtered off and washed with water. The product was then purified
by dissolution in ethyl acetate and stirring in hexane, to remove any unreacted fatty
acid. Following this the product was dried on a high vacuum line.

TABLE 4.3: Yields of deuterated and hydrogenated Icosanoyl proline synthe-
sised using the methodology listed above

Product Yield Mass (g) Fatty acid chloride Mass (g)

Icosanoyl Proline 30-40% 0.37 Icosanoyl chloride 1.0

dd Icosanoyl Proline 45% 0.11 Icosanoyl chloride 0.2

dh Icosanoyl Proline 53% 0.13 d-Icosanoyl Chloride 0.2

These yields are similar to those reported in Table 4.2 for the soluble surfactants.
There is a large spread in the yields which may be accounted for loss of product
during purification and filtration of products. A recent patent reported a yield of
54%, for a similar synthetic route to produce icosanoyl proline, which is within the
range of those reported in Table 4.3. [172]
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Icosanoyl proline:

FIGURE 4.4: Icosanoyl proline labelled to aid the analysis of 13C NMR

Hydrogenated icosanoyl proline (h C20 Pro):
1H NMR (500 MHz, CDCl3): δ 0.88(t, 3H, CH3, n), δ1.19-1.38 (m, 32H, CH2, m, l,
k, j, i), δ 1.67 (m, 2H, CH2, h), δ 1.89-2.11 (m, 3H, CH2 g, d), δ 2.34 (m, 2H, CH2, c,
d), δ2.55 (m,1H, CH2, c), δ 3.4-3.68 (m, 2H, CH2, e), δ4.61 (d-d, 1H, CH, b). Solvent
peak, chloroform: δ7.26

13C NMR (500 MHz, CDCl3): 175.66: a, 172.29: f, 60.01: b , 48.86: e, 34.39: g, 33.71:
l, 31.90: h, (29.63, 29.34, 29.63, 29.46, 29.34, 29.30, 29.28):k, 28.99:j 27.24:c & i 24.76,
24.40: d, 22.53: m, 13.95: n. Solvent peak, chloroform: 76.98

Fully deuterated icosanoyl proline (dd C20 pro):
2H NMR (500 MHz, CDCl3): δ0.88 (3D, CD3), δ1.00-1.25 (34D, CD2), δ2.37 (2D, CD2),
δ3.38-3.75 (2D, CD2), δ4.62 (1D, CD), δ7.32: CDCl3

The peaks at δ4.62 and δ3.4-3.68 relate to the deuteriums present on b and e respec-
tively, which are the positions which are deuterated on the proline. Fully deuterated
proline is not commercially available.

Tail deuterated icosanoyl proline (dh C20 pro):
1H NMR (500 MHz, CDCl3): δ2.23 (3D, CH2), δ2.67 (1D, ), δ3.59-3.85 (2D, CH2),
δ4.71 (1D, CH), Solvent peak: δ 7.26:CHCl3

4.3 Synthesis of glycine surfactants

4.3.1 Synthesis of soluble surfactants

The synthetic method for this process was adapted from a paper by Qiao et al. [96].
Glycine, 1.1X mol, was dissolved in water cooled to 0 °C and adjusted to pH 10
using NaOH. X mol of the fatty acid chloride was dissolved in acetone was added
dropwise. The sample was stirred at 0 °C for one hour and then at room tempera-
ture for 1 hour. The sample was then left over night prior to acidification with HCl,
to a pH of 1.

The solid was then filtered off and washed with water until the pH of the filtrate
was 7. The product was purified by recrystalisation in methanol and stirring in hex-
ane, to remove any unreacted fatty acid. The product was dried on a high vacuum
line.
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TABLE 4.4: Yields of glycine surfactants synthesised using the methodology
listed above

Product Yield Mass (g) Fatty acid chloride Mass (g)

Myristoyl Glycine 12% 0.14 Myristoyl chloride 1.0

Myristoyl Glycine 28% 4.79 Myristoyl Chloride 15

dd Myristoyl Glycine 40% 0.23 d-Myristoyl Chloride 0.5

Palmitoyl Glycine 49% 0.56 Palmitoyl glycine 1.0

The yields reported for the production of N-acyl glycine surfactants, Table 4.4,
are similar to those reported by Qiao et al., between 30 and 35%. Although, the first
value reported for myristoyl glycine is significantly lower. This may be due to in-
complete precipitation of the product during recrystalisation.

Myristoyl glycine:

FIGURE 4.5: Myristoyl glycine labelled to aid the analysis of 13C NMR

Hydrogenated myristoyl glycine (hC14 gly):
1H NMR (500 MHz, MeOD): δ 0.88 (t, 3H, CH3), δ1.20-1.39 (m,20H, CH2), δ1.61 (m,
2H, CH2), δ2.24 (t, 2H, CH2), δ3.87 (s, 2H, CH2), Solvent peaks: δ3.30: CH3OH.
δ4.87: H2O

13C NMR (500 MHz, MeOD): 175.18: c, 171.97: a, 40.64: b, 35.43: d, 31.55: i, 29.37: h,
29.05: g, 28.81: f, 25.45: e, 22.23: j, 13.01: k

Fully deuterated myristoyl glycine (ddC14 Gly):
2H NMR (500 MHz, MeOD): δ0.88 (3D, CD3), δ0.97-1.69 (22D, CH2), δ2.24 (2D,
CH−2), δ3.91 (2D, CH−2)

13C NMR (500 MHz, MeOD): 175.51:c, 172.66:a, 46.26 & 43.13:b, 39.05: d, 29.11:
h, 16.80: k, solvent peaks: 78.00: CHCl3, 58.73: CH3CH2OH, 47.37: CH3OH, 58.73,:
CH3CH2OH, 54.42: CH2Cl2

The large number of solvent peaks found for this sample are likely to indicate that
the NMR tube used was not completely dry prior to preparation of the NMR sam-
ple.
The 13C NMR spectra reported for dd C14 Gly does not show as many peaks as the
spectra reported for h C14 Gly sample, this may be due to lower concentration. The
sample was prepared at lower concentration due to the high cost of the reactants.
The peaks obtained are all indicative of dd C14 Gly, and can be used to support the
evidence of the structure shown in Figure 4.5, with a fully deuterated hydrocarbon
tail and partially deuterated headgroup.
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Palmitoyl glycine (C16 Gly):

FIGURE 4.6: Palmitoyl glycine labelled to aid the analysis of 13C NMR

1H NMR (500 MHz, MeOD): δ 0.88 (t, 3H, CH3), δ1.09-1.43 (m,24H, CH2), δ1.61 (m,
2H, CH2), δ2.24 (t, 2H, CH2), δ3.878(s, 2H, CH2), Solvent peaks: δ3.30: CH3OH.
δ4.84: H2O

13C NMR (500 MHz, MeOD): 175.43: c, 171.75: a, 41.96 & 40.55: b, 35.42: d, 31.55: h,
29.34: g, 28.81 & 28.58: f, 25.21: e, 22.24: i, 12.99: j, Solvent peak: 47.67: CH3OH

4.3.2 Icosanoyl glycine

The synthetic method for this process was adapted from a paper by Qiao et al. [96].
1.1X mol of glycine and K2CO3, 3X mol, were dissolved in deionised water cooled
to 0 °C . Iconsanoyl chloride, X mol, was dissolved in 20 mL of acetone and added
dropwise to the stirred glycine solution. The solution was then stirred at 0 °C for 1
hour and at room temperature for 1 hour. The acetone was then removed en vacuo.
The remaining solution was acidified to pH 1 and the product filtered and rinsed
with water until all excess acid is removed.

TABLE 4.5: Yields of deuterated and hydrogenated icosanoyl glycine synthe-
sised using the methodology listed above

Product Yield Mass (g) Fatty acid chloride Mass (g)

Icosanoyl glycine 30-41% 0.72 Icosanoyl chloride 1.5

dd Icosanoyl glycine 30% 0.065 Icosanoyl chloride 0.2

dh Icosanoyl glycine 12% 0.0234 d-Icosanoyl Chloride 0.2

FIGURE 4.7: Icosanoyl glycine labelled to aid the analysis of 13C NMR

Icosanoyl glycine (h C20 Gly):
1H NMR (500 MHz, CDCl3, MeOD) δ 0.88 (t, 3H, CH3), δ1.10-1.47(m, 32H, CH2 ),
δ1.63 (m, 2H, CH2), δ2.25(m, 2H, CH2), δ3.94 (m, 2H, CH2), Solvent peaks: δ3.38:
CH3OH, δ 4.39: H2O, δ7.48: CHCl3
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13C NMR (500 MHz, CDCl3, MeOD): 174.33:c, 171.50: a, 40.94: b, 36.01 and 33.86: d,
31.78: i, 29.49: h, 25.55 and 24.70 : e, 22.45: j, 13.90: k, Solvent peaks:76.87: CHCl3
48.75: CH3OH

Fully deuterated icosanoyl glycine (dd C20 Gly):
2H NMR (500 MHz, CDCl3):δ0.88(3D, CD3), δ1.00-1.82(32, CD2), δ2.30 (4D, CD2),
δ3.98 (2D ,CD2), δ7.46: CHCl3

Tail deuterated icosanoyl glycine (dh C20 Gly):
1H NMR (500 MHz, CDCl3, MeOD): δ4.01 (d, 2H, CH2), Solvent peaks: 3.43: CH3OH,
4.08: H2O, 7.46: CHCl3, Residual peaks between δ0.84 and δ2.33 from undeuterated
regions of the tails.

4.4 Synthesis of glutamine surfactants

4.4.1 Soluble surfactants

The synthesis for this compound was based upon a patent by Feng et al.[173] which
gives a method for preparing N-acyl glutamine surfactants. X mol of glutamine and
2.5X mol NaOH were dissolved in deionised water. X mol of fatty acid chloride was
dissolved in tetrahydrofuran, THF, and added dropwise to the amino acid solution
at room temperature. The mixture was stirred for 2 hours, diluted with water, acid-
ified with 33% HCl solution, 1.5X mol. The product was then stirred in hexane for
30 minutes filtered and dried under high vacuum.

TABLE 4.6: Yields of glutamine surfactants synthesised using the methodol-
ogy listed above

Product Yield Mass (g) Fatty acid chloride Mass (g)

Myristoyl Glutamine 43% 0.629 Myristoyl chloride 1.0

dh Myristoyl Glutamine 31% 0.214 d-Myristoyl Chloride 0.5

Palmitoyl Glutamine 38% 0.531 Palmitoyl chloride 1.0

An alternative methodology was used to prepare the N-acyl glutamine surfactants
than that used to prepare the N-acyl glycine and N-acyl proline surfactants, as at-
tempts to prepare the glutamine surfactant using the same methodology was un-
successful. In order to improve the yield of the product the round bottom flask
immersed in room temperature water to dissipate heat from the reaction.

Myristoyl glutamine:

FIGURE 4.8: Myristoyl glutamine labelled to aid the analysis of 13C NMR
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Hydrogenated myristoyl glutamine (h C20 Gln):
1H NMR (500 MHz, MeOD): δ 0.88 (t, 3H, CH3), δ1.15-1.36 (m, 20H, CH2), δ1.61 (m,
2H, CH2), δ2.09-2.38 (m, 6H, m), δ4.37 (q, 1H, CH), solvent peaks: δ1.95: acetone,
δ3.30: methanol, δ4.82: H2O

13C NMR (500 MHz, MeOD): 176.28: e, 174.96: f, 173.53: a, 51.68: d, 35.63: g, 31.79:
b, 29.34: k, 29.21: c, 29.04: j, 27.01: i, 25.43: h, 22.24: m, 13.00: n, Solvent peaks: 47.37:
CH3OH

Tail deuterated myristoyl glutamine (dh C14 Gln):
1H NMR (500 MHz, MeOD): δ1.93-2.38 (m, 4H, CH2), δ4.40 (q, 1H, CH), Solvent
peaks: δ 3.34: CH3OH, δ4.76: H2O, δ7.71: CHCl3. Residual peaks between δ0.82
and δ1.72 from undeuterated regions of the tails.

13C NMR (500 MHz, MeOD): 176.26: e, 175.19: f, 173.55: a, 51.68: d, 31.34: b, 27.99:
k , 27.48: i, 27.14:c,j, 19.64:m , Solvent peaks: 47.90: CH3OH, 77.99: CHCl3

The 13C NMR spectra reported for dh C14 Gln does not show all the peaks reported
for the h C14 Gln sample which may be due to lower concentration in the sample.
It was prepared at lower concentration due to the high cost of the reactants. The
peaks obtained are all indicative of dh C14 Gln and can be used to support the evi-
dence of the structure shown in Figure 4.8, with a fully deuterated hydrocarbon tail.

Palmitoyl glutamine(C16 Gln):

FIGURE 4.9: Palmitoyl glutamine labelled to aid the analysis of 13C nmr

1H NMR (500 MHz, MeOD): δ 0.88 (t, 3H, CH3), δ1.15-1.40 (m, 24H, CH2), δ1.60
(m, 2H, CH2), δ1.89-2.43 (m, 6H, CH2), δ4.38 (dq, 1H, CH), Solvent peaks: δ3.30:
CH3OH, δ4.85: H2O

13C NMR (500 MHz, MeOD): 176.26: e, 175.01: f, 173.34: a, 51.81: d, 35.43: g, 31.65:
l, 31.34: b, 29.22: k & c, 29.05: j, 28.90: i, 27.10: c, 25.46: h, 22.30: m, 13.01: n, Solvent
peak: 47.84: CH3OH

4.4.2 Icosanoyl glutamine

The synthesis for this compound was based upon a patent by Feng et al.[173] which
gives a method for preparing a range of glutamine based surfactants. X mol of glu-
tamine and 2.5X mol NaOH were dissolved in deionised water. Icosanoyl chloride,
X mol, was dissolved in tetrahydrofuran, THF, and added dropwise to the amino
acid solution at room temperature. The mixture was stirred for 2 hours, diluted
with water, acidified with 33% HCl solution, 1.5X mol, the product was then stirred
in hexane for 30 minutes filtered and dried under high vacuum.
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TABLE 4.7: Yields of deuterated and hydrogenated iconsanoyl glutamine sur-
factants synthesised using the methodology listed above

Product Yield Mass (g) Fatty acid chloride Mass (g)

Icosanoyl glutamine (dd C20 Gln) 14-26% 0.46 Icosanoyl chloride 1.5

dh Icosanoyl glutamine (dh C20 Gln) 18% 0.046 d-Icosanoyl Chloride 0.2

FIGURE 4.10: Icosanoyl glutamine labelled to aid the analysis of 13C nmr

Icosanoyl glutamine (h C20 Gln):
1H NMR (500 MHz, CDCl3, MeOD) δ 0.88 (t, 3H, CH3, n), δ1.21-1.38(m, 32H, CH2 ),
δ1.60(m, 2H, CH2), δ1.84-2.33 (m, 6H, CH2), δ4.21(t, 1H, CH), Solvent peaks: δ3.34:
CH3OH, δ4.43: H2O, δ7.48: CHCl3

13C NMR (500 MHz, CDCl3, MeOD): 176.09: e, 174.43: f, 173.75: a, 51.89: d, 36.21
& 35.58: g, 33.91: b, 31.72: l, 29.59:k & c, 28.19: j, 27.86: i, 25.38: h, 24.74: , 22.73: m,
13.57: n, Solvent peaks: 76.77: CHCl3, 48.81: CH3OH

Tail deuterated icosanoyl glutamine (dh C20 Gln):
1H NMR (500 MHz, CDCl3, MeOD): δ1.89-2.40 (m, 4H, CH2), δ4.42 (q, 1H, CH),
solvent peaks: δ 3.34: CH3OH, δ4.76: H2O, δ7.70: CHCl3. Residual peaks between
δ0.77 and δ1.70 can be accounted for by the impurities in the deuterated tail.

13C NMR (500 MHz, CDCl3, MeOD): 176.39: e, 175.04: f, 173.49: a, 51.78: d, 31.19: l,
28.52: k & c, 28.06: j, 27.37: i, solvent impurities: 47.96: CH3OH, 77.16: CHCl3

4.5 Discussion of characterisation of N-acyl amino acid sur-
factants

All compound prepared for using the methodologies described in this chapter have
been characterised using NMR techniques. We have used proton, carbon and deu-
terium NMR to determine the structures of the surfactants prepared.

In the results obtained 13C NMR some of the sections labelled in the structures were
reported as been associated with more than one peak. This can be rationalised by
considering the potential protonation and deprotonation of the amino and acid re-
gions respectively. The variation in the charge leads to variation in the electron
shielding at these carbons and hence the chemical shifts. The amount of charge
variation is significant enough to result in multiple peaks for some regions of the
surfactants.

Deuterium NMR does not result in strong coupling and so multiplet signals are
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not observed, and so were not reported above. Deuterium NMR also gives signif-
icantly weaker signals and so often gives less definitive results that the equivalent
proton NMR.

The samples prepared in this section are used to investigate the structure and prop-
erties of pure amino acid surfactants and their mixtures both with themselves and
commercially available surfactants in Chapters 6, 7 and 8. These compounds are
also used in Chapter 9 to prepare microemulsions.
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5 Sulfobetaine and Phospholipid
Mixtures at the Air-Water Interface

In this chapter results obtained from the characterisation of mixed monolayers pre-
pared from phospholipids and sulfobetaines will be discussed. Both sulfobetaines
and phospholipids have been introduced in Chapter 1. Mixtures of these com-
pounds are of particular interest due to the antiparallel charge distributions of their
headgroups. It has been postulated that mixed systems prepared from sulfobetaines
and phospholipids could be used for a range of applications, including in drug de-
livery and mild topical formulations.

Work carried out by Aikawa et al.[72] has investigated the energetics of mixed sys-
tems, similar to those used here, and found that mixing of these surfactants was
energetically favourable. However the methods used did not determine the effect
this has upon the structure of the monolayer. In order to determine the structure
of the monolayer, perpendicular to the interface, we have used X-Ray and neutron
reflectometry in combination with pressure-area isotherms.

In this study we used the single chained sulfobetaine 3-(dimethyloctadecylammonio)
propane-1-sulfonate, (SB3-18). SB3-18 was selected as a simple model sulfobetaine,
like those generally used industrially and which are cheaper and simpler to synthe-
size than their double tailed equivalents. This is essential since the use of neutron
reflectometry requires the synthesis of deuterated molecules, something that is not
trivial for the di-chain version of these molecules. We used the octadecyl carbon
tail as it was the shortest sulfobetaine chain which forms stable monolayers with
repeatable isotherms.

Our choice of phospholipid, DMPC, is based on the aim to choose a lipid with bi-
ological relevance that has been well characterised in the literature and has a tail
thickness reasonably close to that of our sulfobetaine.[174] We chose to investigate
DMPC, as previous studies have found that is has a similar tail layer thicknesses to
SB3-18, despite the chain length being significantly shorter. This is caused by differ-
ences in chain tilt, DMPC has a chain tilt that is much lower than SB3-18. We were
interested in whether the chain tilt of each component would be affected when the
lipids are mixed. In order to allow for direct comparison with experiments carried
out within the group on pure sulfobetaine monolayers and to reduce equilibration
time, all experiments were carried out a room temperature, 22 °C. This is slightly
below the phase transition temperature of 23.9°C for DMPC.[175] This is unlikely to
cause any problems as other studies investigating monolayers structure of DMPC
have been carried out at this temperature with NR, [174] and measurements carried
out using BAM found that there was no organised structure at this temperature
which is indicative of the monolayer being in the Liquid-Expanded phase. [176]

In order to access the components of the monolayer separately, deuterated and hy-
drogenated compounds have been mixed. This allowed us to separately analyse
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the tail structure of the two compounds and hence determine their thickness and
tilt angle. This gives further insight into the structure of the monolayer and hence
the interactions occurring between the two components. It has been reported that
for mixtures of deuterated and hydrogenated alkanes and polymers demixing of
deuterated and hydrogenated regions occurs.[177], [178], [179] However, this is un-
likely to be the case here as the interactions between the surfactants are not primar-
ily London dispersion interactions, which are affected by the deuteration of the hy-
drocarbon tails. This is further demonstrated by the fact that similar methodologies
have been widely used to investigate the surfactant composition at the air-water in-
terface for soluble surfactants.[66], [180], [181]

The work presented here utilises both the isotopic sensitivity of neutrons and the
large Q range and headgroup sensitivity of X-Rays, as the headgroups contain atoms
which are further up the periodic table, to determine the structure of mixed mono-
layers of SB3-18 and DMPC, and the structure of the individual components. Al-
though, previous studies have used isotopic substitution of hydrogen and deu-
terium to investigate different components of a monolayer separately to the authors
knowledge this has not been utilised to investigate the difference in the structure
of different lipid tails within in a monolayer previously.This allows us to not only
determine the overall structure of the monolayer but also its constituent parts and
so make informed hypotheses about the nature of the interactions between these
compounds and the likely consequences of these upon the toxicity of sulfobetaines
and the potential applications of mixtures of sulfobetaines and phospholipids.

5.1 Pressure-area isotherm analysis

Compression of insoluble monolayers results in variation in the structure of the
lipids contained within it, as discussed in Section 1.1.2. The pressure-area isotherm
obtained gives an indication as to the nature of the structure of a monolayer. The
pressure area isotherms recorded for the pure samples are consistent with those
reported in the literature under the same conditions.[69], [174] Figure 5.1 shows
average pressure-area isotherms obtained for both DMPC and SB3-18 as well as
mixtures of the two.

These isotherms do not have plateau regions which would have indicated the pres-
ence of a phase transition, meaning that the tail structure in the monolayer can be
assumed to be in the LE phase throughout compression. However, at least for the
case of DMPC, this assumption could be described as somewhat questionable as
the measurements were made at 22°C, below the lipid phase transition at 24°C. The
assumption has been further investigated in the literature for the pure monolayers
through the use of BAM.[69], [176], which showed a lack of organised structure in-
dicative of the LE phase. Further analysis of the isotherms has also been carried out
to ensure that this hypothesis is correct.
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FIGURE 5.1: Average Pressure-area isotherms for mixtures of DMPC and SB3-
18 at 3:1, 1:1 and 1:3 molar ratios, error bars are excluded for clarity

Table 5.1 shows some parameters extracted from the series of isotherms, which can
be found in the supplementary information. The SB3-18 monolayer has a lower
limiting area than the equivalent single-tailed PC lipid, which is consistent with the
larger PC lipid headgroup.

TABLE 5.1: Physical parameters derived from pressure-area isotherms for
mixtures of DMPC and SB3-18, error in areas is 5% from systematic errors
in calibration and sample preparation. Errors in collapse point and compres-
sional modulus were calculated from maximum and minimum values of a

minimum of two separate measurements

Sample
Collapse Point Collapse area Limiting area Compression modulus

(mNm−1) (Å2) (Å2) (mNm−1)

DMPC 45±1 45 77 115±4

3:1 44±3 39 70 100±3

1:1 43±2 37 66 93±3

1:3 41±5 33 61 78±1

SB3-18 37±2 35 69 57±4

Table 5.1 shows some parameters extracted from the series of of isotherms and in-
cludes the peak compression modulus, a parameter which can be used as a quanti-
tative guide to the phase of the monolayer.
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FIGURE 5.2: Surface compression modulus of the 3:1 DMPC:SB3-18 mixture
on water, determined from the average pressure-area isotherm

An example of the compression modulus calculated from a pressure-area isotherm
is shown in Figure 5.2. Values of the compression modulus which are below 100
mNm−1 are generally indicative of monolayers in the LE phase. The compression
modulus for SB3-18 indicates a monolayer with liquid-expanded, LE, character,[121]
although the high value for the compression modulus of DMPC reported in Ta-
ble 5.1 suggests that the monolayer is may have some liquid-condensed charac-
ter. However, Blume et al.[13] reported that pressure-area isotherms carried out for
DMPC at a range of temperatures, and analysis of the compression moduli of these
isotherms indicate that the transition from LE to LC is only seen below 17 °C. This
transition is further indicated by compression moduli which have two peaks, which
is not observed for any of the data collected herein.[13] We therefore have further
confidence that, for the sake of our assumptions about molecular volume, the mono-
layers measured in the work can all be considered to be in the LE phase.

The variation between the pressure-area isotherms as the content of SB3-18 increases
follows the general pattern which was expected, with the isotherms becoming more
similar to SB3-18. However, the collapse area and limiting area of the 1:3 DMPC:SB3-
18 mixture is lower than that of the pure SB3-18. This indicates that the nature of
the interactions between the components of the monolayer are stabilising the mono-
layer structure, allowing the components to be more compressed prior to collapse.
If we use the values of the two pure monolayers to predict the parameters for the
mixtures of DMPC and SB3-18 reported in Table 5.1, assuming an average of the two
behaviours, we find that the values calculated are consistently higher than those ob-
tained, giving further credence to the hypothesis that the two compounds interact
in an energetically favourable manor, stabilising the monolayer, which is consistent
with the findings of Aikawa et al.[72] who reported that mixing the two compounds
lead to a homogeneous mixture which was caused by the favourable interactions
between the two compounds, this was further discussed in Section 1.4.

To investigate the structures of the monolayers XRR and NR have been used. Anal-
ysis in the variation of the structures of the monolayers will give an insight into the
interactions which may cause them.
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5.2 Reflectometry results

Reflectometry results were collected at I07 at the Diamond Light Source and Inter
at ISIS, using the methodologies described in Section 3.2. In order to fit the data
collected the SLD’s of the lipids heads and tails were calculated using Equation 5.1,
which relates SLD to molecular volume, MV, and scattering length, b.

SLDx =
bx
MVx

(5.1)

Since the SLD is derived from the MV, equation 5.1, we must assume a MV for
the different parts of the molecules in order to calculate the reflectivity profile.The
value of the molecular volume of DMPC is not consistent throughout the literature,
despite the large number of studies using this lipid, as the value is dependent upon
the phase of the molecule.[146] Knoll et al. [182] found that the total MV of DMPC-
d−54 varied between 1085-1144 Å3. In this study we selected the MVs used for
DMPC that were reported by Nagle et al.,[183] which were chosen, as measurements
were carried out in the gel phase, where the lipid is fully hydrated, as will be the
case for monolayers on a water subphase. The MV values shown in Table 5.2 are
within the range found by Knoll et al.

TABLE 5.2: Molecular volumes, MV, for DMPC and SB3-18 tail and head-
groups from Nagle et al,[183] Holdaway,[136] and Lu et al. [184] respectively

Sample MVhead, Å3 MVtail, Å3

DMPC 319 782

SB3-18 181 510

The values used for the SB3-18 are much less widely reported and are derived from
two separate studies. The molecular volume used for the tail was reported by Lu
et al.[184] who used it to determine the tail SLD when investigating C18TAB mono-
layers at the air-water interface. They have assumed that the MV can be calculated
using a method described by Tanford. [144] Whereby it is assumed that the prop-
erties of a hydrocarbon tail are the same as those of an alkane droplet and so the
volume of the tail can be calculated using Equation 5.2.

V = 27.4 + 26.9nc (5.2)

Where nc is the number of carbons in the hydrocarbon tail and V is the tail volume.

The headgroup volume was determined by Holdaway, [136], who used densitome-
try applied to a pseudophase model to determine the molecular volume of a SB3-18
surfactant above its CMC. To then determine the headgroup volume he subtracted
the known volume of the tails. This is the only known reported volume for the SB3
head group. As it was calculated using data from surfactants in micellar solutions
the headgroups are likely to be in a phase similar to that at the air water interface.

The calculated SLDs are then used to determine an average SLD to use for the mixed
systems. It is assumed that the SLDs of the heads and tails do not vary during com-
pression and that any interactions between the surfactants do not affect the MV.
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This is described in Equation 5.3.

SLDmix = xDMPCSLDDMPC + (1− xDMPC)SLDSB3−18 (5.3)

Recent work by Campbell et al.[146] has described methodologies for best fitting
NR data. In this study they investigated monolayers prepared from DPPC and 1,2-
dimyristoyl-sn-glycero- 3-phosphoserine, DMPS, both of which undergo a phase
transition between the LE and LC phase on compression. In this study they indi-
cated that the best method for fitting data from an insoluble monolayer requires use
of a two slab model. Within this model they found that including roughness equal
to that of a capillary wave to each layer improved the fits for their data. They then
went on to describe the best fitting methods for monolayers in the LC phase, which
they found required that taking chain compaction into account, which required an
increase in the SLD. As the monolayers investigated for DMPC and SB3-18 do not
show a transition into the LC phase this compaction of the chains we did not need
to consider this in our models and so the SLDs are assumed to be constant through-
out compression of the monolayer.

In order to reduce the number of variables to fit, additional constraints have been
applied to the model. The tail thickness can be constrained by the area per molecule
obtained from pressure-area isotherms. The calculated APM, Equation 5.4 was con-
strained to within 10% of the experimentally determined values obtained from sur-
face pressure-area isotherms for these systems.[174]

APM =
bt

SLDt × Tt
(5.4)

The headgroup hydration was also constrained to a value which ensured that the
number of heads and tails present in the monolayer was equal for the fitted param-
eters. The solvent penetration,φs , is the fraction of a layer that is made up of the
solvent as opposed to the head or tail of the molecule, as is calculated using the
relationship in Equation 5.5.

1− φs =
SLDtTtbh
SLDhThbt

(5.5)

The solvent penetration into the hydrophobic tail region is assumed to be zero.

5.2.1 Investigation of mixed monolayers at 15 mNm−1

We begin by discussing the data collected and fitted at 15 mNm−1 for which the
XRR data is shown in Figure 5.3. A superficial examination of this data suggests
that the structure and SLD profile of the mixed monolayers are more like that of
the DMPC monolayer than the SB3-18 monolayer. For an ideally mixed system we
would expect a gradual transition in structure between the two pure components.
Based on our previous study, we expect that the single chain sulfobetaine mono-
layer will be thinner than that of the double chain DMPC.[69] This is because the
packing parameter (ratio of the head and tail areas) means that the sulfobetaine
chains are more tilted than for DMPC. We would therefore expect that the addition
of sulfobetaine to DMPC would result in a thinner monolayer.
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FIGURE 5.3: XRR data for SB3-18 and DMPC collected at 22°C and mixtures
on water at 15 mNm−1, data is shifted vertically to allow clearer visualization.

Error bars are shown but are largely within the symbols on the graph.

As a first analysis, we can plot the position of the minimum of the interference fringe
in the XRR data as a rough guide to the film thickness, Figure 5.4 This shows that
surprisingly, the monolayer shows a slight increase in thickness as the amount of
sulfobetaine is increased and, of the compositions measured, only the pure sulfobe-
taine is thinner than DMPC.
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FIGURE 5.4: Thickness of the monolayers, extracted from the data on in Figure
5.3, errors are from determined variations in the minima

By fitting multiple contrasts for a monolayer obtained from neutron and X-Ray tech-
niques and constraining the fits to the area per molecules found from the pressure-
area isotherm, physical parameters for the heads and tails of the lipid monolayers
have been extracted from the data and are shown in Table 5.3. The fringe positions
in the XRR data, shown in Figure 5.4 give an indication of the total thickness of
the monolayer, with the fits shown below being within error of these values. As
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expected, the monolayers containing DMPC are significantly thicker than the pure
SB3-18 monolayer. Although, a small increase in thickness as the SB3-18 content
increases is seen, this is not significant as it falls within the boundaries of error for
this data.

TABLE 5.3: Fit Parameters for monolayers containing mixtures of DMPC
and SB3-18 on pure water at 15mNm−1, obtained using Motofit in Igor Pro
(Wavemetrics).[141], [142] SLD values were calculated using the molecular
volumes in Table 1 and kept constant during fitting of the data. The %H2O is

calculated using Equation 5.5.

Sample

Headgroup Tail

SLD(×10−6Å−2)
t (Å) σ (Å) %H2O

SLD(×10−6Å−2)
t (Å) σ (Å)

XRR NR XRR NR

DMPC 14.4 1.9 5.1±0.5 5.3±0.8 11±8 7.6 6.8 11.2±1.0 3.5±0.2

3:1 14.3 1.7 4.9±0.4 4.6±0.3 4±3 7.7 6.9 10.9±0.5 4.6±0.3

1:1 14.2 1.4 5.3 ± 1.0 4.5±0.3 14±7 7.8 7.0 11.4 ±0.4 4.8±0.3

1:3 14.0 1.2 5.0 ±0.4 4.3±0.6 7±5 7.9 7.1 11.3±1.0 4.9±0.7

SB3-18 13.9 1.0 4.3±0.2 4.9± 0.5 15±5 8.0 7.2 10.2±0.4 4.0±0.3

Prior to discussing the mixed systems, we compare the parameters we have ex-
tracted from fitting the data with that obtained previously for the pure systems.
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FIGURE 5.5: Fitted reflectivity data DMPC at 15mNm−1 surface pressure on
water. Two NR contrasts, Blue ACMW and Pink D2O, and an XRR contrast,
in Green are shown. Uncertainties in the experimental data are shown but are
largely within the size of the symbols. Fits are from the values reported by

Johnson et al. [174]

Parameters for phospholipids have been determined many times using a range of
techniques and methods. Measurements for DMPC on pure water at 22°C have
been carried out by Johnson et al.[174] on the CRISP spectrometer at ISIS. The tail
thickness, 11.4 Å, found in this study is within error of that determined here, shown
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in Table 5.3, despite the difference in the surface pressure, 10 mNm−1, and SLDs
used, 6.65 x 10−6 Å2. This is not true for the DMPC heads, SLD 1.75 x 10 −6 Å2,
where they reported more hydrated heads than we found in our fits.[174] However,
if we apply these parameters to our data, the only acceptable fits are for the data
measured using NR. The XRR measurement is not adequately fitted, as can be seen
in Figure 5.5.

As well the differences from the values reported in the literature for the parameters
extracted for the DMPC data we were also unable to achieve adequate fits using
the procedure for fitting NR data described by Campbell et al. [146]. Although the
methodology resulted in adequate fits for the NR data it did not give an acceptable
fit when co-refined with the XRR data. As can be seen in Figure 5.6, the fit using the
procedure described by Campbell et al. gives a bad fit to the XRR data at high Q.
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FIGURE 5.6: Fitted reflectivity data DMPC at 15mNm−1 surface pressure on
water. Two NR contrasts, Blue ACMW and Pink D2O, and an XRR contrast,
in Green are shown. Uncertainties in the experimental data are shown but
are largely within the size of the symbols. Fits are from the methodology
described by Campbell et al.[146] and the thickness and hydration values in

Table 5.3

XRR gives greater contrast resolution for the headgroups, as shown by the SLD pro-
files in Figure 5.7 .By combining XRR and NR data better resolution of the heads
and tails of the lipid is achieved. This allows more refined fits than would be
achieved for either technique alone. The headgroup thickness determined for us-
ing co-refinement of the XRR and NR data give a low headgroup thickness, which
indicates the head is not extended into the subphase.
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FIGURE 5.7: Fitted reflectivity data, left, and SLD profiles, right, for DMPC
at 15mNm-1 surface pressure on water. Two NR contrasts, Blue ACMW and
Pink D2O, and an XRR contrast, in Green are shown. Uncertainties in the
experimental data are shown on the left-hand graph but are largely within the

size of the symbols.

Comparing the parameters of our fits with those previously determined by Hazell
et al. [69] for SB3-18 we find that our tail thickness is higher while our headgroups
are thinner and less hydrated, although the sum of the head and tail thicknesses are
within error of each other. This may be due to differences in the isotherm data ob-
tained for the SB3-18 and the constraints used in the fits.[69] If we apply parameters
from Hazell et al. to our data, we get an acceptable fit but these parameters do not
give as good agreement with the data as the fits in Table 5.3, and are not within the
area per molecule constraints determined from the pressure-area isotherms.

FIGURE 5.8: Effect of headgroup angle on its penetration and hence the head-
group layer thickness. Left: indicative of the headgroup orientation at low
surface pressure, Right: indicative of the headgroup orientation at high sur-

face pressure.

The thickness of the headgroups fitted in Table 5.3, as with those of DMPC, indicates
that the headgroup does not penetrate very far into the subphase and is instead
likely to be lying close to parallel to it, this is illustrated in Figure 5.8. A similar
effect has been reported for DPPC bilayers investigated using neutron diffraction
which found that the headgroups lie parallel to the surface of the bilayer.[185]



5.2. Reflectometry results 83

There is significantly less data available for comparison when considering the mixed
systems. The study by Aikawa et al. [72] gives no information on structural changes
caused by interactions between the PC and SB head groups and we are not aware
of any other published studies of comparable systems.
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FIGURE 5.9: SLD profiles for the mixtures of DMPC and SB3-18 at 15mNm−1,
top left: DMPC top right 3:1, middle left 1:1 middle right 1:3, bottom: SB3-18,

the values associated with this are reported in Table 5.3

The fitted SLD profiles extracted from the fits for the data for the DMPC and SB3-18
mixtures at 15mNm−1 are shown in Figure 5.9 and the parameters for the fits are
shown in Table 5.3 except for the fixed properties of the bulk water. The X-Ray SLD
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of water is 9.45x10−6 Å−2, while for the neutron SLD for D2O is 6.36x10−6 Å2 and
for air contrast matched water, ACMW, it is 0 Å−2 by definition. The roughness of
the water was assumed to be approximately equal to the well-established capillary
wave roughness of 3 Å.

SLD profiles have been shown in Figure 5.9, rather than the fitted reflectivity data
as these graphs best illustrate the similarities of the structures of the three mixtures
and makes differences between them clear.

For all samples the roughness of the headgroups is found to be higher than that
caused by capillary waves, as reported in Table 5.3.[143] This level of roughness
may be caused by the uneven distribution of the headgroups parallel to the inter-
face, this high level of roughness occurs both for the pure and mixed samples.
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FIGURE 5.10: Variation of parameters with mole fraction of SB3-18, hydration
of the headgroup, left, and thickness of heads, tails and the total thickness,

right at 15mNm−1 surface pressure

The headgroup hydration and thickness of the head and tail regions in the mono-
layers for the various samples have been plotted against the mole fraction of SB3-18,
in Figure 5.10, to illustrate the variation in the structure on mixing. From these di-
agrams, it is clear that the variation in headgroup thickness across the samples is
minimal and within error of each other, while the hydration for the mixed systems
is within error of that of the pure DMPC as is the tail group thickness.

By selectively deuterating the monolayer further investigation into the structure
can be carried out. Two contrasts were measured, one has the DMPC deuterated
and the SB3-18 hydrogenated while the other has SB3-18 deuterated and DMPC in
its hydrogenated form. This allows investigation into each lipid individually as the
hydrogenated tails have very low scattering so are essentially invisible. Initially we
began by trying to co-refine this data with the other contrasts, however we found
that this did not give good fits to the data.

For the 1:1 mixture of DMPC and SB3-18 it was found that the contrast with deuter-
ated DMPC and hydrogenated SB3-18 can be co-refined with the data collected
where both surfactants are deuterated and that collected using XRR.
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FIGURE 5.11: Models for the fitting of NR data from a monolayer consisting
of 1:1 mixture of deuterated SB3-18 and hydrogenated DMPC at 15mNm−1,
the t values are tail thicknesses, 11.4 Å is the value reported for the mixture in
Table 5.3 and 14.6 Åis the tail thickness for SB3-18 if the chain tilt is constant

across the monolayer.

The data collected for deuterated SB3-18 and hydrogenated DMPC, for the 1:1 mix-
ture, can only be fitted when a higher tail length is used. We calculated the tilt
angle for the tails using the tail length of DMPC, using the Tanford equation,[144]
Equation 5.6.

lt = 1.54 + 1.265n (5.6)

Where n is the number of carbons in the tail, for the length of a hydrocarbon tail, lt.

FIGURE 5.12: Effect of tail tilt on the tail layer thickness, when the two tails
have different lengths and the same tilt angle, as is the case for the 1:1 SB3-18:

DMPC and the 1:3 SB3-18: DMPC mixtures

This gave us a tilt angle of 50°. As SB3-18 is longer than DMPC if the tilt angle is
the same for both components, the layer thickness will be higher. At 50° the tail
thickness of SB3-18 is calculated to be 14.6 Å. Figure 5.11 shows that this tail thick-
ness gives a much better fit than a layer thickness of 11.4 Å. Which indicates that
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the interactions between the lipids have a significant effect upon the structure of the
individual components.

For the mixture higher in DMPC a reasonable fit can be obtained using the parame-
ters shown in Table 5.3 for each of the partially deuterated monolayers. However, a
better fit for this data can be obtained by first calculating the tail tilt using the aver-
age tail length of the two components and the thickness from the data in Table 5.3,
which gives a value of 55.8°. From this the thickness of each of the components tails
was calculated at this angle. A tail thickness of 12.8 Å and 10.0 Å were calculated
for SB3-18 and DMPC respectively, using the Tanford lengths of each component,
and this was found to best fit the data. This indicates that the tail angle is again af-
fected by the interactions between the lipids. This indicates that the surfactants are
interacting in such a way that the tails are aligning, which suggests, along with the
data from the pressure-area isotherms, that the monolayer is well mixed and that it
is homogeneous.
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FIGURE 5.13: Models for the fitting of NR data from a monolayer consisting
of a 1:3 mixture of DMPC and SB3-18. Dotted line: tail thickness of pure SB3-
18 at 15mNm−1, solid line: thickness of DMPC at 35mNm−1 Dashed line:

thickness of pure DMPC at 15mNm−1

The results for the 1:3 DMPC:SB3-18 mixture cannot be fitted in the same way as
those previously discussed. The two contrasts also cannot be well fitted using the
average parameters calculated in Table 5.3. Unlike the previous two mixtures, fit-
ting these contrasts with an increased thickness for the SB3-18, and a reduced thick-
ness for the DMPC does not give a good fit. In order to achieve a better fit for the
selectively deuterated data instead a decrease in tail thickness for the monolayer
containing deuterated SB3-18 is required and an increase in the tail thickness is re-
quired to improve the fit for the d-DMPC monolayer. For the d-SB3-18 sample the
data can be acceptably fitted to that of the pure SB3-18 parameters extracted in Ta-
ble 5.3, a thickness of 10.4 Å, although a better fit would be achieved with a slightly
lower value. Meanwhile, the d-DMPC requires a much greater tail thickness in or-
der to achieve a good fit, although this is still below the maximum value calculated
using the Tanford equation, Equation 5.6. [144]
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In Figure 5.13 two fitting options are shown for the sample containing deuterated
DMPC and hydrogenated SB3-18. One has a tail thickness of 11.2 Å, which is equal
to that of the pure DMPC sample at a surface pressure of 15mNm−1, this does not
adequately fit the data and so an alternative was found. As measurements were
also carried out at a higher surface pressure, of 35mNm−1, we attempted to fit the
data to the parameters obtained for the pure DMPC at this pressure, shown in Table
5.4, a much better fit to the data was obtained. At this surface pressure the DMPC
has a much lower tail tilt than the sulfobetaine in the mixed monolayer, with the
DMPC having a chain tilt of 40°and the sulfobetaine having a much higher tail tilt
of 68°, relative to the surface normal, this is illustrated in Figure 5.14. This indicates
that DMPC in this mixed monolayer stands closer to perpendicular to the interface
than in the pure DMPC monolayer. We believe that this is caused by steric interac-
tions between the DMPC and SB3-18 tails, which are in their native state, causing
the DMPC to stand more perpendicular to the interface. This is likely to be further
exacerbated by the interactions of the headgroups, which force the region of the
tails close to the headgroups closer together, as a consequence of the interactions
between anionic and cationic regions of the headgroups.

FIGURE 5.14: Effect of tail tilt on the tail layer thickness, when the two tails
have different lengths and the same different angles as is the case for the 3:1

SB3-18: DMPC mixture

5.2.2 Investigation of mixed monolayers at 35 mNm−1

Increasing the surface pressure of the monolayer, and hence decreasing the area per
molecule, causes an increase in the tail thickness. We carried out measurements
at a surface pressure of 35mNm−1. This pressure was selected as it is below the
collapse point of all monolayers but is high enough that tail repulsions are likely to
be influencing the structure of the monolayers.
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TABLE 5.4: Fit Parameters for monolayers containing mixtures of DMPC
and SB3-18 on pure water at 35mNm−1, obtained using Motofit in Igor Pro
(Wavemetrics).[141], [142] SLD values were calculated using the molecular
volumes in Table 1 and kept constant during fitting of the data. The %H2O is

calculated using Equation 5.5.

Sample

Headgroup Tail

SLD(×10−6Å−2)
t (Å) σ (Å) %H2O

SLD(×10−6Å−2)
t (Å) σ (Å)

XRR NR XRR NR

DMPC 14.4 1.9 7.2±0.4 5.0±0.8 20±7 7.6 6.8 13.6±0.8 4.8±0.4

3:1 14.3 1.7 6.2±0.5 5.1±0.5 4±5 7.7 6.9 14.0±0.6 5.0±0.3

1:1 14.2 1.4 5.2 ± 0.5 4.9±0.4 4±5 7.8 7.0 14.0 ±0.4 5.0±0.4

1:3 14.0 1.2 6.0 ±0.3 5.0±0.3 2±3 7.9 7.1 14.6±0.6 5.7±0.3

SB3-18 13.9 1.0 5.2±0.8 4.8± 0.6 0±5 8.0 7.2 14.5±0.5 5.9±0.8

As can be seen in Figure 5.15, the increase in tail thickness across the mixture is
close to constant with all thicknesses increases being greater than the error in the
parameters, this simple increase does not warrant any further discussion, with the
behaviour being as expected.
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FIGURE 5.15: Variation of tail thickness of the monolayers with varying SB3-
18 mole fraction and with varying surface pressure

The variation in the parameters extracted for the headgroups is more complex and
will be discussed in more detail. For the pure DMPC monolayer a significant in-
crease in the hydration and thickness of the headgroup is observed as the surface
pressure increases to 35mNm−1. This was not seen in the study by Johnson et al.
[174] where a slight decrease in hydration was reported for DMPC when the sur-
face pressure was increased to 30 mNm−1. However, a high headgroup thickness
of 10 Å was reported for DPPC at high surface pressures, 42 mNm−1, by Vaknin
et al.[186], who investigated monolayers using XRR and NR. This indicates that at
higher pressure the headgroup penetrates further into the subphase, and so can be
more effectively hydrated than when it is lying parallel to the surface and is bet-
ter packed, the difference in these two structures is shown in Figure 5.8. There is
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some precedent for the conformation change of PC headgroups when the pressure
is varied with Bonev et al.[187] having found that increasing the hydrostatic pres-
sure leads to the headgroup angle changing relative to the surface of the vesicle and
penetrating further into the surrounding solvent.[187]

For the pure SB3-18 monolayer this is not the case, with there being little varia-
tion in the headgroup structure, since it is within error of that of the sulfobetaine at
15mNm−1 with only a slight increase in thickness being observed. This is accom-
panied by a slight decrease in hydration, indicating that the headgroups are likely
to be more tightly packed, resulting in some of the water being squeezed out of the
layer.

In the mixed monolayers an increase in the thickness of the headgroup similar to
that of DMPC is observed. However, there is no increase in the headgroup hydra-
tion, in fact on average there is a slight decrease in the level of headgroup hydration
on compression. However, it is within error of the previously determined head-
group hydration, at lower surface pressure. This suggests that as the headgroups
penetrate further into the subphase their packing remains constant, indicating that
the headgroups are interacting in a similar way at both surface pressures.

The similarities between the structures is further seen for the selective deuteration
of the 1:1 mixed monolayer at higher pressure which uses the same model to fit the
two contrasts as we used at lower surface pressure. The data collected for d-DMPC
and h-SB3-18 was fitted with a tail thickness of 14.0 Å, as reported for the mix-
ture in Table 5.4. For the data collected for the monolayer containing d-SB3-18 and
h-DMPC a greater tail thickness is required in order to obtain a good fit. By calculat-
ing the tilt angle for the average tail length of the monolayer, a thickness for SB3-18
was calculated, using the same technique as for this system at 15mNm

−1 giving a
tail thickness of 15.7 Å. This further indicates that the nature of the interactions for
the monolayer are maintained during compression.

5.3 Further discussion

The premise of this work was to investigate how sulfobetaine and phosphocholine
lipids interact in a monolayer and the likely repercussion of this on the interactions
of sulfobetaines with cells and the possibility of using mixed systems for drug de-
livery.

The interactions between sulfobetaines and phospholipids have been found to be
favourable by Aikawa et al. [72], and we have found that when DMPC is the main
component of a monolayers, the tail tilt is constant for the two components of the
monolayer. Which means that the tails for the sulfobetaine are thicker than for
DMPC. This indicates that there is a strong interaction between the two molecules
causing them to adopt the same conformation. An indication of the expected struc-
ture of the monolayer is shown in Figure 5.16, although the conformations of the
headgroups are an approximation based upon potential headgroup interactions,
and the tails would be expected to be less organised in the LE phase.
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FIGURE 5.16: Artistic representation of the likely structure of the 1:1
DMPC:SB3-18 mixtures monolayer at the air-water interface from the results
obtained from fitting NR and XRR data. Red tails are the sulfobetaines and

black are DMPC.

When the concentration of SB3-18 is higher than DMPC the tail tilt angle is not con-
stant across the monolayer. We would still expect the headgroups of the different
components to be interacting at this concentration. However, instead of the two
components adopting the same confirmation, the sulfobetaine is in its native con-
formation and the DMPC is slotting into the monolayer. This results in the DMPC
tails being forced into a more perpendicular orientation to avoid overlap with the
SB3-18 tails, an indication of a possible structure of this is shown in Figure 5.17.

FIGURE 5.17: Artistic representation of the likely structure of the 1:3
DMPC:SB3-18 mixtures monolayer at the air-water interface from the results
obtained from fitting NR and XRR data. Red tails are the SB3-18 and black the

DMPC.

This is an interesting effect which would require further investigation to fully un-
derstand. However, it suggests that mixtures high in SB3-18 may be less usable as
vehicles for drug delivery as the different conformations of the two components
may make the structures less stable. It would be interesting to investigate mixed
monolayers with dichain sulfobetaines to see if the same effect is observed.

The structures of the mixed monolayers indicate that sulfobetaines may be appli-
cable for the delivery of compounds into cells as they sit well into the monolayer.
Previous work by Chimote et al.[134] investigated the possibility of coupling drugs
to phospholipids in order to deliver them into the cells. Sulfobetaines may also be
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useful for this application as they have the opposite charge distribution to phospho-
lipids which will allow a wider variety of compounds to be coupled.

The structure of the mixed monolayers also provides an explanation for the low
toxicity of sulfobetaines to cells. As they do not strongly affect the structure of the
monolayer, so although they may be incorporated into the cell membrane, they are
unlikely to destabilize it. For shorter sulfobetaines, which are more widely used in
commercial applications, the tails would not affect the thickness of the monolayer
and so are likely to have even less effect on cell membranes than SB3-18.

Further studies would be required to see whether this effect is seen for other non-
toxic surfactants. If this is the case this method may be used to predict whether
surfactants are likely to make good delivery systems which are non-toxic to cells.

5.4 Conclusions

The structures of monolayers prepared from mixtures of phospholipids and sulfo-
betaines have been investigated to determine the effect of the opposite charge dis-
tributions in their headgroups. Previous work found that sulfobetaines and phos-
pholipids with the same tail structures interact preferentially with each other, deter-
mined using DSC.[72] By co-refining neutron and X-Ray reflectivity data the struc-
ture of a monolayer at the air-liquid interface can be more accurately determined
than by using either technique individually. To the authors’ knowledge using the
combination of the two techniques to investigate insoluble mixed monolayers at the
air-water interface has not be been previously carried out.

We found that for all samples the average tail lengths are within error of those of
the pure components of the monolayer. At low surface pressure the parameters
of the headgroups were all within error of each other. At high surface pressure
the hydration of the mixtures and the pure SB3-18 were significantly lower than
that of pure DMPC. As SB3-18 is very close to the collapse pressure at 35 mNm−1

this is not surprising, there is little space between the surfactants at this point. For
the mixed systems the collapse pressure is higher, closer to that of DMPC and so
the low hydration in this case is likely to be caused by the interaction between the
headgroups, which keeps the headgroup thicknesses and hydrations within error
of those recorded at the lower surface pressure.

By selectively deuterating the monolayers we were able to determine the tail struc-
ture of each component separately. For the 1:1 and 3:1 mixture we found that the
tails of the sulfobetaine lipids were thicker than that of DMPC. The higher thick-
ness of the sulfobetaine was explained by a constant tilt angle across the monolayer,
and the SB tails being longer than those of DMPC. For the 1:3 DMPC:SB3-18 sample
SB3-18 was found to have thinner tail regions and DMPC was found to have much
thicker. The SB3-18 tail thickness in this mixture was within error of the SB3-18 in
the pure monolayer. While the DMPC was found to have tails thicker than those
in the pure sample. This indicates that for this mixture the lowest energy confirma-
tion is for the SB to be highly tilted and the DMPC is more perpendicular, and this
is likely to be caused by steric interactions of the tails. This also further indicates
that the different components are well mixed as the DMPC would not be effected
if they were segregated. Whether this effect is caused by the difference in tail cross
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sections could be investigated either by using dichain sulfobetaines or single tailed
phospholipids in the mixtures.

Increasing the surface pressure of the monolayers had some interesting effects. For
DMPC an increase in surface pressure led to an increase in tail and headgroup thick-
ness and the hydration of the headgroup. On compression of the sulfobetaine, an
increase in the tail and headgroup thickness was observed with a decrease in the
headgroup hydration. For the mixed systems the tail thickness increased as did
the headgroups thickness, however the headgroup hydration remained low and
slightly decreased on compression. This indicates that the headgroup interactions
do not change and as they penetrate further into the subphase no voids between
them are created, which would lead to an increase in hydration.

5.5 Further work

In order to determine whether the structure observed for the 1:3 DMPC:SB3-18 mix-
ture was caused by the differences in relative tail volume or by the nature of the
interactions between the two compounds further experiments would need to be
carried out with either a double tailed sulfobetaine and DMPC or a single tailed
phospholipid and SB3-18.

It would also be interesting to investigate the effects of salts upon these mixtures,
as sulfobetaines and phospholipids have been reported to have different interac-
tions with salts and the these charges may also screen the headgroup interactions
which are ionic. This information would also be useful when determining potential
applications.[69], [188]

In order to determine whether the structure of the mixed monolayer gives a strong
indication as to whether a surfactant will have an adverse affect upon cells further
experiments would need to be carried out. It would be useful to explore the struc-
ture both with surfactants which are known to have adverse reactions and those
which are known to be biocompatible. This would give a reasonable indication as
to whether the degree of incorporation of a surfactant into a lipid monolayer gives
an indication as to its toxicity.
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6 Structure of Long Chain Amino
Acid Surfactants at the Air-Water
Interface

In this Chapter, results obtained from the characterisation of monolayers prepared
from icosanoyl amino acid surfactants will be discussed. In this chapter these have
been investigated initially as pure monolayers on different subphases in order to
better understand the interaction of the surfactants with base and salt. The nature
of the interactions present when the amino acid surfactant is spread upon a ba-
sic subphase is of particular interest as, as discussed in Chapter 1, the presence of
sodium helps to facilitate the dissolution of shorter chained amino acid surfactants.
The effect on the structure of surfactant micelles caused by changing the source of
sodium from base to buffer is discussed in Chapter 8.

The interactions between amino acid surfactants with CaCl2 will be of interest when
considering future applications as calcium salts are often present in high concentra-
tions in tap water; in this work we investigate monolayers on a subphase containing
180 mg/L CaCl2 as this is the higher end of the concentration of CaCl2 reported in
tap water. We are also interested in the nature of the interaction of Ca2+ ions with
the amino acid surfactants as Mhaskar et al.[95] reported very different levels of cal-
cium tolerance for lauroyl proline and lauroyl glycine.

As in Chapter 5, insoluble surfactants were used as this gave better control over
the area per molecule and so the effect of compression can be investigated and the
nature of the interaction of ions with the surfactants better understood.

Comparisons will be carried out between the monolayers of the amino acid sur-
factants and those of eicosanoic acid, also known as arachidic acid, which has been
measured using XRR and GIXD on a range of subphases.[189] We will also compare
the data obtained for these long chain amino acid surfactant with that collected for
other insoluble single tail surfactants.

Very little work has been carried out with long chain amino acid surfactants and
so direct comparison of amino acid monolayers will not be possible. The work car-
ried out with similar compounds thus far has focussed upon the inhibitive effects
of unsaturated N-acyl amino acid surfactants upon the enzyme fatty acid amide hy-
drolase, which is responsible for the degradation of N-arachidonoyl-ethanolamine,
which is an endocannabinoid. By inhibiting the activity of this enzyme analgesic
and anti-inflammatory effects are often observed. [190]

Long tailed glycine based surfactants have been previously investigated for appli-
cation in the selective crystalisation of a single enantiomer of amino acids beneath
it, resulting in only one enantiomer being left in solution once the crystals had been
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fully grown. [191] The Langmuir isotherms collected for these compounds will be
compared to those for the C20 Gly surfactants prepared for this thesis.

In this Chapter we report the pressure-area isotherms for three icosanoyl amino
acid surfactants on a range of subphases, to the authors knowledge the pressure-
area isotherms for these compounds have not been previously reported. We then
carried out XRR and NR studies on these monolayers in order to determine their
structure and also where possible determined the effect of sodium and calcium ions
in subphase upon the structure of the monolayer. We believe that the nature of these
interactions may indicate the cause of the low solubility of this class of compounds
when sodium ions are not present and the cause of the difference in calcium toler-
ance between different amino acid headgroups. This is the first study of this type
on these compounds.

6.1 Pressure-area isotherms of amino acid surfactants on pure
water

As in Chapter 5, we begin by discussing the pressure-area isotherms obtained for
the surfactants of interest. The isotherms give an initial indication as to the structure
and interactions which occur during the compression of a monolayer, as discussed
in Section 1.1.2. As can be seen in Figure 6.1 there is significant variation between
the isotherms obtained for the three icosanoyl amino acid compounds of interest.
As the tails are identical these differences are likely to be caused by differences in
the headgroup volumes and the inter-headgroup interactions.
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FIGURE 6.1: Average pressure-area isotherms for pure amino acid surfactants
on water calculated from a minimum of two separate measurements, errors
between measurements are small and have been excluded for clarity, the error
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The pressure-area isotherms for the amino acid surfactants on water are shown in
Figure 6.1 and analysis of these pressure-area isotherms allows for useful parame-
ters to be extracted and these are reported with their errors in Table 6.1. An initial
visual assessment of the isotherms indicates that the behaviour of the C20 Gln and
C20 Gly samples are reasonably similar in nature. For both the C20 Gly and C20 Gln
monolayers the increase in the surface pressure occurs over a very small range of
area per molecules, which results in a high compression modulus for these mono-
layers, which indicates that there is no initial formation of a LE phase.

TABLE 6.1: Physical parameters derived from pressure-area isotherms for
icosanoyl amino acid surfactants, error in areas is 5% from systematic errors
in calibration and sample preparation. Errors in collapse point and compres-
sional modulus were calculated from maximum and minimum values of a

minimum of two separate measurements

Sample
Collapse Point Collapse area Limiting area Compression modulus

(mNm−1) (Å2) (Å2) (mNm−1)

C20Gly 49 ± 4 12.1 17.9 274±12

C20Gln 64 ± 1 16.6 21.2 914 ± 58

C20Pro 62± 1 15.3 28.1 170± 5

The C20 Gly isotherm is shifted to lower area per molecule than the C20 Gln isotherm
this can be explained by considering the relative sizes of the glutamine and glycine
headgroups, as can be seen from the structures in Figure 6.2. The isotherms for
these two compounds are also comparable to those reported in the literature for a
pure eicosanoic acid monolayer on water at 20°C.[192] However, both are shifted to
lower area per molecule and the C20 Gly sample does not show the transition from
the LC to SC phase seen for both the eicosanoic acid and C20 Gln samples.

FIGURE 6.2: Chemical structures of icosanoyl amino acid surfactants inves-
tigated in this section, top: icosanoyl proline, C20 Pro, middle: icosanoyl
glycine, C20 Gly, bottom: icosanoyl glutamine, C20 Gln. Produced using

ChemDraw Professional
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The pressure area isotherms recorded for zwitterionic glycine based surfactants by
Landau et al.[191] are similar in shape to those of C20 Gly but at higher APM, this
may be caused by the differences in the headgroup charges or the spreading solvent
used, which for Landau et al. was a mixtures of hexane and trifluoroacetic acid. The
nature of the structure of C20 Gly at the air-water interface will be further investi-
gated using XRR and NR in later sections.

A shift to lower area per molecule was observed for the eicosanoic acid monolayer
when it was spread on divalent cationic salts.[192] The isotherm recorded for the
C20 Gln monolayer is analogous to the isotherm recorded for an eicosanoic acid
monolayer with a divalent cation present in the subphase. Pressure-area isotherms
measured for eicosanoic acid on a basic subphase containing Li+ are similar to those
measured for C20 Gly.[193] The C20 Gly monolayer is shifted to lower area per
molecule, which is surprising considering the larger headgroup. The reflectivity
data which has been reported and discussed later can be used to rationalise the
compression of the monolayer.

The pressure-area for the C20 Pro monolayer is much more similar to that of phos-
pholipid monolayers such as DPPC, as both have a plateau indicating a transition
from LE to LC and the collapse pressures are within error.[194] However, the C20
Pro isotherm is shifted to lower area per molecule, as expected for a single chain
surfactant.[194], [195]

The pressure-area isotherm can also be compared to that of other anionic lipids,
such as nonadecylbenzene sulfonate, NDBS, which has the same tail length and
similarly rigid headgroup structure.[196], [197]

FIGURE 6.3: Chemical structure of nonadecylbenzene sulfonate, as used by
Goddard et al.[196] and Dreher et al.[197]

Pressure-area isotherms for nonadecylbenzene sulfonate in the literature have all
been collected on subphases containing salts and even for the lowest NaCl concen-
tration a phase transition region is observed. However, when the lipid is spread on
HCl, and hence the counterion is H+ as with the C20 Pro, an acid concentration of
1M is required for the phase transition to develop. These isotherms are also shifted
to higher area per molecule when compared to those of C20 Pro, although less so
than DPPC. This indicates that the differences between these two headgroups is sig-
nificant and affects the final packing density which can be achieved.

By examining the structures of C20 Pro, Figure 6.2 and NDBS, Figure 6.3 we can
see that the headgroups, although similar, have some distinct differences. The pro-
line headgroup is significantly less rigid, as shown by the fact that proline has been
found to have a dynamic conformational equilibrium between two ring structures
in aqueous solution, [198], which is not the case for benzene rings, and so can be
compressed further. The proline headgroup has two resonance forms, as do all of
the amino acid surfactants, and so contains regions which are partially positively
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charged, the resonance forms are shown in Figure 6.4. This may explain why the
behaviour of the monolayer is more similar to that of NDBS interacting with a larger
cation than with H+. We will further discuss the effect of cations upon the structure
and interactions of the amino acid surfactant monolayers in later sections.

The parameters extracted from the isotherms reported in Table 6.1 further confirm
the discussion of the differences observed from the isotherms. The collapse areas
and limiting areas show the expected trend from what can be seen in the pressure-
area isotherms. The collapse pressures for the C20 Gln and C20 Pro monolayers
are within error of each other but the collapse pressure for C20 Gly is much lower.
This suggests that the glycine surfactants are less good at stabilising the air-water
interface than the other surfactants, this could be further investigated by means of
surface adsorption experiments which are discussed in Chapter 10.

FIGURE 6.4: Predicted resonance forms for the N-alkyl proline headgroup, R
is the alkyl tail, based upon the resonance forms reported for amines. [199]

The high values of the maximum compression modulus, reported in Table 6.1, indi-
cate that the LC phase is formed for all monolayers. For the C20 Gln the maximum
compression modulus is particularly high and this can be explained when using the
pressure-area isotherms. The C20 Gln isotherm has a change in gradient at 18.6 Å2

per molecule, to a steeper gradient. This is indicative of a transition to the solid
phase, an untilted condensed phase, which is not seen for the C20 Gly monolayer
but is seen for the arachidic acid monolayer.[192], [200]

The variation in the compression moduli of the three systems shown in Figure
6.5 have distinctly different characteristics. The moduli are as expected from the
isotherms. For the C20 Gln and C20 Gly we can see the the compression modulus
reaches more than 100 mNm−1 in a very small APM region. As previously dis-
cussed in Chapter 5, at a compression modulus greater than 100 mNm−1 the LC
phase is formed.[121] From the variation in the compression modulus for the C20
Gln monolayer a phase transition can be seen, which further supports the hypothe-
sis that a solid phase is formed.

The compression modulus for the C20 Pro monolayer shows that the monolayer
passes though a LE phase prior to a LC phase being formed and the monolayer col-
lapsing.

The compression modulus can be used in conjunction with the pressure-area isotherm
to facilitate the fitting of reflectivity data obtained for the pure monolayers at var-
ious surface pressures, using the methodology described by Campbell et al., [146]
where the SLD of the tails increases when the LC and S phases are reached.
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FIGURE 6.5: Surface compression modulus for amino acid surfactants, deter-
mined from the average pressure-area isotherm, Top left: C20 Pro, Top right:

C20 Gln, Bottom: C20 Gly

6.2 Effect of surface pressure and subphase composition upon
C20 Pro monolayers

The variation of the structure of amino acid surfactants as surface pressure varied
was investigated. We begin by discussing the behaviour of C20 Pro which has the
most variation in the monolayer. We took XRR and NR measurements at surface
pressures before and after the phase transition from the LE to the LC phase. Three
measurements were taken after the LC phase was reached, these three measure-
ments allow the variation in chain tilt and compaction to be investigated.

In Figure 6.6 the XRR data shows that as the surface pressure increases an increase
in the thickness of the monolayer is observed up to a surface pressure of 25 mNm−1,
at this point the thickness of the monolayer remains approximately constant. How-
ever, there is a slight variation between the reflectivity data for the two data sets
which is likely to be caused by differences in the roughness and SLD. The data from
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both NR and XRR experiments has been co-refined for all data sets.

Another variation which can be observed from the data in Figure 6.6 is the increase
in the amplitude of the peaks, this can be accounted for by differences in SLD and
roughness between the monolayer at different surface pressures.

10
-10

10
-9

10
-8

10
-7

R
Q

4

0.60.50.40.30.20.1
Q (Å

-1
)

 5.5 mNm
-1

10.9 mNm
-1

 25.0 mNm
-1

 35.0  mNm
-1

FIGURE 6.6: XRR data for C20 Pro monolayers at different surface pressures,
data is shifted vertically to allow clearer visualisation. Error bars are shown

but are largely within the symbols on the graph.

In order to fit the XRR and NR data the head and tail SLDs were calculated. The
molecules of interest had not been previously measured and so determination of the
SLDs was carried out using molecular volumes determined for similar compounds
and adapting them to to the systems of interest. Determining the tail SLD was
superficial as the tail is a simple alkyl chain. Literature values for the molecular
volume of methyl groups and ethyl groups have been used to calculate the SLD
of the tail in the LE phase, and depending upon the compaction of the monolayer
increased by up to 15%. [146]

TABLE 6.2: Molecular volumes for the surfactant heads and tail regions. Head
group MVs are calculated from the MV of amino acids [201] and with the
addition of a carbonyl group [183]. The tail MV is calculated from the volume
of CH2 and CH3 reported by Kurčerka et al.[202]. Calculations of the SLDs for

these compounds at various contrasts are included in Appendix C

Sample MVheads, Å3 MVtails, Å3

C20 Gly 110.9 558.6

C20 Gln 194.9 558.6

C20 Pro 175.6 558.6

For the amino acid headgroups the molecular volume of the amino acid was taken
from the literature,[201] and adjusted to account for the additional carbonyl group
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which is part of the surfactant headgroup. A volume of 39 Å3 is added to the volume
of the amino acid to account for this. This was reported as the volume of a carbonyl
group by Nagle et al.[183] and this methodology is used to calculate all amino acid
headgroup SLD’s in this thesis.

TABLE 6.3: Fit parameters for monolayers of icosanoyl proline surfactants on
pure water at a range of surface pressures, obtained using Motofit in Igor Pro
(Wavemetrics).[141], [142] SLD values were calculated using the molecular
volumes in Table 1 and kept constant during fitting of the data. The %H2O is
calculated using Equation 5.5. Fits for this data are included in Appendix D

Π
Headgroup Tail

t (Å) σ (Å) %H2O
SLD(×10−6Å−2)

t (Å) σ (Å)
% Compaction

mNm−1 XRR NR

5.5 8.5 ± 2.3 12.4 ± 5.0 40 ± 8.0 7.7 6.9 16.4 ± 2.4 3.3 ± 0.5 0%

10.9 7.1 ± 1.4 10.6 ± 2.1 16 ± 20 7.7 6.9 19.0 ± 2.3 3.6 ± 1.3 0%

25 7.7 ± 1.9 10.6 ± 3.2 12 ± 13 8.1 7.3 20.5 ± 1.9 4.0 ± 0.6 5.5%

35 8.3± 1.2 10.2 ± 4.0 8 ± 15 8.3 7.4 22.4 ± 2.8 5.0 ± 1.0 7.8%
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FIGURE 6.7: Fitted XRR data for C20 Pro at 5.5 mNm −1. The black line is the
fit obtained from co-refining XRR and NR data and the Pink is fit obtained in

the same way but using the parameters suggested by Campbell et al. [146]

From the co-refined XRR and NR data, reported in Table 6.3, we see that once the
LC phase is reached the headgroup hydration reduces, prior to this the headgroup
hydration is considerably higher. At all surface pressures the headgroup roughness
is significantly higher than its thickness. According to Campbell et al. the roughness
of each layer can generally be constrained to 3.0 Å, caused by the capillary wave
roughness of water, however, in this case as in that covered in Chapter 5, this does
not give an adequate fit to the data. As example of the best fit to the data using
Campbell’s method is shown in Figure 6.7. This difference between the fit obtained
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using the model described in Table 6.3 and Campbell’s method is also seen for the
other data set at different surface pressures. The high roughness for each of the
layers must therefore be due to the structure within the monolayer rather then the
intrinsic roughness of the subphase.

.....

FIGURE 6.8: Artistic impression of a possible cause of the difference in the
structure of the headgroup layer in a C20 Pro monolayer at low surface pres-

sure(left) and high surface pressure (right)

We believe that there are two factors which contribute to the high headgroup rough-
ness for the C20 Pro monolayer, the first is the charged nature of the headgroup.
This is likely to lead to the headgroups offsetting or spacing to reduce the repul-
sions between the headgroups causing an increase in the roughness. The other is
the non-symmetrical and relatively rigid nature of the headgroup which means the
penetration of the headgroup is not consistent across the molecule, which also in-
creases the roughness, a possible model of this is shown in Figure 6.8. This variation
in roughness would require measurements of further contrasts in order to verify the
validity of the model used, and to determine whether the roughness of the tail and
head layers are different as is required to achieve a good fit to the data in Table 6.3.

As further compression is carried out on the monolayer in order to achieve a rea-
sonable fit, the SLD of the tail group needs to be increased in order to achieve a
reasonable fit to the data, as described by Campbell et al.[146] It is theorised that as
monolayers are compressed they become more tightly packed than the alkane used
to determine molecular volume and hence the effective molecular volume decreases
leading to an increase in the tail SLD.

The fits obtained for the data prior to and after the formation of the LC phase give
the expected results, with an overall increase in thickness observed as the surface
pressure increases. The parameters used to fit the headgroup layer to not follow this
trend with the variation in thickness and hydration being somewhat counter intu-
itive. However, as can be seen by the error in these values drawing any conclusions
into the variation in the headgroup structure and hydration would require further
constraints, such as further contrasts.
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FIGURE 6.9: SLD profiles for XRR, Green, and NR data, Blue: D2O,
Pink:ACMW, for C20 Pro monolayers at different surface pressures, top left:
5.5 mNm−1, top right: 10.9 mNm−1, bottom right: 25 mNm−1, bottom left: 35

mNm−1, the values associated with this are reported in Table 6.3

The data shown in Figure 6.9 gives an interesting insight into the effect of roughness
and hydration upon the SLD profiles of the data. In all cases the SLD’s of the head-
groups are the same for each contrast however, at 5.5 mNm−1 the SLD profile for the
monolayer on ACMW appears to be lower than that of the monolayer on D2O. If we
ignore the effects of roughness and hydration this is not the case, the SLD’s of the
tail regions are identical and the headgroup has a higher SLD on ACMW. Inclusion
of the headgroup hydration causes the relative SLD’s of the headgroups to swap,
and inclusion of roughness affects the relative tail SLDs, this effect is illustrated in
Figure 6.10, where the headgroup hydration has been excluded for the right hand
SLD profile.
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FIGURE 6.10: SLD profiles for the XRR data, green and NR data, Blue: D2O,
Pink:ACMW, for a C20 Pro monolayer at 5.5 mNm−1 with, left and without,

right, hydration included in the models.

From Figure 6.11 we can see that an increase in the surface pressure causes an in-
crease in thickness of the monolayer as would be expected, the thickness of the
headgroup layer is consistently within error, and so conclusions as to the effect of
compression upon the structure and hydration of the headgroup cannot be drawn.
The cause of the high degree of headgroup roughness we have found to be required
to achieve an acceptable fit for this data, as shown in Figure 6.7, is an interesting co-
nundrum. Previous research using the sodium salts of proline surfactants reported
them to be anionic, we can assume that will also be the case for these compounds,
without the presence of sodium. [95] The charge of the compounds combined with
their large bulk seems to be causing them to offset causing a high degree of rough-
ness in the headgroup region.
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FIGURE 6.11: Variation in the fitted headgroup, tail and total thickness for C20
Pro monolayers at different surface pressures

Although the amide region of the headgroup does not have a formal charge, reso-
nance forms are present, as discussed previously and shown in Figure 6.4, which
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reduces the ability of the nitrogen to interact with a free proton but does ascribe a
partial positive charge to that region. In the case of proline based surfactants this is
likely to have little effect as the nitrogen is quite sterically hindered. This is also of
interest when considering the interactions of ions with the surfactant.

We begin by investigating the effect of NaOH upon the structure of a C20 Pro mono-
layer. As previously discussed proline surfactants have been primarily investigated
as their sodium salts as the presence of sodium is required to facilitate dissolution.
In this section we discuss the effect of a pH 10 subphase upon the pressure-area
isotherm recorded for a C20Pro monolayer and also the effect of NaOH upon the
structure of the monolayer investigated using XRR. Due to time constraints we were
only able to collect XRR data for these monolayers, however as sodium has a high
SLD so XRR measurements are more useful for determining if there is ion insertion
into the headgroup region than NR studies.

From the pressure-area isotherms in Figure 6.12 we can see that the presence of
sodium causes a slight increase in the surface pressure at the phase transition. Once
the LC phase is formed the isotherm is shifted to lower APM by an average of 2.9
Å2. This behaviour in the LC phase is similar to that seen for fatty acid monolay-
ers on different group one bases and salts, as reported by Goddard et al.[193] and
for NDBS monolayers on subphases containing Na+ with increasing pH.[197] As
the pH increases the isotherm for NDBS shifts slightly to the left as with C20 Pro,
this is accompanied by a decrease in the surface pressure associated with the phase
transition which is not observed for the C20 Pro monolayer at pH 10 on NaOH.
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FIGURE 6.12: Average pressure-area isotherms for C20 Pro surfactants on wa-
ter and pH10 NaOH aqueous subphase

As the isotherm behaviour for the C20 Pro on a pH 10 and on a pure water sub-
phase are essentially identical at high APM we have focussed on investigating the
structure after the formation of the LC phase. XRR measurements were taken at
20.5 and 31 mNm−1, these surface pressures are different to those recorded for the
monolayer on pure water but as discussed previously there is little variation in the
reflectivity profiles recorded once the LC phase is formed.
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FIGURE 6.13: Comparison of XRR data for C20 Pro on water and a pH 10
subphase in the LC phase

Comparison of the data collected at 31 mNm−1 at pH 10 and at 35 mNm−1 on wa-
ter shows that the overall thickness of the layer is similar, from the position of the
peaks, but that the scattering length densities and roughness of the layers is dif-
ferent. In order to fit the data we explored various models with different degrees
of Na+ insertion into the headgroup. In Figure 6.14 we see that addition of Na+

into the headgroup layer results in a worse fit to the data. There is an increase in
the tail SLD, this is caused by greater tail compaction which may be facilitated by
reduced repulsion between the heads on a basic subphase, caused by interactions
with the positive ions. This indicates that although the Na+ is not penetrating the
headgroup it is interacting with the anionic regions. Similar behaviour has been
seen for zwitterionic molecules, as reported by Hazel et al.[203] who hypothesised
that the contraction of the monolayer was caused by a diffuse layer of ions beneath
the headgroup layer, near the surfactant-water interface.

The best fit for the XRR data collected at 20.5 and 31 mNm−1 further supports this
theory. In order to improve the fit an increase in the subphase layer roughness was
applied to improve the fit, as can be seen in Figure 6.13. The presence of the diffuse
layer of ions at the interface is likely to be the cause of this increase in roughness,
which has been previously reported.[204] The presence of a diffuse layer of cations
beneath a lipid monolayer has been previously inferred for a range of cation interac-
tions with a DMPC monolayer at 15°C, where the ions reduced the surface pressure
at which the LE to LC phase transition occurred without otherwise changing the
pressure-area isotherm collected.[188]

Models focus on the behaviour of soft ions at the interface, as soft ions tend to move
to the air-water interface. However, these models are still useful as in the case of
our system the hard cations are attracted to the interface by the negatively charged
monolayer and the models indicate why increased roughness at the interface may
occur. Work carried out by Vrbka et al.[205] and Otten et al.[204] investigated the
driving forces for the adsorption of soft anions to the air-water interface. In this
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work slab and molecular models indicated that the presence of the anion at the in-
terface disrupted the hydrogen bonding present which would cause an apparent
increase in surface roughness. In the process of fitting the data we considered in-
cluding a layer of hydrated Na+ ions below the headgroup, this did not lead to an
improved fit and so was not taken forward. However, the presence of ions at the
interface, even if they are too dilute and mobile to exist as a discrete layer, causes
a strong variation in the scattering as they can disrupt the interface causing an in-
crease in the roughness.

As the pH is high we also need to consider the effect of pH upon the ionic charge of
the monolayer. The pKa for amino acids have been widely reported and for proline
are 1.95 and 10.64 for the carboxylic acid and amino groups respectively.[206] From
this we would expect the carboxylic acid group to be completely deprotonated at
both pH 7 and pH 10. The pKa of the amino group is less relevant as during the
synthesis of the surfactant the labile hydrogen associated with the nitrogen is re-
placed with the surfactant tail, and so no further deprotonation of the surfactant
can occur at this position.
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FIGURE 6.14: XRR data for C20 Pro at 20.5 mNm−1, left, and 31 mNm−1 on
a pH 10 NaOH subphase with model fits for the data applied assuming inser-
tion of 0 and 1 Na+ per surfactant, [207] and an increase in subphase rough-

ness.

TABLE 6.4: Fit parameters for monolayers of icosanoyl proline surfactants on
a pH 10 subphase at surface pressures above the phase transition, obtained
using Motofit in Igor Pro (Wavemetrics).[141] [142] SLD values were calcu-
lated using the molecular volumes in from the literature and adjusted using
the method reported by Campbell et al.[146] The %H2O is calculated using

Equation 5.5. Fits for this data are included in Appendix D

Π
Subphase Headgroup Tail

σ(Å) t (Å) σ (Å) %H2O
XRR SLD

t (Å) σ (Å)
mNm−1 (×10−6Å2)

20.5 7.1 ± 1.0 7.6 ± 1.0 15.0 ± 2 2 ± 15 8.6 21.3 ± 1.8 3.8 ± 0.4

31.0 4.8 ± 0.5 9.0 ± 1.4 11.5 ± 2 9 ± 20 8.9 22.6 ± 3.0 4.1 ± 0.5
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The parameters extracted from the best fit of the XRR data are reported in Table
6.4 and show some interesting results when we consider the differences in the sur-
face roughness and the variation in the parameters required to fit the headgroup.
The decrease in subphase roughness as the surface pressure increases is likely to
be caused by the same effect as seen without the presence of Na+ ions, a model
of which is shown in Figure 6.8, which indicates that the interactions between the
anionic headgroups and cations are likely to happen further into the subphase at
high surface pressures, as the Na+ cannot penetrate the headgroups, even in the
fluctuating manner predicted from our results, at high surface pressure. The pres-
ence of the ions does reduce the repulsion between the headgroups, which causes
the differences in structure observed, shown in Figure 6.13.

TABLE 6.5: Physical parameters derived from pressure-area isotherms for
icosanoyl proline on a range of subphases, error in areas is 5% from system-
atic errors in calibration and sample preparation. Errors in collapse point and
compressional modulus were calculated from maximum and minimum val-

ues of a minimum of two separate measurements

Sample
Collapse Point Collapse area Limiting area Compression modulus

(mNm−1) (Å2) (Å2) (mNm−1)

H2O 62 ± 1 15.3 28.1 170 ± 5

pH 10 67 ± 1 14.5 23.8 153 ± 3

CaCl2 in pure water 46 ± 2 20.2 31.9 125 ± 5

As well as investigating the how the structure of monolayers was affected by sodium
cations, the presence of which has been widely used to facilitate the dissolution of
the shorter chain surfactants,we have investigated the effect of calcium cations on
the monolayer. The effect on the isotherm is opposite to that which we see on the
basic subphase, as can be seen from the parameters extracted for the collapse area
and limiting area in Table 6.5.
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The area per molecule increases for the isotherm on a CaCl2 subphase at any given
surface pressure. At high surface pressure the two isotherms meet suggesting that
the Ca2+ ions are no longer interacting with the monolayer, although at this point
the monolayer collapses rather than forming a solid phase. The shift to larger area
per molecule suggests that rather than just shielding charges in surfactant head-
groups the presence of the ions in the subphase increases the separation between
them. The increase in the separation is not constant across the isotherm suggest-
ing that the nature of the interaction with the ions changes as the monolayer is
compressed. For this reason measurements were taken at various points along the
isotherm to investigate the nature of the interaction and whether the Ca2+ ions pen-
etrate into the monolayer at any point. We begin by discussing the structure of the
monolayer at 25 mNm−1 where the isotherm is in the LC phase.

The fits shown in Figure 6.16 for the monolayer at 25 mNm−1 on a CaCl2 subphase
indicate that there is some insertion of Ca2+ ions into the headgroup at 25 mNm−1.
This suggests that the mode of interaction for Na+ ions and Ca2+ is different. For
the Na+ an increase in the subphase roughness is required to attain a good fit for
the data, for the Ca2+ ions the inclusion of 0.5 Ca2+ ions results in an improvement
in the fit. The differences in the SLD profiles between the monolayer on pure water
and CaCl2 shown in Figure 6.17 show an increase in the headgroup SLD and thick-
ness for the monolayer on the CaCl2 subphase, which as shown by the data and fits
in Figure 6.16 is caused by the inclusion of 0.5 Ca2+ per headgroup resulting in a
net uncharged monolayer. By exploring the behaviour of the monolayer at differ-
ent surface pressures we investigated whether this is effect is observed across all
surface pressures.
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FIGURE 6.16: XRR data for C20 Pro at 25 mNm−1 on a 180mg/L CaCl2 sub-
phase with model fits for the data applied assuming insertion of 0, 0.5 and 1

Ca2+ per surfactant

At lower surface pressure, the structure of the monolayer is within error of that at
25 mNm−1, and once again the best fit is found when 0.5 Ca2+ ions per headgroup
are included in the headgroup region of the monolayer. The headgroup roughness
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is highest at the lowest surface pressure and decreases as the monolayer is com-
pressed. This effect was seen to a lesser extent for the monolayer on pure water and
on base. The decrease in roughness is likely to be caused by the closer packing of the
headgroups, which will cause the headgroup to penetrate further into the subphase
and there to be less offsetting of the headgroups which we hypothesised to be the
cause of the high roughness. At 35 mNm−1 we find that the best fit to the data is
obtained without the inclusion of any Ca2+ ions into the headgroup, this is likely to
be caused by the compression of the monolayer squeezing out the ions from within
the headgroup. This effect has been previously hypothesised for Na+ ions within
DPPC monolayers by Sovago et al.[208], although for the same study this was not
seen for Ca2+ ions, but in this case the anionic region which was interacting with
the ion was not terminal and so the Ca2+ ion needed to penetrate far into the head-
group region to interact with the negatively charged region at all surface pressures.
While for the C20 Pro the terminal anion will penetrate further into the subphase
upon compression allowing the interaction with the Ca2+ ion to occur below the
headgroup layer at high surface pressure. This also explains why the degree of shift
to high area per molecule decreases with increasing surface pressure in Figure 6.15.
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FIGURE 6.17: SLD profiles for C20 Pro at 25 mNm−1Left: on a 180mg/L CaCl2
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TABLE 6.6: Fit parameters for monolayers of icosanoyl proline surfactants
on a 180 mg/L CaCl2 subphase at various surface pressures, obtained using
Motofit in Igor Pro (Wavemetrics).[141] [142] SLD values were calculated us-
ing the molecular volumes in from the literature and the tail SLDs adjusted
to account for compaction using the method reported by Campbell et al.[146]
The %H2O is calculated using Equation 5.5. Fits for this data are included in

Appendix D.

Π
Headgroup Tail

SLD(×10−6Å−2)
t (Å) σ (Å) %H2O

SLD(×10−6Å2)
t (Å) σ (Å)

mNm−1 XRR NR XRR NR

16.5 13.18 2.14, 3.85 9.0 ± 1.2 10.1 ± 1.2 36 ± 20 8.2 7.4 17.0 ± 2.5 3.4 ± 0.8

25 13.18 2.14, 3.85 9.0 ± 1.3 8.6 ± 1.3 30 ± 12 8.4 7.5 18.9 ± 0.7 4.0 ± 0.7

35 11.98 2.08, 3.85 9.2 ± 2.0 6.6 ± 1.0 24 ± 14 8.4 7.5 20.0 ± 1.0 4.7 ± 0.9
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Comparison between the results found for C20 Pro monolayers on a subphase con-
taining CaCl2 and those found for the monolayer on pure water and on base at
intermediate surface pressure is shown in Figure 6.18. This shows that the variation
in the tail thickness is small once the roughness of the layers is taken into account,
some differences are seen in the SLD profile due to differences in the tail compaction
and hence SLD. For the monolayer on base the distinction between head and tail
regions is indistinct for the XRR SLD profile, this is likely to be caused by the in-
creased subphase roughness as well as the high headgroup layer roughness seen
for all samples, which is significantly higher for this sample.
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FIGURE 6.18: SLD Profiles for the fitted XRR data for C20 Pro monolayers on
water and CaCl2 at 25 mNm−1 and base at 20.5 mNm−1

The lowest headgroup roughness was found for the subphase containing Ca2+ ions,
this is likely to be caused by the penetrating ions shielding the charges in the head-
groups and reducing the offset of the headgroups which we have hypothesised oc-
curs to minimise repulsion between the charged headgroups. As we do not see pen-
etration of the Na+ ions the headgroup roughness for this sample remains high, the
increase in the headgroup roughness when compared to that of the C20 Pro mono-
layer was hypothesised to be caused by increased offsetting of the headgroups,
caused by the increased ionic nature of the subphase causing the resonance of the
molecule to shift further towards the more charged form increasing the repulsion
between the headgroups.

For the C20 Pro monolayers on all subphases we see the expected increase in tail
thickness on compression as well as a required increase in the tail SLD caused by
the increasing compaction of the tails as the area-per-molecule decreases. The be-
haviour of the headgroups is less simple, because as discussed in Chapter 5 de-
crease in area per molecule can cause either an increase in the headgroup thickness
and hydration, caused by greater penetration into the subphase, or a decrease in the
headgroup layer thickness, caused by the loss of hydration of the headgroup as the
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layer is compressed and an effective decrease in headgroup volume. For these sam-
ples the headgroup layer thickness remains within error upon compression and the
hydration and roughness vary to account for differences in the structure, although
these are also largely within error of each other for the surface pressures measured
once the LC phase is formed.

The behaviour of the monolayers may be indicative of the way in which Na+ ions
interact with the shorter chain surfactants and solubilise them.[95] The interaction
with with Ca2+ which does not disrupt but rather stabilises the monolayer aligns
with the high calcium tolerance of lauroyl proline reported by Mhaskar et al. [95]
This is not the case for the glycine surfactant with the same tail length, and how
this effects the C20 Gly monolayer will be discussed in later sections. We will first
discuss the C20 Gln monolayer as the data for this can be fitted using the standard
method.

6.3 Effect of surface pressure and subphase composition upon
C20 Gln surfactant monolayers

As discussed previously the isotherm recorded for C20 Gln is similar to that of a
fatty acid on a basic subphase, in both shape and area per molecule.[192], [193]
XRR and NR measurements have been taken at three surface pressures. Figure 6.19
shows that the structure of the isotherm at 25 and 35 mNm−1 is on a initial analysis
very similar, while the layer thickness at 8.4 mNm−1 is lower, as is to be expected.
The fits achieved for the data, which are reported in Table 6.7 are constrained by the
physical realities of the surfactant, and for that reason the fits obtained are not as
good as may be achieved if we ignored these, but this would be of no use as it would
have little basis in reality. As we co-refine the data the fit we use is often a compro-
mise between the different data sets. The difference in best fit for the roughness
for each individual data set may be caused either by differences in experimental set
up or in the sensitivity of the technique. Once again in order to achieve a good fit
to the data higher headgroup and tail roughness is required than recommended by
Campbell et al.[146].

TABLE 6.7: Fit Parameters for monolayers of icosanoyl glutamine surfac-
tants water at various surface pressures, obtained using Motofit in Igor Pro
(Wavemetrics).[141] [142] SLD values were calculated using the molecular vol-
umes in from the literature and adjusted using the method reported by Camp-
bell et al.[146] The %H2O is calculated using Equation 5.5. Fits for this data

are included in Appendix D

Π
Headgroup Tail

t (Å) σ (Å) %H2O
SLD(×10−6Å−2)

t (Å) σ (Å) % compaction
mNm−1 XRR NR

8.4 8.9 ± 3.0 11.3±3 1 ± 20 8.9 8.0 21.9 ± 2.4 3.4± 0.6 15%

25 9.6 ± 1.3 8.8 ±3 0 ± 30 8.6 7.7 23.1 ± 2.0 5.0 ± 1.2 12%

35 9.8 ± 1.3 10.0 ± 2 1 ± 15 8.7 7.8 24.7 ± 1.8 6.7±0.5 13%
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FIGURE 6.19: XRR data for C20 Gln monolayers at different surface pressures,
on pure water, data is shifted vertically to allow clearer visualisation. Error
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As expected upon compression of the monolayer the tail thickness increases, sug-
gesting that the tails have become more perpendicular to the interface as the mono-
layer is compressed. In fact at high surface pressure the tail thickness is within error
of the value calculated using the Tanford Equation, Equation 5.6, of 25.6 Å, which
indicates that the tails are essentially perpendicular to the interface at this surface
pressure.

Comparison of these fit parameters to those determined for C20 Pro at different sur-
face pressures show some interesting differences. At 35 mNm−1 the tail thickness is
similar, although as the C20 Gln monolayer is more compressed, the tail thickness
is higher. Comparison of the headgroup parameters is interesting as although glu-
tamine has a higher molecular volume it is much more flexible than proline. This
may explain why despite the greater thickness of the headgroup for C20 Gln the
roughness is much lower than that of C20 Pro. Also this accounts for the differences
in the isotherms of the two compounds as the glutamine headgroups do not inter-
act until the surfactants are very close to one another while the rigid structure of
proline means that these interact while the tails are still in the LE phase, hence the
phase transition observed for that isotherm.

As for the C20 Pro surfactants, changing the subphase of the C20 Gln monolayer
to a pH 10 subphase results in contraction of the monolayer at high surface pres-
sures. This follows a similar pattern and degree of contraction to that of the C20
Pro monolayer. This results in the final area per molecule being between that of C20
Gln and that reported for the C20 Gly monolayer on pure water, reported in Table
6.1. Unfortunately we did not manage to record any XRR data for this monolayer
on the basic subphase. However, considering the similarity in the behaviour we can
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hypothesise that the nature of the interaction between the Na+ ions and the glu-
tamine headgroups is likely to be similar to those with the proline headgroups at
high surface pressure discussed previously; at lower surface pressure an expansion
of the monolayer is observed which may be caused by penetration of Na+ ions into
the layer, further measurements would need to be carried out to determine if this is
the case.
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FIGURE 6.20: Average pressure-area isotherms for C20 Gln surfactants on
pure water and pH10 NaOH aqueous subphase

TABLE 6.8: Physical parameters derived from pressure-area isotherms for
icosanoyl glutamine on a range of subphases, error in areas is 5% from sys-
tematic errors in calibration and sample preparation. Errors in collapse point
and compressional modulus were calculated from maximum and minimum

values of a minimum of two separate measurements

Sample
Collapse Point Collapse area Limiting area Compression modulus

(mNm−1) (Å2) (Å2) (mNm−1)

H2O 64 ± 1 16.6 21.2 914 ± 58

pH 10 59 ±1 14.9 25.1 565 ± 36

CaCl2 62 ± 1 17.8 22.7 295± 20

We also investigated the effect of the Ca2+ ions upon the C20 Gln monolayer. Unlike
for the C20 Pro monolayer we do not have any Ca2+ tolerance information for sol-
uble surfactants with glutamine headgroups. The isotherm behaviour for the C20
Gln on CaCl2 compared to on water is similar to that of C20 Pro on CaCl2. Both
isotherms are shifted to higher area per molecule, although in the case of C20 Gln
this does not seem to have a significant effect upon the collapse pressure. As the
behaviour is similar to that of C20 Pro under the same conditions we can expect
that the nature of the interaction will be similar.
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FIGURE 6.21: Average pressure-area isotherms for C20 Gln surfactants on
pure water and CaCl2 aqueous subphase

TABLE 6.9: Fit parameters for monolayers of icosanoyl glutamine surfactants
on a CaCl2 at various surface pressures, obtained using Motofit in Igor Pro
(Wavemetrics).[141] [142] SLD values were calculated using the molecular vol-
umes in from the literature and adjusted using the method reported by Camp-
bell et al.[146] The %H2O is calculated using Equation 5.5. Fits for this data are

included in Appendix D

Π
Headgroup Tail

t (Å) σ (Å) %H2O
SLD(×10−6Å−2)

t (Å) σ (Å) % Compaction
mNm−1 XRR NR

3.0 8.8±1.0 8.2±0.8 10±18 7.7 6.9 23.1±3.0 3.5±1.0 0%

25 9.5±3.0 8.6±2.0 2±20 8.5 7.6 24.3±3.5 5.4±0.5 10.3%

35 10.8±1.3 6.6±1.5 11±25 8.9 7.9 23.9±2.2 6.0 ± 1.6 15.0%

For this reason we once again begin by investigating whether the insertion of either
one or half of a Ca2+ ion per surfactant into the headgroup region improves the fit
for the XRR data. As can be seen from the data in Figure 6.22 this is not the case,
and incorporating Ca2+ ions into the headgroup results in a less good fit to the data.
Variation in the structure of the monolayer as it is compressed from 25 to 35 mNm−1

is minimal and is caused by the compaction of the monolayer rather than variation
in the thickness of the layers, as reported in Table 6.9.

The variation of the structure of the monolayer is similar to that of the monolayer
on water, with the main structural variation being in the roughness rather than the
thickness of the layers. As for the monolayer on pure water, Table 6.7, we see that
for the monolayer on CaCl2 the tail roughness increases as the surface pressure in-
creases and the headgroup roughness decreases with increasing surface pressure.
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FIGURE 6.22: XRR data for C20 Gln at 25 mNm−1 on a 180mg/L CaCl2 sub-
phase with model fits for the data applied assuming insertion of 0, 0.5 and 1

Ca2+ per surfactant

This suggests that at low area per molecule the headgroups are not confined and so
are offset in order to reduce the repulsion from the anionic regions, while at high
surface pressure they are compressed and so unable to offset and therefore the ap-
parent headgroup roughness is lower.

The main effect of the Ca2+ in the subphase is to increase the APM and so we would
expect a lower tail thickness compared to the pure samples, from the reflectivity
data we do not find that this variation is large enough to be significant, due to the
error in the thicknesses determined.

The parameters extracted from the monolayer on water and a CaCl2 solution re-
ported in Table 6.8 with the exception of the compression modulus are within 10%
of each other. The large decrease in compression modulus for the monolayer on the
CaCl2 subphase is likely to be caused by a combination of the headgroup charge
shielding, which is also likely to cause the decrease for the monolayer on base, and
the larger area per molecule which reduces the tail-tail repulsion.

6.4 Effect of surface pressure and subphase composition upon
C20 Gly monolayers

Investigations of the structure of the C20 Gly monolayer on pure water have sig-
nificantly different results to those for the other two C20 amino acid surfactants on
water. Initial attempts to fit the data with a constrained two layer model which is
widely applied for surfactants at the air-water interface did not result in acceptable
fits to the XRR and NR data collected for the C20 Gly monolayer, as illustrated in
Figure 6.23. From this we can see that both the layer thickness and SLD is too high
for the XRR to obtain an acceptable fit, and in order to achieve this fit high rough-
ness for both head and tail layers are required.
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FIGURE 6.23: Reflectivity data fitted with the two layer model constrained
using the area per molecule from the pressure area isotherm. Green: XRR,

Blue: NR D2O, Pink: NR ACMW

In order to determine the structure of the monolayer various models were applied
to the data. We began by investigating whether the methanol used with chloroform
to facilitate the dissolution of C20 Gly for spreading was interacting with the mono-
layer. This was investigated as there is precedent for the interaction of glycine with
primary alcohols over water, and methanol was required in the dissolution of the
C20 Gly.[209] This interaction can also be used to facilitate the formation of a less
stable polymorph of crystallised glycine, which is the least stable form.[210] This
is facilitated by hydrogen-bonding interactions between the methanol and glycine.
These interactions are also likely to be present between the C20 Gly surfactants and
the methanol present in the subphase.

In order to incorporate the methanol layer an SLD for methanol was calculated to
be 7.1 ×10−6Å−2 using a molecular volume of 67.6 Å3 determined using vibrating
densitometry by Bender et al.[211] The methanol layer has been included with hy-
dration included in the layer in order to achieve the best fit to the XRR and NR data
possible.

We attempted to fit all data sets using this model, reported in Table 6.10, is small
on compression of the monolayer. The main variation is the increase in the tail SLD,
which is not surprising considering the high maximum compression modulus of
the monolayer, as reported in Table 6.11.
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methanol below it.

TABLE 6.10: Fit Parameters for monolayers of icosanoyl glycine surfactants
on water at different surface pressures, obtained using Motofit in Igor Pro
(Wavemetrics).[141] [142] SLD values were calculated using the molecular vol-
umes in from the literature and adjusted using the method reported by Camp-
bell et al.[146] The %H2O is calculated using Equation 5.5. Fits for this data

are included in Appendix D

Π
Methanol Headgroup Tail

t (Å) σ (Å) %H2O t (Å) σ (Å) %H2O
SLD(×10−6Å−2)

t (Å) σ (Å)
mNm−1 XRR NR

18 6.5±1.2 6.5±1.2 47±9 6.2±1.8 11.2±1.0 0±25 8.6 7.7 29.3±1.3 10.3±1.0

25 6.4±2.0 7.7±0.5 65±10 7.0±0.8 11.0±0.7 6.7±30 8.9 8.0 29.1±2.0 6.7±0.7

35 6.4±0.6 7.6±0.5 65±25 6.7±0.7 9.8±3.0 1±30 8.9 8.0 30.5±1.3 8.5±2.6

TABLE 6.11: Physical parameters derived from pressure-area isotherms for
icosanoyl glycine on different subphases, error in areas is 5% from system-
atic errors in calibration and sample preparation. Errors in collapse point and
compressional modulus were calculated from maximum and minimum val-

ues of a minimum of two separate measurements

Subphase
Collapse Point Collapse area Limiting area Compression modulus

(mNm−1) (Å2) (Å2) (mNm−1)

H2O 49 ± 4 12.1 17.9 274 ± 12

pH 10 59 ± 1 12.1 16.1 520 ± 72

CaCl2 66± 3 14.7 16.6 675 ± 28
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When we compare the structure of the C20 Gly monolayer to that of the other amino
acid monolayers, apart from the obvious addition of a methanol layer, there is in-
crease in the tail thickness, as well as the expected decrease in the headgroup thick-
ness.

The increase in tail thickness warrants further discussion as it is higher than the
maximum tail thickness of 25.6 Å predicted by Tanfords equation, Equation 5.6.
This high tail thickness suggests that although the inclusion of a methanol layer im-
proves the fit to the data that the model is not correct and that there is another cause
the bad fit to the data using the two layer model. When we consider the physical
parameters extracted for the C20 Gly monolayer reported in Table 6.11 the limiting
area of the C20 Gly monolayer is significantly lower than that reported for the C20
Pro and C20 Gln, as well as the value reported for eicosanoic acid.[192] Calculation
of the expected tail thickness for the limiting area at the maximum SLD expected
for the tails predicted by Campbell et al[146] finds a tail thickness of 28.2 Å which
is greater than the maximum tail thickness which was calculated using the Tanford
equation, Equation 5.6. Measurement of GIXD for C20 Gly at 35 mNm−1 shown in
Figure 6.25 can be used to calculate the C20 Gly area per molecule at this surface
pressure using Equations 6.1 and 6.2.

APC =
2d202d11√

(4d202 − d211)
(6.1)

Where APC is the area per chain which in this case will be equivalent to the the area
per molecule. d02 and d11 are the d-spacings which can be calculated from the peak
positions in the GIXD data in using Equation 6.2.

Qhkxy =
2π

dhk
(6.2)

where Qhk
xy is the peak intensity positions in Q in the GIXD data.
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FIGURE 6.25: GIXD data collected for C20 Gly monolayers on pure water at
18 and 35 mNm−1 along the xy axis the data is offset to aid visualisation
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From the GIXD an APM of 18.0 Å was determined at a surface pressure of 35
mNm−1, while from the isotherm the APM was 14.5 Å which is 81% of the value de-
termined from GIXD, which is outside the acceptable 10% error. [174] We attempted
to fit the data collected at 35 mNm−1 using this APM to determine whether this re-
sulted in an acceptable fit to the data. As shown in Figure 6.26 an acceptable fit is
obtained for the XRR data and the NR contrast on D2O but the fit to the data ob-
tained on ACMW is significantly poorer. The fit parameters are reported in Table
6.12.

TABLE 6.12: Fit parameters for monolayers of icosanoyl glycine surfactants
on pure water at various surface pressures, obtained using Motofit in Igor
Pro (Wavemetrics).[141] [142] SLD values were calculated using the molecular
volumes in from the literature and adjusted using the method reported by
Campbell et al.[146] The %H2O is calculated using Equation 5.5. Data was

constrained using the APMs calculated from GIXD data.

Π
Headgroup Tail

t (Å) σ (Å) %H2O
SLD(×10−6Å−2)

t (Å) σ (Å)
mNm−1 XRR NR

18 5.5±3 11.8±0.8 1±20 8.2 7.3 25.6 ±3.5 10.2±2

35 5.6 ± 1.2 10.1±1.5 0±25 8.9 7.9 25.7 ±1.1 9.6±1.3
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FIGURE 6.26: Fits to the XRR, Green, and NR data, Blue: D2O, Pink:ACMW,
using the area per molecule calculated from GIXD to constrain the data using

5.4

This fitting method does not allow us to justify the difference between the area per
molecule obtained from the pressure-area isotherm and from GIXD, which was not
the case for the other monolayers discussed. The GIXD data will be discussed for
other systems in more detail in Chapter 7. The difference between the APM calcu-
lated from GIXD and pressure area isotherms may be explained by the formation of
alternative arrangements of the surfactants at the air-water interface.
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FIGURE 6.27: Artistic representation of the proposed pseudobilayer structure
of C20 Gly on pure water used to obtain a good fit to the reflectivity data

The formation of multilayers was reported for phospholipid layers compressed be-
yond their collapse points by Saccani et al, and would account for the variation in
the APM. [212] Attempts to fit the data to a true bilayer structure were unsuccess-
ful, however we found a good fit was achieved when some of the surfactants were
flipped, so partial coverage of headgroup layers were found above the tail layer,
which we will refer to as a pseudo-bilayer, a model for which is shown in Figure
6.27.
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FIGURE 6.28: Fitted reflectivity data for a C20 Gly monolayer at a surface pres-
sure of 35 mNm−1 using the pseudo-bilayer model. Left: roughness constant

for each layer. Right: roughness allowed to vary.

In order to fit the data using the pseudo-bilayer model the tail thickness was al-
lowed to vary and was sandwiched between headgroup layers. The thickness of
both headgroup layers was allowed to vary, as the hydration was calculated assum-
ing a monolayer, and an additional hydration of 24% was added to account for the
headgroups present on the top layer. The headgroup SLD for the headgroup in con-
tact with the subphase is used as calculated, as the additional hydration added to
the layer accounts for the incomplete layer. For the top surfactant layer a decrease
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in the headgroup SLD is seen, this was calculated assuming that approximately 30%
of the headgroups were present in the top layer, which is slightly more than the dif-
ference between the area per molecule calculated from the pressure-area isotherm
and from the GIXD data.

The roughness of the layers may be co-refined for the XRR data and that collected
using NR on D2O, however, as can be seen from Figure 6.28, the fit to the ACMW
data is less good, this can be remedied by the application of additional roughness
to the layers. The parameters required to fit the data, excluding the roughness are
reported in Table 6.13.

If the roughness applied to each contrast is allowed to vary, the fit obtained is im-
proved, as shown in Figure 6.28. We consider that this can be justified as the forma-
tion of such a structure will not be consistent for different samples. The formation
of the structure is seen for at all surface pressures, this is supported by the BAM
measurements taken prior to and during compression, included in Appendix D,
which show structure even before compression of the monolayer. The images are
comparable to those seen for bilayer disks at the air-water interface by Friedenberg
et al. [213]

TABLE 6.13: Fit parameters for a pseudo-bilayer of icosanoyl glycine on
water at different surface pressures obtained using Motofit in Igor Pro
(Wavemetrics).[141] [142] SLD values were calculated using the molecular vol-
umes in from the literature and adjusted using the method reported by Camp-
bell et al.[146] The %H2O is calculated using Equation 5.5 with additional hy-
dration added to account for headgroups at the air-water interface. Fits for

this data are included in Appendix D

Π Headgroup Tail Headgroup

mNm−1 SLD (×10−6Å−2)
t(Å) %H2O

SLD (×10−6Å−2)
t(Å)

SLD (×10−6Å−2)
t (Å)

XRR NR XRR NR XRR NR

18 13.5 4.5 7.5±2 65±6 8.9 8.0 21.1±1.2 4.0 1.4 5.2 ± 2.3

25 13.5 4.5 9.2 ± 1.8 79±11 8.9 8.0 20.4±1.3 4.0 1.4 5.0±2.1

35 13.5 4.5 6.8±1.3 61±10 8.9 8.0 20.8±1.2 4.0 1.4 4.3±2.5

The models used to fit this data are the best approximations to the data we could
achieve, however, the fit to the pseudo-bilayer was not as well restrained as would
be necessary to confidently ascertain that this is the structure of present. Though we
do believe that it is the most likely structure and will use this model where relevant
to fit the data for C20 Gly on the other subphases. A diagram of the proposed
pseudo-bilayer model used to fit the data for C20 Gly is shown in Figure 6.27 .
Further measurements on these systems would be required to better determine the
nature of the structure at the air-water interface.
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FIGURE 6.29: Average pressure-area isotherms for C20 Gly surfactants on wa-
ter and pH10 NaOH aqueous subphase

We then investigated the effect of basic subphase upon the monolayer structure.
The variation in the isotherm is different to that seen for the two amino acid sur-
factants discussed previously. While in those cases the monolayer was shifted to
lower area per molecules in this case the variation in the structure of the monolayer
is less significant. At surface pressures below 40 mNm−1 the monolayer is slightly
contracted but above this it is slightly expanded. From Table 6.11 we can see the
collapse area of the two isotherms are the same but that all other parameters are
different.
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FIGURE 6.30: Comparison of XRR data for C20 Gly on water and a pH 10
subphase at 35 mNm−1

The differences in the isotherms suggests that the interactions between the com-
pounds and ions in the subphase and the C20 Gly monolayer is different at pH 10.
This is further supported by the differences in the XRR data collected at 35 mNm−1,
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shown in Figure 6.30. From an initial analysis of the XRR data we expect that the
overall thickness of the layers will be similar to those of the C20 Gly on water, but,
as with the C20 Pro layer on pH 10 subphase, the SLD and roughness of the layers
may vary.

In this case, as can be seen in Table 6.14, the fits obtained to the XRR data shows
a decrease in the roughness of the layers when compared to the fits for the C20 Gly
on pure water. This is to be expected as Na+ interacts with the headgroups, screen-
ing the charges and reducing the disorder in the layers. We still achieve the best fit
to the data using the pseudo-bilayer model. Unfortunately no GIXD data or BAM
was recorded for this system, and so we cannot determine anything more about the
surfactant structure.

TABLE 6.14: Fit parameters for a pseudo-bilayer of icosanoyl glycine at pH
10 water at different surface pressures obtained using Motofit in Igor Pro
(Wavemetrics).[141] [142] SLD values were calculated using the molecular vol-
umes in from the literature and adjusted using the method reported by Camp-
bell et al.[146] The %H2O is calculated using Equation 5.5 with additional hy-
dration added to account for headgroups at the air-water interface. Fits for

this data are included in Appendix D

Π Headgroup Tail Headgroup

mNm−1 SLD
t(Å) σ (Å) %H2O

SLD
t(Å) σ (Å)

SLD
t (Å) σ (Å)

(×10−6Å−2) (×10−6Å−2) (×10−6Å−2)

17.1 13.5 5.0±2 3.2±0.9 34±6 8.9 20.9±1.2 3.3±1.8 4.0 4.2±2.3 3.3±1.0

35.0 13.5 5.2±0.7 3.9±0.6 32±10 8.9 22.2±1.3 3.8±0.4 4.0 5.2±1.8 4.9±0.3

A slight increase in the subphase roughness is seen to improve for the fit for the the
sample at 17.1 mNm−1. As with the C20 Pro monolayer this may be caused by the
presence of Na+ ions interacting with the surfactants present at the interface. This
indicates that it is likely that the nature of the interaction between the headgroups
and the Na+ ions is consistent for all samples.

60

50

40

30

20

10

0

S
ur

fa
ce

 p
re

ss
ur

e,
 m

N
m

-1

2018161412

Area per molecule, Å
2

 C20 Gly CaCl2
 C20Gly

FIGURE 6.31: Average pressure-area isotherms for C20 Gly surfactants on wa-
ter and CaCl2 aqueous subphase
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The behaviour of the isotherm of C20 Gly on a CaCl2 subphase compared to that on
water is much more similar to the other compounds we investigated, with the area
per molecule increasing. The collapse area and collapse point have also increased,
as has the compression modulus. The increase in the collapse area is also seen for
the other compounds, however the increase in collapse point and compression mod-
ulus is not. These increases are linked. The increase in the collapse point results in
a higher compression modulus, as the gradient is higher. This increase in compres-
sion modulus indicates that the monolayer is more tightly packed at collapse on the
CaCl2 subphase. However, we cannot explore this as XRR and NR measurements
were carried out at surface pressures below 35 mNm−1.

Due to the higher APM recorded for these isotherms and fitting of the XRR data
for C20 Gly on CaCl2 was attempted for the data collected at 35 mNm−1 using the
standard fitting method. As for the C20 Pro monolayer the inclusion of 0.5 Ca2+

ions per headgroup improves the fit to the data. For the data collected 14.6 mNm−1

an increase in the subphase roughness improves the fit, as can be seen in Figure 6.32.
This is the same method as used for the C20 Pro monolayer on a pH 10 subphase.
This suggests that as the monolayer is compressed the interaction with the Ca2+

must therefore be occurring further into the headgroup, this is the opposite of what
occurs for the C20 Pro monolayer where Ca2+ is being squeezed out at high surface
pressures. Unlike for the other monolayers the best fit to the data is obtained when
one Ca2+ ion is included into the monolayer per C20 Gly molecule, which will cause
the monolayers to be formally positively charged.
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FIGURE 6.32: XRR data showing the best fits which can be achieved using a
two layer model for C20 Gly on a CaCl2 containing subphase at 14.6 mNm−1

As for the other C20 Gly monolayers on water and base fitting the monolayer us-
ing the constraints from the pressure-area isotherm results in a tail layer thickness
greater than that of the maximum found from the Tanford equation, Equation 2.28
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and so as with the previous C20 Gly systems a pseudo-bilayer model was investi-
gated.

TABLE 6.15: Fit parameters for monolayers of icosanoyl glycine surfac-
tants on a 180mg/L CaCl2 subphase, obtained using Motofit in Igor Pro
(Wavemetrics).[141] [142] SLD values were calculated using the molecular vol-
umes in from the literature and adjusted using the method reported by Camp-
bell et al.[146] The %H2O is calculated using Equation 5.5. Fits for this data are

included in Appendix D

Π
Subphase Headgroup Tail

σ(Å)
SLD×10−6Å−2

t (Å) σ (Å) %H2O
SLD×10−6Å−2

t (Å) σ (Å)
mNm−1 XRR NR XRR NR

14.1 6.0±0.7 13.5 4.5 7.0±1.2 13.1±3 14±30 8.9 8.0 26.4 ±2.4 4.1±2.4

35 3.0±1.5 17.1 4.9 6.5±1.5 10.1±1.4 6.6±20 8.9 8.0 28.1±2.0 8.5±1.9

This improved the fits to the data and the tail thickness was reduced to within the
limits of the Tanford length, although as previously the roughness was not consis-
tent across the samples, although in this case the neutron data can be co-refined. For
both surface pressure measured, the XRR data requires a lower degree of roughness
to achieve an adequate fit to the data. The inclusion of 0.5 Ca2+ per headgroup
into the headgroup in contact with the subphase improves the fit to the data for the
monolayer at higher surface pressure but results in a less good fit at lower surface
pressure. The Ca2+ ions are likely to be acting as a bridge at all surface pressures,
while at high surface pressure this occurs within the headgroup layer, at lower sur-
face pressure this occurs below the headgroup layer as the headgroups are less con-
fined.

This goes against the commonly seen result but may explain why the calcium tol-
erance for Nαlauroyl glycine is reported to be low.[95] The presence of the Ca2+ in
the headgroup of the C20 Gly surfactant at high surface pressure indicates that the
interaction between the headgroups and Ca2+ is significant and likely to be stronger
than the interaction with the Na+ ions required for the solubilisation of the shorter
tailed amino acid surfactants. Although further measurements would be required
to fully ascertain this, and these will be discussed in later sections.

TABLE 6.16: Fit parameters for a pseudo-bilayer of icosanoyl glycine at on
a 180 mg/L CaCl2 subphase at different surface pressures obtained using
Motofit in Igor Pro (Wavemetrics).[141] [142] SLD values were calculated
using the molecular volumes in from the literature and adjusted using the
method reported by Campbell et al.[146] The %H2O is calculated using Equa-
tion 5.5 with additional hydration added to account for headgroups at the

air-water interface. Fits for this data are included in Appendix D

Π Headgroup Tail Headgroup

mNm−1 SLD (×10−6Å−2)
t(Å) %H2O

SLD (×10−6Å−2)
t(Å)

SLD (×10−6Å−2)
t (Å)

XRR NR XRR NR XRR NR

14.1 13.5 4.5 7.0±2.0 62±6 8.9 8.0 20.7±1.2 4.0 1.4 5.2±2.3

35.0 17.5 4.0 10.3±1.5 83±15 8.9 8.0 19.6±1.3 4.5 1.5 4.0±2.5

As with all models investigated for the C20 Glycine surfactants further refinement
and studies would be required to determine whether the structure hypothesised is
accurate.
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6.5 Comparison of the structures and interactions of the dif-
ferent surfactants on a range subphases

For investigation of the C20 Pro and C20 Gln layers on water the standard models
can be applied, with the expected variation in tail and headgroup thickness seen.
For the C20 Pro tails the expected increase in tail SLD was found, while this was not
the case for the C20 Gln monolayer, we hypothesised that this was caused by the
repulsion of the headgroups at high surface pressure. Comparison of the tail thick-
ness for the C20 Pro and C20 Gln to that of the eicosanoic acid layer investigated
by Kjaer et al.[189] using XRR and GIXD shows the expected behaviour from the
differences in the pressure area isotherms. For C20 Gln the tail thickness is slightly
greater than that found for the fatty acid while for C20 Pro the tail layer is slightly
thinner, although in both cases this is within error.

For the C20 Gly monolayer the low area per molecule recorded for the pressure
area isotherm resulted in a tail thickness greater than the Tanford length. In order
to achieve a good fit to the data a range of different models were attempted, and a
pseudo-bilayer model was found to give a good fit.

For samples on a pH 10 NaOH subphase contraction of the monolayers was ob-
served for the pressure area isotherms. XRR was measured for the C20 Pro and C20
Gly monolayers. For the C20 Pro an increase in the subphase roughness was found
to improve the fit. For the C20 Gly sample a reduction in the roughness of all layers
was found to improve the fit to the data when the pseudo-bilayer model was ap-
plied.

The nature of the interaction of the amino acid surfactants with Ca2+ ions in the
subphase was investigated. Each monolayer was found to show a different mode
of interaction with each monolayer. For C20 Pro the Ca2+ was found to penetrate
the headgroup layer at low surface pressure and be squeezed out at high surface
pressure. For the C20 Gln monolayer penetration of Ca2+ ions was not seen at any
surface pressure. For the C20 Gly pseudo-bilayers the insertion of Ca2+ ions was
seen at high surface pressure but not at low surface pressure.

6.6 Conclusions

The variation in the structure of amino acids surfactant monolayers after the forma-
tion of the LC phase has been found to be small, and the main source of variation
is in the compaction of the tails which when increased results in an increase in the
SLD of the tails, up to a maximum of 8.0 ×10−6 Å−2 for NR and 8.9 ×10−6 Å−2 for
XRR respectively.

Comparison between the reflectivity data for the C20 Pro and C20 Gly on a CaCl2
containing aqeous subphase gives an insight into a possible cause for the great dif-
ference in the calcium tolerance of lauroyl glycine and proline. At the lower surface
pressure no penetration of the Ca2+ ions was seen at high surface pressure pene-
tration of Ca2+ ions was seen to be present. The opposite was seen for C20 Pro
layers which have good Ca2+ tolerance. We hypothesise that as no penetration was
seen for the C20 Gln layers good calcium tolerance may be expected for soluble glu-
tamine based surfactants.[95]
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The XRR data fits for C20 Pro on a basic subphase can be used to hypothesise the
nature of the interaction of the headgroups with Na+ ions, which are required for
the solubilisation of the short tailed amino acid surfactants discussed in Chapters 8-
10. We believe that it is likely that the Na+ ions interact as a diffuse layer around the
micelles or at the interface facilitating the solubilisation of the surfactants. Further
contrasts would allow for the analysis of structures formed to be more constrained
and so more precise.

We believe that it is unlikely that the structure formed for C20 Gly on all subphases
was a monolayer and believe that instead pseudo- bilayers were formed, the struc-
ture of which has been shown in Figure 6.27. This may partially be due to the
spreading solvent used as previous monolayers of similar compounds had collapse
points at the expected APM. However, due to safety concerns these spreading sol-
vents were not used for these studies.

6.7 Further work

There are many further experiments which could be carried out to better under-
stand these systems, but some have higher priority to fully understand these sys-
tems, and those are discussed below.

In order to better constrain the fit for the C20 Gly samples further measurements
would need to be carried out, further BAM measurements at a range of surface
pressures could be used to understand the variation of the structure of the samples
with surface pressure. NR measurements of C20 Gly surfactants with deuterated
heads and hydrogenated tails could be used to investigate whether some of the sur-
factants are flipped. We could also carry out AFM measurements of the samples as
described by Kajiyama et al.[214] to investigate the homogeneity of the sample, and
variation in the thickness of the sample laterally.

In order to better understand the nature of the amino acid surfactants and the Na+

ions in the subphase further measurements need to be carried out. XRR for the C20
Gln monolayer on base would be useful in order to confirm that the cause of the
contraction seen in the isotherm is the same as the for the C20 Pro monolayer as
hypothesised. Measurement of the amino acid surfactants on the pH 10 subphase
using NR would allow us to better constrain the fits for the data to ensure that the
most accurate fit is achieved.

It would be of interest to measure the effect of a phosphate buffer subphase upon
the structure of the amino acid surfactant monolayers to determine whether the na-
ture of the interaction between the amino acid surfactants is the same with buffer as
it is with base. It would also be of interest to record further BAM images to investi-
gate the variation in tail packing of the mixtures.

In order to better understand the Ca2+ tolerance of the different surfactants it would
be interesting to take measurements with both Na+ and Ca2+ ions present in the
subphase to investigate their competitive interaction with the monolayers. If the
monolayer is seen to contract we would expect that the Na+ ions interact prefer-
entially and if it is seen to expand the Ca2+ ions are likely to be interacting more
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strongly. If that is the case then the Ca2+ tolerance is likely to be low.

Investigating the possibility of forming vesicles with these compounds would be
interesting, as this would give these long tailed compounds possible applications
for drug delivery and other formulations.
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7 Investigation of the Effect of
Mixing Long Chain Amino Acid
Surfactants at the Air-Water
Interface

In this chapter we will discuss the effect of mixing different icosanoyl amino acid
surfactants at the air-water interface. We investigated the nature of the interactions
of the headgroups and the effects that these interactions had upon the surfactant
tails using a combination of analysis of pressure-area isotherms and neutron and X-
Ray reflectivity data. The use of insoluble surfactants rather than the soluble coun-
terparts enabled us to control the ratio of the two surfactants at the interface and
determine the effect of compression upon the interactions. It also allowed us to de-
termine the nature of the interaction without the presence of sodium ions, which
is required in order to dissolve the soluble surfactants, but was found to have little
effect upon the structure of the monolayers in Chapter 6 only upon the roughness
of the interface.[95]

Throughout this thesis we have investigated the effect of mixing different surfac-
tants upon their structure, both as monolayers, here and in Chapter 5, and later
for soluble surfactants both at the air-water interface and as micelles. We were
interested in investigating the effect of mixing the amino-acid surfactants, as we
were hoping to determine the viability of producing these surfactants from a mixed
source. As we have investigated the mixtures further, we became interested in how
the nature of the headgroup affected the interactions in the mixtures, especially as
these compounds are negatively charged and so positive interactions between them
are significantly less likely than for the phospholipids and sulfobetaines previously
discussed.

As for the mixtures in Chapter 5 we measured the pressure-area isotherm on wa-
ter and the differences between the pure and mixed isotherms will be discussed.
The mixed monolayers were prepared by spreading a mixture of the surfactants
at the air-water interface. The data for the mixtures of amino acid surfactants will
be compared to the results we obtained for the mixtures of DMPC and SB3-18 and
the mixtures of sulfobetaines and phosholipids measures by Aikawa et al.[72] These
comparisons will be carried out as there is limited data on mixtures of insoluble
surfactant with similar or identical tail structures in the literature.

XRR and NR measurements were carried out and this data was co-refined using the
constraints we have used, where possible, throughout this thesis. The tail length
was constrained to within 10% of the area per molecule measured in the pressure-
area isotherm using Equation 2.29 and the headgroup hydration was constrained
using Equation 5.5.
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Similar experiments were carried out earlier in this thesis for mixtures of sulfobe-
taine surfactants and phospholipids, and similar methodologies for the analysis of
data have been applied for the amino acid surfactant data. Due to the larger num-
ber of samples fewer contrasts were collected for these samples, and so we were not
able to investigate the individual structures of the tails in the mixtures.

This is the first time measurements of this type have been carried out on these com-
punds. By using theoretical calculations from the results obtained from pressure-
area isotherms and GIXD data we determined the extent of the interactions present
between the molecules, as the tails are identical any interactions, either positive or
negative, must be cause by the headgroups. The structural investigations are of par-
ticular interest as they give an indication as to the cause of the interactions present.
These kinds of measurements cannot be carried out with soluble compounds as the
composition of the interface cannot be easily controlled. To our knowledge the use
of insoluble surfactant mixtures to determine the interactions which are likely to be
present in shorter tailed analogues has not been widely utilised previously. We be-
lieve that these structural studies could be used to facilitate a better understanding
into the interactions present between surfactants.

7.1 Behaviour of mixtures of C20 Gln and C20 Pro at the air-
water interface

We begin by discussing the mixtures of C20 Gln and C20 Pro as both of these com-
pounds could be fitted using standard methods in Chapter 6. The pressure-area
isotherms for these mixtures are shown in Figure 7.1. These isotherms show very
different behaviour to those found for the mixtures of SB3-18 and DMPC in Chap-
ter 5 and we will begin by discussing those differences. As the C20 Pro content
decreases the pressure-area isotherm shifts to lower area per molecule, as when the
DMPC content decreases for the SB3-18 DMPC mixtures. Unlike these there are
different phases present for the two pure monolayers.
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FIGURE 7.1: Average pressure-area isotherms for mixtures of C20 Gln: C20
Pro surfactants on water.
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For the C20 Pro and 3:1 C20 Pro: C20 Gln isotherm an inflection is seen at high
surface pressure this may be indicative of the formation of multilayers prior to col-
lapse. This could be investigated using a combination of BAM and reflectivity to
determine the nature of the interface structure at these high surface pressures.

As the isotherms for the pure C20 Pro and C20 Gln go through different phases
on compression analysis of their mixtures is somewhat more complex than that of
SB3-18 and DMPC which were very similar. In Figure 7.1 we can see that for the
mixture high in C20 Pro a clear phase transition is present.

Plotting the compression moduli, Figure 7.2, allows the phase transitions to be seen
more clearly and indicates that this phase transition is present to some extent for all
mixtures, although the transition for the mixture high in C20 Gln is not as defined
as for the other systems. This is to be expected as C20 Gln does not show a transi-
tion between the LE and LC phases, the transition that is seen is at higher surface
pressure and is between the LC and S phases.
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FIGURE 7.2: Surface compression moduli calculated for mixtures of C20 Pro
and C20 Gln from the average pressure-area isotherm. Top left: C20 Pro, Top
right: 3:1 C20 Pro: C20 Gln, Middle left: 1:1 C20 Pro: C20 Gln, 1:3 C20 Pro:

C20 Gln, Bottom: C20 Gln

The parameters extracted from the mixed monolayers are reported in Table 7.1, and
as expected, the collapse points area all within error and the maximum compression
moduli shows the expected pattern increasing with C20 Gln content. The limiting
area also behaves as would be expected increasing with C20 Pro content. By plotting
the limiting area against the variation in the content in the monolayer the ideality
of mixing within the monolayer can be investigated.

TABLE 7.1: Physical parameters derived from pressure-area isotherms for
mixtures of icosanoyl glutamine and icosanoyl proline surfactants on a pure
water subphase, error in areas is 5% from systematic errors in calibration
and sample preparation. Errors in collapse point and compressional modu-
lus were calculated from maximum and minimum values of a minimum of

two separate measurement.s

Sample
Collapse Point Collapse area Limiting area Compression modulus

(mNm−1) (Å2) (Å2) (mNm−1)

C20 Gln 64 ± 1 16.6 21.2 914 ± 58

3:1 C20 Gln: C20 Pro 59 ± 4 17.5 25.4 452 ± 35

1:1 C20 Gln: C20 Pro 61 ± 1 17.5 24.6 206 ± 4

1:3 C20 Gln: C20 Pro 61 ± 2 15.3 24.7 173 ± 4

C20 Pro 62 ± 1 15.3 28.1 170 ± 5

The data plotted in Figure 7.3 indicates that for the 1:1 mixture neither a repul-
sive or attractive interaction between the surfactants occurs when compared to the
interactions between the pure surfactants. The mixtures formed by these com-
pounds is an ideal mixture. A slight deviation from the values predicted for ideal
behaviour are shown for the non-equimolar mixtures, however this is within the
bounds of error of that predicted from the limiting areas of the pure surfactants.
For mixtures of sulfobetaines and phospholipids a negative deviation from ideal
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behaviour was observed indicative of a positive interaction. Mixtures of 1-(12-
hydroxy)monostearoyl-rac-glycerol and 1-monostearoyl-rac-glycerol have the op-
posite behaviour, with the mixing of these compounds found to be non-ideal which
causes phase separation.[215] This was investigated by calculating the excess free
energy of mixing at different surface pressures.
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FIGURE 7.3: Variation of the limiting area with the volume fraction of C20
Gln and C20 Pro. The solid line represent the parameters expected from ideal

mixing.

In order to further investigate the mixing within the C20 Gln and C20 Pro mixed
monolayers, we calculated the excess free energy of mixing using Equation 7.1 at
various surface pressures, shown in Figure 7.4. These results indicate that the inter-
actions of the surfactants are not as ideal as indicated by the limiting area in Figure
7.3 and that the nature of the monolayer requires further investigation to determine
whether the surfactants are phase separated.

∆Gexc = NA

∫ π

0
A12 − (A1X1 +A2X2)dπ (7.1)

Where ∆Gexc is the excess free energy of mixing, NA is Avogadro’s number, A12

is the area per molecule of the mixture at a given surface pressure, A1 and A2 are
the areas per molecule for the pure components of the monolayer at that surface
pressure and X1 and X2 are the mole fractions of the two components of the mixture.
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FIGURE 7.4: Variation in ∆Gexc with surface pressure and mole fraction of
C20 Gln for a C20 Pro:Gln mixed monolayers.

7.1.1 Analysis of the structure of the mixture of C20 Gln and C20 Pro at
high surface pressure

We begin by discussing the structure of the mixed monolayer at high surface pres-
sure. At this surface pressure we expect that the area per molecule should be reason-
ably similar for all the mixtures and that all the lipids should be in the condensed
phase from the values of the compression moduli.
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FIGURE 7.5: XRR data for mixed monolayers of C20 Pro and C20 Gln at 35
mNm−1, data is shifted vertically to allow clearer visualisation. Error bars are

shown but are largely within the symbols on the graph.
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In Figure 7.5 we can see that the overall thickness of the monolayer increases as the
C20 Gln content increases. This is not surprising as, as reported in Chapter 6 and
Table 7.3, the headgroup thickness is much greater for the C20 Gln monolayer and
there is also a slight increase in the tail thickness when compared to that of C20 Pro.

40x10
3

20

0

-20

In
te

ns
ity

2.22.01.81.61.41.21.0
Qxy, Å

-1

 C20 Gln
 3:1 C20 Gln:Pro
 1:1 C20 Gln:Pro
 1:3 C20 Gln:Pro
 C20 Pro 

FIGURE 7.6: GIXD data for mixtures of C20 Pro and C20 Gln surfactants at 35
mNm−1 on pure water, data has been shifted vertically to aid visualisation.

In order to determine whether the surfactants are well mixed in the monolayer
and to confirm the area per molecules calculated from the pressure-area isotherms,
GIXD measurements were carried out. The presence of single peaks for the GIXD
data for the mixtures, shown in Figure 7.6, further supports the hypothesis these
surfactants are present as an ideal mixture and so no phase separation is present.

FIGURE 7.7: GIXD contour plots for monolayers prepared with mixtures of
C20 Gln and C20 Pro at 35 mNm−1.
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The GIXD data obtained for the is all similar and shows a single well resolved peak,
although this does not seem to be the case for the pure surfactant monolayers in
Figure 7.6, where a second peak seems to be present for the pure surfactants. How-
ever, from the contour plots shown in Figure 7.7, this second peak can seen to be
an artefact of the data processing and so APMs can all be calculated using Equation
2.32, which is appropriate for surfactant tails which are hexagonally packed and
untilted.

TABLE 7.2: comparison between area per molecules calculated from GIXD
data and pressure-area isotherms for mixtures of C20 Gln and C20 Pro surfac-

tants at 35 mNm−1.

Sample APM isotherm APM GIXD % Difference

C20 Pro 22.4 Å 19.7 Å 12%

3:1 C20 Pro:C20 Gln 20.0 Å 19.8 Å 1%

1:1 C20 Pro:C20 Gln 20.1 Å 19.7 Å 2%

1:3 C20 Pro:C20 Gln 18.9 Å 19.6 Å 4%

C20 Gln 18.3 Å 19.5 Å 7%

The difference between the APM calculated from GIXD and that determined
from the pressure-area isotherms is reported in Table 7.2. From this we can see that
the APM reported from the pressure-area isotherms are within an acceptable error
of the values found calculated using GIXD for the C14 Gln and mixed monolayers.
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FIGURE 7.8: Variation in ∆Gexc with mole fraction of C20 Gln for mixtures of
C20 Pro:Gln calculated from the APM calculated from GIXD and found from

the pressure-area isotherms are 35 mNm−1.

For the C14 Pro monolayer there is a significant difference between the APM recorded
at that determined assuming hexagonal packing of the surfactant tails using GIXD.
As the compression modulus for the C20 Pro monolayer is much lower than that of
the other systems, it is reasonable to assume that the chains are less tightly packed
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and so a centered rectangular unit cell is present, caused by tilted chains. In this case
we would expected a second peak to be present in the GIXD data. If we assume that
the bump seen at lower for the GIXD data is a second peak and use Equation 2.33 to
calculate the APM, an APM of 20.5 Å is found for the C14 Pro monolayer. In order
to confirm this further GIXD measurements would need to be carried out in order
to achieve higher resolution.

As the APM is used to calculate ∆Gexc, we investigated whether the differences
in APM has any effect upon these values. The APMs extracted from the GIXD data
resulted in a significant change in the value of ∆Gexc for the mixtures at 35 mNm−1

as shown in Figure 7.8. The ∆Gexc calculated for all the mixtures are very small,
and considering the error in the APM calculated from the GIXD can be considered
to be essentially zero, further indicating that an ideal mixture is present. We would
therefore expect a well mixed monolayer which allows us to fit the data using the
same method we applied in Chapter 5.
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FIGURE 7.9: Fitted reflectivity data for a 1:1 mixture of C20 Pro: C20 Gln on
pure water at 35 mNm−1. Green: XRR, Blue: NR, D2O, Pink: NR, ACMW.

The fitting method used for the SB3-18 and DMPC mixed monolayers was also ap-
plied here and, as can be seen in Figure 7.9, good fits to the data were obtained for
all contrasts. From Table 7.3 we can see that for the mixtures as the content of C20
Gln increases so does the headgroup and tail thickness, although not outside the
bounds of error. For all mixtures the maximum SLD was used indicating that the
tail compaction was high for all mixtures, which suggests that the tails are tightly
packed in a phase more compressed than for the C20 Pro monolayer, which may
be further justified by the increased intensity for the GIXD peaks for the mixtures
when compared to that recorded for C20 Pro.[146] The tail thicknesses for the mix-
tures are lower than those reported by Kjaer et al.[189] for arachidic acid monolayers
at lower surface pressures.
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TABLE 7.3: Fit parameters for monolayer of mixed icosanoyl proline and glu-
tamine surfactants on a water at 35 mNm−1, obtained using Motofit in Igor
Pro (Wavemetrics).[141], [142] SLD values were calculated using the molecu-
lar volumes in Table 1 and kept constant during fitting of the data. The %H2O

is calculated using Equation 5.5.

Sample
Headgroup Tail

t (Å) σ (Å) %H2O
SLD(×10−6Å−2)

t (Å) σ (Å)
XRR NR

C20Pro 8.3±1.2 10.2±4.0 8±15 8.3 7.4 22.4±2.8 5.0±1.0

3:1 C20 Pro: C20 Gln 8.5±1.0 7.4±2.8 3±21 8.9 8.0 22.0±3.1 4.5±0.9

1:1 C20 Pro:C20 Gln 9.0±1.3 8.3±1.5 7±10 8.9 8.0 21.9±1.2 3.5±1.5

1:3 C20 Pro:C20 Gln 9.2±1.1 9.2±1.9 1±24 8.9 8.0 23.2±3.0 5.5±0.6

C20 Gln 10.1±1.3 8.1 ±2.0 4±15 8.9 8.0 24.2±1.8 6.7±0.5

From the SLD profiles shown in Figure 7.11 and the plot showing the variation in
headgroup and tail layer thickness in Figure 7.10 we can see that the variation in the
monolayer structures on mixing are small, as is to be expected from the variation in
the limiting areas and the ∆Gexc calculated from the GIXD.
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FIGURE 7.10: Variation in fitted tail and headgroup layer thickness for mix-
tures of C20 Pro: C20 Gln at 35 mNm−1 on pure water as a function of C20

Gln mole fraction.

The mixed monolayers can be fitted with lower headgroup roughness than that
for C20 Pro and similar headroup roughness to that of C20 Gln. As in the case of
the pure surfactants, the mixtures are found to require a high degree of headgroup
roughness in order for a good fit to the data. Possible causes for this were discussed
in more detail in Chapter 6. The SLD profiles reflect this as the headgroup region
is more distinct for the mixtures than for the pure C20 Pro monolayer. The very
similar structures for the pure systems and mixtures were also seen in Chapter 5 for
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the SB3-18 and DMPC mixed monolayers, which also has very similar structures to
that of the pure systems.
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FIGURE 7.11: SLD profiles for mixtures of C20 Pro and C20 Gln on pure water
at a surface pressure of 35 mNm−1. Top left: C20 Pro, Top right: 3:1 C20 Pro:
C20 Gln, Middle left: 1:1 C20 Pro: C20 Gln, Middle right: 1:3 C20 Pro: C20

Gln, Bottom: C20 Gln
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The structural and energetic parameters extracted from the monolayer at high sur-
face pressure show the expected trend, with the monolayer thickness increasing
with increasing C20 Gln content, although these parameters are within error of each
other. Considering the APMS extracted from the GIXD data, this is even less sur-
prising, as they are all very similar.

At lower surface pressures the differences in the pressure-area isotherms is more
significant and the effect of this upon the structure will now be discussed.

7.1.2 Analysis of the structure of the mixtures of C20 Gln and C20 Pro at
intermediate surface pressure

As for the mixtures of DMPC and the pure amino acid surfactants measurements
were also carried out at lower surface pressures, in order to determine the effect
of surface pressure upon the structure of the mixed monolayers. Measurements of
these mixtures were carried out at 18 mNm−1 and at this surface pressures all of the
mixtures are expected to be in the LC phase. Measurements of the pure surfactants
were not carried out at this surface pressure and therefore comparisons cannot be
made.

From Table 7.4 we can see that the main difference between the fits obtained for the
samples is in the tail SLD, which we find results in a better fit to the data high in C20
Pro, when a reduced degree of tail compaction is used, this is to be expected consid-
ering the lower compression modulus for this mixture. This results in a surprising,
though not significant,variation in the tail thickness, where the 1:1 and mixture high
in C20 Gln have thinner tail regions than that of the mixture high in C20 Pro.

TABLE 7.4: Fit parameters for monolayer of mixed icosanoyl proline and glu-
tamine surfactants on a water at 18 mNm−1, obtained using Motofit in Igor
Pro (Wavemetrics).[141], [142] SLD values were calculated using the molecu-
lar volumes in Table 1 and kept constant during fitting of the data. The %H2O
is calculated using Equation 5.5. Headgroup SLDs are included in Appendix

C.

Sample
Headgroup Tail

t (Å) σ (Å) %H2O
SLD(×10−6Å−2)

t (Å) σ (Å)
XRR NR

3:1 C20 Pro: C20 Gln 7.4±2.0 11.2±4.5 1±10 8.5 7.7 22.7±4.5 3.8±1.5

1:1 C20 Pro:C20 Gln 8.0±1.5 9.1±4.5 1±20 8.9 8.0 19.8±3.0 3.5±1.5

1:3 C20 Pro:C20 Gln 9.2±4.0 9.4±4.2 11±20 8.9 8.0 20.8±2.0 4.3± 1.5

Interestingly, comparison with the tail thicknesses reported by Kjaer et al.[189] for
the C20 fatty acid at similar surface pressure (15.9 mNm−1), do not have the same
trend as for the samples at higher surface pressure. In this case the mixture high
in C20 Pro has a greater tail layer thickness than the fatty acid, which was not the
case at higher surface pressure. The other mixtures once again have a lower tail
thickness. Unfortunately the fitting method used by Kjaer et al. utilises a different
method and so we are unable to compare our SLDs to theirs.



7.1. Behaviour of mixtures of C20 Gln and C20 Pro at the air-water interface 141

7.1.3 Discussion of the variation in structure of the mixtures of C20 Gln
and C20 Pro on compression

The differences in the structure of the monolayers on compression warrant further
discussion. As can be seen, from the position of the troughs in the XRR data in Fig-
ure 7.12 for the 1:1 mixture at different surface pressures we can expect the increase
in layer thickness on compression to be observed. This is also the case when com-
paring the tail thickness of the monolayers of the 1:1 mixture of C20 Pro with C20
Gln shown in Figure 7.13.
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FIGURE 7.12: Comparison of XRR data for the 1:1 mixture of C20 Pro and
C20 Gln on pure water at 35 and 18 mNm−1, best fits to the data from co-

refinement are included.
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FIGURE 7.13: Fitted tail layer thickness for mixture of C20 Pro and C20 Gln as
a function of the mole fraction of C20 Gln.
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The lack of variation in the tail thickness for the 3:1 C20 Pro: C20 Gln mixtures upon
compression is somewhat surprising, however an increase in tail SLD is required to
achieve a good fit to the data. This indicates that the tail tilt is likely to remain con-
stant on compression and instead becomes more tightly packed.

For the headgroups a slight increase in thickness is seen for the 3:1 and 1:1 C20
Pro: C20 Gln mixtures upon compression, while for the 1:3 C20 Pro: C20 Gln mix-
ture the headgroup thickness remains constant and the hydration decreases. The
variation in the headgroup layer thickess is small, as is the variation in the tail.

In order to further investigate the variation in the monolayer, measurements prior
to the phase transition would need to be carried out. At low surface pressures we
would not expect to be able to use GIXD to determine whether the monolayers are
in a single phase, and so NR would have to be used in the same manner as for the
mixtures of SB3-18 and DMPC, with selective deuteration of the layers.

7.2 Mixtures of C20 Gly and C20 Pro at the air-water inter-
face

As discussed in Chapter 6, the pressure-area isotherms collected for C20 Gly and
C20 Pro are very different, with the C20 Gly isotherm occurring over a short APM
range and the C20 Pro having a pressure-area isotherm which goes through multi-
ple phase transitions over a relatively large APM range prior to collapse. From an
initial assessment of the pressure-area isotherms for the mixtures shown in Figure
7.14, we can see that the area per molecule is shifted to a higher position than would
be predicted from an ideal mixture, indicating that a positive deviation from ideal-
ity, caused by unfavourable interactions, is likely to be occurring, especially for the
3:1 C20 Pro: C20 Gly mixture. This is supported by plotting the variation in lim-
iting area against the mole fraction of C20 Pro, shown in Figure E.1, although the
deviation from ideal behaviour is small and for the 1:3 C20 Pro: C20 Gly mixtures
is within error of ideality.
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FIGURE 7.15: Surface compression moduli calculated for mixtures of C20 Pro
and C20 Gly from the average pressure-area isotherm. Top left: C20 Pro, Top
right: 3:1 C20 Pro: C20 Gly, Middle left: 1:1 C20 Pro: C20 Gly, Middle right:

1:3 C20 Pro: C20 Gly, Bottom: C20 Gly.

As can be seen from the pressure-area isotherms, each mixture shows different
phase transitions and these can be better seen in the plots of the compression mod-
uli, seen in Figure 7.15. For all mixtures a phase transition is seen at a compression
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moduli less than or, in the case of the 1:3 C20 Pro: C20 Gly mixture, approximately
equal to 100 mNm−1, indicating that the phase prior to this is a LE phase as seen for
the pure C20 Pro monolayer.

The maximum compression modulus varies in an interesting manner, with the 1:3
C20 Pro: C20 Gly having highest maximum compression modulus, although there
is a high degree of error associated with this measurement. Otherwise the variation
in the maximum compression modulus varies in the expected manner increasing
with C20 Gly content. The higher value present for the 1:3 mixture is likely to be
caused by the higher collapse point present for the mixture than the C20 Gly mono-
layer. This indicates that the mixtures are more stable to collapse, which is sur-
prising considering the positive deviation from ideality seen in Figure E.1, which
would be expected to cause the intermolecular interactions to be weaker and hence
the monolayer to be more prone to collapse.

TABLE 7.5: Physical parameters derived from pressure-area isotherms for
mixtures of icosanoyl proline and icosanoyl glycine surfactants on a water
subphase, error in areas is 5% from systematic errors in calibration and sam-
ple preparation. Errors in collapse point and compressional modulus were
calculated from maximum and minimum values of a minimum of two sepa-

rate measurements.

Sample
Collapse Point Collapse area Limiting area Compression modulus

(mNm−1) (Å2) (Å2) (mNm−1)

C20 Pro 62 ± 1 15.3 28.1 170 ± 5

3:1 C20 Pro: C20 Gly 67± 3 15.1 28.8 129±2

1:1 C20 Pro: C20 Gly 51 ± 2 19.0 24.9 212 ± 8

1:3 C20 Pro: C20 Gly 60 ± 6 16.7 20.9 280 ± 150

C20 Gly 49 ± 4 12.1 17.9 274 ± 12
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FIGURE 7.16: Variation in ∆Gexc with surface pressure and mole fraction of
C20 Pro for a C20 Pro:Gly mix.
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In order to investigate the energetics of mixing the ∆Gexc was calculated using
Equation 7.1 at various surface pressures for the mixtures. This is plotted in Figure
7.16 and can be seen to be positive, indicating that mixing should not be energeti-
cally favourable.

The majority of the samples which have positive deviations form ideal behaviour
have different tail architectures and are prepared with compounds with of fluori-
nated and hydrogenated tails. These compounds have a tendency to phase separate.[216],
[217], [215] A positive deviation from ideality caused by differences in the head-
group stucture is less common, this has been caused by once again using selective
fluorination. The ∆Gexc for these samples is much smaller than we found for our
compounds, with the maximum value being less than 45 jmol−1.[218] The cause for
this high value of ∆Gexc for these compounds warrants further investigation.

7.2.1 Analysis of the structure of the mixed C20 Gly and C20 Pro mono-
layers

We begin by investigating the nature of the structure of the mixed monolayers using
GIXD, shown in Figure 7.17. The intensity of the GIXD data is much higher for the
C20 Gly sample than for either the mixtures or the C20 Pro sample.

Calculation of the APM for the mixed systems find that in all cases there is a sig-
nificant difference between the APM calculated using GIXD and that determined
from the pressure area isotherm. Once again, as can be seen in Figure 7.17 there is
significant error associated with determination of the position of the peaks. From
the GIXD contour plots in Figure 7.18 we can see that, as in the previous case, the
second peaks seen in Figure 7.17 cannot be well resolved and may be an artefact of
the reduction software.
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FIGURE 7.17: GIXD data for mixtures of C20 Pro and C20 Gly surfactants at
35 mNm−1 on pure water, data has been shifted to aid visualisation.
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FIGURE 7.18: GIXD contour plots for mixtures of C20 Pro and C20 Gly surfac-
tants at 35 mNm−1 on pure water.

As discussed in Chapter 6, the two peaks in the GIXD data for C20 Gly can be
resolved and the APM for the C20 Gly layer is significantly different to the APM
from the pressure area isotherm. The APM from the GIXD has been used to re-
calculate the ∆Gexc at 35 mNm−1. As seen in Figure 7.19, the ∆Gexc is significantly
lower when calculated from the GIXD data, although the 1:1 and 3:1 mixtures of
C20 Pro: C20 Gly still show a positive value of ∆Gexc.
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FIGURE 7.19: Variation in ∆Gexc with mole fraction of C20 Pro for mixtures of
C20 Pro: Gly calculated from the APM calculated from GIXD and found from

the pressure-area isotherms are 35 mNm−1.

The GIXD data does not indicate that segregation of the monolayers is present,
which may be expected considering the high ∆Gexc, this may be due to the de-
position method. Nishida et al.[217] found that for mixtures of gemini fluorinated
and hydrogenated surfactants, that segregation of the compounds did not occur if



7.2. Mixtures of C20 Gly and C20 Pro at the air-water interface 147

they were pre-mixed prior to spreading, but was seen if they were spread from sep-
arate solutions. It would be interesting to determine whether this is also seen for
our mixtures using BAM and further GIXD measurements.

As the GIXD data indicates that the monolayer is well mixed, reflectivity data was
where possible fitted using a two slab model, using the methodology described in
Chapter 5. The fits obtained are listed in Table 7.6.

The fits obtained to 3:1 and 1:1 mixtures of C20 Pro: C20 Gly, using the two slab
model are acceptable and show some interesting characteristics. Despite the in-
clusion of the C20 Gly into the monolayer, the degree of compaction of the tails
remains reasonably constant. The tail thickness varies in the way that would be ex-
pected from the pressure area isotherms. The headgroup layer thickness decreases
with the C20 Gly content as expected, as the size of the glycine headgroup is signif-
icantly smaller than that of the proline headgroup.

TABLE 7.6: Fit parameters for monolayer of mixed icosanoyl proline and
glycine surfactants on a water at 35 mNm−1, obtained using Motofit in Igor
Pro (Wavemetrics).[141] [142] SLD values were calculated using the molecular
volumes in Table 1 and kept constant during fitting of the data. The %H2O is

calculated using Equation 5.5.

Sample
Headgroup Tail

t (Å) σ (Å) %H2O
SLD(×10−6Å−2)

t (Å) σ (Å)
XRR NR

C20 Pro 8.3±1.2 10.2±4 8±15 8.3 7.4 22.4±2.8 5.0±1.0

3:1 C20 Pro: C20 Gly 6.6±1.2 7.9± 0.8 1± 20 8.2 7.3 21.9±0.9 5.3± 0.4

1:1 C20 Pro: C20 Gly 6.1±1.2 7.4±2.0 0± 11 8.4 7.5 22.7±2.3 5.8± 0.9
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FIGURE 7.20: Reflectivity data for a 1:3 mixture of C20 Pro: C20 Gly on pure
water at 35 mNm−1. Green: XRR, Blue: NR, D2O, Pink: NR, ACMW. Left:
fitted using a two slab model. Right: Fitted using a pseudo-bilayer model,

with three slabs.

The 1:3 C20 Pro:C20 Gly data requires greater consideration as, while a good fit to
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the NR data can be achieved using the two slab model, this is not the case for the
XRR data as seen in Figure 7.20. As previously discussed, XRR is more sensitive to
the presence of the headgroups as they tend to contain heavier elements. As for the
C20 Gly data we attempted to fit the data using the pseudo-bilayer model and the
fits for this are shown in Figure 7.20. This improves the fit to the XRR data signif-
icantly, although as with the C20 Gly data different degrees of roughness need to
be applied to the NR data to achieve a good fit. In this case the model requires less
roughness for the NR data.

The model used to fit the data is similar to that used to fit the C20 Gly data. We
have fitted the data with 20% of the headgroups in contact with the air and have
increased the hydration of the headgroups in contact with the water appropriately.
Comparison of the model applied to that used for C20 Gly is reported in Table 7.7.
Interestingly, in order to achieve the best fit to the mixed monolayer, no tail com-
paction was applied while for the C20 Gly the maximum level of compaction gave
the best fit to the data.[146]

TABLE 7.7: Fit parameters for a pseudo-bilayer of a 1:3 C20 Pro: C20 Gly on
water and for C20 Gly on water at 35 mNm−1 obtained using Motofit in Igor
Pro (Wavemetrics).[141] [142] SLD values were calculated using the molecu-
lar volumes in from the literature and adjusted using the method reported by
Campbell et al.[146] The %H2O is calculated using Equation 5.5 with addi-
tional hydration added to account for headgroups at the air-water interface.

Sample Headgroup Tail Headgroup

t (Å) %H2O t (Å) t (Å)

1:3 C20 Pro: C20 Gly 6.5 ± 1.3 28 ± 30 22.7 ± 1.8 5.9 ± 1.6

C20 Gly 6.8 ± 1.3 58 ± 10 20.8 ± 1.2 4.3 ± 2.5

The multilayer fit to the data is not fully constrained, although best attempts were
used to achieve a reasonable fit. The parameters extracted for the modelled data
for the mixture is within error of that of the C20 Gly. This is somewhat surprising
considering the significant differences in the GIXD data, although, this may be not
be surprising considering the difference in the compaction of the tails. This indicates
that tails are less tightly packed for the mixture, and this is likely to explain the
differences in the GIXD. The more crystalline a sample, generally the greater the
intensity, although this can also be effected by differences in the samples and the
resolution limits of the instrument will have a considerable effect upon the data.

7.2.2 Effect of surface pressure upon the structure of mixed C20 Pro: C20
Gly systems

Measurements at lower surface pressures were also carried out for mixtures of C20
Pro and C20 Gly. These were taken at just above the phase transition from the LE
to LC phase. Comparison of the samples which can be fitted using the two slab
model to the samples at higher surface pressure show some interesting differences.
As can be seen in Table 7.8, for the 3:1 mixture of C20 Pro:C20 Gly the sample at
higher surface pressure has significantly thinner tail layers and higher headgroup
hydrations, as well as lower layer roughness. The 1:1 mixture has similar head and
tail layer thicknesses to that at higher surface pressure and only a clear difference in
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tail roughness.

The significantly higher headgroup hydration for the 3:1 C20 Pro:C20 Gly mixture
at the lower surface pressure is as expected for a monolayer, as at high surface pres-
sure hydration is often squeezed out of the headgroups if there is not a significant
change is the level of penetration of the headgroup into the subphase as the mono-
layer is compressed. This is likely to be the case for a sample high in C20 Pro as
the headgroup, as previously discussed, is more rigid than those of the other amino
acids discussed in this thesis.

The constant headgroup hydration and thickness for the 1:1 C20 Pro:C20 Gly mix-
tures suggests that the headgroups may be interacting and that this is not effected
by compression. This was also the case for the 1:1 SB3-18:DMPC mixture discussed
in Chapter 5.

TABLE 7.8: Fit parameters for monolayer of mixed icosanoyl proline and
glycine surfactants on a water at 15 mNm−1, obtained using Motofit in Igor
Pro (Wavemetrics).[141], [142] SLD values were calculated using the molecu-
lar volumes in Table 1 and kept constant during fitting of the data. The %H2O

is calculated using Equation 5.5.

Sample Π
Headgroup Tail

t (Å) σ (Å) %H2O
SLD(×10−6Å−2)

t (Å) σ (Å)
mNm−1 XRR NR

3:1 C20 Pro: C20 Gly 11 6.0 ±1.3 5.8 ±0.8 17±21 7.7 6.9 17.7±1.5 3.9±0.3

1:1 C20 Pro: C20 Gly 15 5.5±1.1 8.6±2.6 1±15 8.0 7.2 21.3±1.6 4.4±0.5

Once again, for the 1:3 C20 Pro: C20 Gly system a pseudo-bilayer is required to
achieve a good fit to the data, the parameters for which are reported in Table 7.9,
unlike for the sample at high surface pressure consistent roughness can be applied
to each of the layers for the sample at 12.3 mNm−1. This indicates that the compres-
sion of the monolayer is causing there to be greater disorder in the vertical packing
of the surfactants. This may be caused by greater repulsion between the charged
heads of the surfactants on compression, as we hypothesised for the samples pre-
pared from the pure amino acid surfactants in Chapter 6.

TABLE 7.9: Fit parameters for a pseudo-bilayer of a 1:3 C20 Pro: C20 Gly
on water at different surface pressures obtained using Motofit in Igor Pro
(Wavemetrics).[141], [142] SLD values were calculated using the molecular
volumes in from the literature and adjusted using the method reported by
Campbell et al.[146] The %H2O is calculated using Equation 5.5 with addi-
tional hydration added to account for headgroups at the air-water interface.

Π Headgroup Tail Headgroup

mNm−1 t (Å) %H2O t (Å) t (Å)

35 6.5 ± 1.3 28 ± 30 22.7 ± 1.8 5.9 ± 1.6

12.3 5.9 ± 0.8 54 ± 12 17.8 ± 1.1 5.5 ± 2.8

In order to apply the pseudo-bilayer model a constant SLD was used for the top
layer of the model, as this gave a good fit and if the pseudo-bilayer is formed in the
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same way as we believe it to be formed for C20 Gly. We expect the fraction of the
surfactant which is present as the top layer of the pseudo-bilayer will remain con-
stant, as this structure was not caused by compression of the monolayer but instead
is present on spreading of the surfactant, as shown by the BAM images for C20 Gly
in Appendix D.

The variation in the parameters extracted for the different mixtures is once again
not consistent, which suggests that the nature of the interactions between the head-
groups varies significantly for the different mixtures, although the nature of these
interactions would have to be investigated using methods different to those applied
here.

7.3 Mixtures of C20 Gly and C20 Gln at the air-water inter-
face

Mixtures prepared from C20 Gly and C20 Gln are of particular interest as the pressure-
area isotherms of both are contracted when compared to eicosanoic acid, which they
are prepared from.[192] The isotherms of the mixtures can be seen to be much more
similar to those of C20 Gln than C20 Gly in Figure 7.21.
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FIGURE 7.21: Average pressure-area isotherms for mixutres of C20 Gly: C20
Gln surfactants on water.

The parameters extracted from the isotherms further support this, Table 7.10, as the
collapse and limiting areas for the mixtures are within error of those for the pure
C20 Gln monolayers. There is significant variation in the maximum compression
modulus for the mixtures.
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TABLE 7.10: Physical parameters derived from pressure-area isotherms for
icosanoyl glycine and icosanoyl glutamine surfactants on a water subphase,
error in areas is 5% from systematic errors in calibration and sample prepa-
ration. Errors in collapse point and compressional modulus were calculated
from maximum and minimum values of a minimum of two separate measure-

ments

Sample
Collapse Point Collapse area Limiting area Compression modulus

(mNm−1) (Å2) (Å2) (mNm−1)

C20Gly 49 ± 4 12.1 17.9 274 ± 12

3:1 C20Gly: C20 Gln 55 ± 2 17.0 20.6 542 ± 13

1:1 C20Gly: C20 Gln 55 ± 4 16.9 21.3 582 ± 40

1:3 C20Gly: C20 Gln 61 ± 5 17.0 21.5 647 ± 43

C20Gln 64 ± 1 16.5 21.2 914 ± 58
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FIGURE 7.22: Surface compression moduli calculated for mixtures of C20 Gly
and C20 Gln from the average pressure-area isotherm. Top left: C20 Gly, Top
right: 3:1 C20 Gly: C20 Gln, Middle left: 1:1 C20 Gly: C20 Gln, Middle right:

1:3 C20 Gly: C20 Gln, Bottom: C20 Gln

The differences between the compression moduli can be seen in Figure 7.22. All the
mixtures show a plateau region, of varying size, indicating a transition from the LC
to S phase. As in all cases this occurs at high values of the compression modulus.
The transition is much clearer for the 1:1 and 1:3 mixtures of C20 Gly: C20 Gln
suggesting a greater differences between the two phases for these systems.
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FIGURE 7.23: Variation of the limiting area with the volume fraction of C20
Gly and C20 Gln. The solid line represent the parameters expected from ideal

mixing.

We once again plotted the limiting area against the variation in composition, Fig-
ure 7.23 although it may not be the most reliable indication of mixing due to the
possibility of bilayer formation for the pure C20 Gly sample. All samples are above
the calculated limited area for ideal mixing, and are slightly outside the bounds of
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error. We will once again use GIXD measurements to further investigate whether
phase separation is present for these samples.
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FIGURE 7.24: Variation in ∆Gexc with surface pressure and mole fraction of
C20 Gln for a C20 Gln:Gly mix.

The calculation of ∆Gexc once again gives a positive value at all surface pressure for
all mixtures, which should indicate that the surfactants would tend to phase sepa-
rate. However, as with the previous samples the validity of these calculations can
be questioned considering the possibility of bilayer formation and any difference in
the APMs which can be calculated from GIXD data.

7.3.1 Analysis of the structure of the mixed C20 Gly and C20 Gln mono-
layers

The GIXD data shown in Figure 7.25 is similar to that found for the other mixtures,
with the GIXD data for the mixture high in C20 Gln resulting in very similar GIXD
data to that of pure C20 Gln. Calculation of the ∆Gexc for the 1:3 C20 Gly: C20
Gln mixture from the GIXD data gives a value of -390 Jmol−1, which is significantly
lower to that shown in Figure 7.24, and suggests a positive interaction between the
surfactants. Unfortunately, due to time constraints, no reflectivity measurements
were carried out for the 3:1 C20 Gly: C20 Gln mixture, and so we will not be able to
determine whether a multilayer is likely to be present for this system as for the 3:1
C20 Gly: C20 Pro mixture at the same surface pressure.

The variation in XRR data indicates that the mixtures have very similar overall
thickness and SLD to that of the pure C20 Gln sample.
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FIGURE 7.25: GIXD data collected for mixtures of C20 Gln and C20 Gly, data
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shown but are largely within the symbols on the graph.

The data was fitted using the two slab model most commonly used for surfactants
throughout this thesis. As expected, when considering the relative sizes of the two
headgroups, as the C20 Gly content increased the headgroup layer thickness de-
creased. The tail thickness remains approximately constant which is also to be ex-
pected considering the pressure-area isotherms are within error of each other. The
headgroup hydration is low at high surface pressure for all the mixtures, as for the
pure C20 Gln monolayer at this surface pressure. The tail thickness is high and is
within error of the maximum tail thickness of 25.6 Å calculated using the Tanford
equation, Equation 5.6, indicating that very little tail tilt will be present at this sur-
face pressure. [144]
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TABLE 7.11: Fit parameters for monolayer of mixed icosanoyl glycine and
glutamine surfactants on a water at 35 mNm−1, obtained using Motofit in Igor
Pro (Wavemetrics).[141] [142] SLD values were calculated using the molecular
volumes in Table 1 and kept constant during fitting of the data. The %H2O is

calculated using Equation 5.5.

Sample
Headgroup Tail

t (Å) σ (Å) %H2O
SLD(×10−6Å−2)

t (Å) σ (Å)
XRR NR

C20 Gln 10.1±1.3 8.1 ±2.0 4±15 8.9 8.0 24.2±1.8 6.7±0.5

3:1 C20 Gln: C20 Gly 8.7±2.1 7.7±3.5 2±20 8.9 8.0 24.5±2.5 4.6±1.0

1:1 C20 Gln: C20 Gly 7.9±1.3 8.5±1.5 2±20 8.9 8.0 24.9±3.0 4.6±1.4

At lower surface pressure there is a slight decrease in tail thickness and compaction,
as would be expected. There is also a decrease in tail roughness at low surface
pressure which we also see for the pure C20 Gln monolayer. This effect is somewhat
surprising, as we would normally expect the tails to become more well organised on
compression. We hypothesised that the greater roughness of the tails at the higher
surface pressures may be caused by the greater repulsion of the charged headgroups
at low APMs.

TABLE 7.12: Fit parameters for monolayer of mixed icosanoyl glycine and
glutamine surfactants on a water at 15 mNm−1, obtained using Motofit in Igor
Pro (Wavemetrics).[141] [142] SLD values were calculated using the molecular
volumes in Table 1 and kept constant during fitting of the data. The %H2O is

calculated using Equation 5.5.

Sample Π
Headgroup Tail

t (Å) σ (Å) %H2O
SLD(×10−6Å−2)

t (Å) σ (Å)
mNm−1 XRR NR

3:1 C20 Gln: C20 Gly 15 8.1±2.0 8.3±1.0 3±10 8.5 7.6 23.9±1.1 3.6±0.8

1:1 C20 Gln: C20 Gly 15 7.1±1.0 7.5±2.5 3±13 8.5 7.9 23.9±1.1 3.5±1.0

7.4 Conclusions

For all samples we find that the ∆Gexc is positive when calculated from the pressure
area isotherms. Comparison with the value determined from the GIXD indicated
that for the C20 Gln:C20 Pro mixture that the value determined from the isotherm
may be too large, but the value determined for the C20 Pro:C20 Gly mixtures is very
similar to that determined from the isotherms. For the mixtures prepared using C20
Gly the accuracy of these calculations is likely to be limited as we believe this sam-
ple is present as a pseudo-bilayer not a monolayer.

The GIXD data for all the mixtures does not indicate the phase separation which
may be predicted from the calculated ∆Gexc and so where possible the data has
been fitted with the two slab model generally used for surfactant monolayers.

From the reflectivity data the expected trends in the tail and headgroups thickness
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tend to be followed at high surface pressure when compared to the parameters ex-
tracted for the pure monolayers. This may to suggest that the mixing occurring for
these samples is likely to be close to ideal. This is different to the results obtained
for the mixtures of SB3-18 and DMPC reported in Chapter 5, where the minimum
headgroup thickness is found for the 1:1 SB3-18:DMPC mixture, which can be seen
to indicate the interaction between the surfactant headgroups.

For the mixtures containing C20 Gly the structure of the mixtures behave as ex-
pected up to 1:1 mixture of C20 Gly with another surfactant. Unfortunately, due to
time constraint, measurement of the 1:3 C20 Gln:C20 Gly were not measured, al-
though we expect that the data, like that of the 1:3 C20 Pro:C20 Gly would require
a pseudo-bilayer model to achieve an acceptable fit to the XRR data.

As with the data collect for the mixtures of DMPC and SB3-18, the combination
of XRR and NR measurements better constrained the fits to the data. The greater
sensitivity of the XRR data to the headgroups resulted in the hypothesis that the
sample high in C20 Gly for the mixture of C20 Pro and C20 Gly was forming a
pseudo-bilayer, while for the NR data an acceptable fit could be obtained using the
two slab model for a monolayer.

From a combination of the fits to the reflectivity data and the parameters extracted
form the pressure area isotherms and GIXD, where possible, we believe that the in-
teractions between the different surfactants are likely to be near to ideal, and expect
that this will also be the case for the soluble surfactants and so do not believe prepar-
ing the samples from a mixed source would cause any loss in surfactant properties
from this data. These measurements were carried out on pure water and the effect
of Na+ ions upon the nature of the interactions would also need to be investigated.

7.5 Future work

In order to have a complete set of data, measurement of the 1:3 C20 Gln:C20 Gly
need to be carried out and some reflectivity measurements of the other samples at
lower surface pressures would be of interest, especially for mixtures containing C20
Pro where the LE phase is present.

To have a more complete understanding of the interactions occurring between head-
groups of the soluble amino acid surfactants, it would be interesting to compare the
NR and XRR data collected on pure water for the mixed systems to those collected
on base or buffer, to determine whether this has any effect upon the nature of mix-
ing.

To further investigate the structure of the monolayer, BAM measurements could
be carried out to determine whether phase separation is occurring between the sur-
factants, although from the data shown previously this is unlikely to be the case. We
would also like to prepare monolayers where the two components are spread sep-
arately to determine whether phase separation is seen in this case. As for the C20
Gly samples in Chapter 6, we would also like to investigate the structures formed
for mixture with high mole fractions of C20 Gly to determine the structures formed
and ascertain whether the model applied to the data is likely to be accurate.
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In order to better understand the enthalpy of mixing these surfactants, we would
like to carry out measurements similar to those carried out by Aikawa et al.[72] for
mixtures of sulfobetaines and phospholipids using DSC. This allows for determina-
tion of the gel-to-liquid phase transition, the position of which relates to the strength
of the interactions between the lipid molecules in a bilayer.

The toxicity of some amino acid surfactants have been investigated previously, and
found to be reasonably low, especially when compared to to other anionic surfac-
tants such as SDS.[112], [219], [220] Some amino acid based surfactants have also
been reported to have antimicrobial properties, although this behaviour has only
been reported for cationic amino acid surfactants, such as those prepared using
arginine. [101], [221], [222] We would therefore also be interested in investigating
mixtures of the C20 amino acid surfactants with phospholipids, to investigate pos-
sible applications of the surfactants for drug delivery, as they are made of naturally
occurring, biologically relevant compounds.
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8 Short Chain Amino Acid
Surfactants

In this chapter results obtained from the characterisation of mixtures of soluble
amino acid surfactants were investigated. From the results obtained in Chapter 7
we expect that the amino acid surfactant mixtures should behave in a close to ideal
manner. However, we will test this hypothesis by analysis of their surface tension
and micellar structure. To form the sodium salts of the amino acid surfactants all
measurements were carried out in either sodium phosphate buffer or base prepared
with NaOH.

We begin by discussing the CMC’s of the pure and mixed systems. From the CMC
we are able to determine an approximate area per molecule at the CMC and we also
report the surface tension at the CMC, and will compare these to those reported for
commercially available surfactants with similar structures. We have used this infor-
mation to determine the likely ideality of mixing for these compounds as well as an
approximate packing parameter for them, which will be compared to the micellar
structure investigated using SANS. The C14 Gly surfactant had limited solubility
at room temperature and so used DLS measurements carried out over a range of
temperatures to determine the Krafft point for this surfactant. This was compared
to the DLS data collected for the other compounds which were reasonably soluble
at room temperature.

For the myristoyl compounds we investigated the micellar structure at 5 mM and
2.5 mM in phosphate buffer, which is approximately 10 and 5 times the CMC for
the two classes of surfactant, respectively. The structure of the pure samples in base
was also investigated in order to see if there was any difference between the two
structures. The structure of the palmitoyl amino acid surfactants at 3.1 mM in base
was investigated, in order to determine whether there was a significant effect on
micellar structure observed when the tail length increased.

We have also investigated the variation in the CMC on mixing myristoyl proline
with different commercially available surfactants in sodium phosphate buffer. It is
of interest to determine this as surfactants are generally used as mixtures for for-
mulations. Therefore, the nature of the interactions with other surfactants will be
required for them to be used in commercial applications. [66] We have investigated
the effect of mixing myristoyl proline with an anionic surfactant, SDS, a non-ionic
surfactant, C12EO6 and a cationic surfactant, C14TAB. As with the amino acid sur-
factants all commercially available surfactants were dissolved in phosphate buffer
in order to ensure that the concentration of the buffer remained constant between
measurements. The CMCs of the commercially available surfactants in buffer were
also measured to determine whether this changed their CMCs.

Herein we report the CMC and micellar structures of mixtures of the amino acid
surfactants of interest for the first time. From this we were able to determine the
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nature of the interactions present between the surfactants. And hence whether mix-
tures of them were viable for commercial applications.

We also determined the CMC of mixtures of C14 Pro with commercially available
surfactants. Understanding the nature of the interactions between C14 Pro and dif-
ferent classes of commercial surfactant is essential prior to its use in commercial
applications, such as formulations where incompatibilities may cause destabilisa-
tion.

8.1 Effect of Mixing Surfactants upon the CMC

The CMCs of the amino acid surfactants were determined using the methodology
described in Chapter 3. Where possible these are reported in Table 8.1, and the sur-
face tension, ST, vs Ln(conc) plots were used to determine these parameters. The ST
vs Ln(conc) plot for a 1:1 mixture of C14 Pro and C14 Gln is shown in Figure 8.1, and
shows the expected behaviour. Although we see an inflection at around the CMC
which may be caused by some impurities or variation in the surface composition at
around the CMC.
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FIGURE 8.1: Surface tension vs ln(conc) plot for a 1:1 mixture of C14 Pro:
C14 Gln at room temperature in phosphate buffer, the stock 10 mM surfactant
solutions were dissolved in 0.1 M phosphate buffer at pH 7, see Chapter 3 for

composition.

We were unable to accurately determine a CMC for C14 Gly as it is not readily
soluble at room temperature. Which can be seen from the DLS data plotted in Figure
8.2, this was somewhat surprising as Qiao et al. [96] reported a CMC of 0.5 mM for
these surfactants at 25 °C in base prepared with NaOH. We found that the Krafft
temperature for this surfactant was 40 °C, from the DLS measurement. DLS data
was collected between 60 and 30 °C in 1 °C intervals and the average diameter of the
solution aggregates from the first peak is shown in Figure 8.2. We have also carried
out SANS measurements in base at room temperature, these will be discussed in
Section 8.2.1, and found that the C14 Gly is not soluble at room temperature under
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these conditions. It is possible that the crystallisation of the solution occurred more
slowly at 25 °C, but we were unable to replicate their results. The synthesis method
we utilised to prepare these samples and that Qiao et al. [96] used are very similar
and so we would not expect the differences found to be caused by a counterion
effect. We found that the sample became cloudy at a concentration of 0.47 mM,
and we would expect that at higher temperatures micelles would begin to form at
around this concentration.[223]
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FIGURE 8.2: Variation in aggregate diameter of the first DLS peak for C14 Gly
micelles on cooling from 60 to 30 °C, this accounts for over 90% of the droplet

population in all cases where an aggregate diameter is recorded.

The CMC for C14 Pro has also been previously measured by Bombelli et al.[224],
who utilised this compound in model membranes as a source of chirality in order
to establish its likely effect on the organisation of membranes. They reported a CMC
of 0.71 at 25 °C in water using conductivity, which is higher than the CMC that we
determined and outside the bounds of error but not so different as to cause con-
cern. In order to prepare the sodium salt of the surfactant they utilised the method
described by Takehara et al.[225] Whereby the N-acyl amino acid is dissolved in al-
cohol and neutralised using sodium methoxide in alcoholic solution, the product is
then crystalised using acetone and filtered. The variation between the value we de-
termined for the CMC and Bombelli et al.[224] found may be caused by differences
in measured CMC between conductivity and surface tension measurements and by
the effect of electrolyte concentration upon the CMC.

Measurements carried out by Sreenu et al.[226] in water for sodium N-acyl proline
surfactants prepared from naturally occurring mixtures of fatty acids in the same
manner as Bombelli et al.[224] have CMCs between 0.127 and 4.61 ×10−3 mM, de-
pending upon the fatty acid composition.

We were also interested in comparing the CMC of C14 Pro to that of 4-tetradecylbenzene
sulfonate, as the pressure area isotherm for C20 Pro was found to be comparable
to that of 4-nonadecylbenzene sulfonate. The CMC for sodium 4-tetradecylbenzene
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sulfonate has been reported to be 1.80-1.36 mM depending upon the method used to
analyse the conductivity measurement carried out.[227] This is significantly higher
than the CMC reported for C14 Pro, both by us and in the literature. This may be
partially caused by the difference in the electrolyte concentration, which has been
shown to have a significant effect upon the CMC of ionic surfactants, although the
measurements carried out by Bombelli et al.[224] were in pure water. [228] It may
also be caused by differences in the headgroup charge.

There is no literature information on the CMC of the C14 Gln surfactants is avail-
able, but the CMC is similar to that of the other two compounds as would be ex-
pected. This compound is naturally occurring and is found in the regurgitant of a
caterpillar.[229] The CMC of C14 Gln is very similar to that of C14 Pro as would
expected from their similar chemical structure, the headgroup volumes and their
expected headgroup charge are similar and their tails are identical.

CMCs for the mixtures of C14 Gln and C14 Gly were not measured as once again
they were insoluble at room temperature as the Krafft point was above room tem-
perature and so the CMCs could not be accurately determined. This lowering of the
Krafft temperature of mixtures has been previously reported and investigated for
various systems including those of SDS with dodecyl sulphates with bivalent metal
counterions.[230] For the mixtures of C14 Pro and C14 Gln we can see in Figure 8.3
that the CMCs for the mixtures are within error of those for the pure components
indicating that the mixing is likely to be ideal, the ideal behaviour can be predicted
using Equation 8.1.

1

C∗
=

α

C1
+

1− α
C2

(8.1)

Where C∗ is the CMC of the mixture, α is the mole fraction of the surfactant, C1 and
C2 are the CMCs of the pure surfactants.
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FIGURE 8.3: CMC variation for mixture of C14 Pro and C14 Gln as a function
of C14 Gln composition.
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From the variation in ST we are also able to calculate the area per molecule for the
surfactants at the CMC using the Gibbs equation, Equations 8.2 and 8.3.

Γ = − 1

nRT
× dσ

dln(c)
(8.2)

where Γ is the surface excess, n is the number of species, R is the gas constant, T is
the temperature and dσ

dln(c) is the gradient of the linear region of the surface tension
vs ln(conc) data prior to the CMC.

A =
1

ΓNa
(8.3)

Where A is the APM and Na is Avogadro’s number.

These values are quite high, around 60- 70 Å2 per molecule, compared to those
reported for SDS, C12EO6 and C12TAB which are 36, 39 and 45 Å2 per molecule
respectively.[146] The APM for the amino acid surfactants are found to be compara-
ble to those reported for rhamnolipids, which have large headgroups and branched
chains.[181] These compounds are not structurally similar to the amino acid surfac-
tants, suggesting that the higher APM for these compounds compared to those of
common commercially available surfactants are likely to have a different cause that
of the amino acid surfactants. There is some variation in the APM for the different
mixtures. For the C14 Pro: Gln mixtures the APM decreases with increasing C14 Gln
concentration. This behaviour follows the trend of ideal behaviour determined for
this mixture. The variation in APM for the C14 Pro: Gly mixtures is less consistent
and would require further investigation to determine the cause.

TABLE 8.1: Parameters extracted from variation in surface tension with con-
centration for mixtures of myristoyl amino acid surfactant including CMCs
and surface tensions at the CMC, γCMC . Acmc is the area per molecule at the
CMC calculated from the gradient of the tangent to the curve at it’s steepest
point of the surface tension vs ln(conc) graph, an example of which is shown
in Figure 8.1, using Equations 8.2 and 8.3. The packing parameter, P, is calcu-

lated using Equation 8.6

Compound CMC (mM) γCMC (mNm−1) ACMC (Å2) P

3:1 C14 Gly: C14 Pro 0.51±0.06 32.8±2.0 64±3 0.32±0.01

1:1 C14 Gly: C14 Pro 0.51±0.06 33.4±3.0 59±3 0.35±0.02

1:3 C14 Gly: C14 Pro 0.54±0.06 33.0±3.0 78±7 0.26±0.03

C14 Pro 0.57±0.06 33.3±1.1 76±6 0.28± 0.04

3:1 C14 Pro : C14 Gln 0.50±0.06 33.5±1.0 71± 8 0.30 ±0.03

1:1 C14 Pro : C14 Gln 0.57±0.06 31.8±2.2 68±6 0.31± 0.04

1:3 C14 Pro : C14 Gln 0.51±0.06 32.7±0.9 66±2 0.32± 0.01

C14 Gln 0.63±0.06 34.5±3.2 65±5 0.32± 0.03

The limitations of the application of the Gibbs equation to determine the APM for
anionic surfactants such as SDS at the air-water interface has been investigated by
Xu et al.[231] They found that the presence of impurities will result in APMs which
are higher than those determined using NR surface adsorption methods. Menger et
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al.[161] postulated that for ionic surfactants the adsorption does not reach saturation
and so the APM found using this methodology is inconsistent with that determined
using direct methods such as NR.

Despite the potential sources of error in the APM it can be used to predict the
packing parameter for these compounds and mixtures using Equations 8.4, 8.5 and
8.6.[144]

Vt = 27.4 + 26.9nc (8.4)

lt = 1.54 + 1.265n (8.5)

Where Vt and lt are the volume and maximum tail length of a hydrocarbon tail and
nc is the number of carbon atoms in the tail.

P =
V

aelt
(8.6)

Where ae is the equilibrium APM and P is the packing parameter.

The calculated values are reported in Table 8.1 which can be compared to the mi-
cellar structure determined measured using SANS. There may be some differences
caused by temperature variation as SANS measurements were carried out at 40
°C to ensure complete dissolution of the surfactants, although this is likely to be
small.[144], [232] The predicted packing parameters are between 0.26 and 0.35 and
so we would expect spherical or cylindrical micelles to form depending on the com-
position of the micelles and the temperature.

8.2 Structure of micelles in solution

The structure of micelles in solution was investigated at concentrations well above
the CMCs for the compounds of interest. Although, in Section 7.1 we only reported
the CMC values for myristoyl amino acid surfactants we also investigated the mi-
cellar structures of palmitoyl amino acid surfactants, in order to determine whether
significant structural changes were observed as the tail length increased. For the
longer chain surfactants the CMC is expected to be lower and so the measurements
will also be significantly above the CMCs of these surfactants.

The SANS data in this Section was all fitted using a spherical or an elliptical model
with the SLDs for the molecules being calculated in the same way as described in
Chapter 6, these are reported in Appendix C.[158] The spherical method was ap-
plied without any polydispersity or the need for a structure factor, due to the high
electrolyte concentration, which screens the charges between the micelles.

Measurements were carried out in D2O and a 70:30 mixture of D2O with h-surfactant.
d-surfactants were not used in these measurements as they would not give further
structural information and the used of hydrogenated solvent would increase the
background for these measurements. SAX measurements were not carried out as
there is not sufficient contrast between the water and the surfactants to allow the
structure to be determined.
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8.2.1 Structure of pure micelles in solution

We begin by discussing the results obtained for the pure C14 Pro, C14 Gly and C14
Gln samples at 5 mM concentrations, approximately 10 times the CMC for all pure
compounds and mixtures as previously reported in Table 8.1. We investigated all
samples at the same concentration rather than adjusting for variation in the CMC in
order to make sample preparation more facile when investigating mixed systems,
and allow for samples to be easily reused and minimise the sample volumes re-
quired.

For C14 Pro and C14 Gly measurement were carried out in buffer and base, at 25
°C and 40 °C to investigate the effect of temperature and dissolution method on the
micellar structure. The variation in micellar size with temperature has also been
investigated using DLS which was discussed in Section 8.1, and the Krafft temper-
ature was determined to be 40 °C for C14 Gly.

For the C14 Pro sample we found that samples dissolved in base at room tem-
perature and at elevated temperature could be fitted using the same model using
the same parameters, although, there was some difference in the results at high Q.
These discrepancies may be caused by some aggregation in the sample at room tem-
perature or some minor contamination of the sample or imperfection of the Helma
cell. This seems to be more likely as the bump in the high Q region is also observed
when the sample measured at room temperature was heated to 40°C but not when
a new sample was prepared and measured at 40°C, as shown in Figure 8.4. The data
collected in D2O is shown in Figure 8.4 and the samples measured in buffer were
fitted simultaneously with the other contrast measured (70:30 D2O: H2O) using the
spherical model in SASView with a radius of 22.0±1 Å. The samples measured in
base at the same concentration were able to be fitted using the same parameters,
indicating that the pH has little effect upon the structure of the micelles.
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FIGURE 8.4: Left: SANS data for hC14 Pro dissolved in D2O at 5mM con-
centration using base and phosphate buffer to facilitate dissolution at room
temperature and 40°C. Right: SANS data for h-C14 Pro at 40°C in buffer and

the fit obtained to the data.

In these fits we have used the SLD calculated for the whole molecule, although pre-
vious studies of SDS micelles have assumed that the headgroups are sufficiently
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hydrated as to be indistinguishable from the solvent.[230] Fitting of this data re-
quires a droplet radius greater than the Tanford length (of 18 Å for this molecule,
from Equation 8.5) in order to obtain an acceptable fit, the variable parameter are
reported in Table 8.2. This suggests that the measured radius includes some contri-
bution from relatively dry surfactant headgroups. The headgroups are likely to be
partially hydrated but further measurements would be required to determine the
extent of this.

TABLE 8.2: Fit parameters for the unconstrained variables using the spheri-
cal model in SASView for SANS data for 5 mM solutions of C14 amino acid

surfactants, where possible in buffer at 40 °C.

Sample Scale Radius, Å

C14 Pro 0.0013±0.0003 22.0±1.0

C14 Gly 0.0012±0.0003 23.0±1.5

C14 Gln 0.0011±0.0005 20.7±2.0

For the C14 Gly samples at 5 mM concentration the results are less consistent than
for the C14 Pro samples at the same concentration, as shown in Figure 8.5. The
samples in base at 40 °C are found to have a spherical structure similar to those
reported above for the C14 pro samples, with a radius of 23.0 ±1.5 Å. This does not
account for the signal at high Q which is also found to be spherical in nature, using
analysis of the gradient and the Porod’s law.
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FIGURE 8.5: Left: SANS data for hC14 Gly dissolved in D2O at 5 mM con-
centration using base and phosphate buffer to facilitate dissolution at room
temperature and 40°C. Right: SANS data for h-C14 Gly at 40 °C in base and

the fit obtained to the data.

The sample at room temperature is more complex and cannot be easily fitted using
standard models and a single micelle size. Analysis of the gradients of SANS pat-
tern recorded using the power law indicates that a spherical structure at is present
at high Q. When we compare this to the scattering pattern obtained for the sample
in buffer we find that the data obtained for this sample can be considered to just be
the high Q region of the data obtained for the sample in base. From the DLS data we



8.2. Structure of micelles in solution 167

expected the sample at room temperature to be aggregated, and this is supported
by the SANS data. We believe it is likely that the sample in buffer may not have
been completely equilibrated prior to measurement, and so was precipitated.

For the C14 Gln, data was only acquired in base at room temperature at 5mM con-
centration and was fitted using a spherical model with a radius of 20.7 Å. This is
within error of the Tanford length suggesting that the headgroups for this surfac-
tants may be more hydrated when compared to C14 Pro and C14 Gly.
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FIGURE 8.6: SANS data for hC14 Gln dissolved in D2O at 5 mM concentration
using base at RT

This can be compared to the DLS data recorded for C14 Gln in buffer at 10 mM
concentration, which was measured in order to determine if there was a significant
variation in size on cooling from 60 °C, as shown in Figure 8.7. At 22 °C the average
hydrodynamic radius of the micelles was found to be 37 Å from DLS.
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FIGURE 8.7: Variation in aggregate diameter of the first DLS peak for C14 Gln
micelles on cooling from 60 to 20 °C, this accounts for over 90% of the droplet

population in all cases where an aggregate diameter is recorded.
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This is larger than the value found from SANS but this can be accounted for when
we consider that the radius obtained from SANS does not include the water shell
associated with the micelle. Using DLS we found that there was no significant vari-
ation in the micelle size between 60 and 25 °C. There is a slight increase in micelle
diameter between 25 and 20°C but it is not large enough to suggest that there would
be a considerable difference in micelle size measured at 40°C. These measurements
in buffer for the C14 Gln sample give similar results to those for C14 Gly in buffer,
indicating that the structure of the two samples are likely to be similar. Hence the
structures of the micelles in buffer and base should be similar as predicted.

SDS micelles in both water and brine at 40°C form ellipsoid micelles, although as the
brine concentration increases the equatorial radius increases, resulting in elongated
micelles. This behaviour is not comparable to that of the amino acid surfactants
investigated in this thesis, although the effect of electrolyte concentration upon the
structure of these micelles has not been investigated.[233] A significant variation in
micelle size with temperature was also reported, from the data reported in this Sec-
tion and earlier Sections we do not expect that there will be significant temperature
dependent variation in micelle size for our samples.[234]

The spherical model used to fit the data is consistent with that predicted from
the packing parameter. The variation in the radii of these micelles is small, this is
slightly surprising considering the smaller molecular volume of the C14 Gly head-
group. This may be accounted for by differences in the hydration and packing of
the surfactants headgroups.

8.2.2 Structure of mixed amino acid surfactant micelles in solution

The micellar structure of mixtures of amino acid surfactants were measured using
SANS. As for the pure samples simultaneous fits to two contrasts were used to
obtain the fit to the data.
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FIGURE 8.8: SANS data recorded for mixtures for 5mM h-C14 amino acid
surfactants at 40°C in 0.1M phosphate buffer in D2O, Left: mixtures of C14

Pro and C14 Gly, Right: mixtures of C14 Pro and C14 Gln.

All data was once again fitted using the spherical model.[158] The surfactant SLDs
were calculated using the molecular volumes of the head and tail regions, and it
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was assumed as the mixing is ideal and so the proportion of the surfactants within
the micelle was equal to the molar ratio, the calculated surfactant SLDs are reported
in Appendix C.

As can be seen from the data in Figure 8.8 and the parameters extracted from the
data in Table 8.3 there is very little variation in the micellar structure for the mixtures
of the C14 amino acid surfactants at 40 °C. The only significant variation between
the samples is for mixtures high in C14 Gly where significant signal is seen at low
Q, which cannot be fitted to the spherical model. We believe this may be caused by
a small amount of the surfactant aggregating or may be caused by the presence of
impurities. However as it is similar to the high Q data we see for C14 Gly in NaOH
at 40 °C it is likely that the samples are not perfectly homogeneous.

The SANS data collected for mixtures thus far can be successfully fitted with a
spherical model, this is as was predicted from the packing parameter in the ma-
jority of cases. Although, for the 1:1 C14 Pro: C14 Gly the packing parameter was
greater than 1/3 and so a cylinder would be the expected structure. As the packing
parameter is within error of the value determined for a spherical micelle the pres-
ence of spherical micelles is not surprising. The difference in the predicted structure
and fitted structure may be due to the elevated temperature. Measurements would
need to be carried out at room temperature to confirm whether the packing parame-
ter was correctly predicted the structure in this case, as variation in temperature can
change the hydration of the headgroups and the fluidity of the tails which effects
the packing of surfactants. [234]

TABLE 8.3: Fit parameters for the unconstrained variables using the spheri-
cal model in SASView for SANS data for 5 mM solutions of C14 amino acid

surfactants, and their mixtures, where possible in buffer at 40 °C.

Sample Scale Radius, Å

C14 Gly 0.0012±0.0003 23.0±1.5

3:1 C14 Gly: C14 Pro 0.0011±0.0002 24.5±1.1

1:1 C14 Gly: C14 Pro 0.0012±0.0002 23.5± 1.5

1:3 C14 Gly: C14 Pro 0.0013±0.0002 22.8±1.0

C14 Pro 0.0013±0.0003 22.0±1.0

3:1 C14 Pro:C14 Gln 0.0013±0.0003 22.3±1.5

1:1 C14 Pro: C14 Gln 0.0012±0.0003 23.0±2.0

C14 Gln 0.0011±0.0005 20.7±2.0

From the fit parameters in Table 8.3 we see very little variation with the scale and
radii of nearly all the samples being within error of each other. Some of the samples
show a slight differences in their micellar radius. The cause of this would need to be
investigated by measuring further contrasts to determine the thickness of the head-
group layer and to confirm that the mole fractions of the surfactants in solution are
equal to the mole fractions of surfactants in the micelle.

As can be seen from the parameters in Table 8.4 reduction in the concentration of the
surfactants does not effect the structure of the micelles. The only parameter to vary
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is the scale, as is to be expected as this is related to the volume fraction of scatterers
in solution which will reduce when the concentration is reduced. Investigation in
the structure of micelles at higher concentrations may yield more interesting results.

TABLE 8.4: Variation in the scale required to fit SANS data for C14 amino acid
mixtures at 5 mM and 2.5 mM in phosphate buffer at 40 °C, the radii of the

micelles are equal to those reported in Table 8.3

Sample Scale at 5 mM Scale at 2.5 mM

3:1 C14 Pro: Gly 0.0013 0.00057

1:1 C14 Pro: Gly 0.0012 0.00053

1:3 C14 Pro: Gly 0.0011 0.00047

From the SANS data collected from the mixtures of C14 Pro with C14 Gly and C14
Gln at 40 °C we do no see and deviations from the ideal behaviour predicted from
the ST vs ln(conc) data.
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FIGURE 8.9: SANS data for a 5 mM 1:1 mixture of C14 Gln: C14 Gly at 40 °C.
Best fits using the spherical and ellipsoid models are shown for the data.

We have also investigated the structure of a 1:1 molar mixture of C14 Gly and C14
Gln, although in this case only a single contrast was measured in D2O buffer. As
can be seen in Figure 8.9, as for the pure C14 Gly sample, and to a lesser extent the
C14 Gln sample, there is a significant signal at low Q, which is likely to be caused
by some aggregation of the sample.

Therefore, in order to fit the data to a model we only fitted the data after Q = 0.015
Å−1. Unlike the other samples the best fit to this data was obtained using an el-
lipsoid model, the parameters for which are reported in Table 8.5 .[156] There is a
significant difference in the polar and equatorial radii required to obtain a good fit
to the data. This is more similar to the structure of micelles obtained for SDS in
water. [233], [234]
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TABLE 8.5: Fit parameters for the unconstrained variables using the ellipsoid
model in SASView for SANS data for 5 mM solutions of a 1:1 C14 Gly:C14 Gly

mixture in buffer at 40 °C.

Sample Scale Radiuspol, Å Radiusequat, Å

1:1 C14 Gly: C14 Pro 0.0015±0.0002 15.5±1.5 36.1±2.9

The difference between the structure of the mixed C14 Gln: C14 Gly micelles and
that of the pure surfactant components is interesting. Further investigation into the
structure of these systems will be required to better understand the cause of the
variation in structure. As the structure is more similar to that of SDS micelles inves-
tigation into the effect of surfactant and electrolyte concentration upon the structure
of the micelles would be of interest as these have been found to effect the structure
of SDS micelles. [233]

8.2.3 Effect of tail length upon the micellar structure of pure and mixed
surfactant systems

The effect of increasing the tail length of the surfactants on the micellear is not con-
sistent for the different surfactant. For the mixture of C16 Gly and C14 Pro the mi-
cellar structure can be fitted using the spherical model, and as can be seen in Table
8.6 the micellar radius increases in all cases when compared to the C14 equivalents.
However, the extent to which the radius of the micelle increases is not consistent.
For the C16 Pro micelle the increase in the micelle size is equal to the increase in the
Tanford length from Equation 8.5.

TABLE 8.6: Fit parameters for the unconstrained variables using the spheri-
cal model in SASView for SANS data for 5 mM solutions of C16 amino acid

surfactants, and their mixtures, in base at 40 °C.

Sample Radius, Å Scale

C16 Gly 27.4 ± 1.5 0.00091±0.0001

3:1 C16 Gly : C16 Pro 24.7± 1.0 0.00097±0.00005

1:1 C16 Gly: C16 Pro 23.5± 1.5 0.00089 ±0.0001

1:3 C16 Gly: C16 Pro 23.3 ± 1.5 0.00086 ± 0.0001

C16 Pro 24.5 ± 2.0 0.00084± 0.0003

For the mixtures the increase in micelle size is much smaller, and this can be justified
by considering the difference in the expected packing parameter as the tail length
increases, resulting in a more hydrated headgroup and hence an apparently smaller
micelle. Further measurements, including the CMCs of these mixtures would need
to be carried out in order to determine this. The variation of the micellar size for the
C16 Gly micelle compared to that of the C14 Gly micelle is less predictable, as the
micellar radius increases by more than the Tanford length. This suggests that that
the headgroup may be less hydrated. As for the mixtures further measurements
would be required to rationalise these results.
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8.3 Mixtures of myristoyl proline with commercially avail-
able surfactants

The interaction between amino acid surfactants and commercially available surfac-
tants is likely to determine their applicability to a range of applications. Surfactants
are rarely used in isolation, mixing of surfactants is used in the formulation industry
in order to access the positive characteristics of different types of surfactants within
a single product.[223]

For this reason we have investigated the variation in the CMC in mixtures of C14
Pro with three commercially available surfactants; one anionic, one cationic and one
non-ionic surfactant. We expect that the extent of the interaction present will vary
depending upon the charge of the surfactants. C14 Pro was used as it was found
to have the most desirable characteristics of the amino acid surfactants. It was not
only soluble at room temperature but mixing it with C14 Gly did not result in pre-
cipitation from the mixed systems.

We begin by investigating the interaction between C14 Pro and SDS, and as can
be seen from Figure 8.10, a slight negative deviation from ideal mixing is found for
these mixtures. In order to quantify the deviation from ideality the β parameter can
be calculated for the mixed system using Equation 8.7.[235]

β =
ln((α1Cmix)/(x1C1)

(1− x1)2
=
ln((α2Cmix)/((1/x1)C2)

x21
(8.7)

Where β is the interaction parameter, α1 is the mole fraction of surfactant in solu-
tion, Cmix is the mixed CMC, C1 and C2 are the CMC of the pure surfactants and x1
is the mole fraction of surfactant in the mixed micelles.

In order to calculate the β parameter x1 must be calculated using Equation 8.8, as
these mixtures are not ideal and so we cannot assume that the micellar composition
is equal to the solution composition.

1 =
(x1)

2ln((α1Cmix)/(x1C1)

(1− x1)2ln((1− α1)Cmix/(1− x1)C2
(8.8)

The CMC for SDS, Table 8.7, is found to be significantly lower than the value re-
ported in the literature, for SDS in pure water.[6] This is not surprising as the effect
of electrolyte concentration on the CMC of surfactants has been widely reported. A
depreciation in the CMC for SDS has been reported by Fuguet et al.[228] with in-
creasing phosphate buffer concentration. Although the depreciation we find in the
CMC is greater than that reported. This difference may be caused by the different
method used to determine the CMC, Fuguet et al. [228], investigated the CMC using
the conductivity, which has been found to be less sensitive as the salt concentration
increases.
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FIGURE 8.10: Variation of CMC with C14 Pro mole fraction for mixtures of
C14 Pro and SDS and room temperature. The solid line is the calculated values

for ideal mixing using Equation 8.1

The average β parameter for mixtures, -0.47, of C14 Pro and SDS are similar to those
reported for mixtures of formally nonionic surfactants with different tail lengths.[236]
Mixtures of cationic surfactants hexadecylpyridinium chloride and decyltrimethy-
lammonium chloride with the same tail length show ideal behaviour as expected
for mixtures of surfactants of the same charge.[237] In order to determine whether
the slight deviation from ideality for the mixtures of SDS with C14 Pro is caused by
the difference in tail length between the two surfactants or some other interaction
further measurements would need to be carried out for mixtures with the same tail
length.

TABLE 8.7: Parameters extracted from variation in surface tension with con-
centration for mixtures of myristoyl proline with SDS including CMCs and
surface tensions at the CMC, γCMC . Acmc is the area per molecule at the CMC
calculated from the tangent to the gradient of the tangent of the curve at it’s
steepest point of the surface tension vs ln(conc) graph, using Equations 8.2

and 8.3.

Compound CMC (mM) γCMC (mNm−1) ACMC (Å2) β

C14 Pro 0.57±0.06 33.3± 1.1 76±6

3:1 C14 Pro:SDS 0.68±0.02 33.6±0.5 62±6 -0.34±0.07

1:1 C14 Pro:SDS 0.80±0.05 32.5 ±1.1 54±4 -0.43±0.10

1:3 C14 Pro:SDS 1.07±0.05 31.0± 0.8 54±3 -0.65±0.73

SDS 1.84±0.06 31±3 36±4

Mixtures of alkyl polyethylene non-ionic surfactants with other surfactants have
been widely investigated because of their wide range of applications due to their
excellent detergent, emulsification and solubilisation properties.[238]
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FIGURE 8.11: Variation of CMC with C14 Pro mole fraction for mixtures of
C14 Pro and C12EO6 and room temperature. The solid line is the calculated

values for ideal mixing using Equation 8.1

The CMC of the C12EO6 is within error of that reported in the literature, 0.091
mM,[8] however the area per molecule is much larger than that reported by Staples
et al.[239] for C12EO8 of 36 Å2 per molecule in 0.1 M NaCl solution. The variation
between the two APM is significant but requires further investigation due to the
high error in the measurement. Further measurements which may improve the pre-
cision of the data include repeat measurements of the CMC and comparison with
NR surface adsorption data. This would allow for more accurate determination of
the APM and structure of the surfactants at the interface.[146], [240]

TABLE 8.8: Parameters extracted from variation in surface tension with con-
centration for mixtures of myristoyl proline with C12EO6 including CMCs and
surface tensions at the CMC, γCMC . Acmc is the area per molecule at the CMC
calculated from the gradient of the tangent of the steepest part of the curve of

the surface tension vs ln(conc) graph, using Equations 8.2 and 8.3.

Compound CMC (mM) γCMC (mNm−1) ACMC (Å2) β

C14 Pro 0.57±0.06 33.3± 1.1 76±6

3:1 C14 Pro:C12EO6 0.19±0.01 33.1±0.4 97±6 -1.3±0.1

1:1 C14 Pro:C12EO6 0.096 ±0.004 32.5±0.6 83±1 -2.2±0.2

1:3 C14 Pro:C12EO6 0.073±0.004 32.2±0.3 61±2 -2.9±0.2

C12EO6 0.083±0.008 31.0±0.1 56±20

The deviation from ideal is more pronounced for these mixtures than for the C14
Pro: SDS mixtures, as can be seen from the higher β parameters reported in Table
8.8, the average of which is -2.1 Å, indicating a greater attractive interaction between
the two molecules. This is comparable with the β parameters calculated for other
anionic: non-ionic mixed systems. [238] This is caused by the non-ionic surfactants
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shielding the charges of the ionic surfactants thus micelles can form at lower con-
centrations.

The variation in the APM shows a less clear trend than for the previous mixture,
where the APM was within error for all mixtures. Investigation into the surface ad-
sorption of these two compounds at different molar ratios using NR could be used
to give an indication as the cause of the variation in APM, as the surface adsorption
of surfactant does not always reflect their behaviour in solution.

Finally we investigate mixtures of C14 Pro with C14TAB, as expected of oppositely
charged surfactants there is a clear deviation from ideal mixing seen in Figure 8.12.
As with the SDS, C14TAB also shows a decrease in CMC when compared to the lit-
erature value in pure water, of 3.8 mM.[228] This is once again likely to have been
caused by the high electrolyte concentration present in the buffer. [228]

Unlike the other mixtures of C14 Pro with commercially available surfactants a de-
preciation in the ST at the CMC was found for these mixtures, this effect is only
observed for mixtures of surfactant with opposite ionic charges. [241] This is not
surprising when the likely interactions between the headgroups are considered, the
oppositely charged surfactants are likely to interact strongly, resulting in a surfac-
tant which is essentially double tailed which tend to adsorb more strongly to inter-
faces than their single tailed equivalents.
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FIGURE 8.12: Variation of CMC with C14 Pro mole fraction for mixtures of
C14 Pro and C14TAB and room temperature. The solid line is the calculated

values for ideal mixing using Equation 8.1

The β parameter for these mixtures is significantly greater than the other mixtures.
However, when compared to other mixtures of oppositely charge surfactants the β
parameter is smaller than for many of these systems. This can be justified when the
high ionic charge of the solvent is considered, and has been previously shown to re-
duce the β parameter. This is likely to be caused by the ions in solution shielding the
charges between the headgroups and so forming micelles at lower concentrations.[242]
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It would be interesting to see how varying the phosphate buffer concentration will
effect the ST measurements, and possibly the structure of the mixture.

TABLE 8.9: Parameters extracted from variation in surface tension with con-
centration for mixtures of myristoyl proline with C14TAB including CMCs
and surface tensions at the CMC, γCMC . Acmc is the area per molecule at the
CMC calculated from the gradient of the linear region of the surface tension

vs ln(conc) graph, using Equations 8.2 and 8.3.

Compound CMC (mM) γCMC (mNm−1) ACMC (Å2) β

C14 Pro 0.57±0.06 33.3± 1.1 76±6

3:1 C14 Pro:C14TAB 0.057±0.006 27.2±0.2 79±3 -9.1±1.1

1:1 C14 Pro:C14TAB 0.051±0.006 27.3±0.1 98±6 -8.1±0.7

1:3 C14 Pro:C14TAB 0.051±0.005 27.3±0.2 82±2 -9.4±0.6

C14TAB 0.48±0.07 29.9±0.4 91±6

During CMC measurements we observed that for the 1:1 mixtures of C14 Pro: C14TAB
at 10 mM concentration some interesting phase separation occurred. After being al-
lowed to equilibrate worm like structures could be seen within the solution, which
when shaken, formed a cloudy solution. SANS data collected for this sample is
shown in Figure 8.13. The data can be fitted using an ellipsoid model with a polar
radius of 18.7 Å and an equatorial radius of 39.4 Å. This is similar to the structure
which was measured for an equimolar mixture of C16TAB and a hydrophobic amino
acid mimic, which was hypothesised to be forming elongated micelles from varia-
tion in the rheological properties and light scattering as well and SANS data.[243]
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FIGURE 8.13: SANS data for a 1:1 mixture of h-C14 Pro and h-C14TAB in D2O
phosphate buffer. Fit was carried out in SASview using the ellipsoid model.

The SANS data collected for the mixture of C16TAB and the hydrophobic amino
acid mimic showed significantly more elongated micelles, which may develop at
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higher surfactant concentration of our samples. The fit was constrained so that the
polar axis radius was calculated to be approximately equal to the Tanford length,
Equation 8.5. In order to better constrain this model further contrasts would need
to be measured and simultaneously fit, by measuring micelles with each surfactant
simultaneously fit. The composition of the micelles could also be investigated by
selectively deuterating each component, this would be especially interesting for un-
equal mixtures of the two surfactants.

The degree of elongation along the equatorial radius is not significant enough to
account for the structures observed with the naked eye, and these could be further
investigated using cryo-TEM and rheology.[244]

8.4 Conclusions

The CMCs of the amino acid surfactants are quite low for anionic surfactants of their
tail length, and sit between the CMC for zwitterionic and ionic surfactants of this
tail length. The high concentration of electrolyte used may be causing some depreci-
ation in the CMC, but measurement of the CMC carried out for the pure surfactants
in the literature are also low compared to equivalent commercially available anionic
surfactants.[227], [245]

The behaviour of mixed C14 Pro and C14 Gln surfactants can be predicted to be
ideal, as was found for the C20 equivalents, indicating that there is no adverse effect
upon their surfactant properties when they are mixed. The behaviour of the C14 Gly
surfactant is, as with the C20 surfactants, significantly different, as the Krafft point
of C14 Gly was determined to be 40 °C, while for the other surfactants the Krafft
point was below 20 °C, the lowest temperature measured using DLS. This means
that the viability of the preparation of the surfactants from a mixed source would
depend on the composition of the source. If the concentration of Gly was too high
the Krafft temperature of the mixture is likely to be below room temperature reduc-
ing the applicability of the surfactants.

The micellar structure of the C14 surfactants were measured at either 40 °C and
where possible 22 °C or both. We found that there was little variation between the
structures at room temperature and elevated temperature when the Krafft point of
the surfactant was below 20 °C. The micelles were all fitted to a spherical model,
with radii within the margin of error of each other. The level of hydration of the
headgroups was not high enough as to contrast match them to the solvent, as has
been reported for SDS.[230] Therefore, the radii can be expected to be that of the en-
tire surfactant, although for C14 Gln a smaller radius was determined. So we believe
that this headgroup is more hydrated and therefore the total radius of the surfac-
tant may be slightly greater than the value determined from SANS. To determine
the radii of the core and whether the C14 Gln surfactant headgroup is significantly
hydrated further experiments would need to be carried out.

The micellar structures of the mixtures of the myristoyl amino acid surfactants at
40 °C could all be fitted using a spherical model. This was as predicted from the
surface tension measurements for the mixtures of C14 Pro and C14 Gln. We pre-
dicted that there may be a cylindrical micelle present for the 1:1 C14 Pro: C14 Gly
mixture, further measurements would need to be carried out to determine whether
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this is the case at room temperature. The data could all be fitted without any pa-
rameter to account for the structure factor due to the reasonably low concentration
of the surfactants and the charge screening facilitated by the high base and buffer
concentration.

The micellar structures of C16 amino acid surfactants were slightly larger than those
of the C14 amino acid surfactants, with the data collected at 40 °C once again being
successfully fitted to a spherical model.

Mixtures of C14 Pro with commercially available surfactants all showed a negative
deviation from ideal behaviour indicating that there is a nonideal interaction occur-
ring between the surfactants. The extent of this varies depending upon the system.
For the mixtures of SDS and C14 Pro the deviation from ideal is very small as would
be expected for two anionic surfactants, and may be caused by the small difference
in their tail lengths, which has been found to increase β for other systems.[242] The
interaction between the C14 Pro and C12EO6 is more significant and is in the range
of that reported for other mixtures of anionic and non-ionic surfactants.[246], [238]

The interaction parameter for the mixtures of C14 Pro and C14TAB is considerably
higher as would be expected for a mixture of cationic and anionic surfactants. The
nature of these interactions are of particular interest as Verma et al.[243] have in-
vestigated the self assembly between C12TAB and a hydrophobic amino acid mimic
at varying pH and reported that at high pH, when the carboxylate becomes nega-
tively charged, elongation of the micelles is present. This is of particular interest as
for the 1:1 mixture of C14 Pro and C14TAB wormlike structures were observed with
the naked eye in solution for a 10 mM concentration of the surfactants when the
samples were left to equilibrate. These could be broken up by shaking the sample
which resulted in a cloudy solution. This was not observed for the other mixtures
of C14 Pro and C14TAB at the same concentration. At 10 mM no obvious change in
viscosity was observed, investigations into these samples at higher concentrations
may result in increased viscosity, if wormlike micelles are present.

8.5 Future work

In order to better understand the nature of the C14 Gly surfactants and their mix-
tures CMCs of the mixtures will need to be carried at temperatures above their
Krafft point. We are also intrigued in the cause of the low Krafft point of the C14
Gly surfactants. We have investigated the possibility of preparing surfactants with
headgroups prepared from chains of glycine, in order to determine whether the low
Krafft point is due to the size or chemical nature of the headgroup, we have suc-
ceeded in preparing C14 Gly-Gly and there are other glycine chains which are com-
mercially available. This may also be of interest for preparing more specialised sur-
factants, which may be able to combine the different properties of different amino
acid surfactants.

In order to reduce the effect of Krafft temperature C12 amino acid surfactants could
be used, these are readily synthesised using the same methodology listed in Chap-
ter 4. The physical characteristics of these surfactants and their structures would
need to be investigated in order to determine whether the decrease in tail length
would have a significant enough effect upon the Krafft temperature to result in C12
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Gly surfactant being soluble at room temperature.

We would also like to investigate the effect of the counterion upon the solubil-
ity, physical characteristics and micellar structure, this could be achieved by using
potassium phosphate buffer.

As previously discussed the APM determined from ST measurements may not be
completely accurate and so NR measurements can be used to more accurately deter-
mine this.[146], [239] Investigation into surface composition of the mixed systems
would also be of interest as this is often different to that of the micelles. These mea-
surements would give an indication as to the surfactant adsorption of the different
components at the interface and hence the relative surface activity of the two com-
ponents, which is not easily distinguishable for such similar compounds.[239] As
well as determining the surface composition further SANS experiments could be
carried out on the mixtures of amino acid surfactants to test our hypothesis that the
composition of the micelles is approximately equal to that of the solution, as pre-
dicted from the ideal mixing determined for these samples.

Further characterisation of the mixtures of C14TAB and C14 Pro would be of in-
terest in order to determine the nature of the structure which are forming and its
dependence on composition. It would also be interesting to investigate the interac-
tions and structures formed between amino acid surfactants and charged polymers
such as PEI as interesting interactions have been reported between this polymer and
SDS. [247], [248]
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9 Potential Applications of Amino
Acid Surfactants

In this chapter the preparation and characterisation of emulsions prepared using
myristoyl and palmitoyl amino acid surfactants are discussed. The preparation of
emulsions from these compounds are of interest as emulsions are widely used in
formulation and amino acid based surfactants which have been reported to be bio-
compatible and biodegradable, which makes them perfect for applications in per-
sonal care and agrochemical formulations.[25], [101] This was discussed in more
detail in Chapter 1.

The emulsification power of some amino acid surfactants, with both unsaturated
and saturated tails, has been previously determined by Sreenu et al, [100], [249] and
indicated that they had good emulsification properties. The emulsification proper-
ties for sodium N-lauroyl proline are within error of those of SDS,[249] while those
of sodium N-oleoyl proline gave slightly better emulsification than SDS. This data
indicates that the proline based surfactant produced for this thesis are likely to have
good emulsification properties, [100] and that the glycine and glutamine based sur-
factants used in this report also have potential to be reasonable emulsifiers, although
structures with these headgroups have not been investigated.

Previous work carried out by Akter et al.[104] described a preparation method for
microemulsions using sodium N-lauroylsarcosinate, which has a similar structure
to N-lauroylglycine with the addition of a methyl group on the amino region of the
headgroup. In this section we do not produce microemulsions, which are defined
as forming spontaneously, as we use sonication to produce emulsions. Microemul-
sions also tend to use much higher concentrations of surfactant than we have used
here.

The preparation of the emulsion described herein was carried out using low con-
centrations of surfactant and up to 20 vol% oil. Hexadecane and dodecane were
used in these studies. This produced oil in water emulsions whose structures were
analysed using DLS and SANS. This was possible due to the small diameter of the
emulsion droplets.

The emulsions studied using SANS were prepared using deuterated dodecane. Two
contrasts were used to allow for different properties of the emulsions to be in-
vestigated. To determine the size of the droplets emulsions were prepared using
d-dodecane in H2O buffer and hydrogenated surfactants to stabilise the droplets.
In order to investigate how the surfactant at the oil-water interface stabilises the
droplet, emulsions were prepared using deuterated dodecane and D2O with hy-
drogenated surfactant, once again taking advantage of the difference in scattering
between hydrogen and deuterium.

The preparation and of emulsions using amino acid surfactants as stabilisers has
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not been previously carried out using the method discussed herein. The stability of
the emulsions was tested and found to be good, and their droplet size is sufficiently
low for them to be defined as nano emulsions.

Although SANS measurements have been previously used to investigate emulsion
structure this is the first time this has been applied to these systems, and some in-
teresting results were obtained.

9.1 Variation in emulsion droplet size with time

We began by preparing emulsions at 20 vol% hexadecane and 10mM myristoyl
amino acid surfactant solution in phosphate buffer. The methodology for the prepa-
ration of the emulsions is described in Chapter 3. Hexadecane was used due to its
low solubility in water, 7.8 ×10−8 mol/m3, which minimises Otswald ripening as
can be calculated using Equation 9.1, which is potential route of emulsion destabil-
isation as a consequence of Lifshitz–Slyozev and Wagner theory. [250], [251], [252]

r3 =
8

9
×
[
c(∞)γVmD

2

ρRT

]
t (9.1)

Where r is the droplet radius, c(∞) is the bulk solubility, γ is the chemical potential,
Vm is the molar volume of the dispersed phase, D is the diffusion coefficient of the
disperse phase, ρ is th density of the disperse phase, R is the gas constant, T is the
temperature and t is time.

We have further shown that the main route to emulsion destabilisation is not Otswald
ripening, by plotting the radius cubed of the emulsion droplets against time, Figure
9.1. There is a linear relationship between Otswald ripening and the droplet radius
cubed if Otswald ripening is occurring as shown by Equation 9.2.

r3 − r30 = ωORt =
8γVmc∞D

9RT
t (9.2)

Where r0 is the initial radius, ωOR is the rate of Otswald ripening and t is time. The
second half of the equation allows for determination of the Otswald ripening rate
from parameters which are known or can be calculated, Vm is the molar volume of
oil, c∞ is the solubility of oil in the aqueous phase, D is the the diffusion constant of
the oil through the aqueous phase, R is the gas constant and T is the temperature.

As we can see in Figure 9.1 there very little increase in droplet radius with time
and the increase does not occur in a linear manner. We have only shown the data
collected between 0 and 28 days for clarity, data collected at longer time periods
also does not show a linear increase in droplet r3. This indicates that coalescence is
not the primary cause in the variation in emulsion droplet size.

The initial diameter of all the emulsions at 20 vol% hexadecane is less than 200 nm,
which means these emulsions can be most accurately be described as nano or mini-
emulsions. Unlike microemulsions nano-emulsion are not consistently defined in
the literature.
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FIGURE 9.1: Variation of the average r3 for 20 vol% hexadecane emulsions
prepared with 10mM myristoyl amino acid surfactants in phosphate buffer
with time, over 28 days. Errors are calculated from variation in the average
diameter, a PDI of ≤0.16 was found for all data, this was extracted using cu-

mulant analysis in the DLS software.

Microemulsions are defined as being emulsions which spontaneously form result-
ing in thermodynamically stabilised droplets which tend to have droplet sizes be-
tween 10 and 100 nm. Nano-emulsions on the other hand are kinetically stable and
are most easily formed by the application of shear, whether by sonication or mixing.
In this case sonication was used.[253] An area of contention is the droplet size. Ma-
son et al.[254] described nano-emulsions as having radii below 100 nm while Gupta
et al.[255] have a looser definition with radii up to 500 nm. The emulsions we have
prepared are on the upper limit of the definition of nano-emulsions according to
Mason et al. but well below the upper limit defined by Gupta et al.
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FIGURE 9.2: Variation of the hydrodynamic diameter of emulsion droplets
with time between 0 and 172 days for emulsions prepared with 20 vol% hex-
adecane and 10mM C14 surfactant solutions. Errors are calculated from vari-
ation in the average diameter, a PDI of ≤0.16 was found for all data, this was

extracted using cumulant analysis in the DLS software.

The emulsions reported in this thesis were all prepared using the same procedure,
using sonication described in Chapter 3. The effect of shear on droplet size was not
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investigated during the course of these experiments.

The diameter of the droplets in these emulsions was measured over a period of a
little over 5 months. A small increase in diameter was recorded for all samples over
this time period, as can be seen in Figure 9.2. As Otswald ripening has been min-
imised by the using hexadecane, which has a very low water solubility, the cause of
this size increase must be either coalescence or flocculation.

The behaviour of the emulsion prepared using C14 Gly is closer to what may be
expected with the diameter of the droplet increasing with time. As nano emulsions
are kinetically stable, we would expect the emulsion droplet size to tend towards
an equilibrium droplet size. However, for the emulsions prepared using C14 Gln
and C14 Pro the increase in size was not consistent with time and some decreases in
diameter were observed. It may be possible to explain these variations by observing
changes in the bulk emulsions.

The initial increase in droplet size followed by a decrease in droplet size is caused by
the larger droplets creaming leaving the smaller droplets lower in the sample.[252]
This theory could be tested by agitating the samples prior to measurement. Cream-
ing of the emulsions can be seen in Figure 9.3 and Figure 9.4 after 116 days. Once
creaming occurs this also can increase the rate of flocculation and coalescence as the
droplets are in closer proximity.

t= 7t=0 t=1 t=28 t=116

FIGURE 9.3: Variation in the 20 vol% hexadecane in water emulsions stabilised
by 10 mM C14 Pro in phosphate buffer over a period of 116 days. The pink
colour is caused by Nile Red, which was added to aid visualisation of any

separation

For the C14 Pro and C14 Gln samples some hexadecane separation was observed
within 24 hours of preparation. In Figure 9.3 the variation in the amount of oil
separation in the C14 pro emulsion is shown. After 1 day there is significant oil
separation, after 1 week this has increased but after 28 days this oil appears to have
been reincorporated into the emulsion. This coincides with a decrease in the droplet
diameter recorded, which is somewhat counter intuitive, as we would expect a de-
crease in droplet size as the amount of oil in the emulsion decreases. We do not
expect there to have been any evaporation from the emulsions as hexadecane has
a high boiling point and the bottles were tightly sealed between measurements.
Further investigation would be required to determine the cause of this variation,
including alternative storage regimes described in more detail in later sections, as



9.1. Variation in emulsion droplet size with time 185

it may be that temperature variation in the lab may have facilitated spontaneous
emulsification.

FIGURE 9.4: Variation in the 20 vol% hexadecane in water emulsions stabilised
by 10 mM C14 Gln in phosphate buffer over a period of 116 days. The pink
colour is caused by Nile Red, which was added to aid visualisation of any

separation

For the C14 Gln emulsions the separation of the oil released from the sample over
time is shown in Figure 9.4. Here we can see that some oil is released after 24 hours
which remains constant up to 7 days. After 28 days the oil once again appeared to
have been reincorporated, which once again coincides with a decrease in average
diameter.
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FIGURE 9.5: Variation of the hydrodynamic diameter of emulsion droplets
with time between 0 and 171 days for emulsions prepared with 10 vol% hex-
adecane and 10mM C14 surfactant solutions. Errors are calculated from vari-
ation in the average diameter, a PDI of ≤0.16 was found for all data, this was

extracted using cumulant analysis in the DLS software.

We also investigated emulsions prepared at lower vol% oil in order to avoid oil
separation. Emulsions were prepared using 10 mM myristoyl amino acid surfac-
tants and hexadecane at 10 vol%, these emulsions did not show oil separation at
any point. Their initial average hydrodynamic diameters of the droplets are signifi-
cantly lower than recorded for the 20 vol% emulsions. These emulsion droplets also
increase in diameter more consistently over time than those for the higher oil con-
centration and anomalies in the increase in size are much less significant than those
observed in the 20 vol% emulsions, as shown in Figure 9.5. We once again checked



186 Chapter 9. Potential Applications of Amino Acid Surfactants

that Otswald ripening was not the mode of emulsion destabilisation this data is in-
cluded in Appendix G. We felt it was best to check this again, as increased surfactant
concentration has been shown to increase the rate of Otswald ripening.[250] The
presence of micelles in solution can facilitate the transport of hexadecane through
the continuous phase.

The average diameter of these emulsion droplets increase up to a similar diameter
to those reported for the higher vol% oil, indicating that the mechanism of destabili-
sation of the two samples is likely to be similar as they tend towards the equilibrium
droplet size. The droplet size increase may either be by flocculation or coalescence
of the droplets or by a combination of the two.

We also investigated the structure of emulsions prepared using palmitoyl amino
acid surfactants. The emulsions were prepared at 10 vol% hexadecane using 5 mM
solutions of the surfactants. A lower concentration of the palmitoyl surfactants was
used due to their lower CMCs when compared to those of the myristoyl surfactants.
At this vol% of oil incomplete incorporation of the oil was observed for the emul-
sion prepared using C16 Gln. Both the C16 Pro and C16 Gln samples show further
oil separation after 24 hours, while the C16 Gly sample showed no separation. This
is similar to the results obtained for the C14 amino acid surfactant emulsions at 20
vol%.
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FIGURE 9.6: Variation of the hydrodynamic radius of emulsion droplets with
time between 0 and 162 days for emulsions prepared with 10 vol% hexadecane
and 5mM C16 surfactant solutions, Errors are calculated from variation in the
average diameter, a PDI of ≤0.16 was found for all data, this was extracted

using cumulant analysis in the DLS software.

A large decrease in average droplet diameter was recorded for the C16 Gly emul-
sion after 28 days, the cause of this result is unknown. Further studies are required
to determine the cause of this variation.

The C16 Gln emulsion was the least stable, as shown by the variation in droplet
diameter and oil separation observed over the first week. Unlike the other samples
the C16 Gln emulsion could not be fully redispersed on shaking and some solid
aggregates had formed after 157 days. For the C16 Gly and C16 Pro emulsions a
gelatinous layer had formed on the top of the emulsion at this point but it was redis-
persed on shaking. This indicates that the C16 surfactants are less good emulsifiers
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than their C14 equivalents. The cause of this would require further investigation.

The stability of these emulsions may be partially due to the charged nature of the
surfactants. Work by Wang et al.[252] reports the effect of mixing non-ionic and ionic
surfactants on the stability of the emulsions. They found that including a cationic
surfactant at a mole fraction of 0.3 increased the stability of the decane in water
emulsions over a 24 hour period. They hypothesised that the increased stability
of the emulsions was caused by repulsive electrostatic forces between the droplets
reducing the rate of flocculation. Hexadecane in water nano-emulsions prepared
using charged surfactants and bioemulsifiers were also stable; in the case of the
bioemulsifier, for more than two months.[256], [257] This indicates that the nature
of the charged stabiliser is not important in improving the stability of emulsion
droplets.

The data obtained for the C16 emulsions along with their physical degradation indi-
cates that further studies would be beneficial, specifically investigating the stability
of samples with lower vol% oil to determine if this gives better emulsion stability,
as well as investigating the stability of emulsions at elevated temperature and those
which have been exposed to freeze-thaw cycles.

9.2 Variation of emulsion size with concentration

We also investigated the effect of concentration of the surfactant on emulsion droplet
size for the myristoyl proline and myristoyl glycine surfactants. All emulsions were
prepared using 20 vol% hexadecane and 20mM surfactant solution diluted to lower
concentrations in deionised water. Myristoyl glycine and myristoyl proline emul-
sions were chosen as they have been synthesised in larger batches than the myris-
toyl glutamine, as discussed in Chapter 4. These samples also have the most dif-
ferent behaviour, with the proline surfactant being easily dissolved in the standard
0.1M phosphate buffer while the glycine surfactant required high temperature to
achieve full dissolution. The emulsions were all prepared at room temperature
with a sonic probe, however, some heating of the samples occurred during soni-
cation. The heating of the samples is unlikely to cause any surfactant degradation
as the bond disassociation energy for amide bonds in similar compounds have been
calculated to be more than 350 kJmol−1. [258]

Samples were all measured after 24 hours of storage at room temperature to al-
low any initial droplet coalescence or flocculation to occur. This should have very
little effect upon emulsion droplet size if they are stable.

The droplet sizes are found to be within error of each other below 5mM C14 Pro
concentration, as shown in Figure 9.7. There is then a large increase in the average
diameter of the droplets below 5 mM, which is approximately 10 times the CMC
of C14 Pro. The two lowest surfactant concentrations are at approximately 2 and
4 times the CMC respectively, as reported in Chapter 6. At this low concentration
there is a limited amount of surfactant available to stabilise the emulsion droplets
which leads to larger droplets being present. It would be interesting to further in-
vestigate these systems by either increasing surfactant concentration further or by
reducing the oil content. However, it seems unlikely that any smaller emulsions
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formed would be stable as shown in Section 9.1, where the initial droplet sizes, re-
ported in Figure 9.2, for 20 vol% hexadecane emulsions are within error of those
reported in Figure 9.7 .
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FIGURE 9.7: Variation of the hydrodynamic radius of emulsion droplets for
a 20 vol% hexadecane emulsion after 24 hours with varying concentration of
myristoyl proline and myristoyl glycine at room temperature in phosphate
buffer, Errors are calculated from variation in the average diameter, a PDI of
<0.16 was found for all data, this was extracted using cumulant analysis in the

DLS software.

Similar results are obtained for the emulsions prepared using C14 Gly surfactants
at the same concentrations of surfactant, buffer and oil. The results are shown in
Figure 9.7. This indicates that the solubility of this surfactant at room temperature,
as reported in Chapter 8, in buffer has very little effect upon its ability to stabilise the
emulsion droplets. It would be interesting to see if we were able to form emulsions
if the sample was kept at room temperature during sonication.

9.3 Investigation of emulsion structure using SANS

In the following section we investigate the structure of emulsion droplets using
SANS, which allows us to use contrast matching to investigate the surfactant struc-
ture at the droplet interface. For these samples dodecane was used rather than
hexadecane, as these samples did not need to be stable to coalescence for a long pe-
riod of time and the cost of deuterated hexadecane was too high for the negligible
advantages for this particular case.

In these measurements we were curious as to whether the stabilisation of the emul-
sions was consistent across all surfactants used, as the C14 Gly surfactants have lim-
ited solubility in the phosphate buffer at room temperature, as discussed in Chapter
8. We expected that the experiments carried out below would allow us to determine
whether the C14 Gly surfactant is stabilising the emulsion droplets as individual
molecules or as particles forming a Pickering emulsion.

The structure of the emulsions was investigated using two deuteration regimes,
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as discussed previously. The first which allows determination of the droplet size
was prepared using d-dodecane in H2O buffer, 0.1M, and was stabilised using a
hydrogenated surfactant.
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FIGURE 9.8: SANS data and the fits using the spherical model in SASView
[170] with and without added polydispersity for emulsion prepared using d-
dodecane and H2O buffer stabilised by: top left: h-C14 Gly, top right: h-C14

Gln, Bottom: h-C14 Pro

In all cases this data could be fitted using the spherical model in SASView to obtain
a good fit to the data, as shown in Figure 9.8.[158] Droplet sizes reported in Table 9.1
are smaller than those collected using DLS since, as discussed, SANS does not mea-
sure the hydration sphere, and these measurements do not measure the surfactant
layer thickness which stabilised the oil droplet, as the SLD of h-surfactant is similar
to that of water. In order to achieve the best fit to the data a polydispersity ratio
of 0.15-0.20 was applied to the models. As can be seen in Figure 9.8 this notably
improved the fit to the data. The requirement for polydispersity to be applied to the
model is not surprising for emulsion droplets will not be perfectly monodisperse
and this was also found for the diameters measured using DLS in previous sec-
tions. SANS measurements for other emulsions with similar droplet sizes reported
similar degrees of polydispersity when fitting SANS data.[259], [260]
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TABLE 9.1: Droplet size determined using SANS for 10 vol% d-dodecane
emulsions in H2O phosphate buffer stabilised by h-myristoyl amino acid sur-

factants.

Surfactant Radius (Å) Scale Background PD

C14 Pro 751±150 0.017±0.004 0.21±0.10 0.17±0.03

C14 Gly 650±50 0.014±0.003 0.21±0.05 0.20±0.04

C14 Gln 585±55 0.017±0.002 0.18±0.03 0.17±0.05

The droplet size variation does not exactly follow the same trend as that seen in
Figure 9.5, however there are likely to be different degrees of hydration around the
different headgroups and the headgroup sizes as shown by the differences in their
molecular volumes as discussed in Chapter 6, and the droplet size found for this
contrast only determines the size of the oil droplet, not including the surfactant
shell. This highlights the importance of determining size without the addition of
the hydration sphere when the true droplet size is of interest, for example for use as
templates for nanoparticles.
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FIGURE 9.9: SANS data and the fits using the model reported in Table 9.2 and
a core-shell model in SASView[170] for d-dodecane and D2O buffer emulsions

stabilised by left: h-C14 Pro, right: C14 Gln

The two data sets were not simultaneously fitted as for previous data sets as these
are not equilibrium systems and so greater variation between the samples is likely.
In order to fit the second contrast more complex models were required. We begin
by discussing the data for the d-dodecane in D2O emulsions stabilised using C14
Pro and C14 Gln. We started by attempting to fit the data to a core-shell model as
would be expected for a layer surrounding a emulsion droplet. As can be seen in
Figure 9.9 this does not result in an acceptable fit to the data.

In Figure 9.9 an additional inflection is seen at high Q compared to what is observed
for the other contrast. This indicates the presence of micelles in solution alongside
the emulsion droplets. Similar data has been reported by Oehlke et al.[261] for corn
oil emulsions prepared using SDS and CTAB. In order to fit the SANS data they
used a model independent approach. We used a combination of two models to fit
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the data, a core shell model to fit the emulsion droplets and a sphere model used to
fit the micelles, as used in Chapter 8.[158] In order to achieve a good fit to the data at
high Q a slight increase in the micelles size was required for both samples, reported
in Table 9.2, although an acceptable fit is achieved using the micellar sizes reported
in Chapter 8. The variation in the micelle size may be caused the incorporation of
a small amount of oil into the droplet or by temperature variation effects, although
this was not found to be significant for C14 Pro in Chapter 8.

TABLE 9.2: Emulsion structure determined using SANS for 10 vol% d-
dodecane emulsions in D2O phosphate buffer stabilised by h-myristoyl amino
acid surfactants. Errors quoted were by variation of the parameters. Rdroplet

and Rmicelle are the radius of the emulsion droplet and the micelle respec-
tively, tshell is the thickness of the shell around the emulsion droplet

Surfactant Rdroplet, tshell SLD shell Scale Rmicelle Scale SLD micelle PD

(Å) (Å) (×10−6Å−2) (Å) (×10−6Å−2)

C14 Pro 751±140 27±6 0.39 0.002±0.0005 26.0±4 0.0023± 0.0005 0.39 0.17±0.04

C14 Gln 585±65 84±10 1.1 0.0012±0.0010 22±1.5 0.0028±0.0004 1.1 0.25±0.05

C14 Gly 650±150 25±4 0.64 0.0060±0.0005 n/a n/a n/a 0.4±0.10

The surfactant shell for the emulsions described by Oehlke et al.[261] were assumed
to have a shell thickness equal to that of the tail length of the surfactant used. In
order to fit the data for the emulsions prepared using C14 Pro and C14 Gln this was
initially attempted using the maximum tail length calculated of 18 Å using the Tan-
ford equation, Equation 5.6, but did not give an good fit to the data. An increase in
the layer thickness to include the proline headgroup, as found in Chapter 6, for the
C20 Pro surfactant on base to give a total layer thickness of 27 Å.

For the emulsion prepared using C14 Gln a layer thickness equal to the calculated
length of the surfactants, 28 Å using the same method as for the C14 Pro does not
give an acceptable fit to the data. A much thicker layer is required to attain an ac-
ceptable fit. We constrained the fit by fitting the surfactant layer thickness around
the emulsion droplet to multiples of the calculated surfactant thickness and found
that a thickness equal to a trilayer of surfactant gave the best fit to the data. In order
to achieve a good fit to this data a slight increase in the PD was required, this is not
surprising as slight variation between samples is to be expected. The sum of the
scale associated with the surfactant layer and the micelles is slightly lower than that
for the C14 Pro. This is to be expected as the concentration of surfactant is the same
for both samples and the two surfactants have similar molecular volumes but C14
Gln was found to give smaller micelles radii in solution in Chapter 8 and this was
attributed to the greater number of exchangeable protons on the headgroup and
likely greater hydration of the headgroup in solution.

These fits indicate that the nature of the stabilisation of the emulsions for these two
compounds are different. The total volume fraction of the surfactant present at the
oil-water interface for these two surfactants would be expected to be similar from
the scaling required, although it is slightly lower for C14 Gln. This is to be expected
from the results in Chapter 8, where a smaller micellar size was recorded and this
was to fit the data and the differences in the droplet size and shell thickness for
the two models, result in an approximately equal total droplet radius, which was
also found using DLS. The difference between the two surfactants is between their
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headgroups. The two surfactants are similar in molecular volume, but have differ-
ent APM at the air-water interface at the CMC, that for C14 Pro is much higher than
for C14 Gln, which means that the packing of C14 Pro is more spherical and C14 Gln
more likely to be capable of forming bilayers according to the packing parameter,
as discussed in Chapter 8. We believe that the slight differences between packing at
the air-water interface and oil-water interface will allow for bilayers to form.[232]
Further contrasts could be used to confirm this and will be discussed in Section 9.5.
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FIGURE 9.10: SANS data and the fits using model and parameters reported in
Table 9.2 in SASView [170] d-dodecane and H2O buffer emulsions stabilised

by h-C14 Gln

We further confirmed the fits by applying them to the other contrast measured for
the samples, this gives a reasonable fit to the data although, less good than for the
spherical model used previously, as shown for the C14 Gln emulsion data in Figure
9.10. This may be because the model used does not account for any hydration of the
micelle and there may be some error within the calculated SLDs for the surfactants.
Diagrams of the scattering from the different emulsions are shown in Figure 9.11.
These have been included to aid in visualisation of the structure of the samples.

FIGURE 9.11: Diagram representing the variation in SLD for the two contrasts
measured for the emulsions, where the red indicates the region of the structure
highlighted by the given contrast. Left: d-oil, D2O, h-surfactant Right: d-oil,

H2O, h-surfactant.
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For the emulsion prepared using d-oil in D2O buffer stabilised using C14 Gly the
data could be fitted using a core shell model, as shown in Figure 9.12. In this case
the inclusion of micelles into the fit was not required. Although, there is no evidence
of micelles in solution the shell thickness reported in Table 9.2 does not suggest that
particles are stabilising the emulsion. Instead it suggests that at 10 mM surfactant
concentration and 10 vol% d-dodecane all the surfactant is at the oil-water interface
as a monolayer, as the scale for this is similar to the sum of the scales for the C14
Pro emulsion, or the air-water interface. This is interesting as, as shown in Figure
9.7, hexadecane emulsions can be successfully stabilised at much lower surfactant
concentrations with higher vol% oil.
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FIGURE 9.12: SANS data and the fits using model reported in Table 9.2 in
SASView [170] d-dodecane and D2O buffer emulsions stabilised by h-C14 Gly

The PD required to achieve a good fit to this data is significantly higher than that
required to fit the data for the emulsion prepared in H2O. The cause for this would
require further investigation, but this may suggest the presence of some aggregated
surfactant. It would be interesting to carry out further experiments using lower
surfactant concentrations in order to determine how this effects the thickness of the
shell layer and the PD. This and other further experiments will be discussed in more
detail in Section 9.5.

9.4 Conclusions

In this chapter we have shown that we can successfully form stable emulsions us-
ing low concentrations of surfactant and reasonably high concentrations of oil. We
have also found that at appropriate surfactant and oil concentrations we are able to
form nano-emulsions which only show minimal droplet growth over a period of 5
months. The majority of nano emulsions are prepared using non-ionic surfactants
but Wang et al.[252] have prepared emulsions with a mixture of non-ionic and ionic
surfactant and found that the presence of the ionic surfactant leads to an increase
in emulsion stability, they believed this to be caused by the increase in electrostatic
repulsion between droplets.

We have also found that we are able to form emulsions at concentrations as low as
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2 times the CMC of the surfactants used. This is interesting as using lower concen-
trations of surfactants allows emulsions to be prepared at significantly lower costs
and less environmental impact. However, to determine the utility of the emulsions
their stability would need to be determined.

Preparation of emulsions using surfactants with different tail lengths gave some in-
teresting results, those prepared using myristoyl and palmitoyl surfactants showed
similar variation in droplet size over time, however the separation which occurred
for the emulsion stabilised with the palmitoyl surfactants was less easily reversible
than that which occurred for the myristoyl surfactants, and in the case of the C16
Gln emulsions the agglomerates could not be redispersed on shaking. Investiga-
tions of the emulsion stability for sodium N-acyl prolines prepared from different
seed oils were investigated, and it was found that those with average increasing tail
length the stability of the emulsions decreased.[249]

Investigations into the structure of the emulsions using SANS found oil droplet
sizes smaller than those reported using DLS, as was expected. The use of multiple
contrasts allowed investigation into the shell structure of the surfactants around the
emulsion droplets. For samples prepared with C14 Gln and C14 Pro the presence of
micelles was found and this data was fitted with the radii determined in Chapter 8.
The nature of the shells around the droplets were significantly different in size for
these two emulsion, suggesting that the packing of the surfactants at the oil-water
interface was different, and that a multilayer of C14 Gln forms at the oil-water in-
terface. Further experiments would need to be carried out in order to confirm this.

The emulsions prepared with C14 Gly did not have any free micelles in solution,
indicating that all the surfactant was involved in the stabilisation of the emulsion.
The thickness of the shell layer indicates that the emulsion is stabilised by indi-
vidual surfactant molecules rather that particles of surfactant forming a Pickering
emulsion. It would be interesting to see if we could facilitate the formation of Pick-
ering emulsions by varying the pH.

Good fits to the d-dodecane in H2O buffer emulsions can also be achieved with
the more complex models used to fit the d-dodecane in D2O buffer emulsions as
shown for C14 Gln emulsions in Figure 9.10. The comparisons of the other fits are
included in Appendix G.

These results determined using SANS warrants further investigation in order to
fully understand the structure of the emulsions.

9.5 Future work

In future it would be interesting to investigate the emulsions which could be formed
at lower vol% oil to see if smaller nano-emulsions could be formed. It would also be
necessary to investigate the stability of these emulsions over time. We would also
be interested in attempting to use lower energy methodologies to form the emul-
sions to increase their potential applications, as while the application of shear is the
most facile method for the preparation of nano-emulsions at lab scale, it is not as ap-
plicable for industrial applications. This is not only due to problems with scale-up
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but also because the application of high shear can be damaging to sensitive ingre-
dients such as biomolecules which may be present in the formulation. Alternative
methods for the preparation of nano-emulsions have been developed, these are the
phase inversion temperature method, where a water-in-oil microemulsion is pre-
pared at high temperature and on cooling an oil-in-water nano-emulsion forms, and
the phase inversion concentration method, where concentrated microemulsions are
rapidly diluted with water to form nano-emulsions. The optimal methodology for
investigation of the phases that the emulsion passes through is still under investi-
gation, although some theories exist, further details are available in the following
references.[252], [253] Significant further experiments would be required to produce
emulsions using these lower energy techniques for these compounds, but if they
were to be used in industrially relevant applications it would need to be investi-
gated.

Further SANS would need to be carried out to better understand the structure of
the emulsions and to either prove or disprove our hypothesis for the different na-
ture of the stabilisation of the emulsions with C14 Pro and C14 Gln. In order to
better investigate the structure of the emulsion droplets emulsions would need to
be prepared with lower surfactants concentrations until no micelles were present
so a simpler model could be used to fit the data. We would also carry out mea-
surements at further contrasts, with hydrogenated dodecane and H2O emulsion
stabilised with d-surfactant.

In order to determine whether a multilayer was forming a further contrast needs
to measured. We would need to prepared C14 Gln with a deuterated tail and pre-
pare emulsions in using d-oil and a mix of D2O and H2O to perfectly contrast match
to the tails and oil. By doing this the scattering should be exclusively from the sur-
factant heads and if a trilayer is forming we would expect this to be best fitted by
using a vesicle model.

SANS measurements with different C14 Gly concentrations would also be of inter-
est as there were no free micelles at the concentration measured and similar emul-
sions have been stabilised at significantly lower C14 Gly concentrations. This would
allow us to better determine how the C14 Gly is stabilising the emulsion droplets.
If the packing of the surfactant is all that varies we would expect a thinner shell to
be present at lower surfactant concentrations.

We have begun to investigate the effect of mixing surfactants upon the emulsion
formed, and found that for a 1:1 mixture of C14 Gly and C14 Pro at 20 vol% oil and
10mM overall surfactant concentration the size was within error of the emulsions
formed using pure surfactants. It would be interesting to further investigate this
using further mixtures of amino acid based surfactants and mixtures of amino acid
surfactants with commercial surfactant. We are especially interested in preparing
emulsions using a mixture of the C14 Pro surfactant and CTAB, as these mixtures
show such a large depreciation in CMC compared to the pure components and have
interesting structures as reported in Chapters 8.

Another area which would be interesting to investigate is potential applications
for these emulsions. Due to the positive characteristics of amino acid surfactants,
which have been discussed in depth throughout this thesis, emulsions formed us-
ing them are likely to be applicable in a large range of industries from personal care
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to agrochemical formulation. Nano-emulsions hold particular interest to many in-
dustries as their small size means they have very high surface areas which makes
them particularly good for delivery. [255] We would also be interested in exploring
their potential for the preparation of nano-materials, such as nanoparticles.
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10 Conclusions and future work

10.1 Conclusions

The main focus of this thesis has been on the investigation of insoluble surfactants
and lipids using reflectivity measurements. These measurements have allowed for
the structure of the pure surfactants and their mixtures to be investigated.

For mixtures of SB3-18 and DMPC we were able to utilise a combination of XRR
and NR measurements to determine the average structure of the monolayers. We
were then able to exploit the difference in scattering between deuterium and hy-
drogen in order to determine the effect of mixing on the individual components of
the monolayer. This was of particular interest as these compounds were known to
interact with each other and the effect of this interaction on the structure of the pure
components could not be easily resolved using other techniques. We found that
incorporation of SB3-18 into the monolayer, resulted in no change to the average
structure of the monolayers. As sulfobetaines have been reported to be non-toxic
we postulated that the lack of variation in the structure of the monolayer may be
an indicator of this, but that further investigation into other systems would be re-
quired.

The structure of C20 amino acid surfactants was investigated on a range of sub-
phases. It was found that the nature of the interaction of Na+ ions, which are re-
quired for the solubilisation of the shorter tailed surfactants, occurred outside of the
headgroup layer, and instead had a significant effect upon the subphase roughness.
The interaction of the monolayers with Ca2+ ions was more complex, with the ions
penetrating into the monolayer for C20 Pro monolayers, at low surface pressures, in
a manner which stabilises the monolayer, and this may relate to the high Ca2+ toler-
ance of the soluble proline surfactants reported by Mhaskar et al.[95] The opposite
effect was seen for the interaction of C20 Gly layers with Ca2+ ions, for which the
Ca2+ tolerance of the soluble compounds is reported to be low. [96] For the C20 Gln
monolayers no inclusion of Ca2+ ions into the headgroup region was found at any
surface pressure, and so we expect these compounds to have high tolerance to Ca2+.
The structure of the C20 Gly samples at the air-water interface could not be fitted
with the standard constrained two layer mode, and although different structures
were investigated using the reflectivity data further experiments would be required
to ascertain the structure present.

The structures of mixtures of C20 amino acid surfactants were investigated using
XRR, NR and GIXD, on pure water. From this data, and analysis of the pressure-
area isotherms, we expect that the amino acid surfactants are well mixed within
the monolayers and that the interactions between them are ideal, suggesting that
preparing the surfactants from a mixed source would not result in a change in the
characteristics of the surfactants. Further measurements would need to be carried
out to determine the effect of mixing these compounds upon their calcium tolerance.
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Investigations of mixtures of C14 amino acid surfactants indicate that the interac-
tions between the surfactants are likely to be ideal, but that C14 Gly has a low Krafft
temperature which can result in the mixtures also being insoluble at room tempera-
ture if it is present in sufficiently high concentrations. The structure of the micelles
on mixing was investigated at 40°C and found to be consistent across the mixtures.
The composition of the micelles and the interface were not determined by the mea-
surements carried out and so further studies would be required.

Mixtures of C14 Pro with commercially available surfactants resulted in positive
interactions in all cases. There was a large depreciation in the CMC of mixtures of
C14 Pro with C14TAB as would be expected for mixture of anionic and cationic sur-
factants and some interesting observations were made of the 1:1 mixtures of the two
compounds. Further investigation into the structure of these samples would be of
interest. The results obtained for the mixtures with commercial surfactants indicate
that C14 Pro could be utilised in conjunction with these classes of surfactant in com-
mercial applications. Whether this is likely to be the case for the other compounds
would require further studies.

The high Krafft temperature of C14 Gly was not found to adversely effect the stabil-
ity of the emulsions prepared using it. The structure found for these emulsions was
significantly different to that of those prepared with the other surfactants, with no
micelles being present even at relatively high concentrations of surfactant. For the
C14 Pro the micelles were found to be stabilised with a single layer of surfactant, as
for C14 Gly. For the emulsions prepared with C14 Gln a thicker layer of surfactant
was required to fit the SANS data, approximately equal in thickness to a trilayer of
surfactant. All emulsions prepared for the C14 amino surfactants with hexadecane
were found to form mini-emulsions which were reasonably stable at room tempera-
ture. This indicates that these surfactants could be utilised to prepare personal care
products, as mini-emulsions have many desirable qualities and amino acid surfac-
tants have been reported to be non-toxic and be non-irritating.[25], [220], [226]

The results obtained for mixtures of amino acid surfactants indicate that they can
be expected to behave as an ideal mixture and so are likely to be useable in a range
of applications as mixtures if the correct tail structure is used. The variation in the
Ca2+ tolerance for the different amino acid surfactants was previously reported for
different amino acid surfactants, we postulated that the nature of the interaction be-
tween the headgroups and ions may explain this variation. Measurement of mixed
amino surfactant systems could be investigated in order to tune the calcium toler-
ance of the system. Emulsions prepared from the surfactants showed good stability
over time and the low droplet size means that these systems could have a wide
range of applications in personal care and drug delivery applications, especially
as this class of surfactants have been found to have low toxicity and result in low
levels of irritation. Some amino acid surfactants have also been reported to have
antimicrobial properties so could be utilised not only to prepare emulsions but also
preserve them.

10.2 Future work

Much of the further work relevant to this project has been discussed in the appro-
priate chapters, and so in this section we will focus on further studies we believe
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to be of particular interest and those where preliminary measurements have been
carried out.

10.2.1 Investigation into the correlation between surfactant toxicity and
mixed monolayer structure

As discussed in Chapter 5 sulfobetaines are generally considered to be non-toxic
surfactants. From our studies we found that their presence in mixed monolayers
with DMPC did not result in a significant change in the structure of the monolayer.
We hypothesised that this may relate to their low toxicity. For this reason we are
interested in carrying out further similar studies involving surfactants which have
higher toxicities, and others which have similarly low toxicities to sulfobetaines.

We would begin by investigating mixture of phospholipids and long tailed trimethy-
lammonium bromide surfactants, which have relatively high toxicities and with
long tailed sulfate surfactants, which have lower toxicities but are widely charac-
terised and utilised in personal care products. [262]

In addition we would be interested in investigating whether the injection of sol-
uble SB surfactants below phospholipid monolayer has a significant effect upon the
structure of the monolayer, this could be investigated using a combination of XRR,
NR and depending upon the lipid used, BAM and GIXD measurements.

10.2.2 Investigations into competitive interactions of different ions with
amino acid surfactants

In Chapter 6 we discussed the variation in the structure of amino acid surfactants
monolayers on different subphases, and hence the likely nature of the interaction be-
tween ions and surfactants headgroups. In order to further investigate the cause of
the difference in Ca2+ tolerance between different amino acid surfactants measure-
ments on a subphase containing both Na+ and Ca2+ ions would need to be carried
out. This would allow for assessment competitive interaction of the two ions and
therefore the cause of the difference in Ca2+ tolerance between the different soluble
compounds.[95]

10.2.3 Surface adsorption of amino acid surfactants

As discussed in Chapter 8 there are some limitations to the Gibbs Equation for an-
ionic surfactants, dependent upon the buffer and SA characteristics of the surfac-
tant, and hence the APM reported for these surfactants may not be accurate. Mea-
surement of amino acid surfactants at the air-water interface below the CMC, but
within the steepest region of the surface tension- ln(conc) graph, were made on Surf
and Figaro using neutron reflectivity. Several contrasts were measures using both
deuterated and hydrogenated on ACM and D2O phosphate buffer subphases.
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FIGURE 10.1: NR data for d-C14 Pro on ACMW: pink and h-C14 Pro on D2O:
blue. Fitted to an APM of 76Å2, left and without the fit constrained to an

APM, right

Attempts to fit this data using the APM reported in Chapter 8 as a constraint does
not result in a good fit to the data, as can be seen in Figure 10.1. The APM for the
fit is 28 Å2, which is much closer to the APM reported for commercially available
surfactants discussed in Chapter 8, but does not account for the spherical micelles
found in solution.[146], [263] The APM reported for C14 Pro in Chapter 8 is 76 Å2,
which is more than twice the value reported from the SA measurements. Further
constraint of the model can achieve a reasonable fit for an APM of approximately
half of that reported in Chapter 8. In order to draw conclusions from this data
further constraints would need to be applied to the fits to the data and the cause of
this large difference in APM would need to be further considered.
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FIGURE 10.2: NR data for a 1:1 C14 Pro: C14 Gln mixture below the CMC on
ACMW in phosphate buffer

Data measured from mixed systems was also of interest as the composition of the
interface cannot be extrapolated from the data reported in Chapter 8. This data also
required layer thickness’s much higher than those predicted from the APM reported
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in Chapter 8 for a reasonable fit to the data to be obtained. In order to fit the data
methodologies described by Campbell et al.[146] and Penfold et al.[66], [263] will
need to be adapted and applied to the data. An initial visual assessment of the data
collected for a 1:1 mixture of C14 Pro and C14 Gln, shown in Figure 10.2, indicates
that C14 Pro adsorbs more strongly to the interface than C14 Gln.

10.2.4 Investigation of structures and physical characteristics of surfac-
tants with polypeptide heads

An initial attempt has also been made to prepare a surfactant with a dipeptide head-
group using glycylglycine, using the synthetic method described for glycine surfac-
tants in Chapter 4. As can be seen for the 1H NMR in Figure 10.3, the synthesis was
successful but further purification of the product is required, as significant amounts
of the glycylglycine remain in the product.
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FIGURE 10.3: The structure of Myristoyl glycine, with assigned NMR peaks
and 1H NMR spectrum for Myristoyl glycylglycine in MeOD, peaks at δ3.82

and δ3.59 are caused by the presence of starting material in the product.

Surfactants, such as Myristoyl glycylcglycine, are of interest since as the polypep-
tide chain increases in size the ionic character of the surfactants decreases. This
may mean that if surfactants with large enough polypeptide chains are produced
they may have comparable properties to non-ionic surfactants such as C12EO6 and
so a further class of surfactants will be able to be prepared from amino acids. The
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synthesis of other polypeptide surfactants has been utilised in order to prepare sur-
factants with antimicrobial properties by Pinazo et al. [101]
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A NMR from synthesised
surfactants

A.1 d-SB3-18 synthesis: 1H NMR spectra
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FIGURE A.1: 1H NMR of 2H37 3-(-dimenthyl(octadecyl)ammonio)propane-1-
sulfonate in CDCl3
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A.2 N-alkyl proline surfactants

A.2.1 C14 Pro surfactants
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FIGURE A.2: 1H NMR of h-Myristoyl proline in MeOD
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FIGURE A.3: 13C NMR of h-Myristoyl proline in MeOD
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FIGURE A.4: 2H NMR of d-Myristoyl proline in MeOH and a small amount
of MeOD
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A.3 h-C16 Pro
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FIGURE A.5: 1H NMR of h-Palmitoyl proline in MeOD
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FIGURE A.6: 13C NMR of h-Palmitoyl proline in MeOD
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FIGURE A.7: 1H NMR of h-Icosanoyl proline in CDCl3
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FIGURE A.9: 1H NMR of dh-Icosanoyl proline in CDCl3

dd-C20 Pro

1.01.52.02.53.03.54.04.5
f1 (ppm)

-0.1

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

1.1

1.2

1.3

3.
00

34
.0

0

2.
10

2.
36

1.
12

0.
88

1.
00

1.
25

1.
80

2.
37

3.
38

3.
55

3.
75

4.
62

FIGURE A.10: 2H NMR of dd-Icosanoyl proline in CHCl3 with a small amount
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A.4 N-alkyl glutamine surfactants
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FIGURE A.11: 1H NMR of h-Myristoyl glutamine in MeOD
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FIGURE A.12: 13C NMR of h-Myristoyl glutamine in MeOD



224 Appendix A. NMR from synthesised surfactants

dh-C14 Gln

1.52.02.53.03.54.04.55.0
f1 (ppm)

-100

0

100

200

300

400

500

600

700

800

900

1000

1100

1200

1300

1400

4.
00

0.
92

1.
85

2.
39

3.
30

4.
38

4.
84

FIGURE A.13: 1H NMR of dh-Myristoyl glutamine in MeOD
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FIGURE A.14: 13C NMR of dh-Myristoyl glutamine in MeOD
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FIGURE A.15: 1H NMR of h-Palmitoyl glutamine in MeOD
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FIGURE A.16: 13C NMR of h-Palmitoyl glutamine in MeOD
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A.4.3 C20 Gln

h-C20 Gln

0.81.01.21.41.61.82.02.22.42.62.83.03.23.43.63.84.04.24.44.64.8
f1 (ppm)

0

50

100

150

200

250

300

350

400

450

500

3.
07

32
.0

0

2.
31

6.
02

1.
19

1.
21

1.
38

1.
60

1.
84

2.
33

3.
34

4.
21

4.
43

FIGURE A.17: 1H NMR of h-icosanoyl glutamine in a MeOD CDCl3 mixtur
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FIGURE A.18: 13C NMR of h-icosanoyl glutamine in a MeOD CDCl3 mixture
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FIGURE A.19: 1H NMR of h-icosanoyl glutamine in a MeOD CDCl3 mixtur
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FIGURE A.20: 13C NMR of h-icosanoyl glutamine in a MeOD CDCl3 mixture
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A.5 N-alkyl glycine surfactants

A.5.1 C14 Gly

h-C14 Gly
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FIGURE A.21: 1H NMR of h-Myristoyl glycine in MeOD
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FIGURE A.22: 13C NMR of h-Myristoyl glycine in MeOD
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FIGURE A.23: 2H NMR of d-Myristoyl glycine in MeOH and a small amount
of MeOD
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FIGURE A.24: 13C NMR of d-Myristoyl glycine in MeOH and a small amount
of MeOD
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A.5.2 C16 Gly
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FIGURE A.25: 1H NMR of h-Palmitoyl glycine in MeOD
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FIGURE A.26: 13C NMR of h-Palmitoyl glycine in MeOD
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A.5.3 C20 Gly
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FIGURE A.27: 1H NMR of h-icosanoyl glycine in a MeOD CDCl3 mixture
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FIGURE A.28: 13C NMR of h-icosanoyl glycine in a MeOD CDCl3 mixture
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dh-C20 Gly

1.11.31.51.71.92.12.32.52.72.93.13.33.53.73.94.14.34.54.7
f1 (ppm)

-50

0

50

100

150

200

250

300

350

400

450

500

550

600

650

700

750

2.
00

3.
67

4.
32

FIGURE A.29: 1H NMR of dh-icosanoyl glycine in a MeOD CDCl3 mixture
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FIGURE A.30: 1H NMR of dd-icosanoyl glycine in a MeOH CHCl3 mixture
with a small amount of CDCl3



233

B Sulfobetaine phospholipid
mixture data

B.1 Differences in fitted and recorded area per molecule

TABLE B.1: Comparison of calculated APM, as shown in Equation 5.4 and
APM from Pressure-area isotherms

Sample Surface pressure APM theoretical APM Isotherm %Difference

DMPC 15 mNm−1 69.9 67.4 3.6%

DMPC 35 mNm−1 57.5 54.2 5.6%

3:1 DMPC:SB3-18 15 mNm−1 65.0 60.1 8.1%

3:1 DMPC:SB3-18 35 mNm−1 50.6 47.3 7.0%

1:1 DMPC:SB3-18 15 mNm−1 56.4 55.1 2.3%

1:1 DMPC:SB3-18 35 mNm−1 45.9 42.6 7.7%

1:3 DMPC:SB3-18 15 mNm−1 50.9 49.5 2.8%

1:3 DMPC:SB3-18 35 mNm−1 39.4 36.5 7.9%

SB3-18 15 mNm−1 50.0 47.0 6.3%

SB3-18 35 mNm−1 35.3 32.1 9.9%
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B.2 Reflectivity data for mixtures at 15 mNm−1

10
-12

10
-11

10
-10

10
-9

10
-8

10
-7

R
Q

4

0.60.50.40.30.20.1

Q (Å
-1

)

FIGURE B.1: Fitted reflectivity data for SB3-18 on pure water at a surface pres-
sure of 15 mNm−1. XRR: Green, NR: Pink: D2O Blue: ACMW
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FIGURE B.2: Fitted reflectivity data for a 3:1 mixture of SB3-18: DMPC on pure
water at a surface pressure of 15 mNm−1. XRR: Green, NR: Pink: D2O Blue:

ACMW
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FIGURE B.3: Fitted reflectivity data for a 1:1 mixture of SB3-18: DMPC on pure
water at a surface pressure of 15 mNm−1. XRR: Green, NR: Pink: D2O Blue:

ACMW
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FIGURE B.4: Fitted reflectivity data for a 3:1 mixture of SB3-18: DMPC on pure
water at a surface pressure of 15 mNm−1. XRR: Green, NR: Pink: D2O Blue:

ACMW
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FIGURE B.5: Fitted reflectivity data for DMPC on pure water at a surface pres-
sure of 35 mNm−1. XRR: Green, NR: Pink: D2O Blue: ACMW

B.3 Reflectivity data for mixtures at 35 mNm−1
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FIGURE B.6: Fitted reflectivity data for SB3-18 on pure water at a surface pres-
sure of 35 mNm−1. XRR: Green, NR: Pink: D2O Blue: ACMW
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FIGURE B.7: Fitted reflectivity data for a 3:1 mixture of SB3-18: DMPC on pure
water at a surface pressure of 35 mNm−1. XRR: Green, NR: Pink: D2O Blue:

ACMW
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FIGURE B.8: Fitted reflectivity data for a 1:1 mixture of SB3-18: DMPC on pure
water at a surface pressure of 15 mNm−1. XRR: Green, NR: Pink: D2O Blue:

ACMW
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FIGURE B.9: Fitted reflectivity data for a 3:1 mixture of SB3-18: DMPC on pure
water at a surface pressure of 15 mNm−1. XRR: Green, NR: Pink: D2O Blue:

ACMW
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FIGURE B.10: Fitted reflectivity data for DMPC on pure water at a surface
pressure of 35 mNm−1. XRR: Green, NR: Pink: D2O Blue: ACMW
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C Amino acid surfactant SLD
calculations

C.1 Insoluble surfactants

TABLE C.1: Calculated XRR and NR SLDs for icosanoyl amino acid surfac-
tants which are partially or completely deuterated.

Sample Headgroup Tails

XRR NR: D2O NR: ACMW XRR NR

×10−6 ×10−6 ×10−6 ×10−6 ×10−6

dhC20Gln 13.2 4.1 2.5 7.7 6.9

dhC20 Pro 12.0 2.1 2.1 7.7 6.9

ddC20 Pro 12.0 3.9 3.9 7.7 6.9

dh C20 Gly 13.5 4.7 2.9 7.7 6.9

ddC20 Gly 13.5 6.24 4.7 7.7 6.9

C.2 Soluble surfactants

TABLE C.2: Calculated XRR and NR SLDs for hydrogenated soluble amino
acid surfactants

Compound XRR SLD NR SLD D20 NR SLD ACMW

×10−6 ×10−6 ×10−6

C14 Gly 8.4 0.64 0.27

C14 Gln 9.4 1.1 0.57

C14 Pro 8.9 0.39 0.39

C16 Gly 9.8 0.97 0.45

C16 Pro 9.0 0.33 0.33
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D Pure insoluble amino acid
surfactant data

D.1 C20 Pro Reflectivity data

D.1.1 C20 Pro on pure water
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FIGURE D.1: Fitted reflectivity data for C20 Pro at 5.5 mNm−1 for three con-
trasts: XRR: Green, NR data, Blue: D2O, Pink: ACMW
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FIGURE D.2: Fitted reflectivity data for C20 Pro at 10.9 mNm−1 on pure water
for three contrasts: XRR: Green, NR data, Blue: D2O, Pink: ACMW
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FIGURE D.3: Fitted reflectivity data for C20 Pro at 25 mNm−1 on pure water
for three contrasts: XRR: Green, NR data, Blue: D2O, Pink: ACMW
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FIGURE D.4: Fitted reflectivity data for C20 Pro at 35 mNm−1 on pure water
for three contrasts: XRR: Green, NR data, Blue: D2O, Pink: ACMW
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FIGURE D.5: Fitted reflectivity data for C20 Pro at 16.5 mNm−1 on 180mg/L
CaCl2 for three contrasts: XRR: Green, NR data, Blue: D2O, Pink: ACMW.

Left:Reflectivity data and fits. Right: SLD Profile
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FIGURE D.6: Fitted reflectivity data for C20 Pro at 25 mNm−1 on 180mg/L
CaCl2 for three contrasts: XRR: Green, NR data, Blue: D2O, Pink: ACMW.

Left:Reflectivity data and fits. Right: SLD Profile
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FIGURE D.7: Fitted reflectivity data for C20 Pro at 35 mNm−1 on 180mg/L
CaCl2 for three contrasts: XRR: Green, NR data, Blue: D2O, Pink: ACMW.

Left:Reflectivity data and fits. Right: SLD Profile
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D.2 C20 Gln Reflectivity data

D.2.1 C20 Gln on pure water
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FIGURE D.8: Fitted reflectivity data for C20 Gln at 8.5 mNm−1 on pure wa-
ter for three contrasts: XRR: Green, NR data, Blue: D2O, Pink: ACMW.

Left:Reflectivity data and fits. Right: SLD Profile
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FIGURE D.9: Fitted reflectivity data for C20 Gln at 25 mNm−1 on pure wa-
ter for three contrasts: XRR: Green, NR data, Blue: D2O, Pink: ACMW.

Left:Reflectivity data and fits. Right: SLD Profile
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FIGURE D.10: Fitted reflectivity data for C20 Gln at 35 mNm−1 on pure
water for three contrasts: XRR: Green, NR data, Blue: D2O, Pink: ACMW.

Left:Reflectivity data and fits. Right: SLD Profile
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FIGURE D.11: Fitted reflectivity data for C20 Gln at 25 mNm−1 on
180mg/L CaCl2 for three contrasts: XRR: Green, NR data, Blue: D2O, Pink:

ACMW.Left:Reflectivity data and fits. Right: SLD Profile
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FIGURE D.12: Fitted reflectivity data for C20 Gln at 35 mNm−1 on 180mg/L
CaCl2 for three contrasts: XRR: Green, NR data, Blue: D2O, Pink: ACMW.

Left:Reflectivity data and fits. Right: SLD Profile

D.3 C20 Gly Reflectivity data

D.3.1 C20 Gly on pure water

TABLE D.1: Roughness parameters for the bilayer model of C20 Gly on a pure
water interface, σhs is the roughness for the layer in contact with the subphase,
σt is for the tails and σha is for the headgroup layer in contact with the air

Π, mNm−1 Contrast σhs (Å) σt (Å) σha (Å)

35 XRR 6.0 7.6 5.9

35 NR, D2O 9.0 9.0 9.0

35 NR, ACMW 14.0 14.0 14.0

25 XRR 6.9 3.7 7.8

25 NR, D2O 11.0 4.2 9.0

25 NR, ACMW 12.0 12.0 12.0

18 XRR 6.6 4.7 11.0

18 NR, D2O 6.6 4.7 10.0

18 NR, ACMW 11.0 11.0 11.0
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FIGURE D.13: Fitted reflectivity data for C20 Gly at 35 mNm−1 on pure water
using the bilayer model for three contrasts: XRR: Green, NR data, Blue: D2O,

Pink: ACMW. Left:Reflectivity data and fits. Right: SLD Profile
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FIGURE D.14: Fitted reflectivity data for C20 Gly at 25 mNm−1 on pure water
using the bilayer model for three contrasts: XRR: Green, NR data, Blue: D2O,

Pink: ACMW. Left:Reflectivity data and fits. Right: SLD Profile
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FIGURE D.15: Fitted reflectivity data for C20 Gly at 18 mNm−1 on pure water
using the bilayer model for three contrasts: XRR: Green, NR data, Blue: D2O,

Pink: ACMW. Left:Reflectivity data and fits. Right: SLD Profile

D.3.2 C20 Gly on pH 10 NaOH
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FIGURE D.16: Fitted XRR data for C20 Gly at 35 mNm−1 on a pH 10 subphase
using the bilayer model Left:Reflectivity data and fits. Right: SLD Profile
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FIGURE D.17: Fitted XRR data for C20 Gly at 35 mNm−1 on a pH 10 subphase
using the bilayer model Left:Reflectivity data and fits. Right: SLD Profile

D.3.3 C20 Gly on 180 mg/L CaCl2

TABLE D.2: Roughness parameters for the bilayer model of C20 Gly on a pure
water interface, σhs is the roughness for the layer in contact with the subphase,
σt is for the tails and σha is for the headgroup layer in contact with the air

Π, mNm−1 Contrast σhs (Å) σt (Å) σha (Å)

35.0 XRR 2.7 5.6 3.0

35.0 NR, D2O 8.0 8.0 8.0

35.0 NR, ACMW 8.0 8.0 8.0

14.1 XRR 5.0 2.8 4.5

18 NR, D2O 9.9 9.2 9.8

18 NR, ACMW 9.9 9.2 9.8
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FIGURE D.18: Fitted reflectivity data for C20 Gly at 35 mNm−1 on 180 mg/L
CaCl2 solution using the standard two layer model for three contrasts: XRR:
Green, NR data, Blue: D2O, Pink: ACMW. Left:Reflectivity data and fits.

Right: SLD Profile
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FIGURE D.19: Fitted reflectivity data for C20 Gly at 14.1 mNm−1 on 180 mg/L
CaCl2 solution using the standard two layer model for three contrasts: XRR:
Green, NR data, Blue: D2O, Pink: ACMW. Left:Reflectivity data and fits.

Right: SLD Profile
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FIGURE D.20: Fitted reflectivity data for C20 Gly at 35 mNm−1 on 180 mg/L
CaCl2 solution using the bilayer model for three contrasts: XRR: Green, NR
data, Blue: D2O, Pink: ACMW. Left:Reflectivity data and fits. Right: SLD

Profile
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FIGURE D.21: Fitted reflectivity data for C20 Gly at 14.1 mNm−1 on 180 mg/L
CaCl2 solution using the bilayer model for three contrasts: XRR: Green, NR
data, Blue: D2O, Pink: ACMW. Left:Reflectivity data and fits. Right: SLD

Profile
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D.4 BAM images for C20 Gly on pure water

FIGURE D.22: BAM images taken of C20 Gly at the air-water interface on pure
water Left:before compression Right: at 35 mNm−1
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FIGURE E.1: Variation of the limiting area with the volume fraction of C20
Gly and C20 Pro. The solid line represent the parameters expected from ideal

mixing.
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E.2 Reflectivity data for mixtures of C20 Pro : C20 Gln

E.2.1 At 35 mNm−1
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FIGURE E.2: Fitted reflectivity data for 3:1 C20 Pro : C20 Gln at 35 mNm−1 on
pure water for three contrasts: XRR: Green, NR data, Blue: D2O, Pink: ACMW
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FIGURE E.3: Fitted reflectivity data for 1:1 C20 Pro: C20 Gln at 35 mNm−1 on
pure water for three contrasts: XRR: Green, NR data, Blue: D2O, Pink: ACMW
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FIGURE E.4: Fitted reflectivity data for 1:3 C20 Pro: C20 Gln at 35 mNm−1 on
pure water for three contrasts: XRR: Green, NR data, Blue: D2O, Pink: ACMW
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FIGURE E.5: Fitted reflectivity data for 3:1 C20 Pro:C20 Gln at 18 mNm−1

on pure water for three contrasts: XRR: Green, NR data, Blue: D2O, Pink:
ACMW. Left:Reflectivity data and fits. Right: SLD Profile
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FIGURE E.6: Fitted reflectivity data for 1:1 C20 Pro:C20 Gln at 18 mNm−1

on pure water for three contrasts: XRR: Green, NR data, Blue: D2O, Pink:
ACMW. Left:Reflectivity data and fits. Right: SLD Profile
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FIGURE E.7: Fitted reflectivity data for 1:3 C20 Pro:C20 Gln at 18 mNm−1

on pure water for three contrasts: XRR: Green, NR data, Blue: D2O, Pink:
ACMW. Left:Reflectivity data and fits. Right: SLD Profile
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E.3 Reflectivity data for mixtures of C20 Pro : C20 Gly

E.3.1 35 mNm−1
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FIGURE E.8: Fitted reflectivity data for 3:1 C20 Pro:C20 Gly at 35 mNm−1

on pure water for three contrasts: XRR: Green, NR data, Blue: D2O, Pink:
ACMW. Left:Reflectivity data and fits. Right: SLD Profile
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FIGURE E.9: Fitted reflectivity data for 1:1 C20 Pro:C20 Gly at 35 mNm−1

on pure water for three contrasts: XRR: Green, NR data, Blue: D2O, Pink:
ACMW. Left:Reflectivity data and fits. Right: SLD Profile
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FIGURE E.10: Fitted reflectivity data for 1:3 C20 Pro: C20 Gly at 35 mNm−1 on
pure water using the bilayer model for three contrasts: XRR: Green, NR data,

Blue: D2O, Pink: ACMW. Left:Reflectivity data and fits. Right: SLD Profile

TABLE E.1: Roughness parameters for the bilayer model of 1:3 C20 Pro: C20
Gly on a pure water interface, σhs is the roughness for the layer in contact with
the subphase, σt is for the tails and σha is for the headgroup layer in contact

with the air

Π, mNm−1 Contrast σhs (Å) σt (Å) σha (Å)

35 XRR 6.0 7.6 5.9

35 NR, D2O 9.0 9.0 9.0

35 NR, ACMW 14.0 14.0 14.0

E.3.2 Lower surface pressure
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FIGURE E.11: Fitted reflectivity data for 3:1 C20 Pro:C20 Gly at 11 mNm−1

on pure water for three contrasts: XRR: Green, NR data, Blue: D2O, Pink:
ACMW. Left:Reflectivity data and fits. Right: SLD Profile
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FIGURE E.12: Fitted reflectivity data for 1:1 C20 Pro:C20 Gly at 15 mNm−1

on pure water for three contrasts: XRR: Green, NR data, Blue: D2O, Pink:
ACMW. Left:Reflectivity data and fits. Right: SLD Profile
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FIGURE E.13: Fitted reflectivity data for 1:3 C20 Pro: C20 Gly at 12.3 mNm−1

on pure water using the bilayer model for three contrasts: XRR: Green, NR
data, Blue: D2O, Pink: ACMW. Left:Reflectivity data and fits. Right: SLD

Profile

TABLE E.2: Roughness parameters for the bilayer model of 1:3 C20 Pro: C20
Gly on a pure water interface, σhs is the roughness for the layer in contact with
the subphase, σt is for the tails and σha is for the headgroup layer in contact

with the air

Π, mNm−1 Contrast σhs (Å) σt (Å) σha (Å)

12.3 XRR 5.2 4.2 6.1

12.3 NR, D2O 5.4 4.2 6.1

12.3 NR, ACMW 5.4 4.2 6.1
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E.4 Reflectivity data for mixtures of C20 Gln : C20 Gly

E.4.1 35 mNm−1
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FIGURE E.14: Fitted reflectivity data for 3:1 C20 Gln:C20 Gly at 35 mNm−1

on pure water for three contrasts: XRR: Green, NR data, Blue: D2O, Pink:
ACMW. Left:Reflectivity data and fits. Right: SLD Profile
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FIGURE E.15: Fitted reflectivity data for 1:1 C20 Gln:C20 Gly at 35 mNm−1

on pure water for three contrasts: XRR: Green, NR data, Blue: D2O, Pink:
ACMW. Left:Reflectivity data and fits. Right: SLD Profile
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E.4.2 15 mNm−1
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FIGURE E.16: Fitted reflectivity data for 3:1 C20 Gln:C20 Gly at 15 mNm−1

on pure water for three contrasts: XRR: Green, NR data, Blue: D2O, Pink:
ACMW. Left:Reflectivity data and fits. Right: SLD Profile
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FIGURE E.17: Fitted reflectivity data for 1:1 C20 Gln:C20 Gly at 15 mNm−1

on pure water for three contrasts: XRR: Green, NR data, Blue: D2O, Pink:
ACMW. Left:Reflectivity data and fits. Right: SLD Profile





265

F Soluble surfactant data

F.1 C14 surfactant SANS data
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FIGURE F.1: SANS data for 5 mM C14 Pro at 40 °C in 0.1 M phosphate buffer
in 70:30 D2O: H2O mixture
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FIGURE F.2: SANS data for 5 mM 3:1 C14 Pro: C14 Gly at 40 °C in 0.1 M
phosphate buffer in 70:30 D2O: H2O mixture
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FIGURE F.3: SANS data for 5 mM 1:1 C14 Pro: C14 Gly at 40 °C in 0.1 M
phosphate buffer in 70:30 D2O: H2O mixture
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FIGURE F.4: SANS data for 5 mM 1:3 C14 Pro: C14 Gly at 40 °C in 0.1 M
phosphate buffer in 70:30 D2O: H2O mixture
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FIGURE F.5: SANS data for 5 mM 1:1 C14 Pro: C14 Gln at 40 °C in 0.1 M
phosphate buffer in 70:30 D2O: H2O mixture
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FIGURE F.6: SANS data for 5 mM 3:1 C14 Pro: C14 Gly at 40 °C in 0.1 M
phosphate buffer in 70:30 D2O: H2O mixture
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F.2 C16 SANS data
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FIGURE F.7: SANS data for 3.1 mM C16 Pro at 40 °C in 0.1 M phosphate buffer
in left: 70:30 D2O: H2O right: D2O
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FIGURE F.8: SANS data for 3.1 mM 1:1 C16 Pro: C16 Gly at 40 °C in 0.1 M
phosphate buffer in left: 70:30 D2O: H2O right: D2O
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FIGURE F.9: SANS data for 3.1 mM 1:3 C16 Pro: C16 Gly at 40 °C in 0.1 M
phosphate buffer in left: 70:30 D2O: H2O right: D2O
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FIGURE F.10: SANS data for 3.1 mM C16 gly at 40 °C in 0.1 M phosphate
buffer in left: 70:30 D2O: H2O right: D2O
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G Emulsion structure and stability
data

G.1 Variation of r3 with time
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FIGURE G.1: Variation of average r3 for 10 vol% hexadecane emulsions pre-
pared with 10mM myristoyl amino acid surfactants in 0.1 M phosphate buffer
with time, over 28 days. Errors are calculated fro, errors in average diameter,

a PDI of ≤0.16 was found for all data
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G.2 Fitting of emulsion prepared using d-oil and H2O using
the core-shell model
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FIGURE G.2: SANS data for a d-dodecane emulsion on H2O buffer stabilised
with h-C14 Gly and fitted using a spherical model and a core shell model

using the parameters reported in Table 9.2
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FIGURE G.3: SANS data for a d-dodecane emulsion on H2O buffer stabilised
with h-C14 Pro and fitted using a spherical model and a core shell model with

additional micelles using the parameters reported in Table 9.2


