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Abstract

Sea shells, bones and teeth are three examples of Nature’s unrivalled ability to
produce complex hierarchical structures from simple inorganic materials. Unlike the
synthetic approach of using ‘exotic’ materials to introduce functionality, Nature has
employed structural control to maximise properties. Key to this control is the use of
an organic framework to guide inorganic nucleation and growth. The question of
how structural information is transferred from the organic framework to the
inorganic crystal has inspired many studies in the field of biomineralisation, yet our
understanding remains limited. One aspect that has received considerable attention
is the molecular recognition process that occurs at the organic/inorganic interface.
Unlocking the mysteries of the intermolecular interactions associated with molecular
recognition using a model Langmuir monolayer system is the aim of this research.

Elucidation of the molecular recognition process requires an understanding of
host/guest chemistry, double layer theory, Langmuir monolayer chemistry, and
crystallisation theory, with the added complexity that both the host and guest are
dynamic and constantly changing. This level of complexity demands a holistic
approach to accommodate the many interacting parameters, therefore this study
consists of a comparative analysis of calcium carbonate crystallisation under twelve
subtly altered surfactant monolayer systems. Based around the acid and alcohol
moieties, commonly explored in biomineralisation studies, these monolayer systems
involve: mixtures of octadecanoic acid and octadecanol, hydroxyl-, carboxyl-,
bromine- and methyl- substituted octadecanoic acids. By making minor chemical
modifications to the membrane molecules we can subtly alter the electronic
landscape presented to the supersaturated subphase and probe how the mix of
intermolecular forces changes the interfacial interaction.

In order to understand the monolayer/subphase interaction and therefore build up



a picture of the crystallising system each monolayer was probed on pure water,
calcium chloride and sodium bicarbonate subphases. The understanding gleaned
from these experiments fed into the elucidation of the significantly more complex
calcium carbonate crystallising subphase/monolayer interaction. Information about
monolayer and subphase behaviour was obtained from surface pressure isotherms,
surface potential measurements, Brewster Angle Microscopy, grazing incidence X-
ray diffraction (GIXD) and X-ray reflectivity (XRR). This information was correlated
with crystal properties such as the nucleation face and gross morphology to develop
a picture of the interfacial interaction.

Results show that monolayer surface charge and ion-ion electrostatic interactions
are important but do not dictate crystal orientation. The manipulation of the head
group chemistry highlighted the influence of head group spacing and therefore
lattice matching in crystal orientation. Further it was found that a high degree of
interfacial matching not only facilitated face-selective nucleation but also has a
significant impact of crystal morphology. GIXD results show the rearrangement of
the monolayer structure upon nucleation for the first time. Combined with X-ray
reflectivity generated electron density profiles this has lead to a significant
improvement in our understanding of the interfacial interaction.

As such this body of work has culminated in the proposition of a cation-mediated
hydrogen-bonded soap network facilitated by the presence of the bicarbonate anion
as an intermediate entity for crystal nucleation under Langmuir monolayers. Such a
network accounts for the influence of electrostatics, lattice, symmetry and spatial
geometry matching that contribute to face-selective nucleation and more generally
the molecular recognition process in biomineralisation. However the evidence
presented here for a monolayer/subphase network is largely qualitative and the

hypothesis requires more direct validation.
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CHAPTER 1: LITERATURE REVIEW

The development and improvement of materials is synonymous with being
Human, whether it be the shaping of wood into clubs and spears or the search for
room temperature superconducting materials. Much of the property improvement
of the last couple of centuries was attained through compositional changes, where
rare and at times toxic elements/molecules (which are often expensive), were used.
However the demand for greater performance, has in many situations, exhausted the
capacity for improvement achievable solely through composition change. Thus the
push for improvement has focussed on Nanotechnology where size-related effects
are captured. At the nano-scale the manipulation of size and shape is difficult, this
fabrication of such materials requires techniques such as lithography and self
assembly. However our ability to design, fabricate and use materials at this level is
limited.

Nature provides a method for addressing these limitations through the design
and fabrication of structures on multiple length scales, so-called hierarchical
materials. The processes developed over millions of years of evolution have led to
the development of structures and processes that produce materials that capture the
property improvements associated with control at the nano-scale with macro-scale
usability. Through multi-level control Nature is able to achieve significant property
improvement from the most basic and common of materials, chalk, limestone or
calcium carbonate.

Simply put, this hierarchical control is achieved through the use of organic
frameworks that influence the nucleation and growth of inorganic materials.

Understanding this process is difficult, involving many disciplines. The work
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outlined in this thesis is aimed at elucidating one small, but important, aspect of this
process: the molecular recognition or information transfer processes across the
organic/inorganic interface that leads to structural control.

Before exploring the subtleties of the interfacial interaction and elucidating how
nature achieves such great control of crystal shape, size, orientation and polymorph,

it helps to understand classical crystallisation theory.
1.1 Solution Crystallisation

Crystallisation is a supramolecular process involving the formation of an ordered
3-D molecular array from a solution where the ions or atoms are randomly
dispersed[1]. Similarly, Adamson and Gast[2] described crystallisation, in the
absence of foreign surfaces, to involve the clustering of molecules or ions, which
grow by accretion to the point of forming crystallites. Typically, for this to occur the
solution concentration has to be well beyond the saturation point. In contrast,
classical crystallisation theory describes crystallisation as simply, a phase transition
from a high energy solvated state to the low energy crystalline state[3]. Although
this view is correct it is oversimplified and therefore somewhat misleading,
particularly as it ignores the important role of kinetics. While thermodynamics is the
basis for classical crystallisation theory, which is concerned with the interfacial
energy of a system, and defines the final equilibrium phase that is crystallised,
kinetics determine the rate of nucleation and growth. Davey and Garside[1] referred
to crystallisation as a kinetic process, driven by the level of supersaturation.

The presence of a supersaturated solution is the prerequisite for crystallisation to
occur. Supersaturation (0) is defined as the ratio of the solution activities in the

supersaturated state (a,;) to the activities at equilibrium (a.,)

aeq

o=1n(““) . (1)

For an ideal solution, or one where the activity coefficients are independent of
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concentration, Equation 1 simplifies to a ratio of molar concentrations, x,; and x,,

U=ln(;c“) , 2)

However, merely having a supersaturated solution will not guarantee crystallisation.
Figure 1.1 illustrates a generalised solubility plot, highlighted in this plot is a
metastable region. In this region the supersaturation driving force is insufficient to
overcome the surface energy barrier to nucleation. Therefore within the metastable
region there is no new nucleation, only continued growth of existing crystals. To

understand how nucleation is initiated we turn to classical nucleation theory.
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Figure 1.1 A generalised solubility plot. A supersaturated solution is achieved by either: (a) by cooling the

solution, or (b) by solvent evaporation[1].

1.1.1 Nucleation

Classical crystallisation theory uses the concept of a critical nucleus size (z.) to
help describe the nucleation process. Due to high interfacial energies a nucleus
smaller than the critical size will be unstable and dissolve. In contrast, nuclei larger
than the critical size, for that particular system, are stable and will continue to grow.
This concept of a critical nucleus does not prescribe if, or how, nucleation will occur,
if a solution is supersaturated it will precipitate out regardless, rather the issue with
the critical nucleus size is purely one of kinetics. However, nucleation is the result of
a sufficient number of atoms or molecules clustering together to exceed the critical
size, therefore the probability of nucleation is affected by the value of the critical size.
The ability to modify the critical size by changing the interfacial energy of the system
means that the probability of nucleation can be controlled. Consequently, the
likelihood and rate of nucleation are extremely dependent on the interfacial energy
and supersaturation[3]. This is highlighted in the term derived for the Gibbs energy

of nuclei formation (on a per molecule basis):

2

AG=—szU+Bg/z§ ©)

where: z = the number of atoms or molecules in the nuclei,

k = Boltzmann’s constant,
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T = temperature (K),

0 = supersaturation,

= an area shape factor, and

y= the interfacial tension.

By rearranging Equation 3 the size or number of molecules in the nuclei necessary
to give a negative AG (i.e. a spontaneous process), defined as the critical nuclei size
(zc), can be calculated. In general, the probability of forming nuclei larger than z. will
depend on the height of the energy barrier relative to the available thermal energy
(kT). Equation 3 shows that as the level of supersaturation increases the energy
barrier (AG) decreases. Alternatively, increased supersaturation reduces the nuclei
size (z) required to achieve a given value of AG, therefore the critical nuclei size (z.)

will also decrease[1].

1.1.1.1 The Rate Equation

Given this thermodynamic model for crystal nucleation it is necessary to derive
an equation for the rate of nucleation (J). To do so it is assumed that the nuclei form
by stepwise aggregation. Thus for a nucleus, containing A molecules having reached
the critical size z,, the overall reaction can be expressed as:

2, A=A, 4)
and the equilibrium constant (K.) for this reaction is:

4]
= ©)

The resulting expression for the rate of nucleation is (on a per mole basis, for the full

derivation of this expression refer to Davey and Garside[1], or Mullin[4]):

16y v’ H

J = K, exps-
! p% 3R°T0 ?

where: K, = PlA*

P = the probability of a critical nucleus growing into a mature crystal,
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V. = the molar volume of the crystal, and
R = gas constant.

Equation 6 accounts for the metastable region, at low supersaturation levels the
interfacial energy term dominates and there is insufficient driving force to create new
nuclei[l]. The equation also highlights the importance of the interfacial energy,
supersaturation and temperature on the rate of nucleation. Interfacial energy and
supersaturation are especially important in that they can potentially be influenced or

controlled by an organic framework.

1.1.2 Nucleation in Polymorphic Systems

In polymorphic systems where more than one solid phase can crystallise out,
such as calcium carbonate, Ostwald’s law of phases may apply. The theory states that
a crystallising system would move from a supersaturated state to the most stable
equilibrium state in stages. Thus in a polymorphic system all of the possible phases
would crystallise out, if only momentarily, on the way to the equilibrium phase. For
example, a supersaturated calcium carbonate solution would first precipitate out
amorphous CaCO;, which would transform to vaterite and then to calcite. At
temperatures above 40°C, or in the presence of Mg”, vaterite would transform to
aragonite[5].

Ostwald’s law of phases can be investigated by exploring the dimorphic system
shown in Figure 1.2.

A solution with the composition x; at temperature T; is supersaturated with
respect to both phases I and II. Therefore two supersaturation equations can be
defined, both in regards to phase II: the initial supersaturated solution (g, Equation

7), and a saturated phase I solution (o;, Equation 8)
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Figure 1.2 A solubility temperature plot for a hypothetical dimorphic system{1}.

Likewise the two nucleation rate equations can be written:

- 0
J[:KJJeXpH %.-U )zH,and 9)
0- 0
Jy = KJ,U eXpH By 0 ZH/ (10)

l6my v ?
3

where B, and By are given by appropriate values of W and both Kj; and Kjj; are

functions of the equilibrium concentration (x.q) and temperature[1].

Solving the two rate equations simultaneously allows the nucleation behaviour of
a system to be explored. It can be shown that for a dimorphic system that there are
three possible situations.

If Kj; > Kjn then above some level of supersaturation phase I nucleates at a faster
rate than phase II. However this is reversed below this same level of supersaturation

(Figure 1.3[1]).
-9
If K,,>K,, and |I- % <b, then the stable phase II has the greater rate of

nucleation at all supersaturations (Figure 1.3[2]).
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3
If K,,>K,, and (1' %) >b  then phase I has the higher nucleation rate but

only over intermediate levels of supersaturation (Figure 1.3[3]).

g
Where : a= —= b=
P

1
/s

Rate of nucleation

(1) 2 3)
Supersaturation

Figure 1.3 Three possible nucleation rate combinations for a hypothetical dimorphic system[1].

Given that Ostwald’s law implies that the nucleation rate for phase I is much
greater than phase II this analysis shows that this law is only valid in specific
situations[1]. The significance of this analysis to the current study lies in the
understanding that there is a set of parameters (K, g, j, v, and T) in the polymorphic
calcium carbonate system where Ostwald’s law does not apply, such that calcite has
the fastest rate of nucleation. Within this range it is envisaged that thermodynamic
influences dominate crystal nucleation and growth allowing the factors affecting the

organic/inorganic interface to be more easily investigated.

1.1.3 Heterogeneous Nucleation

In contrast to homogeneous nucleation described above, heterogeneous
nucleation involves the presence of foreign matter or ‘catalytic” surfaces that induce

nucleation of supersaturated solutions. The presence of an impurity typically results
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in nucleation occurring at lower supersaturation levels than normally required for
homogeneous nucleation. This arises due to adsorption of crystallising material onto
the impurity, which lowers AG of nucleation. The extent of this reduction depends
on the degree to which the structure of the crystallising material is matched by the
impurity. The best match and therefore the greatest reduction of AG possible is

achieved using seed crystals[1].

1.1.4 Crystal Growth

Upon the formation of a stable nucleus crystal growth factors become important.
Solution crystal growth is about the capture of solution ions and their integration
into the crystal lattice. The ability of a crystal surface to achieve this is dependent,
among other things, on the strength and number of interactions that can form
between the surface and an incoming ion. This is reflected in the different growth
rates observed for different crystal faces due to the inherent anisotropy of most
crystal lattice structures[1].

One outcome from crystallisation theory is that the maximum number of bonds a
growth unit can form when joining a crystal face is three. These have been defined as
kinked (3 bonds), stepped (2 bonds) and flat (1 bond) sites (Figure 1.4). Based on the
assumption that the linear growth rate (v;) is proportional to the total binding energy;,
then it is expected that vk > vs > vy for the kinked, stepped and face bonding sites,
respectively. Thus the final crystal morphology or habit is determined by the slowest
growing flat faces[1].

All the kinked and stepped growth sites would be filled relatively quickly, leaving
only flat surface sites. Theoretical considerations suggest that such a single binding
interaction is insufficient for growth to continue on a flat surface at the crystallisation
rates typically observed. Therefore such faces must have a means of creating kinked
or stepped growth sites. The ease with which a surface can form multiple binding

sites, and consequently the ease with which the surface can grow, is indicated by the

9
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Figure 1.4 A schematic of a crystal surface showing potential growth kink (K), step (S) and face (F) sites[1].

a-factor. The a-factor is the ratio between the energy change in creating a multiple
bonding site from a flat surface, AE, and the thermal energy of the system on a per

molecule basis:

- AE
a =8B/ (11)
In terms of estimating a for solution growth Equation 11 becomes:
_AH / ) 0
o=l g 12

where: AH; = the heat of fusion,

Xeq = the equilibrium concentration,

& = the crystallographic factor ¢ =

4

Zs
Ex z,
E, = the total interaction energy per molecule in the layer of the growth face,
E, = the total crystallisation (or lattice) energy,
z, = the number of nearest neighbours per molecule in the growth face, and
z; = the total number of nearest neighbours in the crystal lattice.
Typical values of a are from 2 to 20, with different growth mechanisms being
associated with different values of a. For values of a< 3 growth is defined as

continuous growth, 3 < a <5 surface nucleation and for a> 5 growth proceeds via

spiral growth[1]. These mechanisms will be briefly discussed below.

10
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1.1.4.1 Continuous growth

In continuous growth systems the energy requirement to form multiple bonded
growth sites is so low that almost every growth unit arriving at the surface will find a

kink or step site. Therefore the linear growth rate () perpendicular to the surface is
U = ko0 over the entire supersaturation range[1], i.e. first order growth with a rate

constant k.

1.1.4.2 Surface Nucleation

In situations where the formation of growth sites is more difficult, then v
decreases and crystal growth proceeds via a surface nucleation mechanism. In this
situation ions or molecules arriving at the surface that fail to find a growth site either
return to the fluid or join other adsorbed growth units to form surface islands or
nuclei. The perimeter of these islands becomes the source of the new step and kink
sites, thus the islands spread Ilaterally (Figure 1.5). Overall growth occurs
perpendicular to the plane of the face, as nuclei form on the surface. The linear
growth rate now becomes:

gt My, 0
U= kg0 0 exp%@— QQEEQ E (13)
where ) refers to the edge tension of a critically sized 2-D nuclei and ksy is the rate

constant for growth via surface nucleation[1].

11
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Figure 1.5 A schematic illustrating the generation of nuclei by way

of surface nucleation[1].

1.1.4.3 Spiral Growth

Higher values of @, indicating that the ability to create new growth sites is very
low, are attributed to enhanced intermolecular interactions in the crystal surface
resulting in a flat surface. This is seen in high ). values, which begin to inhibit
surface nucleation, particularly at low supersaturation. The consequence is that
growth can only occur if a step can be created via some energetically cheap process.
Built in lattice defects, such as screw dislocations, offer such a possibility. Screw
dislocations have the additional advantage of extending over only part of the face,
allowing growth to spiral into a hillock (Figure 1.6). For spiral growth, the linear
growth rate is somewhat more complicated:

0 = kg, O tanhBL ] (14)
0, 0o [

where ¢ [ ¥ % and (s) is the strength of the dislocation source, which is based on

the number of interacting dislocations that make up the source. A consequence of
this mechanism is that each crystal can have its own unique growth rate, as the
strength of the dislocation source varies from crystal to crystal[1].

From these brief descriptions of three possible crystal growth mechanisms it is
apparent that the introduction of any impurity, such as an organic molecule, would
likely affect the crystal growth. It is also clear that the nature of the crystal growth
process affects the final appearance of the crystal. This combination goes some way

to explaining the several hundred different morphologies observed in the calcium
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carbonate system.

Figure 1.6 An atomic force microscope (AFM) image of two newly formed spiral growth hillocks grown on

the calcite (10.4) face. (Taken from Teng et al.[6])

1.1.5 Crystal Morphology

The morphology of a crystal is determined by two factors, the symmetry of the
internal crystal structure and the relative growth rates of the different crystal faces.
The affect of the different growth rates is important, as shown above this means that
the morphology can be dramatically influenced by external factors such as
supersaturation, temperature, solvent and solution purity.

In the previous section (1.1.4) it was shown that the crystal growth rate is a
function of supersaturation, and that in some situations this relationship is non-
linear. This means that the kinetic growth curves for different faces can intersect
(Figure 1.7), such that a low supersaturation may give, for example, needle shaped
crystals whereas a high supersaturation results in bipyramidal crystals.

With regards to temperature, crystal growth is a thermally activated process and

therefore limited by temperature. Consequently, the rate of growth tends to increase
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with temperature, until growth on all faces becomes diffusion controlled, i.e. limited
by the rates of diffusion of ions to the crystal surface from solution. Diffusion
controlled growth typically leads to the formation of more isotropic crystals, as the
rate of growth on all faces is the same[1].

The influence of additives and impurities is related to their ability to bond and
consequently block kinked and stepped growth sites. Typically, additives adsorb
onto selected faces and therefore modify the crystal morphology by blocking or
restricting further grow on those faces. The effect is illustrated in Figure 1.8.

Solvents may act in a similar way to impurities. However, solvents also
determine the value of a (see section 1.1.4) for a particular face, which subsequently
alters the mechanism of crystal growth on that face. As a is related to solubility,

changing the solvent in order to increase the solubility decreases a and can cause the

growth rates to increase[1].
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Selective
adsorption on
faces
Figure 1.8 A schematic illustrating the effect of
selective adsorption of impurities onto particular crystal
l faces and its subsequent affect on morphologyl[1].
Change of habit

Before we move on to study how nature engineers crystal growth using organic
additives, it is important to see what can be achieved by manipulating only pH and
ionic strength. Vayssieres[7] has shown how varying the interfacial energy by
altering the solution chemistry affects the properties of the resulting crystal
Through control of pH and ionic strength alone, Vayssieres and others[7] were able
to modify the concentration of H" or OH ions adsorbed onto metal oxide surfaces
and thereby alter the interfacial energy. Control of the interfacial energy enabled the
manipulation of the crystal size, shape, orientation and morphology. Working with a
number of metal oxide systems Vayssieres has developed and extended this process.
However, there are limitations, such as being restricted to single oxide systems. The
relevance of Vayssieres” process to this study lies in highlighting the importance of
interfacial energy, and in the illustration of how the interfacial energy can be
manipulated without the use of organic additives, at least for oxide systems.

This brief foray into crystallisation theory has provided an understanding of the

processes involved and how they can be manipulated. Both thermodynamics and
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kinetics are important, and both must be considered when trying to understand the

biomineralisation process.
1.2 Biomineralisation

Biomineralisation can be described as the process used by organisms to grow
minerals. Approximately 64 different minerals are known to be formed by
organisms from many different phyla[8]. The way in which nature forms these
minerals and the level of structural control achieved has attracted a significant
amount of research attempting to understand the mechanism(s) involved, this
research effort has been summarised in a number of reviews[9-15].

Probably the best known example of biomineralisation, outside of human bone, is
nacre (‘mother of pearl’). The crystallisation of CaCO; in nacre occurs via an
extracellular process involving macromolecular scaffolding. It is generally agreed
that this scaffolding is pre-organised for regiospecific nucleation and the subsequent
development of CaCO; (aragonite) platelets with controlled micro-architectures[15].
Understanding how nature achieves this level of nano-structural control and
incorporates it into the construction of macroscopic structures is the underlying
motivation for the vast amount of research directed towards biomineralisation,
particularly from a crystal engineering view point. Ultimately, if the lessons learnt
from nature could be applied to other inorganic systems it would revolutionise
synthetic chemistry and inorganic materials science.

Chemical deconstruction and fragment analysis, along with inference based on
mechanical properties has enabled biologists, chemists, materials scientists and
geologists to compile considerable information on the vast number of
organic/inorganic systems found in nature. Current understanding tells us that
almost all biologically controlled mineralisation processes occur in isolated
environments. Although there are many different examples of biomineralisation,

these can be categorised into the three types of isolated environments: extra-, inter-

16



Chapter 1:Literature Review

or intracellular.  Extracellular mineralisation involves the production of a
macromolecular matrix outside the cell, which controls nucleation and growth. Inter-
cellular mineralisation is not widespread but involves mineralisation between groups
of neighbouring cells. A small volume is isolated within the epidermal contact points
of these neighbouring cells creating an isolated environment. Intracellular
mineralisation involves crystallisation inside vesicles or vacuoles formed within the
cell[13]. Intracellular mineralisation is a commonly adopted approach, with the
formation of magnetite chains by magnetotactic bacteria being a well-known
example[16]. However the focus of this study will be on synthetic approaches to
understanding extracellular mineralisation.

There are many limitations to understanding the interaction between the cellular
organic scaffolds, described above, and the inorganic phase. Such as the complexity
of the natural system with interactions occurring on many levels. In addition, it is
not always possible to extract and characterise the complete organic scaffold;
essential in determining how the structure and properties of these organic molecules
interact with a nucleating phase. Although surface science techniques, such as
atomic force microscopy (AFM), attenuated total internal reflection infra-red
spectroscopy, synchrotron-based analysis, among others, have enhanced our ability
to characterise interfaces the complexity of natural systems means that in-vivo
studies have proved very difficult. Although understanding the natural system is the
objective, due to these limitations, the majority of studies aimed at understanding the
biomineralisation process have involved simplified model organic/inorganic systems.

By combining knowledge obtained from natural systems with experimental
evidence from simplified model systems Mann[17] developed a generalised scheme
to describe the process of biomineralisation, Figure 1.9.

In a later paper Mann[18] went on to state that many of the processes responsible

for biomineralisation are generic, of which ‘four constructional processes’ were
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Figure 1.9 A generalised scheme of biomineralisation in organisms. The key aspect is the spatial barrier,
which separates the mineralisation process from the external environment. This compartmentalisation allows
the requlation of the physicochemical and biochemical properties in such a way to facilitate controlled nucleation

and growth of biominerals[17].

proposed: supramolecular pre-organisation, interfacial molecular recognition,
vectorial regulation and cellular processing. These processes or stages are expected
to act co-operatively with feedback systems.

Supramolecular pre-organisation refers to the construction of an organised extra-,
inter- or intracellular organic reaction environment before mineralisation. This
typically involves the self assembly of a lipid vesicle but can involve more complex
glycoprotein/carbohydrate/lipid macromolecular matrices.

Interfacial molecular recognition involves the controlled nucleation of inorganic

nuclei at the organic matrix interface from the supersaturated solution. It is generally
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believed that the pre-organised architectures act as molecular templates for site
directed nucleation.

Vectorial regulation is associated with the regulation of crystal growth and

termination. This could be achieved through a static process involving the physical
shape of the vesicle assembly or the use of specific growth inhibitors.

Cellular processing is associated with construction processes involved in the

production of higher-order architectures.

In terms of understanding the interaction between the organic matrix and the
nucleating inorganic phase, the interfacial molecular recognition stage is of primary
interest. Elaborating on molecular recognition, Mann[19] proposed six modes of
complementarity that were important in the interfacial relationship between the
acidic functional groups on an organic template and the ionic crystal surface. The

proposed modes of complementarity are:

@ lattice geometry,

@ electrostatic potential,
@ polarity,

@ stereochemistry,

@ space symmetry, and

@ topography.

Whether with the aim of testing this model or with a view to developing the field,
the last decade or so has seen a flood of studies investigating the organic templation
of inorganic crystallisation. Some studies have attempted to model the natural
system by using biological organic molecules such as: proteins (B-pleated sheet
proteins)[19], silicateins (silica precipitating proteins)[20,21], polypeptides[22,23],
and sugars[24]. Others have used synthetic organic molecules: self-assembled
monolayers (SAMs)[25-27], surfactants[28-30],  block  copolymers[31-33],

macromolecules[34-36], dendrimers[37,38], and mono and di-carboxylic
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acids[39,40] to name a few. The vast majority of these studies have involved an
empirical approach that typically involved a ‘before and after’ type experiment
where an initial characterisation of the organic molecule was compared with the final
crystal characteristics. Consequently, the nature of the biomineralisation process is
inferred from correlations made between the organic molecule and the final crystal.
Although far from ideal, much can be learnt from this work, for example, Aizenberg
and colleagues[27,41] highlighted the importance of the choice of acidic functional
group, its geometry and the effect of the parity of the alkyl chain on the face selective
nucleation of CaCO; grown on SAMs. These effects were attributed to the ability of
crystal nucleation and growth to be regulated by the functionality, lattice templation
and the stereochemical nature of the organic substrate. Similarly,
Hunter[42] concluded that matrix-mediated nucleation is believed to occur by an
epitaxial mechanism, where a lattice match between the organic matrix and the
nascent crystal lowers the interfacial energy barrier to critical nucleus formation. In
both these examples improved matching of the functionality, lattice geometry and
stereochemistry across the organic/inorganic interface is aimed at lowering the
interfacial energy barrier to nucleation and crystal growth.

The common thread between the above studies is fundamentally the aim of
creating an organic ‘seed’ crystal. However this organic seed, potentially, has greater
control than the traditional seed crystal in that it can control orientation, shape and
size, enhanced by manipulation of the solution kinetics. Underlying the use of a seed
is the knowledge that the presence of a foreign surface can lower the free energy
barrier to nucleation and growth by forming bonds with a crystal nucleus. Provided
the formation of bonds between the crystal nucleus and the substrate have a lower
energy than those between the nucleus and the solvent (water), then crystallisation
on the organic substrate will be favoured[3]. The influence of the organic seeding on

crystal nucleation and growth is dependent on the structural and chemical match of
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the organic substrate to the nucleating crystal. This has been experimentally shown
in a number of studies[15,19] where oriented crystallisation has been observed on
charged carboxylate or amine monolayers, whereas neutral monolayers of
octadecanol and cholesterol have inhibited crystallisation.

In terms of designing the perfect organic seed, Mann’s modes of complementarity
provide us with a good starting point. However there remain many questions
unanswered such as, which of these six modes is most important or are they equally
important? Considerable effort has gone into answering this and many of the other
questions, with lattice spacing, stereochemistry, and electrostatic potential being the
most widely investigated. Some of these studies have claimed that lattice matching is
the primary mode[3,42], where a good atomic match between the substrate and a
particular plane of the nucleating phase enhances bonding across the interface
thereby reducing the enthalpic contribution to the interfacial free energy, resulting in
oriented crystal nucleation. However, De Yoreo and Vekilov[3] suggested that there
was currently little understanding of the geometric and stereochemical interactions
between the crystal lattice and the organic modifiers. The magnitude of this
interaction energy, the affect of the interaction on the interfacial energy landscape,
and the impact of the change in the landscape on crystallisation are also required to
obtain a complete picture of biological crystal growth. Clearly, there is much more
work required before we have an understanding of the biomineralisation process.

To confound our understanding further, this discussion and Mann’s model has
assumed that the nucleation follows a pathway from solution to a nucleus with the
ordered crystal structure of the bulk crystal. The assumption that the structure and
surface energy of the embryonic nuclei will be the same as the final crystal is not
necessarily the case[3]. This is because the energy barrier leading to an intermediate
disordered, less stable state is less than the one leading to the most stable state. This

is the basis of Ostwald’s law of phases (refer section 1.1.2), which suggests that
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crystallisation will follow the pathway through all the less stable states before
reaching the most stable state (Figure 1.10). This is a phenomenon that many of the
early studies[17,19,28,29,43-48] did not appear to consider when relating monolayer
structure (spacing, head-group chemistry) to the final crystal structure, orientation,
and morphology. However more recent studies[49-51] have shown that a multi-step
pathway is followed, at least in certain situations. Whether Ostwald’s law holds true
for all systems remains unknown due to difficulties in studying crystal nucleation.
Given the nucleation theory models discussed in section 1.1.2 it is unlikely that it

applies in all situations.

thermodynamic
A

AG,,( Ayt AG;(A)

Solution
(M5, +X2)
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kinetic

Final mineral
{crystalline)

Figure 1.10 Crystallisation pathways via thermodynamic (A) or kinetic (B) controlled routes[52].

As indicated in Figure 1.10 the multi-step pathway is kinetically driven, in
contrast to the thermodynamically driven single-step pathway. As with
thermodynamics, the kinetics can be manipulated through the use of enclosed
environments, such as vesicles, enabling the control of the solution chemistry (i.e.
supersaturation, concentrations, pH, etc.). Control of the degree of supersaturation
can alter the critical nucleus size and therefore enable manipulation of crystal

nucleation and growth. Consequently, biomineralisation in microemulsions has been
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widely investigated. Li and Mann[53] showed that by changing the [H,O]/[CaCO;]
ratio in a surfactant-stabilised amorphous CaCO; nanoparticle system, different
vaterite morphologies can be observed (where vaterite is a kinetically stable but
thermodynamically metastable phase). In this study alkylbenzene sulfonate
stabilised amorphous calcium carbonate (ACC) was added to a sodium bis(2-
ethylhexyl)sulfosuccinate (NaAOT)/water-in-isooctane micro-emulsion. Stabilisation
of ACC has been previously shown to be associated with the presence of
polysaccharides and proteins, specifically enriched in glutamic acid, serine, and
threonine, and/or inorganic ions such as Mg” and phosphate species[53]. Upon
shaking, the combination of water, ACC and the two surfactants resulted in the
crystallisation of vaterite. The different vaterite morphologies observed were
attributed to changes in the [H,O]/[CaCO;] ratio. It is likely that these changes
altered the degree of supersaturation, which in turn would have altered the
surfactant conformation and changed the interfacial free energy of both the
surfactant surface and the nucleating crystals.

If nucleation and growth do follow an amorphous to crystalline route then our
understanding of how the final crystal structure is influenced by the organic seed is
flawed. The experimentally observed preferred orientation could purely be a post-
nucleation adsorption effect. Further, this adsorption onto selected crystal facets
would lead to the formation of different morphologies. Colfen and Mann[52] have
addressed this conundrum by developing an extended model for organic-matrix
mediated nucleation, involving three different pathways (Figure 1.11). This
highlights the need to have complete control over the solution chemistry in
polymorphic systems when investigating thermodynamic drivers. By manipulating
the solution chemistry it is possible to create a system where the nucleation rate of
the most stable phase is greater than that of the metastable phases (refer section 1.1).

Thus crystallisation effectively follows the thermodynamic route, A, in Figure 1.10.
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Figure 1.11 An extended three-pathway model used to describe the interaction between an organic matrix
and a precipitating inorganic phase that leads to oriented crystallisation. Pathway A is the more conventional
view, where aqueous cations bind to the matrix, followed by counter-anions. The achievement of critical cluster
size results in oriented nucleation on a specific crystallographic face. Pathway B involves the binding of
solution crystallised particles on a specific crystal face. Pathway C involves the formation of an intermediate
amorphous phase either in solution or on the matrix interface. This amorphous primary particle then transforms

via a matrix-mediated mesophase transition resulting in oriented crystallisation[52].

Once again we come back to the need to understand what is going on at the
interface in situ.  Unfortunately, the small number of in situ synchrotron
investigations that have been performed[54,55] failed to identify the presence of a
metastable phase or crystal nucleation at the interface. In addition, the availability of
synchrotron-based facilities is limited thus making an indirect empirical approach
more feasible. Provided that the system is optimised in favour of the single step
thermodynamic route, where the nucleation rate of the stable polymorph (calcite) is
greatest then the confounding effects of other crystallisation pathways should be
minimised. However there is no denying the potential offered by synchrotron
techniques for probing the interfacial processes.

This brief summary of the biomineralisation process, as it is currently understand,
used by nature to engineer crystal structures has illustrated the complexity of natural

systems.  Nature uses many different organic/inorganic systems to control
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crystallisation, therefore it is not surprising that there is variability in the process.
Consequently, when studying biomineralisation it is important to realise that the
understanding gleaned from one organic/inorganic system may not directly cross
over to other systems. The nature of a particular interface is a product of the organic
and inorganic materials employed, which must be considered when attempting to
understand the mechanisms involved in interfacial molecular recognition. With this
in mind this review will now focus on surfactant Langmuir monolayer/CaCO;

systems.
1.3 Introduction to Langmuir Monolayers

The use of Langmuir monolayers as model systems is related to the many
examples of biomineralisation that involve cell membranes or intracellular vesicles.
As mentioned earlier these cell membranes or vesicles typically consist of
phospholipid bilayers with incorporated proteins[64]. Given that the complexity of
these macromolecular cell membrane structures make the characterisation of
interfacial interactions difficult, simplified surfactant structures such as
microemulsions[65], reverse microemulsions[53], liposomes[66], vesicles[19], and
Langmuir monolayers[43,67] have been widely studied. Consequently, the simplified
planar 2-D approach, and the large body of knowledge and understanding gathered
on these systems, makes surfactant monolayers a valuable substitute[15]. In
addition, Langmuir monolayers created using a Langmuir-Blodgett (LB) trough
enable the solution subphase below the monolayer to be controlled as it would be
inside a cell.

To gain a better understanding of the interaction between the monolayer and the
nucleation process, it is necessary to appreciate the complexity of the monolayer
system in isolation. Extensive literature exists illustrating the extent of the phase
space in monolayers and their degree of complexity. For example, the fatty

acid/water phase diagram consists of up to eight phases, on varying surface pressure
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and temperature[56]. Changes to the subphase, such as pH and composition[57,58],
alter surfactant interactions and therefore monolayer phase structure opening
additional avenues for phase manipulation and determination. Owing to significant
interest in Langmuir-Blodgett thin films in the early nineties, there is considerable
literature on fatty acid and alcohol systems. More recently, work has focused on the
monolayer-water interface[59-61] rather than purely phase structure, tilt and
symmetry-based characterization[58,62]. However this effort remains limited largely
due to the difficulty in probing the interface and its complexity. Hence explanations

are typically limited to hydrogen bonding associated interactions[63].

1.3.1 Chemical Structure and Varieties

A surfactant molecule is essentially one that consists of a hydrophobic end
(typically a long hydrocarbon chain) and a hydrophilic end (typically an acid and/or
amine group). Therefore the number of potential molecules is vast, Figure 1.12

illustrates a few typical examples.
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Figure 1.12  Examples of some common surfactants: (a) palmitic acid; (b) methyl palmitate; (c)
diacylphosphatidylethanolamine; (d) diacylphosphatidylcholine; and (e) diacylphosphatidylcholine with an

aliphatic branch.

Surfactant chemistry is extensive and complex, consequently it will not be
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covered here, for a good overview of the topic the reader is referred to Chapter 4 of
‘Introduction to Soft Matter” by I. W. Hamley[64]. However in terms of crystal
templation, the surfactant monolayer structure is important and will be described
very briefly.

The formation of a monolayer is dependent on the chemical properties of the
surfactant molecules such as: their amphiphilic nature, their solubility and
concentration. The amphiphilic nature means that it will tend to self assemble such
that the hydrophobic tail has little or no interaction with water and the hydrophilic
head maximises its contact with water. The longer or bulkier the tail the lower the
solubility in water. In addition, the length of the hydrocarbon chain determines the
extent of the inter-chain van der Waal interactions, which also affects the surfactant
mobility and therefore monolayer structure. Given that these two ends are joined,
there are limited conformations that accommodate both the hydrophobic and
hydrophilic tendencies. At medium to high concentrations (above the critical micelle
concentration) the surfactant molecules tend to self assemble forming micelles,
bilayers, vesicles, along with surface monolayers. However, at low concentrations
there are insufficient molecules to form such elaborate structures therefore the
molecules tend to adsorb to the surfaces of the container and at other interfaces, such
as the air/water interface, forming monolayers. This is a very simplified description
of the formation of micelles, for a more detailed account see Hamley[64]. In terms of
surfactant systems this proposal will focus on monolayers formed at an air/water
interface, at low surfactant concentrations.

In the absence of external pressure and at low concentrations the surfactant
molecules in a monolayer will orient somewhat randomly with very little phase
structure. The acid and/or amine head group will typically ionise in water within a
particular pH range, which is an important characteristic in terms of ion binding and

crystal nucleation. The presence of any packing arrangement will be due to the
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chemical structure of both the hydrocarbon chain and the head group, via steric
hindrance and like-charge repulsion, respectively. Oppositely charged ions in the
subphase will be attracted by the charged head groups and will go some way to
neutralising the affects of like-charge repulsion. For anionic surfactants, this effect is
likely to be greater for smaller cations, which can enter the interfacial layer more
easily[68].

In terms of the modes of complementarity, other important properties include the
geometrical arrangement of the head group, the polarity of the surfactant molecule,
the valence of the head group, the presence of zwitterionic charges (i.e. contains both
positively and negatively charged groups, see Figure 1.12c, d and e), the charge
density, and the packing symmetry of the molecules. Clearly, there is a great deal of
versatility in the surfactant monolayer chemistry; variability that is increased through
the different packing arrangements that occur on the application of an external

pressure.

1.3.2 Compression and Phases

The application of surface pressure, by compressing the monolayer between
barriers, results in an ordering of the monolayer (Figure 1.13). This ordering is the
result of a rearrangement of the molecular packing in order to balance the applied
pressure with the steric and electrostatic repulsion between neighbouring molecules.

For a given temperature, increasing the surface pressure can result in a phase
transition (Figure 1.14a) from a liquid-like state (L), where there is significant tilting
in domains, to a liquid-condensed state (L,") associated with close-packed head
groups and then toward a condensed phase (S or CS) where there is little or no tilting
and the chains are close-packed. The nature of the phase transition can take many
forms depending on the chemistry of the surfactant, the temperature, the rate of
application of surface pressure, and the solubility of the surfactant, among other

properties. Surface pressure-area isotherms or compression isotherms are used to
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study the structure of the monolayer (Figure 1.14b). Information, such as the phase
(gas, expanded or liquid, and condensed phase) and the average area per molecule

(packing density) of the monolayer can be determined from the compression

isotherm.
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Figqure 1.13 A schematic illustrating the monolayer ordering that occurs on the application of surface

pressure.
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Fiqure 1.14 (a) A generic monolayer phase diagram[56]. (b) A pressure isotherm for a stearic acid

monolayer on four different subphases. As the pressure is increased the monolayer passes through phase

transitions, which can be plotted against temperature.

The packing symmetry of the surfactant molecules in a monolayer depends on the

head-group size, the presence of polar groups, the number and conformation of the
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hydrocarbon chains, the chemical nature of the underlying solution, and the degree
of compression being applied[64]. Due to the nature of the surfactants used in
biomineralisation studies, hexagonal arrays are common[29]. However, rectangular
arrays have also been observed[69].

The final structure of the monolayer and the freedom with which each molecule
has to move (and thus interact with subphase cations) is determined by the nature of
the phase. Consequently, knowing which monolayer phase is present, and its
symmetry, is critical in understanding the organic/inorganic interface. For example
the packing arrangement, and hence density, is important in terms of calculating the
molecular spacing, which can then be compared to crystal lattice spacing. Likewise,
the degree of monolayer compression has been shown to influence the homogeneity
of crystal nucleation, with partially compressed films being optimal for controlled
crystallisation[45]. The nature and mechanism of this effect was not explained but it
is likely to be associated with obtaining the best lattice match between the monolayer
and the nucleating crystal, thus lowering the interfacial energy of the system.

More recently X-ray techniques have been employed to provide detailed
structural information on the monolayer[12-14]. To some degree this approach has
supplanted surface pressure isotherm investigations as significantly more
information can be obtained. A brief summary of the typical techniques and the

underlying theory follows.

1.3.3 X-ray Techniques

X-ray methods offer the ability to non-destructively probe the monolayer
structure directly at a molecular level. The monomolecular nature of the film
requires the high energy flux of a synchrotron source to perform these experiments.
Further, in order to avoid the significant water subphase scattering, grazing
incidence X-ray diffraction (GIXD) is typically employed. Complementing the

structural information obtained from GIXD is specular reflectivity (XRR). XRR
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provides information regarding the electron density perpendicular to the interface.
The surface sensitive techniques of GIXD and XRR have been the subject of many

reviews[12-14], therefore the following discussion is a summary of the main points.

1.3.3.1 Grazing Incidence X-ray Diffraction (GIXD)

X-ray diffraction intensity is a function of the number of scattering entities within

the beam. With a wavelength of ~1 A, the penetration depth of an X-ray beam can
be between a few microns and a few millimetres depending on the absorbing
properties of the subject material. In contrast a monolayer film has a thickness of
tens of Angstroms, hence to avoid saturation by the subphase scattering, and yet
attain sufficient intensity, synchrotron-based GIXD is necessary. By having an
incident angle (a;) less than or equal to a critical angle (a.), total external reflection of
the X-ray radiation is achieved. The total reflection of the incident beam means that
the refracted wave becomes evanescent and travels along the surface. As the

amplitude of the evanescent wave decays exponentially with depth, attaining a

penetration depth of 50 — 100 A for a; < 054, the crystallographic information of
surface phenomena can be obtained without being dominated by subphase
scattering. Combined with the larger beam 'spot’, associated with small incidence
angles, and the high flux of synchrotron radiation the diffracted evanescent wave is
capable of providing information about the first order diffraction peaks, at least, for
monomolecular films.

The critical angle (a.) is defined by a. = cos™(n) = (29)°°. n is the refractive index of

matter for X-rays in the 1 A wavelength range and is given by:

n=1-5—ip (15)
with d=27mpr,/k>, where k = 2772 is the X-ray wave number, A is the wavelength, pis
the electron density and 7, is the classical electron radius (r, = 2.82 x 10" cm). Jis

typically of the order of 10°, and B = —f/2k, where y is the linear adsorption
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coefficient. For A= 1A, absorption is small and << 4.

In 3-D crystals diffraction from a set of planes with a specific interplanar (d)
spacing occurs only when the Bragg Law is satisfied. That is when (1) the scattering
length vector QI (given by Iki - ki|=478in@A) is equal to 278, where d, is the
reciprocal of the interplanar spacing; and (2) the normal to the crystal plane intersects
the angle between the incident and outgoing beams (Figure 1.15). For 2-D crystals,
diffraction only takes place when the horizontal component of Q, denoted Q,,
coincides with a vector 27tha, + kb,), where a, and b, are the reciprocal space vectors
of the unit cell parameters a, b, whereas h, and k represent the Miller indices of the
planes with spacings dy. In 2-D there are no restrictions on the scattering vector
component normal to the film, thus Bragg scattering is manifested as rods. The finite
thickness of the monolayer means that the rods are also of finite length, a length that

is proportional to the thickness of the monolayer.
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Figure 1.15 A schematic of the GIXD and specular reflectivity geometry from a horizontal surface. K; and
K; are the incident and reflected wave vectors, with angles a; and ay between the beam and the surface,

respectively. Q is the diffracted wave vector with components Q. and Q..
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1.3.3.2 X-ray Reflectometry (XRR)

Specular X-ray reflectivity enables information about the electron density
variation in a monolayer to be probed in the direction normal to the interface. The
specular nature of the technique refers to the measurement of the reflected ray in
plane with the incident wave vector k; and the vector normal to the surface at an
angle equal to the incident angle (a;), Figure 1.15. For an ideal surface the specular
reflectivity is given by the Fresnel law of optics, which within the limit of small

incidence angle is:

{q _( 2_q2)1/21 2

z z ¢ J

Rr(q,)= 16

A =™ 1o
417, . 41t .

where qz=(—A7T )sin; and, qc=(—2\Tr )sine, is the critical value of g. for total external

reflection[13]. When ¢. < g. then R = 1, however as g. exceeds g, Rr decreases
significantly placing importance on the high flux capacity of synchrotron sources.
The validity of Equation 16 lies in the assumption of ideally flat surfaces where the
electron density varies in a step-like fashion between two constant values. Hence

when p(z) varies continuously the reflectivity is changed to:

R(q.)=R(q.)$(q.)} (17)
where
blg.)=(-) ] [dfl—z(z)]expuqzzwz (18)

and p, is the bulk subphase electron density. Unfortunately Equation 17 is very
complex and only its modulus (not the phase) can be solved from the measured
reflectivity. Consequently, the specular reflectivity data is analysed by fitting a

parametrised model density profile to the measured data using the above equations.

1.3.4 Effects of Environment

A Langmuir monolayer is a dynamic structure with individual surfactant

molecules diffusing in and out of the monolayer, at some temperature dependant
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rate. The structure is also known to change in response to pH and the presence of
subphase counter-ions, consequently the actual structure is very variable and
incredibly susceptible to changes in environment. What must also be realised is that
a monolayer is not a uniform arrangement of surfactant molecules and that the phase
structures discussed above, are in fact averages. Brewster Angle Microscopy (BAM)
provides a more accurate picture of the phase structure within a monolayer. Figure
1.16 illustrates the formation of domains of different phases (indicated by light and
dark regions). Depending on the mobility and solubility of the surfactant molecules

a homogeneous monolayer may form, given sufficient time to reach equilibrium.

Figure 1.16 BAM images of uncompressed monolayers (IT = 0 mN m™) of (a) palmitic acid; (b) lignoceric
acid; and compressed monolayers of (c) lignoceric acid at IT=29 mN m™" and (d) triacontanoic acid at a pressure

of 27 mN m™". Scale bar = 0.5 mm[70].

The influence of pH is associated with the ionisation of the head group.
Depending on the chemical nature of the surfactant, changes in the subphase pH will
result in different degrees of ionisation. As mentioned earlier, ionisation results in
like-charge repulsion, thus affecting the packing. The presence of subphase counter-
ions (such as Ca™) is known to initiate solid-like monolayer structuring. If the

surface pressure is low then the presence of counter-ions will result in domains of
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solid-like phase behaviour separated by regions of gas-like phase behaviour, i.e. a
heterogeneous monolayer. Impurities are also known to alter the structure of the
monolayer, with the magnitude of the effect very much dependant on the nature of
the impurity. The ionic strength of the subphase will also indirectly influence
monolayer structure.

Having briefly described the Langmuir monolayer system, it is necessary to
understand calcium carbonate chemistry before confronting the nature of the

organic/inorganic interface.
1.4 Calcium Carbonate

The choice of calcium carbonate from the many inorganic materials that have
been investigated, for example hydroxyapatite[71], calcium phosphate[50] and
barium sulfate[43], is based on 1) it being a common biomineral, 2) the large body of
knowledge available regarding its crystallisation and 3) the versatility offered by the
CaCO; polymorphs.

There are known to be eight polymorphs of calcium carbonate, three common
anhydrous crystalline forms: calcite, aragonite and vaterite, two hydrated crystalline
forms: calcium carbonate hexahydrate (CaCO;.6H,O) and calcium carbonate
monohydrate (CaCO;.H,0O), two high temperature forms: calcite II and calcite III, and
an amorphous phase. Calcite, aragonite and amorphous CaCO; are common in
biological systems. Vaterite is a metastable phase and is rarely formed in nature.
Calcite is the most abundant polymorph of calcium carbonate, a consequence of
being the most thermodynamically stable phase.

Table 1 lists the crystal structure details for calcite, aragonite and vaterite. In all
three structures the Ca® and CO,;” ions are arranged in alternate layers
perpendicular to the ¢ axis. However in calcite and aragonite the planar CO;* ions
are oriented perpendicular to the c axis, which can be seen in Figure 1.17. In vaterite

the CO,™ ions are oriented parallel to the ¢ axis[10]. Interestingly, the orientation of

35



Chapter 1:Literature Review

the carbonate ions in the plane parallel to the c axis is believed to be randomly
distributed among three or more different positions[72]. This random rotation
around the carbon atom makes structure determination difficult.

The similarities between calcite and aragonite do not end with the orientation of
the carbonates, the inter-ion distances and angles within the basal faces are also very
similar. However the important difference between calcite and aragonite lies in the
layering of the carbonate anions. In calcite, the CO;* ions lie in a single plane
midway between each pair of Ca* planes. In contrast, the CO;” ions are staggered in
two layers between each Ca* layer with alternate COs;* groups rotated +30° in

aragonite[73].
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Table 1 Crystallographic characteristics of the three crystalline phases of calcium carbonate found in nature.

Calcite’ Aragonite Vaterite
JCPDS File 47-1743 41-1475 33-0268
a (A) 4.9896 4.9623 7.1473
b (A) - 7.968 -
¢ (A) 17.061 5.7439 16.917
Volume [CD] (A% 367.85 227.11 748.41
Z 6 4 12

Rhombohedral

Symmetry (pseudo-hexagonal Orthorhombic Hexagonal

cell)
Space Group R3¢ (167) Pmcn (62) Pg/mmc (194)
Ca Coordination 6 9 8*
Density (g/cm®) 2.711 2.927 2.665
Solubility (@25°C)[5] 3.31x10” 4.57x10” 1.23x107°
Cleavage Planes {10.1} perfect {010} imperfect,

{110} poor

# The details for calcite refer to the hexagonal pseudo-cell structure, which is more commonly used, however
it actually has a rhombohedral structure as indicated.

* In vaterite each calcium atom is coordinated to six carbonate oxygen atoms at a distance of = 2.4 A but
there are a further two oxygen atoms at = 2.9 A distance, sufficiently close to be considered to be bound to the

calcium atom[72].

In terms of providing a comparison for the influence of the Langmuir monolayer
on crystallisation, in the absence of any templation the most commonly observed
nucleation face of calcite is the (10.4) plane. This is attributed to the electrostatic
potential of this face, with both Ca® and CO,” ions present the charge on this
particular face is neutral[74]. As for aragonite, crystallised in the presence of Mg*,

the {110} face is most likely to be observed in the absence of any templating[73].
1.5 Monolayer/Crystal Interactions

This section will examine the combined current knowledge and understanding of
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Figure 1.17 The typical crystal habits of calcium carbonate. The important faces are labelled and the crystal
lattice arrangement is shown[75]. In the calcite (001) schematic the carbonate groups are actually displaced into
the page relative to the calcium ions. All the atoms in the calcite (110) and (104) planes are in the plane of the

page. In the aragonite schematic the two different oxygen atoms are represented as filled and unfilled spheres.
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biomineralisation, Mann’s six modes of complementarity, Langmuir monolayers and
calcium carbonate with the aim of understanding what is important, and why, within
the context of crystal engineering. The following discussion will consider an
example system consisting of a stearic acid monolayer spread over a supersaturated
aqueous CaCOj; subphase with Na', CI', OH" ions added for pH and ionic strength

adjustment.

1.5.1 Stearic acid/Ca* Bonding

For bonding between subphase ions and monolayer head groups to occur,
previous studies have shown that the head group has to be ionised. This is inferred
by the lack of interaction between the cations and the monolayer at low pH, when
there is little or no dissociation[76]. However, as the pH is increased the surfactant
becomes increasingly deprotonated and converted to a salt. The intrinsic pKa
indicates the point of 50% dissociation and for a typical long chain fatty acid this is in
the pH range of 5-6. However the particular pH range that the acid to salt conversion
occurs over is specific to the individual cation species present. This dependence is
generally attributed to the competition for the carboxylate group between the metal
ion and the proton[76].

In terms of the extent of the reaction, divalent cations are generally found to be
the most effective and the salts formed are traditionally known as “soaps”[76]. In a
previous Langmuir-Blodgett study, Sobotka[77] determined that the percentage of
soap, for a stearic acid/Ca* system, increased from 30% at pH = 6 to 100% at pH = 8.
In comparison, in a similar study, Kobayashi et al.[78] found the percentage of soap
for an arachidic acid/Ca* system to vary from 0% to 100% over the pH range of 4.6 to
7.5.

The studies above have focussed on electrostatic bonding between the Ca* ion
and the charged head group yet there are four main types of metal-carboxylate

interactions that could apply to the bonding between stearic acid and Ca® ions
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(Figure 1.18). As described above, the carboxylate group can act as an uncoordinated
anion (Figure 1.18a), alternatively it could form some type of metal-ligand
coordination structures, such as: a monodentate ligand (Figure 1.18b), a bidentate
chelate (Figure 1.18c) or a bridging bidentate (Figure 1.18d)[79]. Gericke and
Hiihnerfuss[79] found, using infrared reflection-absorption spectrometry, that for
calcium octadecanoate the IR bands corresponded primarily to an ionic carboxylate-
metal interaction. However, there was a weak band corresponding to a small amount
of covalent bonding. This mixed bonding behaviour has been seen in other calcium
carboxylates, e.g. calcium acetate[79]. A comparative study investigating the binding
of alkaline earth ions (Mg*, Ca* and Ba®) and transition metal ions (Co*, Cd,"and
Pb*) to fatty acid LB films, found that the latter group has a tendency to form more
covalent bonds. The presence of d and f orbitals means that the transition metal ions
tend to form coordination complexes with substantial covalent character. Surface
potential measurements also showed alkaline earth metal ions interact

electrostatically[58].

(a) | (b) | () | (d) |
o/;%\o T/C\) o<—;~>o T/C\

Figure 1.18 The four main types of metal ion/carboxylate interactions observed: (a) an uncoordinated anion,

(b) a monodentate ligand, (c) a bidentate chelate and (d) a bridging bidentate interaction.

Interestingly, a study investigating the influence of di-carboxylic acids on calcite
crystallisation found that the crystal/di-acid interaction is via bidentate binding. This
cooperative binding of both carboxylates is strongest for malonic acid, however in
the longer-chain di-carboxylates the acid groups behave independently[39]. Given
that there is little difference in the Ca*-binding stability constants then this difference

was attributed to loss of conformation entropy in the longer chain derivatives.
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A more recent study[40] into the adsorption of small di- and tri-carboxylic acids
from water onto calcite found the mechanism of adsorption to be a complexation of
the —Ca" surface site by the two carboxylates, a mechanism similar to that observed in
the solution complexation of Ca* ions. Geffroy et al.[40] also found that the surface
complexation resulted in a ring formation (Figure 1.19), which involves the binding

of the two carboxylates to the —Ca" surface site, displacing water in the process.

Oxalate Malonate Succinate
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Figure 1.19 Suggested mechanism of surface complexation of dicarboxylates on a calcite surface[40].

A comparison of different aliphatic dicarboxylates found, in line with the general
view, that five-membered chelate rings are the most stable and that the complexation
strength increased with the number of CH, groups: oxalate > malonate > succinate.
When comparing the strength of the surface complexation of the dicarboxylates with
aliphatic diols and catechol, Geffroy et al.[40] also found a trend reflecting the relative
electron donor abilities of the oxygen that chelates the —Ca" surface site: enolate >
carboxylate > hydroxyl. Figure 1.20 illustrates the suggested complexation
mechanism for 2-hydroxy carboxylates, which display the strongest surface
complexes.

Another study, this time using in situ synchrotron X-ray scattering, investigating
fatty acid Langmuir monolayers on supersaturated calcium bicarbonate subphases
found the cation binding ratio to be 1:4-8 surfactant molecules. This was at an
estimated 50% deprotonation level within a pH range of 6.3-7.4. This was contrary to
the 2:1 or 1:1 ratios expected for bidentate or epitaxial adsorption[69]. However this

may reflect a 50% deprotonation and a relatively low subphase ionic strength, as
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studies have shown that increased subphase concentration (ionic strength) can lead

to increased soap percentage for a given pH[76].
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Figure 1.20 Suggested mechanism of surface complexation of a-hydroxy carboxylates on a calcite

VY=

surface[40].

These studies show no conclusive findings regarding the nature of the calcium-
carboxylate (particularly stearic acid) interaction. However, given that mixed
electrostatic and covalent binding has been observed in calcium carboxylates then it
is possible that the nature of the binding changes depending on the chemical

environment, which is where the modes of complementarity may play a role.

1.5.2 Modes of Complementarity

This section presents a brief description of the six modes of complementarity
(lattice geometry, symmetry, electrostatics, stereochemistry, polarity and topography)
proposed by Mann[19], with a particular focus on how they might be considered in a

Ca*/stearic acid monolayer system.

1.5.2.1 Lattice Geometry and Symmetry

The lattice matching and symmetry modes are closely related, the aim is to match
the crystal lattice spacing and symmetry of the organic seed to that of the crystal

being precipitated. In principle this is relatively simple, however achieving this
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experimentally in a monolayer is more difficult. Figure 1.21 depicts models of four
calcite faces, clearly showing the spacing and symmetry of the Ca* and CO;> ions.
The aim of creating a stearic acid monolayer seed is to recreate this spacing and
symmetry by altering the surface compression of the monolayer and the chemistry of

the surfactant molecule.

1.5.2.2 Electrostatic Matching

In terms of electrostatic matching the focus is on charge (positive or negative),
and charge density. A comparison of the (10.4), (10.0), (00.1) and (01.2) faces shows
that the (10.4) and (10.0) are neutral whereas the (00.1) and (01.2) are positive.
Therefore in terms of electrostatic charge matching, a negative stearic acid monolayer
provides a better match for the latter two faces. The other consideration is charge
density, the best match will depend on the valance, spacing and degree of ionisation

of the monolayer.

1.5.2.3 Stereochemical Matching

Stereochemical matching is commonly considered to refer to matching of the
carboxylate head-group orientation with the carbonate anions in the crystal lattice.
As such, the term stereochemistry is incorrectly used in the literature as it does not
refer to a chiral centre. For the remainder of this discussion the term stereochemistry
will be used for consistency with the literature, however in the remainder of this
thesis the term spatial geometry matching will be used. If the monolayer is fully
compressed and the carboxylate is perpendicular to the interface then a
stereochemical match is only possible with the {10.0} face, as it is the only face where
the carbonate anions are perpendicular to the nucleating face, as shown in Figure
1.21. However, for a partially compressed monolayer, where the surfactant
molecules are tilted, there is a potential stereochemical match for both the (10.4) and

(01.2) faces. The parallel configuration of the carbonate anions to the (00.1) face
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means the occurrence of stereochemical matching is very unlikely.

(10.4) Face of Calcite ... (01.2)Face of Calcite
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Figure 1.21 Four crystal faces of calcite, showing the, symmetry, spacing and composition of the face.
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1.5.2.4 Topography

The importance of topography lies in the way it influences the spatial charge
distribution, confines and controls solution chemistry, and restricts crystal growth.
The latter two are concerned with enclosed environments, such as vesicles. In terms
of spatial charge distribution and controlled crystal growth the aim is to create an
organised array of charge sites, which match the crystallography of the incipient
nucleus. According to Mann[19], the simplest way to achieve this is through
curvature of the substrate surface as shown in Figure 1.22. Thus the surface

curvature or the topography plays an important role in controlling crystallisation.

(a)

T = Binding site @ = Cation ; © = anion

Figure 1.22 A schematic of the influence of surface topography on the spatial charge distribution and

therefore controlled crystallisation[19].

Unfortunately, in the Langmuir monolayer system used in this study there is no
scope for this type of topographic influence on crystallisation. Having said that,
based on a GIXD study[80], it was suggested the possible occurrence of periodic
buckling of the monolayer in the presence of a precipitated inorganic film.
Kmetko[80] observed small secondary maxima (oscillations) in GIXD Bragg rod scans
of MgCl, and MnCl, films grown under a heneicosanoic acid Langmuir monolayer.
It was proposed that these oscillations arose due to periodic buckling or protrusion
of the aliphatic chain (Figure 1.23). This phenomenon has been observed in an

arachidic acid monolayer with cadmium salt, also on a solid substrate in Langmuir-
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Blodgett films. The possibility of a textured monolayer surface adds another level of
complexity to the organic/inorganic interfacial interaction and it is likely that this
rearrangement of the monolayer would occur during the nucleation of the crystal

and only in particular circumstances.
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Figure 1.23 A schematic of the monolayer buckling or protrusions postulated by Kmetko[80] to explain

L

small secondary oscillations in grazing incidence X-ray diffraction Bragg rod studies of MnCl, and MgCl, films

precipitated under heneicosanoic acid.

The mechanism for such a process is unknown but Kmetko postulated that it
occurs due to the subphase ions compressing the head-group packing to the point
where out-of-plane protrusions occur to relieve in-plane packing stresses. Ordinarily
the small ions would form weaker ionic bonds as individuals, therefore to create such
an effect it is suggested that they must interact as large aqueous species as a

consequence of hydration and hydrolysis before binding[80].

1.5.2.5 Polarity

The influence of polarity on crystal growth has received very little attention, this
is likely to be due to the difficulty in separating the effect from electrostatic factors.

The importance of the dipole strength of the surfactant molecule, and therefore the
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monolayer, lies in its role, along with the surface charge density, in determining the
nature of the short-range interactions[81]. The interaction between a deprotonated
surfactant molecule and a cation in the subphase has ion-ion and ion-dipole
components. The relative importance of the ion-dipole interaction will be dependant
on the chemistry of the surfactant molecule, the properties of the counter-ion, and the
dielectric properties of the solvent. For example, given an equal charge, a cation will
generally interact more strongly with dipoles than anions would, because the charge
is more concentrated on the usually smaller cation.

This dependence on the surfactant chemistry enables the dipole moment, and
therefore the ion-dipole interaction, to be manipulated. By placing an electron
withdrawing group elsewhere in the chain, the electron density at the head group
will be reduced changing the dipole moment of the molecule. Consequently, the ion-
dipole interaction would be reduced, but it is unknown how will this affect the
overall interaction. For example, knowing how a change in the dipole moment
would affect the mixed ionic/covalent bonding in the Ca*-stearic acid system, as
described in section 1.5.1, could be extremely important in determining the nature of
the bonding.

To obtain an indication of the strength of the ion-ion and ion-dipole interactions
and to investigate how they can be manipulated we turn to Equations 19 and 20. For

a charge-charge interaction the interaction energy w(r) is:

wlr) = 20, (coulomb energy) . (19)
4nee v

Similarly, for a charge-fixed dipole interaction the interaction energy w(r) is:

w(r) _ Qucosf

dnee 1’ (20)

where w(r) is in ], the electric charge (Q) is in C, the electric dipole moment (u) is in

(C m), r is the distance between the interacting molecules, & is the dielectric

permittivity of free space (8.854 x 107> C*J" m™") and ¢is the dielectric strength of the

47



Chapter 1:Literature Review

medium[82]. The (cos 6) term in Equation 20 means that the magnitude of the
charge-dipole interaction will be affected by the degree of surfactant tilt. At low
surface compression the molecules are likely to have significant tilt therefore the
interaction will be reduced compared to that of an erect compressed ‘solid-like’
phase. The 7’ term in the denominator shows that the charge-dipole interaction
energy will decay quadratically in contrast to the linear decay of the charge-charge
interaction energy. Therefore, the importance of the ion-dipole interaction increases
as r decreases.

Equations 19 and 20 show an increase in interaction energy can be achieved by
either increasing the charge density or reducing the local dielectric constant. Vogel
and Mobius[83] showed how the latter can be achieved by the introduction of alkyl
groups in the vicinity of a surfactant head group. For example, methylation was
found to increase the head group hydration shell distance, thereby increasing the
effective dipole moment. This increase reflects a reduction of the high dielectric
constant of water from £=78 to £=5 in the vicinity of polar interfaces, which was
attributed to changes in the water structure[83]. This manipulation of the local

dielectric constant highlights the importance of the subphase to interfacial

interactions.

1.5.3 Solvation Implications

The structuring of water molecules around ions, molecules, particles, and surfaces
is also important in terms of crystallisation. For ions to leave the solution to join a
growing crystal then either the bound water has to be removed (dehydration) or the
water has to be incorporated into the crystal structure. The release or incorporation
of bound water has significant thermodynamic implications in terms of the process of
crystallisation. The different strengths of the ion-water bonds and ion-crystal bonds
have an enthalpic effect, which will vary from system to system. In contrast,

according to De Yoreo and Vekilov([3], the entropic effects appear to be consistent
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(~20 ] K per mole of water released or trapped); positive on the release of water and
negative for trapped water. Therefore the tendency of the subphase and monolayer
ions to be hydrated must be considered when investigating the nature of the
interfacial interaction.

This overview of the factors that are believed to be important in determining the
nature of the organic/inorganic interface highlights the complexity of the situation.
In the next section the research activities pertaining to crystallisation under
Langmuir monolayers is summarised, providing experimental evidence for much of

the theory that has been discussed above.

1.5.4 Current Understanding

One of the earliest studies investigating calcium carbonate growth on surfactant
monolayers was by Mann et al.[45]. This study involved the growth of vaterite under
stearic acid monolayers, in which it was found that the vaterite crystals exhibited
preferred orientation in the [00.1] direction. This suggested that nucleation occurred
on the (00.1) face, with the c and a axes oriented perpendicular and parallel to the
monolayer, respectively.  These results were attributed to electrostatic and
stereochemical interactions at the interface. In terms of electrostatics, the formation
of a Stern layer of Ca® counter-ions favoured the nucleation of faces containing only
Ca ions, such as the (00.1) face of vaterite. However, charge accumulation cannot
account for vaterite formation alone, as the (00.1) face of calcite also consists solely of
Ca™ ions. Mann et al. attributed the crystallisation of vaterite (as opposed to calcite)
to stereochemical matching, stating that the carbonate anions are arranged parallel to
the (00.1) face in calcite, in contrast to the perpendicular arrangement in the (00.1)
face of vaterite. The perpendicular conformation is believed to match the orientation
of the carboxylate groups on the monolayer. Mann et al. went on to state that there
was no evidence for a match in the lattice geometry and concluded that electrostatic

and stereochemical matching overrides lattice mismatch. Further, if lattice matching
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were important then calcite would be expected rather than vaterite due to a better
lattice spacing match with the partially compressed monolayer. Although the
preferred alignment and the resultant polymorph have been accounted for, the
influence of kinetics on the crystallisation of vaterite in place of calcite was not
discussed.

In contrast to the above study, matching of the crystal lattice geometry with the
spacing of the monolayer head groups is the most common explanation given for
oriented crystallisation[84]. For example, the influence of lattice geometry was
observed in a study[29] investigating the nucleation and growth of calcium carbonate
under stearic acid monolayers. Under a compressed monolayer (M= 45 mM m™)
calcite crystals were nucleated with the {1 1.0} face oriented parallel to the
monolayer/subphase interface. Unlike the Mann et al.[45] example above where a
uni-polar (00.1) face was nucleated at the interface, the {1 1.0} face is neutral,
containing both Ca* and CO;> ions. Given the electrostatic mismatch of the
negatively charged monolayer and the neutral {1 1.0} face, the preferred orientation
was attributed to matching of the lattice geometry. For this to be the case, it would be
necessary to have a good spatial fit between the monolayer structure and the crystal
lattice spacing. When compressed on an aqueous subphase, simple fatty acid
monolayers have been found to form hexagonal or pseudo-hexagonal structures with
a head-group spacing of approximately 5 A[56]. In terms of the interaction between
divalent cations (M = Ca*) and stearic acid, in X-ray reflectivity studies completed by
DiMasi et al.[85] it was suggested that the general stoichiometry is MSt, (where x = 2-
4 and St = stearate). Given the monolayer structure and spacing, the nature of the
Ca™/stearic acid stoichiometry, and the lattice spacing of the {1 1.0} face, there is a
reasonably close match.

However, if a geometric match was all that was required then the (00.1) face of

calcite should also have been observed as it provides an exact match for the
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hexagonal monolayer structure. This was not the case. The difference between the {1

1.0} and (00.1) faces of calcite lies in the orientation of the carbonate anions, which
are perpendicular to the {11.0} surface and parallel to the (00.1) face. Thus the
stereochemistry of the carboxylate head group matches the {11 .0} faces but not the
(00.1) face[29]. Therefore the matching of lattice geometry is important but not
sufficient to be the sole determinant of preferred orientation, at least in some
systems.

Interestingly, the above study shows lattice geometry/stereochemical matching of
the {11.0} face dominating the lattice geometry/electrostatic matching of the Ca-
(00.1) face. This could be accounted for by considering the degree of deprotonation.
These experiments were performed in the pH range of 5.8-6.0, thus with a pKa of 5.1
for stearic acid, the monolayer would be approximately 60% deprotonated.
Assuming ordered deprotonation, then one could imagine HCO;™ or COs* ions
sitting on protonated acid sites at the interface, offsetting the Ca® charge. This would
also account for the MSt, stoichiometry observed in X-ray reflectivity studies.
Further, Duffy and Harding[74] showed that vacancies or distortions in the lattice
structure could accommodate electrostatic mismatch. Another consideration is the
nature of the Ca*/stearic acid interaction. Referring back to section 1.5.1, regarding
stearic acid/Ca®" bonding, and considering the degree of deprotonation, it is possible
that there is a significant amount of covalent bidentate binding as that found by
Mann, Heywood et al.[39] for Ca*/dicarboxylates.

Another study by Heywood and Mann et al.[28] supports this notion that ionic
binding and electrostatic matching are not necessary for oriented growth. In this
study calcium carbonate was crystallised under stearic acid, octadecylamine and
octadecanol monolayers. At low Ca* levels, oriented vaterite was observed under
both positively (stearic acid) and negatively (octadecylamine) charged monolayers,

whereas octadecanol was found to inhibit nucleation. The crystals under both
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charged monolayers displayed a preferred orientation on the (00.1) face. The
preferred orientation in the stearic acid monolayer experiment could be related to an
electrostatic match between the negative monolayer and the uni-polar Ca*-(00.1)
face. In addition, a stereochemical match between the perpendicular alignment of
the carbonate groups with the carboxylate head-groups would have favoured the
(00.1) face. However, this does not explain the preferred orientation observed for the
octadecylamine monolayer. This result shows that Ca* binding is not critical for the
formation of vaterite on the uni-charged (00.1) face as the amine monolayer surface is
also positively charged[29]. This conclusion appears to overlook the occurrence of a
uni-charged CO;” (00.1) face being nucleated at the positive octadecylamine
monolayer. This scenario would suggest that electrostatics are playing a role.

Donners et al.[86] provides another example of the importance of stereochemical
recognition at the expense of lattice geometry. In this study the nucleation and
growth of CaCO; in the presence of poly(L-isocyanoalanyl-D-alanine), both in
solution and on a coated glass surface was investigated. It was suggested that a
stereochemical match between the carbonate alignment and the orientation of the
carboxylates in the polymer led to the unusual preference for the (01.1) face.
Molecular modelling showed the lack of a match between the lattice spacing of the
carbonate ions and the carboxylate end groups, hence lattice geometry does not
appear to be important. However, there was no mention made of the electrostatic
interactions.

With a view to exploring the importance of stereochemical effects further, studies
probing the affect of different head group chemistry is instructive. A comparison of
monolayers with carboxylic acid, sulfate and phosphonate head groups showed that
stereochemical matching between the head groups and the nucleation face does
affect crystal orientation[73]. It was found that for eicosanoic acid monolayers,

calcite is crystallised on the (1 1.0) plane in contrast to the (001) face observed for n-
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eicosyl sulfate and n-eicosyl phosphonate. The observation of the (11.0) plane for
eicosanoic acid is in accordance with earlier studies and can be attributed to the
complementary alignment of the monolayer carboxylates and the crystal carbonates.
However, the tridentate oxygen motif of the sulfate and phosphonate do not provide
the same stereochemical match. The occurrence of the (00.1) face was attributed to a
better match of lattice geometry. It was stated that the different packing of the
tridentate sulfate and phosphonate head groups improved the lattice match. It is
likely that the loss of the stereochemical matching meant that the lattice matching
and electrostatic matching became more important.

As part of the same study, similar behaviour was observed for aragonite
crystallisation, which is stabilised through the addition of Mg*. Nucleation under
the eicosanoic acid monolayer is oriented with the (100) aragonite face parallel to the
monolayer.  This was attributed to potential geometric and stereochemical
interactions. In contrast the (001) face was observed for n-eicosyl sulfate and n-
eicosyl phosphonate. The occurrence of preferred orientation in aragonite is
interesting considering that Kuther et al.[75] found that aragonite would not grow
epitaxially on ordered substrates, such as SAMs. This was accounted for by the
combination of an orthorhombic space group and the lack of 3-fold symmetry.
Heywood et al.[73] attributed the presence of the (001) face to the same geometric
arrangement that led to the calcite (00.1) face being observed.

In terms of ascertaining the importance of geometric matching and in general
elucidating the nature of the molecular recognition that occurs at the interface during
nucleation in situ FTIR has been employed. One such study[87] investigated calcite
crystallisation under stearic acid, octadecyl sulfate and polymerised 10,12-
pentacosadiynoic acid monolayers showing preferred orientation of calcite on the
(01.0), (00.1), and (01.2) planes, respectively. The surfactant monolayers were shown

to uniquely rearrange in order to optimise the geometric and stereochemical fit to the
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growing calcite crystals. For stearic acid mineralisation results, increased tilting of
the molecules away from the surface normal to accommodate the geometry of the
(01.0) plane was observed. In octadecyl sulfate monolayers, the hydrocarbon chain
becomes more disordered during mineralisation expanding the monolayer in order
to fit the carbonate spacing in the calcite CO;"-(00.1) plane. As for acidic
polydiacetylene, the (01.2) calcite face is aligned with the direction of the polymer
backbone. From the FTIR spectra it is indicated that the alkyl side chains reorganise
to optimise the stereochemical fit of the (01.2) calcite plane. Symmetry reduction and
stereochemical and lattice matching all appear to be important. This reorganisation
of the monolayer is likely to be a reflection of the extra degree of freedom imparted
by the relatively low level of compression, (~10 mN m™).

Berman and Charych[88] also investigated the growth of calcite on a polymerised
10,12-pentacosadiynoic acid (p-PDA) monolayer. The 25-carbon chain acid was
polymerised in situ with the aim of increasing the rigidity of the monolayer.
Preferred orientation was observed in calcite, with a precise lattice match between
the 2 axis and the monolayer periodicity. Further, it was found that there was a
stereochemical fit between the tilted monolayer and the inclined carbonate on the
(01.2) calcite face. This combination was found to induce total control over
nucleation. The level of monolayer compression is not stated in this study but it
appears that polymerisation of the hydrocarbon backbone is not sufficient to ensure
complete rigidity, as the molecules are still able to tilt. However, lattice matching
does appear to be assured with polymerisation, assuming the correct head group
spacing is incorporated into the polymer structure.

In contrast to the many studies discussed above promoting the importance of
stereochemical and lattice matching, recent computer modelling data highlights the
importance of electrostatics. One study in which the crystallisation of calcite under

stearic acid monolayers was modelled, Duffy and Harding[84] showed that
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nucleation is influenced by the degree of ionisation and competition between the
crystal/substrate and water/substrate interactions. The degree of ionisation
influences the strength of the crystal/substrate adhesion. Fully ionised substrates
have a stronger adhesion than neutral substrates and are therefore better at
promoting nucleation. Consequently, pH is important as it controls the degree of
ionisation. The calculations showed that the crystallisation of neutral faces (such as
the calcite (10.4) face) on ionised monolayers is unfavourable. Unless the density of
the surface carbonates (for anionic monolayers) is low enough to allow substitution
of the ions with the monolayer head-groups, electrostatic neutrality cannot be
achieved. Duffy and Harding[84] claim that it is only after all these conditions are
satisfied that stereochemical matching becomes important. Since the organic
template is not a rigid structure, stereochemical interactions can only be a final
consideration as thermal fluctuations and entanglement may disrupt the substrate.
They go on to suggest that if the substrate was cross-linked and rigid then
stereochemical interactions would play a more important role in biomineralisation.
It was also proposed that electrostatics plays an important role in determining the
final crystal morphology as ionised and neutral monolayers tend to stabilise different
surfaces, (10.4) for neutral monolayers and (10.0) or (00.1) for the ionised monolayers.

Duffy and Harding[84] went on to suggest that many of the comparisons made
supporting lattice geometry matching, as a means of generating preferred crystal
orientation, are incorrectly based on perfect un-relaxed crystal structures and an
idealised arrangement of functional groups on the organic matrix. Considering that
these functional groups are in water, a very dynamic system, the actual structural
arrangement could be far from ideal[84]. Making a comparison between the un-
relaxed crystal structure and an idealised monolayer phase arrangement is likely to
be flawed, but because the monolayer has the freedom to rearrange itself, the

likelihood of lattice geometry matching across the interface remains a possibility.
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This is reflected in Mann’s observation that partially compressed monolayers are the
best for controlled crystallisation[45]. All this really tells us is that the monolayer is
not a true template in the sense that it is preformed waiting for nucleation to
commence. Rather the ordered interface is self-assembled as part of the nucleation
and growth processes|74].

Although the monolayer cannot be thought of as a rigid template, the extent to
which it can rearrange during nucleation is variable. This is illustrated by Buijnsters
et al.[89], who observed preferred orientation of calcite on the (10.0) plane using an
amide-containing phospholipid monolayer. What is interesting in this study is the
use of hydrogen bonding between the phospholipid molecules to increase the
monolayer rigidity and to force the phosphate head groups to adopt a bidentate
orientation towards the aqueous solution. When this ability to form hydrogen bonds
is removed lateral pressure is required to observe a similar monolayer conformation
and to achieve preferred orientation of the crystallised calcite.

It has been shown above that the physical packing and the chemical nature of the
monolayer are important in terms of influencing the degree of subphase
ion/monolayer matching. The crystal uniformity and nucleation density has also
been found to change with the degree of freedom of the monolayer. For both stearic
acid and octadecylamine monolayers the nucleation density was higher for solid-like
monolayers than for liquid-like[28]. Mann[45] observed a similar effect with the
uniformity of vaterite nucleation and stated that partial monolayer compression was
optimal for controlled crystallisation. These observations fit with BAM studies[70],
which showed preferential nucleation at domain boundaries where there is probably
more scope for rearrangement of the monolayer structure to match the crystal lattice
thus lowering the interfacial energy of the system.

In a similar situation, the nucleation density of aragonite crystallised under

eicosanoic acid, n-eicosyl sulfate and n-eicosyl phosphonate monolayers was
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repeatedly less than that observed for calcite. This was attributed to Mg
substitution of Ca* at the monolayer, which was added (at the high Ca*/Mg* ratio of
1:6) to ensure aragonite crystallisation. Alternatively, the decrease may reflect the
reduced number of stereochemically equivalent carbonates per unit area, as all the
carbonates in the calcite (11.0) plane are the same, however in the aragonite (100)
face there are two different carbonate orientations[73].

The monolayer variability discussed above can, at least in part, be attributed to
differences in the ion concentration, ionic strength, pH of the subphase and
temperature, which are known to affect the structure of surfactant assemblies.
Therefore it is important to monitor both template and mineral during nucleation
and growth, to correctly distinguish between epitaxial, stereochemical and kinetic
control and when making comparisons between different studies. This variability in
the system is displayed in a surface X-ray scattering study[69] that was attempting to
repeat earlier studies, and found that vaterite crystals nucleated under stearic or
arachidic acid films were not oriented relative to the monolayer. This polymorph
selectivity was attributed to solution kinetics, particularly the CO, escape rate, with
vaterite being favoured over calcite when mineralisation occurs more slowly. Also
based on the lack of preferred orientation observed and evidence of macroscopic
reorientation in the largest crystals, due to surface tension effects, it is suggested that
previous studies were incorrect about the presence of preferred orientation[69]. This
is a rather bold statement given the body of work that supports the idea of preferred
orientation and controlled crystallisation. However, this lack of preferred orientation
is supported by a similar study using grazing incidence X-ray diffraction[80], which
found that although BaF, and SrF, displayed epitaxially oriented crystal growth
under heneicosanoic acid monolayers, CaCO; did not. Kmetko[80], in this latter
study, was not so bold as to condemn previous ex situ studies but he could not

explain the discrepancy. In a more recent study[90] involving synchrotron X-ray
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scattering studies of the growth of magnesium calcites on SAMs the occurrence of
preferred orientation has been shown. This suggests that the issue may lie with the
technique or experimental approach rather than the absence of oriented
crystallisation but we will have to wait for further studies to confirm this.

Variability between similar studies could also be attributed to a failure to account
for all the influences on the organic/inorganic interface. One such influence that has
been widely overlooked is polarity (another of the modes of complementarity). The
author has failed to find any experimental study investigating the influence of the
dipole moment on the crystallisation of an inorganic phase under a Langmuir
monolayer. The only study found was a computational study by Duffy and
Harding[74]. Calculations investigating crystallisation of the (01.2) calcite face
showed that a well-defined substrate charge density was required. This was due to
the requirement to quench the surface dipole moment. However this is inconsistent
with experimental evidence, which shows that nucleation of the polar (01.2) calcite
face occurs on a range of different organic substrates. It is proposed that the different
organic substrates counter the dipole moment by modifying the charge density of the
interfacial cation plane. This is achieved by introducing vacancies, surface
reconstruction, ionising the organic acid groups or by adsorbing charged ions from
the solution onto the crystal surface. The first two often result in high-energy
surfaces. Removal of surface Ca* ions also serves to accommodate any lattice
mismatch as well as quench the dipole moment. The use of vacancies also has
morphological implications, as it would be expected to find a reduced crystal growth
rate in the direction of poor matching due to the presence of defects. Calculations
show that the (00.1) surface has a lower interfacial energy than the (01.2). Therefore
the presence of the (01.2) surface over the (00.1) surface is surprising. Two reasons
were proposed for this observation, the first suggested that small nuclei (in the order

of a few CaCO; units wide) oriented in the (01.2) direction are more stable than
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nuclei oriented in the (00.1) direction. Secondly, simulations show the formation of a
bilayer structure consisting of Ca* and HCOj; ions above the charged monolayer and
it is the stereochemical matching of these HCO;™ ions to the CO5* ions in the (01.2)
surface that lead to the preferred orientation. Duffy and Harding[74] suggest that if
such a bilayer should form, then kinetically the (01.2) surface would be favoured.
However, they do not explain the reasons for the formation of this bilayer, but it is
likely to be a counter-ion effect. Neither do they explain the HCO5™ orientation, which
could be explained by way of a stereochemical match with the carboxylate head
group of the stearic acid monolayer. Duffy and Harding[74] conclude by stating that
for a crystal to grow in a particular direction that involves a polar face then the local
geometric matching and the global electrostatics (i.e. the quenching of macroscopic
dipoles) must be met.

Many of the above studies have attempted to account for preferred orientation
and polymorph selection in terms of matching of lattice geometry, stereochemistry,
symmetry, and electrostatics across the monolayer/crystal interface. The result is a
number of conflicting and variable results. This can be partly attributed to the failure
to account for kinetic influences. Loste et al.[70] illustrate a good example of how
kinetics can influence crystallisation. Investigating how the monolayer chain length
influences crystal polymorph and morphology, Loste et al. found the rate of CO,
diffusion through the monolayer, and thus the kinetics of precipitation, decreased
with increasing chain length. Consequently, the influence of chain length and
monolayer domain structure on morphology and polymorph control is confounded
with the influence of the kinetics. However it is interesting to note that, although
compressed to 30 mN m™, the shortest surfactant investigated, palmitic acid
(CH3(CH,)14«COQOH), showed considerable movement. In contrast, stearic acid
(CH3(CH»)1sCOOH) and the other longer surfactants exhibited little macroscopic

movement. This is consistent with the increased van der Waal interaction expected
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between the longer chain molecules within the domains. Brewster Angle Microscopy
showed that crystals preferentially grew under compressed monolayer domains and
at domain boundaries. The shorter chain length monolayers, palmitic and stearic
acid, were found to give greater amounts of aragonite, vaterite and un-oriented
calcite, whereas the longer chains gave oriented calcite. It is likely that this
polymorph selectivity is due to changes in the kinetics rather than any direct affect of
chain length.

Another example of the influence of kinetics was illustrated in a two part study
by Heywood et al.[28,29]. Vaterite crystallised under a stearic acid monolayer at low
Ca”™ ion concentration ([Ca*] = 4.5 mmol L™') whereas calcite crystallised at high Ca*
concentrations ([Ca*] = 9 mmol L™). This was attributed to an earlier observation by
Turnball[91] who suggested that vaterite formation was favoured under conditions of
high HCO; /Ca* ratios whereas calcite formation tends to occur at stoichiometric
proportions. A second explanation was based on the belief that the more open
structure of vaterite has a greater tolerance to disorientation of the carbonate ions
thus the formation of vaterite nuclei is kinetically favoured through the stabilisation
of disordered clusters[28]. It was concluded that further work was required to
validate these explanations[29]. An alternative explanation for the apparent phase
selection could simply be the different levels of supersaturation. Changes in
supersaturation are known to affect the relative rates of nucleation of the two phases,

as discussed in section 1.1.2. It is possible that the solution conditions correspond to

3
scenario (3) where K, > K, and (1' %) >b, meaning that phase I (vaterite) has

the higher nucleation rate but only over intermediate levels of supersaturation
(Figure 1.3[1]).
In this section an overview of research completed with the aim of understanding

crystallisation under Langmuir monolayers has been provided. Lattice geometry
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(and symmetry), stereochemistry and electrostatics have been widely used to explain
the preferred orientation of the crystal phase. The particular importance of these
different influences remains to be determined, and in fact it is likely to vary
depending on other influences such as the pH and kinetics. There is a lack of
information regarding the importance of polarity and topography on the nature of
the interfacial interaction. Further, a clear picture is lacking of how the kinetic
influences, such as pH and ionic strength, influence the thermodynamic influences,
such as lattice geometry and electrostatics. It is envisaged, perhaps naively, that a
complete understanding of the organic/inorganic interfacial interaction will enable
comparisons between systems to be readily made and synthetic systems to be
designed with a view to achieving complete control over crystal nucleation and

growth.

1.6 Summary

This chapter has reviewed the current understanding of matrix mediated calcium
carbonate crystal nucleation and growth under surfactant monolayers. The attraction
for this field is great, given that an understanding of the molecular-specific
interactions between organic molecules and selected crystal faces offers the potential
to design templates and additives that enable specific morphological control of
crystal growth.

It is clear that Mann’s modes of complementarity are important, however the
questions of how, why, where, when and to what extent remains debated. For a large
part, this debate is due to the large number of different systems found in nature but
is also a reflection of how far we have yet to go before we completely understanding
the biomineralisation processes.

It is also clear that many of the studies attempting to wunderstand
biomineralisation have over-simplified the situation. By ignoring the role of kinetics

or by focussing on only one or two of the modes these studies have possibly erred in
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their conclusions. In the researchers defence, much of the early work in this field has
been restricted by the lack of experimental techniques able to provide high-resolution
structural details. Therefore there is only circumstantial evidence to suggest that
molecular recognition is an important factor in controlling inorganic crystallisation.
The use of synchrotron techniques offers great potential, the ability to achieve high-
resolution structural detail in situ shows promise for elucidating the mechanisms of
organic matrix-mediated crystal nucleation and growth. That is, once the
experimental discrepancies can be eliminated.

To advance this area of crystal engineering this review has highlighted a number
of areas that require further study. These include:

@ an understanding of how polarity or the surfactant dipole moment affects the

ion/head group binding;

@ a clear picture of the effects of lattice geometry, polarity, electrostatics etc. in a

system where the influence of kinetics is minimised;

@ a study that monitors the influence of all the modes simultaneously, in this

way a clear picture of the interaction between the modes can be obtained;

@ the nature of the ion/head group binding, and how it changes with different

chemistries; and

@ knowledge of the different binding strengths of a surfactant to the different

crystal faces is key to predicting crystal orientation.

To further complicate matters a growing number of studies in the last five years
have suggested that oriented crystal nucleation and growth may proceed via an
amorphous calcium carbonate (ACC) pathway (refer Figure 1.11). The explanation
for the lack of evidence of ACC in monolayer systems is attributed to the inability to
detect ACC before it crystallises. It is likely that this only occurs in selected systems
based on crystal nucleation rates discussed in section 1.1.2 however, this needs to be

confirmed.
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This list of outstanding issues in the field of biomineralisation is not exhaustive,
and this thesis only attempts to address a subset of them. Broadly speaking the aim
of this study is to further our understanding towards the ultimate goal of synthetic

crystal engineering that rivals nature.
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CHAPTER 2: EXPERIMENTAL

2.1 Materials and Methods

The surfactants investigated in this study: octadecanoic acid (ODA, >99%, Merck),
octadecanol (ODOH, >99%, Fluka), DL-2-hydroxyoctadecanoic acid (2-HSA, >99%,
Sigma), 2-methyloctadecanoic acid (2-MODA, 97%, Aldrich), 2-bromooctadecanoic
acid (2-BODA, Sigma), and 3-hydroxyoctadeacnoic acid (3-HSA, 97%, Indofine
Chemicals Inc.) were used as supplied, without further purification. The seventh
surfactant ODMA was synthesised in-house using the methodology described below.

Analytical grade chloroform (Labscan AR) was used as the spreading solvent.
2.2 ODMA Synthesis

There is a number of synthetic routes for alkylated alkanedioic acids, which have
been outlined by Diaper and Kuksis[1]. The particular process chosen was used by
Sharma and Biswas[2] in the synthesis of a series of n-alkyl malonic acids, and
involves relatively uncomplicated chemistry (Figure 2.1).

The methodology first required ~40 mL of sodium ethoxide, this was produced
fresh from dry ethanol (EtOH) and sodium metal under flowing nitrogen. Upon
completion of the reaction, 9 mL of diethylmalonate (>99%, Fluka) was added. This
was followed by the slow addition of octadecylbromide (98%, Sigma). The solution
was left gently refluxing until the pH of the solution became neutral which was
typically achieved in ~30 hours. The NaBr precipitate was filtered off and washed
with EtOH. The filtrate was rotary-evaporated to remove the EtOH. The NaBr
precipitate was redissolved in water and combined with the distilled product. The

mixture was shaken and allowed to separate. The lower aqueous layer was extracted
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twice with ethyl acetate. The ester/product mix was dried with magnesium sulfate

(>99%, Pure Science) overnight and then filtered. After two recrystallisation cycles

the ethyl acetate was then removed, before the deprotection using 2 M KOH. Further

purification of the potassium salt was performed before the final acidification step.
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COOEt COOEt
NaOEt Q,/
CHy > HC
Dry EtOH
COOEt COOEt
+
CH3(CHg)47Br
COOK COOEt
KOH
H3;C(H,C)47HC <« H3C(H,C)47HC
COOK COOEt
HCI
COOH
H3;C(H,C)47HC
COOH

Figure 2.1 A scheme for the synthesis of octadecylmalonic acid (ODMA).

Elemental analysis: Calculated for CyHy O, C 70.74%, H 11.31%, and O
17.95%. Measured: C 71.01%, H 11.25%, and O 17.74%.

NMR analysis: Proton CHs-(CH,):7 0.86 6; CH;-(CHb)16 1.28 9; (CHo)1-CH,-CH
1.86 6; CH,-CH 3.30 §; CH-(COOH), 10.86 8. Carbon 13 CH;-CH, 11.94 §; CH,-
CH,-CH 20.17 §; CH,-CH,-CH 25.91 §; CH,-CH,-CH,-CH 27.33 §; CH;-CH--
CH,-(CH,);»--CH, 27.80 9; (CH,);»-CH,-CH,-CH,-CH 28.16 §; CH,-CH,-CH.-
(CH,)1, 30.39 &; CH,-CH,-CH-(COOH), 49.73 &; CH,-CH-(COOH), 168.55 .
Note due to solubility issues this NMR was obtained using

tetrahydrofuran-dg. The full patterns can be found in Appendix 1.
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2.3 Aqueous Subphases

The aqueous subphase solutions were made from calcium chloride dihydrate
(>99%, Sigma Aldrich), sodium bicarbonate (>99%, Romil), and ultrapure deionised
water (double-distillation fed Millipore purification unit, resistivity of 18.2 M() cm).
The pH of the 20 mM NaHCO; subphase (pH ~8.5) was reduced by bubbling carbon
dioxide, generating a CO, supersaturated solution with a pH ~6.0. The 10 mM
calcium carbonate subphase (pH ~5.8) was obtained by combining equal
concentration volumes of 20 mM CaCl, and 20 mM NaHCO; solutions, pre-
supersaturated in CO,(g). In comparison the bulk pH value for the water and 20 mM
CaCl, subphases were 5.6 and 5.5, respectively.

When making comparisons across different electrolytes it is common to use
concentrations that result in a standard concentration, activity, ionic strength or pH.
However, because this study is focussed on the interfacial region, comparisons of
bulk concentrations etc. is of limited value. Ideally, surface-based values would be
used, however there is no definitive universal approach to calculating surface based
quantities. The selection of 10 mM for the CCCS was based on common practise,
where the Kitano method[3], which achieves a concentration of ~9 mM is the
benchmark for many calcium carbonate crystallisation investigations, in particular,
those utilising a Langmuir monolayer to induce crystallisation[4]. Hence the
selection was based on literature precedence.

Experiments investigating the effect of concentration for both the pure acid and
pure alcohol on 10, 20 and 40 mM CaCl, showed no variation, within experimental
error, under our experimental conditions. Similar experiments with 100 mol.% ODA
on 5, 10, 15 and 20 mM NaHCO; again showed little variation with concentration.
Further the monolayers on 5 and 10 mM NaHCO; subphases were found to be very
unstable, collapsing at relatively low pressures. This instability was likely due to the

higher levels of CO, gas that were able to be achieved at the lower HCO;

73



Chapter 2:Experimental

concentrations leading to excessive bubbling which disrupted the monolayer. In
contrast, bubbling was unable to lower the pH sufficiently in solutions with
concentrations greater than 20 mM NaHCO:..

Given this lack of monolayer response to subphase concentration variation and
that the surface concentration, of which we are ultimately interested, is not reflected
in the bulk measurements it was deemed adequate to use the 20 mM CaCl, and
NaHCO; solutions generated to formulate the saturated CaCO; crystallising
subphase. Further the aim of the subphase analysis was not to provide a direct
comparison of the monolayer behaviour on the different subphases but rather a
deconstruction of the CCCS in order to elucidate the nature of the specific ion
interactions.

A similar view was held for the control of subphase pH; where, across the four
subphases the variation in pH was ~0.5 pH units. The NaHCO; and CCCS subphases
were found to be limited in terms of the obtainable pH by the buffering effect of the
H,CO,/HCO;/COs* equilibrium, hence a uniform pH of 5.8 to 6.0 would have been
required across all the subphases. However, adjusting the pH of the water subphase
to pH 6 would have required the addition of potential determining ions, which
would have confounded the investigation into the role of water alone.

Experimentation into the effect of pH for the pure acid on 20 mM CaCl, did show
some variation across the 5.5 — 6.0 pH range. A, at onset and at M = 10 mNm"
showed negligible change but the I at transition and AV« values did reflect some
changes in the pH. Despite this it was deemed sufficient to us the unaltered systems
as the main focus was qualitative trend analysis rather direct quantitative

comparison of individual systems.

2.3.1 pH Measurements

pH measurements were performed using a Mettler Toledo Seven Easy pH meter

with a flat electrode for use in the Langmuir trough.

74



Chapter 2:Experimental

2.4 Surface Pressure-Area Isotherms

Surface pressure and potential isotherms were measured at room temperature
(~20°C) using a NIMA 702BAM PTFE trough (area ~700 cm?). Prior to each
experiment the trough and barriers were cleaned thoroughly with AR grade
chloroform, and subsequently rinsed with wultra pure water. Whatman
chromatography paper (Char 1) was used for the Wilhelmy plate. With the barriers
fully open, 50-100 puL of ~0.5-1.5 mg mL™" solution (chloroform solvent) was spread
onto the surface of the water using a Hamilton microsyringe. After 10 minutes it was
assumed that the solvent had evaporated and only a layer of solute remained at the
subphase/air interface. The barriers were compressed at a speed of 100 cm” min™".
This relatively high speed was adopted for two reasons 1) to ensure non-equilibrium
conditions and 2) to minimise calcium carbonate nucleation. The higher compression
speeds also have the advantage of avoiding inherent drift often observed in surface

potential measurements.
2.41 Surface Potential

Surface potential measurements were made using a Trek Electrostatic Voltmeter
(320C) and a 3250 high-sensitivity vibrating-plate probe from Trek INC, Medina NY,
USA (Figure 2.2). In all cases the null voltage was established on the bare subphase,
and the measurements were logged in conjunction with the surface pressure and area
by the NIMA software (Version 5.16).

The surface potential sensor consists of a stationary stainless steel electrode in the
subphase, and a second vibrating electrode ~2 mm above the air/water interface.
The vibration of the air-based electrode creates periodic variations in the capacitance,
and the resulting change in the current is compensated for by a change in the
potential. The presence, and conformation of the monolayer, in conjunction with the
any induced subphase restructuring alters the capacitance between the electrodes.

Having established a null voltage prior to adding the surfactant, the potential (AV)
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associated with the monolayer can be measured.

@ g_mﬁr‘,mmmw
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Figure 2.2 (a) A picture of the Trek 320-H-CE electrostatic voltmeter with a 3250 vibrating plate probe used
in experimentation. (b) A schematic of the likely experimental set up, based on the work completed by Vogel and

Mobius{5,6}.

The change in surface potential by the formation of the monolayer, AV, is defined
by the Helmholtz equation[5,6]:
AV = 121y (21)

where n is the number of molecules and is given by %40, the mean area per

molecule (A,) and (& is the effective dipole moment normal to the interface. For
charged monolayers AV includes the potential W of the diffuse double layer, thus
Equation 21 becomes:

- Ko
AV =12m —+ ¥

0

Although the underlying assumptions made in the derivation of this equation mean
that the equation is only valid when the contribution of the dipoles to AV of a

monolayer are independent of W, it does provide a practical approximation.

2.4.2 Analysis of the Isotherm Data

Five key values were extracted from the data and were used in conjunction with
surface potential measurements for trend comparison.

1. The area per molecule at the onset transition, that is from the liquid expanded
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or condensed/liquid expanded coexistence phase to the tilted condensed
phase (L, for fatty acids or L, for fatty alcohols).
2. The area per molecule at a constant pressure of 10+ 0.1 mN m™.
3. The area per molecule at the transition from the tilted L, phase for fatty acids
or L," for fatty alcohols to the untilted LS phase.
4. The surface pressure at the tilted L,/L,' to the untilted LS phase transition.
5. The area per molecule at a constant pressure of 25+ 0.1 mN m™.
The two fixed pressures (M =10 and 25 mN m™) were chosen as they lie in the tilted
and untilted phases respectively for the majority of systems investigated. In all cases
the transition areas and pressures were determined by finding the intersection of the

linear regions that proceed and follow the transition.

The surface potential results presented are the maximum value reached during
the isotherm, this approach is consistent with the methodology employed in the
literature[7]. The observed trend is independent of alignment of the AV,,,, collection

point with any one of the surface pressure parameters, as discussed above.

2.4.3 Reproducibility

Weak molecular interactions between the surfactant molecules that constitute the
monolayer means that the system is dynamic. Further, high compression speeds,
external vibrations, the method of film application, the time allowed for
equilibration, thermal fluctuations, impurities and the polydispersity of the film all

contribute to variable monolayer behaviour.

Consequently for all systems a minimum of four isotherms were performed, with
as many as 20 replications for the less reproducible systems. Reproducibility was
adjudged by visual comparison of the isotherms and by statistical analysis of the
variation. For each isotherm the five key values (described above) were determined,

these were then averaged and a standard deviation generated. Using these sample

77



Chapter 2:Experimental

averages (x) and standard deviations (o), a test ratio (TR) was determined
(Equation 23), which is a measure of how each isotherm represents the overall
sample monolayer behaviour. The isotherm with the lowest TR was then selected as
a representative isotherm and used in images. Any comparative analysis of different

systems was based on the calculated averages.

TR=( Xj)2 23)

2.4.4 Brewster Angle Microscopy

Interfacial reflectivity depends on the polarisation of the incident light and the
incidence angle. For an interface where the change in refractive index from #, to n, is
sharp (a Fresnel interface), and the light is P-polarised, the reflectivity vanishes when

n
the incident angle equals the Brewster angle (8;), defined as tan 0 B=n—2 . In reality,
1

rather than vanishing completely at the Brewster angle the reflected light intensity is
reduced to a minimum. This minimum reflected light intensity is strongly
dependent on the properties of the interface, where the interfacial reflectivity at the
Brewster angle for P-polarised light has three contributing factors:

1) the thickness of the interface, where a dense monolayer of surfactant
introduces a variation of refractive index over a thickness of 20 — 25 A. This thickness
is dependent on the phase domain of the monolayer.

2) The roughness of the interface, originating from thermal fluctuations.
Ordinarily with the surface tension of water being so high, these effects are
negligible, producing only a small error in the film thickness (~3 A).

3) The anisotropy of the monolayers. Some phases are optically isotropic, which
can greatly increase the reflected intensity[8].

Images and video footage were collected of the monolayer isotherms using a

MicroBAM2 from Nanofilm Technologie GmbH. With a fixed angle of incidence
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53 +2° (the Brewster angle for an air water interface) and parallel polarised light, the
reflectivity differences associated with variation in the refractive index created by the
monolayer were imaged. The light source was a class B laser diode light of 659 nm
and >20 mW, with a maximum optical power of 30 mW at the aperture of the

instrument. The beam is collimated with a diameter of approximately 6 mm.

2.5 Crystallisation

Crystal growth experiments were performed in a NIMA 102 PTFE trough (Figure
2.3). Solutions of 20 mM CaCl, and 20 mM NaHCO; were bubbled with carbon
dioxide at a rate of ~10 mL/min for at least 30 minutes. Equi-volumes of the two
solutions were then combined and added to the trough. 15 UL of approximately 1.2
mg/mL surfactant solution was applied to the air/water interface using a 10 pL
Hamilton glass syringe, and left for 10 minutes to allow solvent evaporation and
monolayer equilibration. Pressure was subsequently applied and maintained at the
required level using NIMA software. The pressure was applied at a rate of
10 cm® min™ until the desired pressure of either 10 or 25 mN m™ was obtained. The
trough was temperature controlled at 20 +1.0°C using a water bath/chiller unit
combination. In order to minimise evaporation from the trough over the extended
growth period, water reservoirs and thermostatically controlled heat lamps were
placed inside the trough cabinet as a means of maintaining a constant humidity and
air temperature.

Crystals were harvested after approximately 16 hours of growth using 12 mm
diameter glass cover slips via the horizontal Langmuir-Schaefer method[9]. In order
to maximise the crystal yield the glass cover slips were coated with a hydrophobic
hexamethyldisilazane (HDMS) layer via overnight exposure to HDMS vapour in a
glass desiccator. Immediately after harvesting, the crystals were carefully washed
with water, dabbed dry, mounted on an SEM stub and oven dried at ~50°C overnight.

In all cases three collections were made from different areas in the trough, and each

79



Chapter 2:Experimental

Figure 2.3 A photograph of the NIMA 102 Langmuir-Blodgett trough that was used for crystallisation

experiments. In the centre of the picture is the Wilhelmy plate based surface pressure sensor.

growth system was repeated. Imaging involved a JEOL 5300 LVM SEM after sputter
coating with 4 nm of gold. In order to minimise charging effects, images were
commonly collected using the back-scattered mode. A minimum of 30 crystal images
were collected for each system, from which a representative average was obtained.

Analysis of the crystals involved the measurement of inter-edge angles in order to
ascertain the nucleation face, as described by Archibald et al.[10]. Using a digitised
image of the crystals, the inter-edge angles were measured using SemAfore software
(Version 5.0, JEOL (Skandinaviska) AB, Hammarbacken 6 A, Sweden). Nucleation
face assignment was based on a comparison of these angle measurements with
computer-generated idealised rhombohedral models of calcite with a known
orientation, using SHAPE for Windows (Version 7.2.2, Shape Software, Kingsport,
TN 37663 USA). The protocol for nucleation face assignment involved the modelling
of 48 different faces of calcite[11,12]. See Appendix 4 for images of the 48 models.

Crystallographically there are three types of preferred orientation, with crystals
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oriented with a definite zone axis but somewhat randomly about this direction being
the most common form. A zone axis is defined as a vector parallel to a set of faces or
planes within a crystal, and thus meets the Weiss” Zone Law: uh + vk + wl=0[13].
Assigned crystal nucleation faces were grouped according to common zone axes in

order to probe the nature of the preferential crystal orientation.
2.6 X-ray Techniques

GIXD and XRR measurements were performed at the Argonne National
Laboratory, Advanced Photon Source (APS) on ChemMatCARS beam line 15 ID-C.
The X-ray wavelength was 1.2244 A (10.126 keV). The beam line was fitted with a
PTFE Langmuir trough for in situ X-ray scattering from the liquid surface. Surface
pressure was determined using a Wilhelmy plate and maintained using the NIMA
V5.16 software. The experimental subphase temperature was maintained at 20°C,
under an atmosphere of helium. The beam line and trough set up has been described
previously[14].

To avoid 'beam damage' the trough was regularly moved to expose new areas of
the monolayer to the beam footprint, this occurred between GIXD and during XRR
experiments, as is common practised for studies of this kind. Throughout
experimentation data was checked for peak shape irregularities and XRR patching

errors as indicators for beam damage.

2.6.1 GIXD Measurement and Analysis

GIXD experimental data were collected using a Pilatus 100K detector in either a
pinhole geometry with a resolution of 5 mrad, or line scans taken in a two-slit
geometry with a resolution of 2 mrad. The incident angle (a) was 0.1°, and scans of
the reflected angle () involved values of 0.1, 4 and 8°. Standard GIXD scans were
performed through a 20 range of 13-19.5° and the pinhole scans were performed
through a range of 16.3-19.5°.
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In order to assess whether the pinhole geometry introduced spatial or angular
irregularities into diffraction images, due to the large beam 'footprint', duplicate
parallel GIXD and pinhole scans were performed at the beginning of each
crystallisation experiment. A comparison of these scans found no evidence of

irregular peak shapes or other irregularities in moving between geometries.

2.6.1.1 Symmetry and Peak (hk) Assignment

In GIXD the scattered intensity is monitored as a function of: (1) the angle
between the incident and scattered beams in the plane of the subphase; and (2) the
angle between the scattered beam and the subphase surface (Figure 1.15). As the
monolayer consists of many independently oriented domains the diffraction pattern
is a 2-D powder. Thus peaks in the diffraction pattern reflect an averaging of the
periodicity or crystallinity of the monolayer domains. This averaging and the 2-D
nature of monolayers means that of the three components (Q,, Q, and Q.) of the
momentum transfer vector Q, only the vertical Q. component can be individually
determined. In terms of Q, and Q,, only the combined Q,, value (Qiy=Qi+Qf,) can
be measured.

In reciprocal space the scattering pattern is given by the product of two terms: the
form factor, and the structure factor. The form factor of the individual rod-like
molecules in reciprocal space is a disk on a plane normal to the long axis of the
molecule. The structure factor reflects the translational order of the molecular
centres in the plane of the molecules and for a 2-D lattice leads to '‘Bragg rods' normal
to the monolayer plane. The relevance of this lies in the observation of peaks, where
the intersection of the reciprocal disk with the Bragg rods gives rise to six first-order
diffraction maxima. Of these six maxima only three can be observed, as peaks below
the water plane cannot be measured.

Differences in the symmetry brought about by packing and tilt are reflected in the

intersection of the reciprocal disk and the Bragg rods. Consequently, examination of
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the peak positions gives insight into the lattice packing and occurrence of tilt. The
observation of a single in-plane peak represents an untilted hexagonal phase, where
it is implied that the single diffraction peak is in fact triply degenerate peaks (Figure
2.4). Two peaks point to a rectangular lattice (also referred to as a distorted
hexagonal lattice) with the respective Q. values indicating the magnitude and
direction of tilt. An untilted centred-rectangular lattice is indicated by two in-plane
peaks, in contrast to a nearest neighbour (NN) tilted phase which exhibits one in-
plane and one out-of-plane peak. Two out-of-plane peaks are indicative of a next
nearest neighbour (NNN) tilted centred rectangular phase. For centred rectangular
phases, symmetry dictates that one peak is doubly degenerate and the other non-
degenerate, hence the ratio of peak intensities should be approximately 2:1. The
centred rectangular cell is brought about by an elongation in one direction, such that
if the unit cell stretches (i.e. due to tilting) in the direction of the nearest neighbour
molecule then 1Q,! > |Q,l (subscripts n and d denote nondegenerate and degenerate
peaks); the opposite inequality indicates shrinkage in that direction. The observation
of three out-of-plane peaks is indicative of intermediate (between NN and NNN) or

oblique tilt.

Following the assignment of symmetry and associated degeneracy, peak indexing
can be performed. This is most readily achieved for the hexagonal lattice, where the
(1,0), (0,1) and (1, 1) reflections are all assigned to the one triply degenerate peak.
For the intermediate tilted systems the three distinct peaks are assigned (1,0), (0,1)
and (1, 1) reflections. Further the relationship between the peaks has been shown to
be Q!=0+Q? where peak a has the largest Q.[15,16]. From this more general
equation comes the distinction between degenerate and nondegenerate peaks such
that the ratio 0,.:Q,. can only be 0:1 or 2:1 as applied to NN and NNN tilted phases.
The degenerate peak in NN or NNN tilted phases is assigned the (1,1) and (1, 1)
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Figure 2.4 An illustration of the three different monolayer packing symmetries. In the hexagonal
arrangement the monolayers are untilted, and equally spaced. The centred rectangular lattice is a distorted
hexagonal arrangement, due to tilt along the bonding direction. The rectangular lattice can be manifested as
either a NN or NNN tilted phase. Finally, the oblique lattice reflects a further distortion from the hexagonal

lattice, due to an intermediate tilting direction.

reflections, given that for the rectangular unit cell the (1,0) and (0,1) reflections are
forbidden, as are all reflections where h + k is odd. Automatically then, the

nondegenerate peak is assigned as the (0,2) reflection.

2.6.1.2 Lattice Parameter Determination

Determination of symmetry and assignment of hk reflections enables the
calculation of the lattice parameters. The lattice spacings are obtained from the in-

plane diffraction data, such that:
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2m
d = Q_’l’; (24)

from which the lattice parameters can be calculated. For hexagonal symmetry and

rearranging for a gives:

21

Qxy\/[g(h2+hk+kz)

To aid the comparison of systems the hexagonal lattice is converted to a rectangular

a=

(25)

cell. For the hexagonal cell this is straight-forward as the hexagonal cell can be
considered a special case of the rectangular cell, where a,.,=4a,, and b= V3 oy
and the angle between a and b changes from 120° to 90° (Figure 2.3).

For a centred rectangular cell where two peaks are observed, one degenerate
(subscript d) and the other nondegenerate (subscript ), the following equations are

employed to calculate the lattice parameters[17]:

_ 4m .
- \/4in)/ - vacy (A) (26)
4o
b=——
0. (A). (27)

The distortion (J) of the rectangular cell from hexagonal is:

b
5=V3-= (28)

a
For intermediate tilt or an oblique lattice the reduction in symmetry complicates
matters. As in the previous hexagonal case the classic 3-D crystal expression for

calculating lattice planes is modified for the 2-D crystal, such that:

J. = siny
hk— ) 2
(] o] -2 @)
a b ab Y
where ¢ hk=2—7h£ , and the lattice parameters (1, b and ¥ ) are deduced by way of least

xy
squares minimisation for the three pairs of Ik values. The result is values expressed

in terms of the primitive (oblique) lattice cell.
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2.6.1.3 Tilt and Azimuth

The tilt angle (&) is defined as the angle from the surface normal to the molecular
chain (Figure 2.5). The tilt azimuth (¢ ) is the in-plane direction of tilt, with NN
defined as (/= 0° and for NNN ¢/=90°. Generically the tilt angle is determined using
Equation 25, where the three equations (one for each hk) are solved simultaneously

to yield the tilt angle and azimuth.

cosy = (30)

where 8is the tilt angle, Q% and Q' correspond to the peak positions, and " is
the tilt azimuth between the tilt direction and the reciprocal space lattice vector. For

NN and NNN oriented tilt angles, where the tilt azimuth is already defined,

Equation 25 simplifies to:

tan0= Qo > for NN
2 chy o . (31)
dey - 2
and
_ 0,
tan 0= for NNN. (32)

nxy

Figure 2.5 A schematic defining the polar tilt angle (t) and

the tilt direction or azimuth ().
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However for intermediate tilt, calculating the tilt angle and azimuth becomes
considerably more complex. Provided the condition 0'=0"+0" is met then the
derivation of Wiegartet al.[16] can be employed to calculate the tilt angle for

intermediate or oblique tilt azimuths as follows:

0= 123.1’17l # (33)

O, cosy,

where i =4, b, ab (denoting the three hk pairs), and @' is determined as:
wi=yi+y, (34)
a ~b
(.Uf =tan ' 1 cosy,— Q; sz (35)
Sy, Qz Qxy

Wab= coS 1 Q:b Qi cos (rUf (36)

’ 0'0%

y,=m—Yy and coincides with y,, the angle of the 2-D unit cell in real space.

2.6.1.4 Area Calculations

Having calculated the lattice parameters and tilt angle the areas per molecule can
be determined, of which there are two:

A,=absin(y) (A?, (37)

defines the area per unit cell, and

A,=4,,c0s(0) (A?, (38)

which defines the cross-sectional area of the chain.
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2.6.1.5 Long Range Order

To obtain a measure of the extent of the long range order, the coherence length is
calculated, which involves deconvoluting the real variation from that generated by

the experimental geometry (FWHM . .—FWHM ), assuming the deconvolution of

4t . 2
two Lorentzians[15]. FWHM ,ES=TTFSIH(79) with 6=0.1234 rad for the standard

position sensitive detector set up or 0.086 rad for the pinhole detector. Thus the
domain coherence length (/) is:

2
=
(FWHM __— FWHM (39)

meas res )

2.6.1.6 GIXD Calculations

Analysis of the GIXD data involved the summation of the 2-D data in the Q,, and
Q. planes. The resulting profiles were peak fitted, a Lorentzian curve fit was
performed for the Q,, profiles and a Gaussian fit for the Q. profiles. In both cases the
standard equations were modified to account for any linearly sloping background.
From the fits, peak position, FWHM and integrated intensity were obtained, which
were subsequently fed into the equations outlined above (Equations 24 to 22). The
data was also inputted into a 2-D contour plot using a random matrix generated

using OriginPro 7.5 (OriginLab Corporation, USA).

2.6.2 XRR Measurements and Calculations

Reflectivity measurements were performed using an Oxford Cyberstar 1000

scintillation photomultiplier and the Pilatus 100K detector. Measurements were

made for Q. values up to 0.8 A (~37 x a,), with a resolution of 3 mrad.

2.6.2.1 XRR Analysis

XRR data was analysed by fitting parametrised model density profiles to the

measured data (Figure 2.6). The most common approach (and the one used here)
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used to generate a p(z) profile involves representing the monolayer as a stack of
boxes. Each box has a constant density (p;) and thickness or length (). The model
also accounts for the electron density of the semi-infinite subphase and the vertical
roughness (0) of the interface. The box model is iteratively altered such as to perfect
the fit between the calculated and measured reflectivity. Refinement of the
reflectivity model utilised the Stochfit software[18]. Model selection was based on
the X* value for the model fit, a visual assessment of the fit, the calculated errors and
the appropriateness of the calculated electron density profile, not necessarily in this
order.

Using the fitted electron density profiles, information about the monolayer and
interfacial subphase was obtained by assigning each box to a fragment of the
molecule. This was achieved by calculating the total number of electrons (N), where
N = pAL; and assigning them to each of the boxes based on the proportion of the
total electron density found in each box, where A is the area per molecule, Ly is the
total length of the boxes and p=L;0S, (L: is the box width, g, is the box height and S is
the scattering length density for bulk water (0.334 e A®). Having assigned the
number of electrons in each box, molecular fragments correlating to the number of
electrons was determined, beginning from the tail. The excess in the head group was

attributed to water or subphase ions.
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Figure 2.6 XRR and electron density profiles for 2-HSA on CaCl, at 1=25 mN m™". (a) In the reflectivity
profile the solid line reflects the model fit of the experimentally determined data (points). (b) The electron
density profile the dashed line represents the model boxes and the solid line is the smoothed box model.

Highlighted in colour is the three box model with the model parameters labelled.
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CHAPTER 3: Mixep OcTapecanoic Acip/

OcTtapecanoL MoNOLAYERS

3.1 Introduction

In terms of monolayer templated crystallisation, accepted wisdom has recently
shifted to charge density and non-specific electrostatic interactions as being the
dominating forces[1]. However, such non-specificity does not explain the widely
observed phenomena of face-selective nucleation. It is generally accepted that
growth of calcite under a charged anionic monolayer leads to oriented nucleation on
a charged crystal face (00.1) or (01.2), in contrast to the neutral (10.4) face expressed
in the presence of a neutral monolayer. Although charge density and ion-ion
electrostatics are likely promoters of nucleation, the selection of specific faces
requires interactions with some degree of directionality. This points towards spatial
geometrical influences[2], which encompass directional electrostatic dipole
interactions (e.g. hydrogen bonding).

In order to gain a better understanding of the interrelationship between the
monolayer and subphase, in this chapter we focus on the monolayer behaviour of
fatty acid/long chain alcohol mixtures. Mixed systems have the benefit of providing
a more accurate model for biological cell membranes, which contain a combination of
lipid molecules in conjunction with proteins and other molecules[3]. Hence there is
considerable prior work on pure and mixed fatty acid and alcohol monolayers,
including investigations on calcium-based and pH-adjusted subphases[4-6].
Predominantly these studies[7,8] have focused, however, on investigating

interactions within the monolayer rather than monolayer/subphase interactions.
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Additionally they are invariably performed at low pH (~2) to ensure a
thermodynamically ideal neutral monolayer. However, in this study we look to
investigate the interfacial interaction in partially charged and non-equilibrium
conditions in order to more closely mimic the natural conditions of biomineralisation
at a membrane. As such the attraction of mixed acid/alcohol systems lies in the
ability to systematically modify the surface charge, thus altering the hydrogen-
bonding capacity of the monolayer and the interfacial water.

In addition to the use of mixed monolayers, the crystallising subphase is broken
up into its constituents in true reductionistic style, as such the monolayer-subphase
interactions were studied on all four subphases (water, calcium chloride, sodium
bicarbonate and CCCS). It is envisaged that the systematic deconstruction and
reconstruction of the crystallising subphase will provide an improved understanding
of the molecular recognition and self-assembly processes.

Experimental findings were supported by numerical calculations aimed at fitting
the surface potential data. This involved a combined Demchak Fort/Poisson-

Boltzmann based model, which is described in detail in the next section.

3.1.1 Theoretical Calculations

The experimentally determined surface potential is the summation of all charge
separation residing between the two electrodes, thus it includes contributions from
the air, monolayer, subphase and all the associated interfaces. A common approach
to modelling such a complex system involves either eliminating the electric double
layer contribution from the subphase by using non-ionised monolayers[9,10] or by
assuming that the monolayer component is constant between the systems
examined[11]. Unfortunately neither of these simplifications are appropriate for this
study, hence a combined approach was employed. This involves an amalgamation of
the three-layer capacitor model, developed by Demchak and Fort[12], with the Gouy-
Chapman-Stern (GCS) model employed by Lochhead et al.[13] (Figure 3.1). The
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former was developed to describe the surface potential associated with the

monolayer, whereas the latter describes the double layer contribution.

Hales

Figure 3.1 A schematic of the combined Demchak-Fort/Gouy Chapman Stern numerical model employed to

elucidate the experimental surface potential data.

The three-layer capacitor (DF) model is a refinement of the Helmholtz model,
where it is assumed that the monolayer can be divided into three layers that

contribute to the surface potential. Thus

AV:;Hh+ L /1_3H (40)
Mg e e o

m

where 14 is the average dipole moment per molecule and & is the local dielectric
constant for each of the three layers, A, is the average area per molecule and &, is the
permittivity of free space. The three components are conventionally defined as the
immediate interfacial subphase component (14/&), the monolayer head groups (14/&)

and the hydrocarbon tails (14/&).
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The GCS model is a modification of the Gouy-Chapman (GC) solution to the
Poisson-Boltzmann (PB) equation for planar diffuse double layers, where the PB
equation details the relationship between an electrical potential and the distribution
of charged species. The standard GC approach, using the Grahame equation that
relates surface potential (Y(0)) to surface charge (o) (Equation 41), tends to
overestimate the surface potential. This discrepancy is due to a failure to account for
the loss of bound ions from the double layer and the associated change in the surface

charge,

i Do -ze¥ (0)] 00
= -2 kT . —t -1 .
o % - e KT iy coxp - I

(41)
The Stern modification corrects for this overestimation by accounting for the
adsorption of charge determining species (e.g. counter-ion binding). In this study,
the McLaughlin methodology[14] was employed to make the correction. Based on

the Langmuir adsorption isotherm equation (Equation 42) the propensity for ions to

bind to the surface is determined, from which the surface charge is adjusted.

_ {coo m')
Ky = W (42)

where K, is the intrinsic binding constant. Note that {} indicates the surface
concentration of the species whereas []; represents the normal volume-based
concentration adjacent to the surface. For simplification, the charge of the species is
dropped in our notation for the binding constants, i.e. K¢, represents the binding
constant for the Ca® ion.

Using the McLaughlin methodology, the correction term employed by Lochhead
et al.[13] was extended to incorporate four new terms. The aim was to explore the
likelihood of anion binding via hydrogen bonding to alcohol and/or protonated acid
head groups, where a positive binding constant might indicate a mechanism to
explain how the bicarbonate ion affects monolayer behaviour. It should be noted that

the McLaughlin methodology assumes 1:1 binding for all ions, irrespective of
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valence. The following details the extension of the methodology.

Surface pressure isotherms provide information regarding the average area per
molecule (An) of the monolayer leading to the following expression for the surface
charge density:

——
=—. (43)

m

1/A., equates simply to the total number of possible head group binding sites. The
surface charge is defined by the total surface concentration of charged surfactant and
surfactant-ion pairs for both the acid and alcohol molecules, such that:

-0/ = {Cco0'} + {COOH---OH "} + {COOH:+-HCO;} + {H,COH.--OH'}

+ {H,COH.--HCO;} - {CO0 Ca*} (44)

7

where {COOH...OH} denotes a hydrogen-bonded complex between, in this case,
the protonated acid head group and a hydroxide counter-ion Note that COO™Na’, for
example, does not add to the total surface charge and so is not included in Equation
44. Rearranging Equation 44 and substituting in the relevant Langmuir adsorption

expressions yields:

"0/ ={CO0} + Ky, COOH}[OH |, + Ky, { COOH[HCO; |, + K g0 H,COH}[OH
+ Kouneo, | H,COH}[HCO; | - K ,[COO }[Ca* ]

S

and since {COOH} = Ku{COO}[H'],,

-9/, = (oo [fi- Kq[ca® |+ Ky[H | Kou[OH ], ¢ K [H'] Ko, [HCOS] i
* {HZCOH} (KOHOH’OH_ ]s ¥ KOHHCO3’HCO;].Y) ( )
{COO} can be defined by considering the total surface concentration of acid

molecules, including both free and bound groups. Such that:

Tot

{coo}™ = {co0 }+{cOoO H'} + {COO Na'} +{COO Ca™}

Rearrangement and substitution of the appropriate Langmuir adsorption expressions

gives a value for {COO} :
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{coo}™
1+ KH’H+]S + KNa’Na+]+ KCalca2+]s) .

{coo} = | (46)

Substituting Equation 46 into Equation 45 and adding a term for the alcohol mole

fraction (f) yields:

1- Ko, [Ca” |, + Ky [H'] KouloH ], + Ky[H' ] Ky [HCO, | ]
1+ Ky[H |+ K [Na' [+ K [Ca™ | ]

- e(1- fHfcoo "

- of{ H,COH) K g0 [OH |, + K e, [HCO, | |

(47)
The initial values for K, were taken from Lochhead et al.[13]: pKy = 5.4, pKn. =-0.771

and pKc, = 0.51; the new terms pKon, pKonon, PK Hco, and pKOHHCO3 were initially set
to —10. Equations 41 and 47 were solved simultaneously using a least squares
approach to obtain a value for Y(0), with pKy, pKn., pKea, pKow, pKoron, PKyco,,
PK onnco, » 0, and P(0) as adjustable parameters. This value of (0) is then combined

with the monolayer contribution (Equation 40) to fit the measured surface potential:

By, Ba, B
o E 82+£3§+w(0). (48)

AV =

The adjustable parameters in this process were the high and low pressure values
for tn/&, &, and &. Limits for these parameters were based on literature values along
with the following justifications (parameter ranges are summarised in Table 2).

* The dipole moment for the tails () was not fitted, the literature value of 330

mD was used[15].

* The dipole moment for the head groups (t») was not adjusted from the
literature values of 1000 mD and 990 mDIJ[15], for the alcohol and acid,
respectively, mixed systems were calculated as a weighted average.

* & at high pressure — restricted to be below 10 (based on a value for a stearic
acid film of 2.7[16]). Its lower bound is expected to be greater than its value at

low pressure as discussed by Oliveira Jr et al.[15].
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& at low pressure — restricted to between 1.1 and 5. The lower limit is based
on the values for dry air (1.0005364) and steam (1.00587)[17]. The upper limit
encompasses the idea that at lower pressures the increased tilt and loss of tail-
tail interaction would decrease the polarizability. Literature values for &
range from 2.1 to 5.3[18].

& at high pressure was limited to below 15 but greater than the value
determined at low pressure. Values of 6-8 have been suggested in the
literature[19], but given the mixed nature of the monolayer used here and the
expected enhanced intramonolayer hydrogen bonding as a direct consequence
of this, then the dielectric constant may be increased by the already polarized
state of the head groups.

& at low pressure was bound between the estimated high pressure value and
the permittivity of bulk water (78.5), in accordance with literature[15].
However rather than utilising a step change between the high and low
pressure values of &, employed by Oliveira Jr et al.[15] we have applied a
Boltzmann growth model to provide a better fit with our experimental data,
Equation 43, where A, = & at high pressure, A, = & at low pressure, x, is a mid
point constant approximating A., where A_. is the critical area per molecule at
which the surface potential begins to rise and 7 is a fitting parameter equating

to area per molecule on compression,

A -A
Ey2 ot A, (49)
(1+ e(x-xo)/r )

Lh/& was fitted as a single variable. However as with the previous parameters
it was assumed to have both a low and high pressure value. High and low
pressure values were based around A. the point of intersection. The value of
Lh/& at high pressure was free, whereas at low pressure it was restricted to

between -15 and 15. Limits were chosen to represent a broad range of
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possible low pressure monolayer conformations, as are expected for different
subphases, being more realistic than assuming gaseous behaviour for all

systems.

Table 2 Fitting parameter ranges for monolayer potential in the Demchak Fort/Gouy Chapman Stern model.

& at low pressure < & at high pressure < 10

1.1 < & at low pressure <5

A; component of & <15

A, component of & <A, component of &

A, component of & <78.50

T component of & > 0.1
-15 < 1/ & at low pressure < 15

Underlying this model is a number of simplifications and assumptions. Firstly,
the DF model incorporates mutual polarization of the three contributions into the
dielectric constant terms. This can lead to an overestimation of the dielectric
terms[9]. In addition, when fitting the dielectric constant terms care needs to be
taken to consider the nature of the monolayer material, in order to avoid spurious
values. The electric double layer is a complex phenomenon that involves both
chemical and electrical effects. For example, its formation is driven by the chemical
affinity of charge determining ions for the surface[20], at the same time like-charge
repulsion and electric potential are mediating the ion distribution. Hence the GCS
model, which only considers electrical effects is already a simplification. In
additional to this there is a number of well known limitations associated with the
ability of the PB equation to model these electrical considerations, beginning with it
being a mean field theory. Considering that the monolayers in this study are not only
partially dissociated but also a mixture of ionic and non-ionic surfactants, the
assumption that the surface charge is uniformly distributed and constant is
simplistic. ~ Similarly, to assume that the electrolyte consists of point charges

dispersed in a structure-less solvent having a uniform dielectric constant is also
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rudimentary. More recently there have been several attempts to improve PB-based
models by incorporating additional interactions such as: image forces, dispersion
forces, specific ion and ion hydration effects[21]. However, often these approaches
introduce additional fitted parameters to an already underspecified problem. Finally,
the additive approach to combining these models (DF + GCS) assumes the molecular
dipole is independent of the double layer, which is again an oversimplification.
Despite its flaws this model was employed to aid the analysis of experimental
results and ultimately elucidate the monolayer/subphase interactions. The model
was chosen for its simplicity, which enabled it to be modified in order to incorporate
anion binding, thought to be a contributing influence in the monolayer behaviour.
Further, the model is well established with significant literature studies from which

to compare computed parameter values, in order to validate the model.

3.2 Results and Discussion

Analysis of monolayer behaviour is based on a comparison of experimental
results with the rule of mixtures (ROM), which represents the absence of any
interaction between the acid and alcohol surfactant molecules. That is, when the
components of a mixed system are immiscible, the area per molecule (A,,) of the
mixture is simply the weighted average of the A, of the pure components:

A, = XA XA, (50)
In this way inferences can be made with regard to possible interactions within the
system that manipulate the monolayer behaviour; whether entropic or enthalpic in
nature and within the monolayer itself or between the monolayer and subphase.

Upon comparing the behaviour of the five key values, outlined earlier (Chapter
2), on the four different subphases to the ROM, four general trends emerged for the
mixed-monolayer behaviour. (The reader is referred to Appendix A2 for full
graphical illustration of the monolayer trends, including the model fits). Figure 3.2

illustrates these trends in a comparison of the A, at the onset phase transition for
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each of the subphases. Condensation of the monolayer manifests itself as a negative
deviation of the A, from the ROM line, (Figure 3.2a, for water). Figure 3.2b displays
the same phase transition for a 20 mM CaCl, subphase, which in contrast, shows
ROM behaviour. For 20 mM NaHCQO; (Figure 3.2c) we observe what we have termed
alcohol-like behaviour, where the A,, of the mixtures is similar to that of the pure
alcohol. Finally, Figure 3.2d shows acid-like behaviour for a 10 mM CCCS. The
description and discussion of results will revolve around the assignation of one of
these four trends (condensation, ROM, alcohol-like or acid-like behaviour) and an

interpretation of why the specific behaviour presents itself for a given system.

.| b) CaCl,

Area per molecule at Onset / A~
Area per molecule atOnset / R

Mol % Octadecanol Mol % Octadecanol

| d) caco,

Area per molecule at Onset / Az
Area per molecule atOnset / A
N
°

Mol % Octadecanol ’ : Mol‘.li(’)/o Octade:joanol " b

Figure 3.2 Mean area per molecule of the mixed ODA and ODOH system as a function of the ODOH
added on four different subphases at ~20°C. Depicted are examples of the four general trends utilized to describe
the mixed monolayer behaviour. a) Condensation behaviour on water at pH ~5.6, b) ROM behaviour: 20 mM
CaCl, at pH ~5.5, c) alcohol-like behaviour: 20 mM NaHCOj; plus COs, at pH ~6.0 and d) acid-like behaviour:
10 mM CCCS plus COy at pH ~5.8. In all graphs the solid line represents the rule of mixtures trend and the

dashed line is drawn to guide the eye to the assigned monolayer behaviour.
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Figure 3.3 shows representative surface pressure isotherms for the pure acid on
the four subphases investigated. On water and CaCl, the isotherms illustrate typical
fatty acid behaviour at room temperature with a well-defined tilted L, to untilted LS
transition. The isotherms obtained for NaHCQO; have similar form but with less well-
defined transitions. The presence of a CCCS results in the loss of the tilted phase(s)
and the isotherm consists of the single untilted LS phase on the application of
pressure. In contrast the pure alcohol surface pressure isotherms have identical form
on all four subphases, displaying characteristic fatty-alcohol behaviour. The key
feature of the pure alcohol isotherm is the tilted L,' to untilted LS transition.

In general the phase diagrams for pure fatty-acid and alcohol monolayers are
similar with the key difference being the observation of a nearest neighbour (NN)
tilted phase (L,) in fatty-acid systems, absent in fatty-alcohol systems. (For a full
phase diagram and a description of these phases the reader is referred to Kaganer et
al.[5].)

What follows is a description of the phase behaviour of the mixed monolayers on

each of the four subphases.
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Figure 3.3 Representative surface pressure isotherms of pure octadecanoic acid on the different subphases
investigated. The inflection point in the water, CaCl,, and NaHCO; isotherms is associated with a tilted L, to

untilted LS transition. This transition is absent for the CCCS where the monolayer is untilted at all pressures.

3.2.1 Ultrapure Water

Pure octadecanoic acid exhibits typical fatty-acid behaviour as reported in the
literature for a water subphase at pH 5.6 and a temperature of 20 + 1°C[22-24]. The
onset to L, transition occurs at 24.1 + 0.1 A*molecule (Figure 3.2a) and the L, to LS
transition at 19.8 + 0.1 A%molecule. Likewise the transitions for pure octadecanol
(Figure 3.2a) occur at 21.5 + 0.2 A%/molecule (onset to L, transition) and 20.0 + 0.2
Az/molecule (L,' to LS transition) in agreement with literature values[25].

The maximum surface potential (AV...) measured for the pure acid is 263 + 7 mV
in accordance with literature values for stearic acid monolayers under similar
conditions[15,26]. This compares with 420 + 20 mV for the pure alcohol, which is also
consistent with literature[4]. = Similarities in the chemistry and therefore the
molecular dipoles means that the surface potential values for pure alcohol and pure
protonated acid monolayers are comparable[12]. Literature values for protonated

(pH 2) stearic acid monolayers are of the order of 400 mV[4,27]. However, partial

104



Chapter 3:Mixed Octadecanoic Acid/ Octadecanol Monolayers

dissociation at pH 5.6 and the subsequent double layer formation leads to a reduction
in AV, for the pure acid system.

The AV... data approximates acid-like behaviour (Figure 3.4). As expected the
pure alcohol monolayer has the largest value of AV,,,, reflecting the absence of a

double layer to counter the molecular dipole moment.

Maximum Surface Potential / mV

0 20 40 60 80 100
Mol.% Octadecanol

Figure 3.4 Surface potential measurements for the mixed monolayers on water. The solid line represents

ROM behaviour and the dashed line is added to highlight the acid-like behaviour of the data.

For the mixed systems, AV,... would be expected to lie between the two pure
systems reflecting the gradual weakening of the double layer. This is only partially
true, and is evident in the gradual rise in AV,,... However, the mixed systems exhibit
a strong acid-like trend. The substitution of acid with alcohol molecules should lead
to a decrease in the absolute number of dissociated acid molecules in the monolayer,
subsequently decreasing the double layer potential and AV,., should increase in
accordance with the ROM trend. The suppression of AV, is indicative of increasing
acid dissociation (or higher surface pH), suggesting a shift in the apparent pK, of the

acid such that, as the number of acid molecules is reduced, the degree of dissociation
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of the remaining head groups is increased and a near-constant monolayer surface
charge density is maintained. It is generally accepted that the pH at the surface (pH)
is different from that in the bulk, however literature evidence points to a raising of
the pK, such that pH, is lower than that in the bulk[28,29]. Hence some other
explanation is required that considers the interplay of interactions and forces at the
interface, both within the monolayer, and between the monolayer and the subphase.

The presence of hydrogen bonding has been reported in partially dissociated
pure fatty acid monolayers[30,31]. In addition, the substitution of acid for alcohol
molecules in mixed systems could potentially enhance the propensity for such inter-
and intramonolayer interactions, due to the closer head-group packing. The
introduction of alcohol molecules would also lead to a restructuring of the localised
water structure, as alcohol monolayers are known to promote the formation of highly
hydrogen bonded ice-like structures in the subphase[32]. The redistribution of
electron density within the head groups associated with hydrogen bonding could
lead to an enhanced dissociation of the remaining acid groups, resulting in a negative
deviation from ROM in the surface potential measurements.

If the maintenance of AV,,, with increasing alcohol content, is the result of an
enhancement of intramonolayer hydrogen bonding, the A, data should also reflect
this. The results show condensation behaviour for the A, at both the onset to L,/L,’
transition (Figure 3.2a) and at a fixed surface pressure within the L,/L,' phase domain
(M=10mNm™). The reduction in A, is particularly evident between the
compositions of 10 mol.% ODOH and 77 mol.% ODOH. At the higher pressure of 25
mN m™ ROM behaviour is followed.

To a first approximation, the introduction of alcohol would reduce the overall
charge density and more specifically like-charge repulsion. This combined with the
smaller head group size of the alcohol would act to reduce the A, in proportion to

the alcohol content leading to ROM-type behaviour. However, from the surface
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potential data discussed above, the monolayer-surface charge density is almost
maintained upon substitution of alcohol due to the enhanced hydrogen bonding.
Therefore like-charge repulsion remains significant and ROM would not be expected.
Deviation from ROM (whether condensation or acid-like) would then depend on the
extent of like-charge repulsion coupled with the formation of a hydrogen-bonded
network. On a monolayer domain scale, the redistribution of charge associated with
the hydrogen-bonded network would mitigate like-charge repulsion. Therefore acid-
like behaviour would not be expected and one would predict condensation, as is
observed.

To a point, the substitution of acid by alcohol would lead to a reduction in like-
charge repulsion and steric constraints, potentially shortening the hydrogen bonds,
the associated increase in bond strength may also mitigate increased deprotonation.
Similarly, the relative rotational freedom of the alcohol (as the head group diameter
is smaller than the tail) allows optimization of the relative orientations of the
alcohol/acid/carboxylate head groups, increasing the number of hydrogen bonds by
mitigating steric limitations. = This rotational freedom could also facilitate
reorientation of the acid head groups to create favourable carboxyl oxygen lone pair
interactions, which was shown by Rebel et al.[33] to affect the acid pK, value. Here a
shift in pK, was observed for different arrangements of the carboxylic acid functional
groups in di-acid molecules.

Together, these effects would produce the observed condensation behaviour at
pressures where head-group chemistry and symmetry define phase behaviour (here
at onset and M = 10 mN m™). Moreover, consistent with this argument, the
condensation is symmetric around the point of equal numbers of acid and alcohol
molecules. The 1:1 ratio of acid to alcohol would maximise the carbonyl-oxygen to
hydroxyl-hydrogen bonding, reported to be the longest lived[34]. This is mirrored in

the condensation behaviour of the L,/L,' to LS transition pressure data. As the A, is
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already reduced within this condensed region the pressure required to achieve the
critical A,, and induce a phase transition is also reduced. The L,/L," (tilted) to LS
(untilted) transition is principally dependent on the A.,[35], and is a balance between
the reduction in lattice spacing and the desire to maximise interactions between the
tails[5]. Beyond this transition, it is generally accepted that the phase behaviour of
fatty acid and alcohol monolayers is very similar[5], reflecting the dominance of the
untilted hydrocarbon tail interactions. Consequently, the A, at a surface pressure of
25 mN m™ displays ROM behaviour across the full range of acid/alcohol mixtures.
While this has been discussed purely from the perspective of intra- and
intermolecular interactions, consideration of combinatorial entropic effects and their
role in modifying these interactions should not be ignored. These entropic effects
might play a considerable role in defining the phase behaviour of the mixed
monolayer, modifying monolayer-subphase interactions and solvation of subphase
ions. This is true for all subphases. In the case of water, formation of a hydrogen-
bonded network, the main driver in defining the state of the monolayer, is supported
by entropically-driven mixing of the monolayer, both in terms of the head group

interactions and local water structuring.

The formation of an intramonolayer hydrogen-bonding network upon
substitution of alcohol explains the observed mixed fatty acid/alcohol monolayers

behaviour on a water subphase. This hypothesis is supported by numerical

calculations. Values for surface charge density and surface pH (pH ) were found to

remain approximately constant with increasing alcohol content, consistent with
increased deprotonation of the remaining acid head groups. There was no evidence

that this was achieved through anion binding.

3.2.2 20 mM Calcium Chloride

An enhanced double layer and a significant calcium-ion effect are evident for
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calcium chloride subphases. The presence of calcium ions mitigates like-charge
repulsion, alters the localised [H'] or pH,[13,36], and has the capacity to disrupt
hydrogen bonding between the head groups, between head groups and water and
the hydrogen-bonded water network. The reduction in like-charge repulsion is seen
most dramatically in the decreased A,, of the pure acid at onset, from 24.1 + 0.1
A%molecule on water to 22.5 + 0.3 A%*/molecule for CaCl, (Figures 3.2a and 3.2b).
Such a reduction is not observed in the pure alcohol system, where the A,, remains
unchanged between the two subphases (21.6 + 0.1 compared to 21.5 + 0.2 A%*molecule
on water). The different response of the acid monolayer is consistent with partial
dissociation at pH ~5.5.

The overall trend of the mixed systems for the CaCl, subphase is to decrease A,,
upon increasing alcohol content, reflecting the smaller head group, as was the case
on water. However, a closer comparison shows two distinct behaviours emerge: at
low and high-alcohol content. These two behaviours correspond to the dominance of
monolayer/subphase electrostatic interactions and intramonolayer hydrogen

bonding, respectively.

3.2.2.1 Low-alcohol content

At low-alcohol content (up to ~40 mol.%) all data (area per molecule, pressure
and surface potential) follow the ROM (for example, Figure 3.2b). Here the presence
of the calcium ions disrupt the hydrogen-bonding network and associated increase in
acid dissociation. The latter is supported by an increase in the pH, from ~3 for water
to ~5 for CaCl, in numerical calculations. In addition, the Ca* and Cl  ions
significantly increase the ionic strength, decreasing the surface potential and Debye
length compared to that for water. However, in terms of monolayer behaviour, the
dominant effect is Ca*/COO~ binding which effectively negates any like-charge
repulsion resulting in a significant decrease in A,,. In addition, binding restricts head

group reorientation reducing the capacity for intramonolayer hydrogen bonding.
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Clearly there is a strong electrostatic interaction between the calcium ions and the
acid head groups, which is seen none more readily than in the surface potential data
(Figure 3.5). On 20 mM CaCl, the measured surface potential of the pure acid system
is ~70 mV higher than that on pure water (Figure 3.4), reflecting significant changes

in the interfacial interaction.
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Figure 3.5 Surface potential plot for the mixed systems for a 20 mM CaCl, subphase. The solid line reflects
ROM behaviour, which is followed in the low-alcohol content monolayer (up to ~40 mol.%). The data shows
significant negative deviation away from ROM for higher alcohol content, highlighted by the dashed line added
to guide the eye.

As the monolayer charge density is decreased, upon alcohol substitution, the
potential associated with the double layer ({)(0)) would be expected to also reduce,
increasing the measured surface potential. However, calculations show that ()(0) is
approximately constant, with the exception of the pure alcohol. This disparity can be
accounted for by considering the interfacial water, (4/&. The reduced monolayer
charge density will alter the average head-group hydration-shell distance, which has
been shown to significantly reduce the dielectric constant of the surface water (&)

[37]. Similarly, the decreased cation concentration at the surface will reduce the local
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water concentration (reflecting the loss of water of solvation), also reducing &. A
reduction in & will lead to a smaller Debye length, despite the small decrease in the
ionic strength (with a reduction in monolayer ionisation), diminishing the charge
separation and therefore reducing the double layer component of the measured
surface potential further. As this reduction, in both the amount and separation of
charge, is associated with the substitution of the alcohol it follows that ROM
behaviour is observed. Numerical calculations support this in returning significantly
elevated negative values for (4/& consistent with a reduced dielectric constant at the
interface. Hence in terms of the model, the increasing AV,.., with alcohol content is
accounted for by the (/& term rather than (0). In reality, changes in both would be
expected. The lack of change in (0) is likely due to the inability of the GCS theory to
account for chemical interactions and the inherent error associated with the
displacement of Y(0) and o to the outer Helmholtz plane.

The pressure at the L, to LS transition, for the pure acid, is significantly reduced
compared to that measured on water (17.0 + 0.1 compared to 25.7 + 0.4 mN m™ on
water), while for pure alcohol there is negligible change (13.1 + 0.4 compared to 13.6 +
0.5 mN m™ on water), within measurement error. Again, this indicates that the
presence of Ca® ions reduces like-charge repulsion and induces the formation of
bidentate complexes leading to a decrease in the pressure required to achieve the
phase transition.

Together these data reveal that electrostatic interactions between the monolayer
and the subphase dominate monolayer behaviour, effectively eliminating
intramonolayer hydrogen bonding. This, in conjunction with the factors discussed
above, leads to large negative values for the surface potential contribution
originating from the interfacial subphase (14/&) and causes a reduction in the overall

surface potential for low-alcohol content monolayers.
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3.2.2.2 High-alcohol content

A switch in behaviour is observed at ~50 mol.% alcohol. This is most evident in
the surface potential (Figure 3.5) and surface pressure at the L, to LS phase transition
data, both of which show a dramatic negative deviation away from ROM behaviour.
This reflects a loss of monolayer/cation interactions corresponding to a reduction in
the monolayer charge density. With the reduced Ca*/carboxylate interaction there is
an increase in hydrogen bonding between monolayer head groups. Increased
hydrogen bonding, as evidenced and discussed for the water subphase data, leads to
higher degrees of dissociation facilitating a constant double-layer potential. That is,
when intramonolayer hydrogen bonding dominates, the monolayer acts to maintain
a constant charge density by inducing further dissociation of the remaining acid head
groups. These findings are supported by the constant pH, values calculated
numerically.

For high-alcohol content monolayers the system is dominated by hydrogen-
bonding interactions and the data more directly correlates with that observed on
water. Indeed inspection of the surface potential and surface pressure at the L, to LS
phase transition data shows that the behaviour directly correlate with that of the
water system, taking into consideration the already shifted absolute values as
discussed above. The area per molecule data however requires further consideration.

On comparing the water and CaCl, subphase data, the expected condensation
behaviour, associated with increased hydrogen bonding, is not apparent for the
CaCl, A, plots (for example, Figure 3.2b). The apparent absence of any condensation
behaviour for the CaCl, subphase reflects the already condensed A,, as attributed to
reduced like-charge repulsion. Unlike the water subphase where the reduction of
like-charge repulsion is brought about by the introduction of alcohol, for CaCl, this
role has already been partially fulfilled by the presence of the calcium ions. As such,

the data manifests itself as more closely following ROM for all pressures, but this is
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only strictly the case for the high-pressure data. At lower pressures the pre-
condensed monolayer masks the hydrogen-bonding effect.

The behaviour of the mixed monolayers for the CaCl, subphase is complex, with
evidence of a switch from electrostatic dominance at low-alcohol contents (i.e.
monolayer/subphase interactions prevailing), to behaviour more consistent with
hydrogen bonding determining the monolayer response (i.e. intramonolayer

interactions dominating), similar to that observed in the pure water systems.

3.2.3 20 mM Sodium Bicarbonate

Moving to a sodium bicarbonate subphase introduces additional complexity. The
bicarbonate anion concentration in an open, non-equilibrium system is very dynamic
due to its participation in the H,CO;/HCO;/CO,> acid/base equilibria, despite being
the dominant ion between pH 6 and 8. In addition, this subphase is supersaturated
in carbon dioxide gas in order to lower the pH to ~6, which significantly perturbs the
bicarbonate concentration.

Figure 3.6 shows the surface potential of the mixed systems for the sodium
bicarbonate subphase. The pure acid monolayer has a maximum surface potential of
240 = 11 mV in comparison to 437 + 3 mV for the pure alcohol monolayer. These
values correspond well with those measured on pure water (Figure 3.4). In contrast,
the surface potential of the pure acid monolayer for the CaCl, subphase is
considerably higher (Figure 3.5). This is due to the strong interaction between the
calcium ions and the acid head groups leading to a reduced ability for the double
layer to counter the molecular dipole. The similarity of the sodium bicarbonate and
water data suggests that electrostatic interactions between the monolayer and
sodium ions, alone, do not determine the monolayer behaviour. This is consistent
with the negative binding constant for sodium to carboxylates. In fact, unlike the
calcium ions, the weakly kosmotropic nature (small highly charged ions that are

strongly hydrated), and relatively poor binding affinity of Na" ions (to COO") means
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that there is a tendency for these ions to be found preferentially in the bulk.
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Figure 3.6 Variation of surface potential as a function of alcohol substitution for the 20 mM NaHCO;
subphase. The solid line represents the rule of mixtures trend and the dashed line guides the eye to the acid-like

behaviour of the experimental results.

However, a closer comparison of the trends on water and sodium bicarbonate
reveal several differences between the two subphases despite the lack of sodium
interaction. On sodium bicarbonate, depressed surface potential values (Figure 3.6
c.f. Figure 3.4), a more pronounced condensation behaviour for the pressure at
transition, smaller absolute A,, values and the overall A,, trends (compare Figures
3.2a and 3.2¢), all indicate significant deviation from the water system. In fact, with
the exception of the pure acid, the sodium bicarbonate data (for example Figure 3.2c)
more closely match the behaviour of the calcium chloride data (for example Figure
3.2b).

Combined, this data conclusively points to a strong interaction between the
sodium bicarbonate subphase and the monolayer. The weak binding affinity of
sodium ions implies that the bicarbonate anion is key in establishing an interface that

incorporates aspects of the hydrogen-bonding dominated water system and the
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electrostatics-dominated calcium chloride system. More specifically the role of the
HCO;5™ ion may include: 1) participation in the hydrogen-bonding network, invoking
enhanced condensation, 2) ion-pair formation to mitigate like-charge repulsion, and

3) Hofmeister related HCO; /water interactions.

3.2.3.1 A Hydrogen-Bonded Network

The formation of a hydrogen-bonding network was shown in the water system to
induce a greater degree of dissociation of the acid head-groups while also mitigating
like-charge repulsion. Both of these effects are seen to a greater degree when
bicarbonate ions are present in the subphase. This suggests that the bicarbonate ion
actively manipulates the hydrogen-bonding network, increasing the capacity to
hydrogen bond by influencing the orientational restructuring within the monolayer,
via ion/dipole interactions or by directly participating in the network. The latter is
the most likely, contributing both to the maintenance of the negatively charged
interfacial region and the condensation of the monolayer through a more extensive
hydrogen-bonding network. It should be noted that unlike the bicarbonate ion, the
chloride ion cannot participate in hydrogen bonding and hence is unable to

manipulate the hydrogen-bonding network in this way.

3.2.3.2 Complexation

Complexation provides a means by which the negative HCO;™ ion can approach
and thereby influence the negative monolayer[13]. The neutralisation or reversal of
charge with the formation of a complex is suggested to facilitate the approach of the
co-ion to the monolayer. X-ray reflectivity studies[38] have shown, at least for the
counter-ions, that the complexes are able to form chemisorption-like coordinate
covalent bonds with the carboxylate head groups, rather than electrostatic
interactions that would be weakened by ion solvation. Calculations by Lochhead et

al.[13] showed that the surface concentration of the neutral and positively charged
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complexes was higher than that of the un-complexed co-ions, suggesting that
complexes containing the bicarbonate ion (i.e. [NaHCO;]’, [Na,HCO;]", [H,COs]’, etc.)
could approach the monolayer surface and influence the monolayer behaviour.
However, quantitative assessment of such speciation is very difficult, as such, this
mechanism remains conjecture at this stage.

The existence of a neutral complex participating in the hydrogen-bonding
network may be more readily rationalized than the negatively charged bicarbonate
ion itself, but as will be discussed below the chaotropic nature (large weakly charged
ions that are readily polarizable) of the bicarbonate ion may be sufficient to counter

act its co-ion status.

3.2.3.3 Hofmeister Related Interactions

The propensity for an ion to complex is in part related to its charge density, with
small highly charged ions forming complexes more readily. Similarly, Hofmeister-
related ion-water interactions are associated with ionic charge density[39,40], where,
for example, the way each individual species interacts with water influences its
localised distribution. Studies investigating the Hofmeister series[41] and the surface
concentration of ions in solution[42] show that chaotropes tend to residue at the
surface where the polarizability of the ions is enhanced by the asymmetric solvent
distribution, which strengthens the ion-water interactions[43]. Correspondingly,
kosmotropes are strongly hydrated, having a stronger interaction with water than
water-water interactions. Hence such ions tend to gravitate towards the bulk in
order to maximise their water interactions.

The introduction of a surfactant monolayer however alters the density of the
water in the vicinity of the monolayer via ion-dipole or dipole-dipole interactions.
This is evident in studies which show the ice-like packing of water molecules below
monolayers of fatty alcohols[32,44]. The nature of these interactions can lead to the

creation of zones of high or low density water, which then favour particular ions,
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kosmotropes in high density water and chaotropes in low density water. Thus
attraction of ions to the surface involves balancing ion-ion and ion-dipole interactions
with hydration effects. For example, Cheng et al.[41] have shown that surfactants can
selectively modify the anion affinity for the surface. Thus the propensity for
particular ions to be attracted to or repelled from the interface is specific to the
ion/surfactant combination.

With the view to defining the interfacial structure it is apparent that aspects of all
three of these factors plays a role, especially when the crystal structure of sodium
bicarbonate is considered. Crystalline sodium bicarbonate has a unique chain-like
structure[45,46] (Figure 3.7), which incorporates charge compensation and extensive
hydrogen bonding. It is hypothesised that a similar less ordered and hydrated
structure forms at the monolayer subphase interface, where the incorporation of the
sodium ion facilitates cation-mediated homoionic hydrogen bonding[47,48], thus
generating an extensively hydrogen-bonded network. Ordinarily the sodium
concentration at the surface would be low, as indicated by the negative binding
constant, however upon the formation of an ion-pair with the bicarbonate anion the
propensity for surface activity increases. Likewise, like-charge repulsion would tend
to restrict the opportunity for bicarbonate, and bicarbonate-carboxylate hydrogen
bonding but as discussed by Braga et al.[47,48]} the presence of the cation leads to
significant charge compression mitigating like-charge repulsion.

Numerical calculations support this model, with a significant increase in the
sodium binding constant term, pKy.. However, there was no subsequent increase in
the bicarbonate binding constant. This is attributed to the hydrated anion being
located in the 'second' layer of the chain complex (Figure 3.7), and therefore it is not

considered part of the Stern layer per se.
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Figure 3.7 A 2-dimensional representation of the chain structure of crystalline sodium bicarbonate, viewed
down the a and b axes. The large spheres represent the sodium ions, with the bicarbonate layer in between. The

dashed lines depict the O-H--O hydrogen bond between adjacent bicarbonate molecules.

Hence, a hydrated sodium bicarbonate hydrogen bonded chain-like structure
associated with the monolayer is envisaged; oriented such that the sodium ions are in
closest proximity with the monolayer. The calculated pHj, is of the order observed for
CaCl,, yet the potential and (u/& fall between those of water and CaCl,, reflecting the
hydrogen bonding/electrostatics combination.  Similarly, with changes to the
Hofmeister-related water-structuring brought about by network formation, it is
conceivable that the formation of such a structure would alter ion hydration, the local
dipole moment, dielectric constant, and surface potential thus explaining the mixed
A, data[39,40].

Entropically, the increased order associated with a hydrogen-bonded network
would be unfavourable, however we suggest that network formation is enthalpically
driven by the formation of stronger interactions. The increased order of the network
is offset by the release of water.

The concept of forming such a hydrogen-bonded sodium bicarbonate network is
supported by the complexation phenomena proposed by Lochhead et al.[13],
although such an extended structure was not considered. Additionally, the 2-
dimensional nature of the interface complements the linear nature of a NaHCO;

chain structure. In contrast, it is common for NaCl to be employed as a non-
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interacting electrolyte in surfactant systems, as the CI” ion is unable to hydrogen
bond. Thus the bicarbonate co-ion results in a unique structure, which imparts
aspects of both hydrogen bonding and electrostatic interactions into the system, thus
defining the interfacial structure.

In summary, cation mediated hydrogen bonding is believed to create a chain-like
structure under mixed octadecanoic acid/octadecanol monolayers, similar to that
observed for crystalline sodium bicarbonate. Such a structure incorporates aspects of
electrostatic and hydrogen bonding based interactions that account for the observed
surface pressure and surface potential phenomena. The bicarbonate anion is the
principal factor in the establishment of the proposed interfacial structure. In
comparison, the inability for the Cl” ion to hydrogen bond and its inactivity as a
potential determining ion renders sodium chloride a non-interacting electrolyte for

surfactant systems.

3.2.4 10 mM Calcium Carbonate Crystallising Subphase

The aim of this study was to improve our understanding of the interfacial
interaction in a calcium carbonate crystallising system, by reducing the system to its
components. Having formulated mechanisms for the interfacial interaction on water,
CaCl, and NaHCO; subphases, in this section we look to use this information to
enhance our understanding of CaCO; nucleation at a monolayer. The main
observations upon moving to a CCCS are a large reduction in A,, (for example,
Figure 3.2d) and ROM behaviour for AV, (Figure 3.8).

For the first time the A,, for the pure acid is smaller than that for the pure alcohol
(for example at onset the A,, are 20.1 + 0.1 and 21.8 + 0.3 A*molecule, respectively,
Figure 3.2d). The effect of this degree of condensation is the loss of the tilted phase at
alcohol contents below 77 mol.% (at higher alcohol content the isotherm again
correlates to that of the other subphases). On increasing alcohol content the A, at

onset (Figure 3.2d) and M =10 mN m™" (although weakly for the latter) display acid-

119



Chapter 3:Mixed Octadecanoic Acid/ Octadecanol Monolayers

450

400 ]
350 1
300 -
250 1
200 1

150

Maximum Surface Potential / mV

100 ¢

50 -+ T T T T T T T T T
0 20 40 60 80 100

Mol.% Octadecanol

Figure 3.8 Surface potential plot for the mixed systems for the CCCS. The solid line reflects ROM

behaviour.

like behaviour, again dissimilar to the condensation, ROM and condensation, and
alcohol-like behaviour observed for the water, CaCl, and NaHCO; subphases,
respectively. However the A,, at M = 25 mN m™ exhibits ROM behaviour, as
expected, reflecting the dominance of the tail interactions in defining the monolayer
behaviour.

The surface potential data display a ROM trend for the full extent of the mixed
systems (Figure 3.8). However the difference in AV,, from the pure acid
(76 + 21 mV) to the pure alcohol (437 + 11 mV) was significantly larger for the CCCS
than for any other subphase. Similarly, the absolute potential values for the acid-rich
monolayers were also significantly lower than those observed for the other
subphases. This points towards a significant double layer potential, that steadily
declines in step with the substitution of alcohol molecules.

In order to achieve concurrently, a large decrease in surface potential and area per
molecule, the formation of a hydrogen-bonded soap complex is hypothesised,

involving the acid heads, Ca* ions and HCO;™ ions. Although similarly postulated
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for the NaHCO; subphase, the strong Ca® binding leads to a more condensed and
ordered soap network, with less solvation. Keeping in mind that this structure
would be a precursor to a likely amorphous CaCO; phase, the extent of ordering is
small and localised at best. The necessity for charge compensation and bicarbonate
hydrogen bonding means that the soap network is loosely ordered into alternating
charged layers, thus creating a sizeable dipole, and the reduction in AV ...

The strong ROM behaviour of AV, for all alcohol contents can be attributed to
significant cation binding and the presence of a hydrogen-bonded network. Steric
implications associated with the high degree of compression, brought about by the
mitigation of like-charge repulsion and the hydrogen-bonded network, reduce the
capacity for intramonolayer hydrogen bonding. Therefore unlike CaCl, there is no
apparent enhancement in the degree of acid dissociation that might lead to a
deviation from ROM behaviour.

The numerical model provides tentative support for the proposed interface
structure, with values consistent with the presence of electrostatic and hydrogen
bonding based interactions. The monolayer dipole components, (4/&, &, and & all
show trends consistent with the ROM behaviour of AV,.,. At low alcohol contents
the dielectric constant terms are all elevated reflecting the strong interfacial
interaction and the highly compressed monolayer state. However, on increasing
alcohol content these values reduce to the levels observed for CaCl,, following a
ROM trend. While (0), 0 and pH; display acid-like trends reflecting the influence
of the strong cation binding evident in the A, results. Unsurprisingly, the model
does not provide conclusive evidence for the proposed structure as it fails to account
for the formation of complex structures as described above. Despite this we can
obtain a good fit for the experimental AV, results and qualitative trends that

support our hypothesis.
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3.3 Conclusions

To advance our understanding of the monolayer/subphase interactions that define
and control monolayer structure and subsequent crystallisation at soft interfaces, we
have investigated the behaviour of mixed octadecanoic acid/octadecanol systems on
four different subphases: ultrapure water, calcium chloride, sodium bicarbonate and
a CCCS.

Analysis of our results have led us to propose the following conclusions for the
non-equilibrium, mixed monolayer, nucleating subphase systems:

1. On increasing alcohol content, the degree of deprotonation of the acid
molecules can be enhanced via hydrogen bonding, thus maintaining a
constant surface charge. However this phenomenon is readily cancelled by
dominant electrostatic interactions such as the presence of a divalent cation.

2. The presence of the bicarbonate anion can lead to the formation of a cation-
mediated hydrogen-bonded network.

3. The combination of a strongly binding counter-ion (Ca*) and the bicarbonate
anion leads to a hydrogen-bonded soap-like network that acts as a driver for
extensive compression of the monolayer, beyond that achieved through
electrostatic interactions alone.

The bicarbonate anion is highly influential in terms of interfacial structure, and
when present, should always be considered in any analysis of interfacial dynamics.
This extends to the processes of templated crystal nucleation, where directionality, of
some form, is required to achieve preferential orientation. We suggest that the
formation of such a hydrogen-bonded network may introduce the required degree of
directionality into the interfacial interaction. Crystallisation studies to explore this
further are currently underway.

The combined DF and GCS model was found to readily fit the experimental

results. However, this was not necessarily an indication of a good model but rather a
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reflection of the number of fitted parameters. The difficulty in fitting the data lay in
obtaining a fit with values that were feasible and realistic. For example, it was found
that in some cases that the dielectric constant terms tended to be large, likely
compensation for the inability of the GCS theory to account for chemical effects, such
as hydrogen bonding, Hofmeister effects, ion-specific effects among other subtle
contributing influences. This is a reflection of the technique itself which measures a

bulk averaged property.
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CHAPTER 4: MorprPHOLOGY AND ORIENTATION FOR

Mixep MoNOLAYER SYSTEMS

4.1 Introduction

Exploration of the intrinsic monolayer properties, detailed in the previous
chapter, has allowed us to identify a potential mechanism for information transfer
from the monolayer to a growing calcium carbonate crystal. In this chapter we
analyse the subsequent calcium carbonate crystallisation (particularly calcite) under
these same mixed monolayers in order to validate and develop the hypothesis.

Crystallisation, both homogeneous and heterogeneous, was described in Chapter
1, therefore the following is only a brief reminder of the relevant points. Solution-
based calcium carbonate crystallisation involves two main stages: nucleation and
growth.  Nucleation involves the complexation, agglomeration, deprotonation
(HCO;™ to CO;™), ordering, and dehydration of ions (not necessarily in this order).
For nuclei of sufficient size, this is followed by growth or ripening.

Heterogeneous crystal growth under a 2-dimensional insoluble Langmuir
monolayer is no different, except that the monolayer can thermodynamically
promote crystallisation, where the monolayer functions as a seed crystal, lowering
the barrier to nucleation. Additionally, ionised monolayers can act to concentrate
ions at the interface, modifying the kinetics of crystallisation. The degree of
complementarity between the monolayer and the nucleating crystal influences the
magnitude of these effects. Properties such as surface charge, geometry, symmetry,
polarity and lattice spacing all contribute to the promotion and stabilisation of crystal

nuclei. The insolubility of the surfactant molecules limits the manipulation of crystal
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nucleation and growth by the monolayer to orientational and kinetic effects. As
such, in this chapter we will deal with the presence or absence of face-selective
nucleation, and morphological modifications brought about by monolayer-facilitated
crystal growth.

Much has been made of the path from nuclei to crystalline calcite[1], whether
calcite nucleates directly or forms via (following Ostwald’s rule of phases) metastable
amorphous calcium carbonate and vaterite phases. Intuitively, the mechanism will
likely depend on the extent of complementarity between the monolayer and the
thermodynamically stable calcite phase, and the surface charge of the monolayer.
Either way, the occurrence of face-selective nucleation implies some level of
information transfer between the monolayer and the calcite crystal whether it is at
the nuclei level or the vaterite to calcite transformation.

In this chapter we probe the crystallisation of calcite under a range of
octadecanoic acid/octadecanol mixed monolayers with the aim of correlating
monolayer properties with those of the resulting crystals. This involves the
comparison of morphological and orientation-based properties of crystals grown
under monolayers of increasing octadecanol substitution. Crystal orientation is
qualitatively determined for each system using the inter-edge angle method[2].
Finally the trends in morphology and orientation are correlated with the hypothesis
developed in the previous chapter for defining the assembly of ions at the
monolayer-subphase interface. In addition this discussion will address the roles that

charge density, lattice matching and symmetry have on face-selective nucleation.

4.2 Results

Mineralisation at the air/water interface in the absence of a monolayer is
illustrated in Figure 4.1. Nucleation occurs preferentially at the interface where the
surface energy is high, however the induction times are typically longer than those

experienced in the presence of a monolayer. Crystal morphology and orientation are
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non-specific with regions of intergrowth, consistent with that observed by Loste et al.

[3] under similar conditions.

28k K166 166rm BO0GGGEH

Figure 4.1 Nucleation at the air/water interface in the absence of a monolayer. The product is randomly

oriented rhombohedral calcite crystals with very little elongation.

Growth under monolayers has been well characterised[4-8], particularly for the
more common surfactant systems of pure octadecanol and octadecanoic acid.
Consequently the evaluation of growth under mixed monolayers will employ the
well established crystal descriptors for calcite: type I, II, and III, in addition to the
classic rhombohedral growth (Figure 4.2)[3,9-12]. It is important to note that as
discussed by Loste et al.[3] type III crystals are in fact inverted in the harvesting
process and therefore are an extension of the truncated rhombohedral crystal.
However, before assessing crystal morphology and orientation it is pertinent to

revisit and elaborate on the monolayer behaviour before and during crystallisation.
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Figure 4.2 The changing morphology of calcite. (a)
The classical rhombohedra, (b) the truncated
rhombohedra (type III) with the insert showing the
monolayer side (the insert scale bar represents 10
um), (c) type II calcite, (d) an elongated type II
calcite, with arrows indicating the two sides of the
crystal morphology, and (e) type I calcite, the arrow
indicates the surface presented to the subphase, the

insert shows an enlargement of a type I crystal (the
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insert scale bar represents 10 um).
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4.2.1 Monolayer Behaviour

In the previous chapter we illustrated the significant reduction in A,,, the loss of a
tilting transition, and the rule of mixtures behaviour of the surface potential,
associated with a CCCS. We attributed these effects to the interfacial interaction, or
more specifically the formation of a hydrogen-bonded soap network. Although
somewhat disordered and hydrated, such a network forms the precursor to crystal
nucleation. Further, the nature of the cation-mediated hydrogen-bonded network
provides a mechanism for achieving face-selective nucleation.

An exception to the general loss of tilt on CCCS occurs at high alcohol contents
(>70 mol.%, Figure 4.3). The tilting transition occurs at ~6 mN m™ for the 75 mol.%
ODOH monolayer, meaning that at the lowest crystal growth pressure (10 mN m™)
there is no tilt. Consequently only crystals grown under pure octadecanol at
M=10mN m™ experience a tilted monolayer. Despite this, there remains the
possibility that the presence of a tilted phase during the monolayer equilibration time
(not observed for lower alcohol contents) could impart a subtly altered packing
structure in the final monolayer. An evaluation of crystals grown under 100% ODOH
at M =10 and 25 mN m™ shows no significant difference, suggesting that, in terms of
manipulating crystal morphology, the influence of historical packing conformation is

negligible.
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Figure 4.3 Evidence for the absence and presence of tilt in the mixed monolayers on CCCS. The red dashed
line guides the eye to the tilting transition from the tilted L, phase to the untilted LS phase for the mixed
monolayer systems. Brewster angle microscopy images are included as inserts to illustrate the absence and
presence of tilt. The image of the untilted LS phase (upper left) for the CCCS at low alcohol contents lacks
contrast due to the absence of tilt. In contrast, the presence of the tilted L, phase is reflected in the contrasting

domains (lower right).

Another feature of these monolayers is their propensity for 'slow collapse' during
the crystallisation experiments (Figure 4.4), where the concept of slow collapse refers
to the time-dependent degradation of the monolayer at pressures greater than the
equilibrium spreading pressure (ESP) but below the traditional (fast) collapse
pressure. The latter is characterised by a fracture or catastrophic mechanism as
opposed to the gradual degradation observed in slow collapse[13]. However both
modes of collapse involve expulsion of molecules from the monolayer associated
with the nucleation and growth of 3-D phases. Ybert et al.[14] found three distinct
mechanisms for collapse, dependent on the surface pressure and the rate of
compression, of which slow collapse was associated with the formation of multilayer

islands. Higher pressures led to folding, with ‘giant folds” forming with low
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compression speeds. For phospholipid monolayers these giant folds are reported to
correlate to the formation of vesicles via a first order transition[15].

Examination of the mixed monolayer's slow collapse behaviour during
crystallisation experiments indicates a trend of increasing monolayer stability (where
stability is defined by the absence of slow collapse) with increasing alcohol content.
Further comparison of the low and high pressure behaviour (Figure 4.4) shows that
the monolayer is generally more stable at low pressures. These observations are
consistent with the pure alcohol having a higher ESP (~35 mN m™[16]) than the pure
acid monolayer (ESP =2 - 7.3 mN m™'[16-18]).
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Fiqure 4.4 (a) The change in area per molecule with time (monolayer stability) during the crystal growth
experiments at a constant surface pressure of 25 mN m™. (b) A comparison of the loss in area after 4 hours of

crystal growth for the two pressures (LP = 10 mN m™ and HP = 25 mN m™).

In order to explore this further, the long term stability of monolayers of 10 mol.%
ODOH on water and carbon dioxide bubbled CaCl, subphases at 1 =25 mN m~ was
examined. The relative instability on water (Figure 4.5, ~30% reduction in A,)
reflects the low ESP resulting in slow collapse probably via a folding mechanism
given the high pressure. In contrast the presence of Ca* ions in the subphase leads to
significant stabilisation (~5% reduction in A,). This is consistent with the use of

divalent cations to improve the properties of Langmuir-Blodgett films[19]. In the
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case of the CCCS-based system, there is a large increase in monolayer instability
(~70% reduction in Ay,). This instability is most likely brought about by the increased
solubility and/or the presence of defects (calcium carbonate nuclei) promoting
nucleation and growth of a 3-D surfactant phase, whether it be folds or vesicles. The
different profile shapes of water and CCCS in Figure 4.5 reflect a different nucleation
and growth mechanism for the 3-D surfactant phase[20]. Whether instantaneous or
progressive nucleation, whether folding or vesicular, the actual mechanism for
collapse is dependent on temperature, compression speed, ESP, experimental
pressure, defects, surfactant and subphase chemistry, resulting in very unpredictable
behaviour. This dynamism and heterogeneity is a significant difference when
comparing these results for Langmuir monolayers with SAM-based growth

studies[21,22].
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Figure 4.5 10 mol.% ODOH on water, bubbled calcium chloride and calcium carbonate crystallising

subphases at a pressure of 25 mN m™'. The best stability being achieved on the carbon dioxide bubbled calcium

chloride subphase.
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Finally, in the previous chapter we showed the surface potential of the mixed
monolayer/CCCS system tracks with increasing alcohol content. This was attributed
to significant cation binding and the formation of a hydrogen-bonded network. At
high charge densities, binding and network formation result in a degree of layering
of charge parallel to the interface. Along with an altered subphase dielectric
constant, this ordering of charge leads to a large decrease in the measured surface
potential. The extent of this effect is reduced with increasing alcohol content, as the
reduced charge density leads to a reorientation of the charged layers so as to present

a more neutral arrangement of ions.

4.2.2 Low Pressure (M =10 mN m™)

A comparison of the crystals grown under mixed monolayers at a fixed surface
pressure of 10 mN m™ is shown in Figure 4.6. The pure alcohol system (100 mol.%
ODOH) displays the classic rhombohedral calcite, thus oriented on {10.4} faces
(Figure 4.6a). There are very few crystal defects and minimal elongation. The
situation is very similar for the 75 mol.% ODOH system (Figure 4.6b) with the
exception of a greater number of crystals and the introduction of limited
rhombohedral truncation (Type III). Conversely, the step to 50 mol.% ODOH (Figure
4.6¢) results in a significant increase in the propensity for truncation. Very few {10.4}
oriented rhombohedral crystals are seen. Rather there is now a prevalence for type
III truncated rhombohedra with smooth {10.4} side faces. The triangular type III
crystals show few defects and are inter-dispersed with a small amount of type II
crystals. There is no evidence of the elongated irregular type II crystals. Decreasing
the alcohol content further (25 mol.% ODOH, Figure 4.6d) leads to a prevalence of
the irregular type II crystals. Like the 50 mol.% ODOH system there is an absence of
type I crystals. Possibly as a result of the increased elongation and irregularity, a
substantial number of crystals are inverted. This inversion permits a view of the

crystal surface in contact with the monolayer, which shows considerable topography.
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A small proportion of the type II crystals display the beginnings of a central
depression as described by Rajam et al.[9]; attributed to diffusion-limited growth.
Decreasing alcohol content further (20 mol.% ODOH) leads to the domination of type
II-like crystals and increased numbers of type I, with very little type IIl. Associated
with the type II domination is significant elongation in the majority of crystals. A
further reduction of alcohol to 10 mol.% (Figure 4.6e) shifts the numbers towards
type I crystals with reduced type II and no type III. Crystal density remains high, in
contrast to the pure acid system (0 mol.% ODOH, Figure 4.6f) where there is a
significant reduction in the number of crystals successfully harvested. Surprisingly,
the pure acid system shows very few type I crystals possibly due to size and
irregularity contributing to the crystals being dislodged during harvesting and
washing. Instead there is a predominance of type II with a small amount of defect-
ridden type IIL

At low pressure there is a clear transition on decreasing the alcohol content in
mixed monolayers from the classical rhombohedral morphology to an elongated
irregular truncated calcite. This transition reflects the variation in binding capacity
and double layer potential of the different monolayer compositions.
Morphologically there appear to be two steps, from 25% to 50% and 50% to 75%. The
former goes from the classical rhombohedral calcite to the truncated triangular
calcite (type III) associated with nucleation on a face other than {10.4}. The second
jump reflects a switch from oriented but regular rhombohedral calcite (type III) to

very irregular elongated calcite of types I and II.

4.2.3 High Pressure (I =25mN m™)

Increasing the pressure did not alter the morphology under pure alcohol
monolayers (Figure 4.7a). The crystals exhibited a defect-free rhombohedral
morphology with some elongation. Similarly crystals grown under the 75 mol.% and

50 mol.% ODOH monolayers at high pressure (Figure 4.7b and c, respectively) were
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effectively the same as those observed at low pressure. At 25 mol.% ODOH (Figure
4.7d) the crystal morphology at high pressure differs significantly from that observed
at low pressure. Rather than crystal size increasing and elongation becoming more
pronounced, moving towards type II crystals, at high pressure the morphology
remains very similar to that under 50 mol.% ODOH. The morphology is dominated
by type III crystals that exhibit few defects and little elongation. Further there
remained a significant number of rhombohedral crystals which at low pressures are
effectively absent. Decreasing the alcohol content further (to 20 mol.%) leads to
increased type I and II numbers, however type III still dominates with little
elongation and only a small increase in the frequency of defects. At 10 mol.% ODOH
(Figure 4.7e) the degree of elongation, irregularity and frequency of defects is
increased from the 20 mol.% ODOH system. However, in comparison to the low
pressure system, morphology continues to be dominated by types II and III truncated
rhombohedra. Crystallisation under pure acid (0 mol.% ODOH, Figure 4.7f)
monolayers at high pressures is characterised by a decrease in nucleation density,
increased elongation and truncation but there remain minimal type I crystals. In
comparison to the low pressure system, there is a general trend of reduced

elongation and irregularity in the crystals grown at high pressure.
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Figure 4.6 Ouverviews of the changes in crystal morphology as the octadecanol content of the monolayer is increased at a constant pressure of 10 mN m™.
(a) 100 mol.% ODOH, (b) 75 mol.% ODOH, (c) 50 mol.% ODOH, (d) 25 mol.% ODOH, (e) 10 mol.% ODOH, and (f) 0 mol.% ODOH. The inserts show

enlarged images of a typical crystal (the scale bar =10 um,).
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Figure 4.7 Ouverviews of the changes in crystal morphology as the octadecanol content of the monolayer is increased at a constant pressure of 25 mN m™. (a) 100 mol.%
ODOH, (b) 75 mol.% ODOH, (c) 50 mol.% ODOH, (d) 25 mol.% ODOH, (e) 10 mol.% ODOH, and (f) 0 mol.% ODOH. The inserts show enlarged images of a typical

crystal (the scale bar = 10 pim).
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Again, as in the low pressure situation, there is a transition on decreasing alcohol
content in mixed monolayers from the classical rhombohedral morphology to an
elongated irregular truncated calcite. However in contrast to the low pressure crystal
morphology, the transition is delayed. Taken from the perspective of the degree of
truncation, elongation and irregularity, the 0 mol.% ODOH system at high pressure is

equivalent to the 50 to 25 mol.% ODOH system at low pressure.

4.2.4 Crystal Orientation

In order to obtain an idea of the nucleation face or the orientation of the nucleated
crystals, the inter-edge angle methodology popularised by Archibald et al.[2] was
employed. A caveat must be placed over the results in that the technique assumes
perfect alignment of crystals on the SEM stub, as it was under the monolayer. Given
surface tension issues when harvesting and perturbation during washing and
mounting on the stub there is significant scope for miss-alignment. Further, analysis
of the nucleation face topography suggests that during growth there is some
realignment, as indicated by edge-like artefacts (Figure 4.13), likely due to
gravitational effects associated with the size of the growing crystal. Thus the
technique does not result in a categorical assignment of the nucleation face, but is a

good method for giving qualitative support for a preferred orientation.

13kV X2,8808 18rm 9008036 18km BRBRAG

Figure 4.8 SEM images illustrating the textured upper crystal surface, the surface in contact with the

monolayer.
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Figure 4.12 summarises the results for low and high pressure. The relatively low
percentage returns for any one face is consistent with literature[2] and is a reflection
of errors in the technique and the dynamic nature of Langmuir monolayers.
However the consistent dominance of the {11.15} and {10.4} faces at both pressures
supports the qualitative value of the technique.

Taking into account the difficulty, and in some cases an inability, in determining
the orientation of many of the irregular crystals, the results show that the {11.15} face
is consistently the most common at low alcohol contents for both pressures
investigated. At high alcohol contents, there is a switch to the classic rhombohedral
{10.4} face. Interestingly the transition between these two faces differs for the two
pressures investigated. At high pressure an abrupt change from {11.15} at 50 mol.%
ODOH to {10.4} at 75mol.% ODOH occurs. In contrast, at low pressure this
transition is more gradual, involving an intermediate orientation: {11.15} at 25 mol.%
ODOH to {10.16} at 50 mol.% to {10.4} at 75 mol.%.

Reviewing the secondary faces (the second and third most common faces) there
appears to be a common zone axis. At low alcohol contents the faces (11.12) and
(11.9) have the greatest representation after {11.15}, with all three faces belonging to
the [11.0] zone axis. This is in contrast to the [01.0] zone axis for the {10.4} and
(10.16) and (10.10) faces.

In summary, there appears to be two important transition events as the alcohol
content is decreased in crystals grown under mixed octadecanoic acid/octadecanol
monolayers:

1. anucleation face or orientation change around the 50 — 75 mol.% ODOH level;

and

2. amorphological change from truncated rhombohedra to type Il and I calcite at

~75 - 90 mol.%.

The specific composition for these transitions is, at least in part, pressure dependent.
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4.3 Discussion

There is substantial evidence that monolayer chemistry and symmetry exert an
influence on crystal nucleation and growth. Precisely how this comes about remains
an enigma. The aims of this chapter were to:
1. investigate the influence of mixed monolayer compositions on calcite
crystallisation;
2. elucidate the mechanism of the monolayer/crystal interaction; and
3. assess whether there is any correlation between this mechanism and the
previously proposed hypothesis of a hydrogen-bonded soap network
functioning as nuclei precursor.
This was achieved by correlating the monolayer behaviour with two key aspects of
the resulting calcium carbonate crystal properties: face selective nucleation (or

preferential orientation) and morphology.
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Figure 4.9 Owverview of the low and high pressure nucleation face assignment data, showing the most prominent nucleation faces for the different mixed monolayer

systems. Charge density is based upon a full ionised monolayer (given a surface pH of 7 at the point of crystallisation) and an average A,, of 20 A*/molecule.
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4.3.1 Face selective nucleation

Generically, nucleation is driven by the metastability of the solution and the
desire to minimise energy. It is for this reason that heterogeneous nucleation is
ubiquitous, with nuclei forming at interfaces. In the absence of a monolayer, crystal
orientation is random but almost exclusively involves one of the faces of the form
{10.4}. This is due to the {10.4} faces having the lowest surface energy (especially
when hydrated)[23], which is in part due to the high atomic density. The
introduction of a monolayer introduces the propensity for enhanced matching at the
interface leading to the expression of higher energy crystal faces. Consequently, the
expression of {10.4} faces under the high alcohol monolayers is indicative of little or
no templation. Conversely the expression of {11.15} faces under low alcohol
monolayers implies a stronger interaction across the interface and a monolayer
structure that has properties commensurate with that particular crystal face.

The domination of the {11.15} faces through such a large compositional range (0 -
25% and 0 — 50% alcohol for the low and high pressure systems, respectively) reflects
a considerable versatility and ability to accommodate defects by both the monolayer
and the crystal nuclei. Regardless, the result indicates some degree of face-selective
nucleation, which is supported by the assignment of zone axes.

The grouping of these dominant and secondary nucleation faces to zones, [01.0]
and [11.0], is further indication of preferential orientation. The nature of the
preferential orientation may not be of the order typically observed for SAM-based
crystallisation studies due to the heterogeneity and dynamism of the monolayer,
however there is a degree of FSN. Closer examination of the properties of the faces
assigned to the two zones leads to a number of correlations (Table 3).

* The faces nucleated under high alcohol content monolayers belong to the
[01.0] zone in contrast to the [1 1.0] zone that accounts for the low alcohol

derived crystal faces.
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 All faces in the [01.0] zone have one Ca”" lattice dimensions of length 4.97 A,
whereas the [1 1 .0] zone faces have one dimension of 8.61 A.
« Based on the 2D Ca* lattice area, on average the [01.0] zone faces have a

higher density than the [1 1.0] zone faces.

Table 3. Selected properties of the dominant nucleation faces as determined by inter-edge angle measurements.

Face Zone Axis Angle to (00.1) ;a;;il;a;tt(ize) ii:;é:;i;
(10.4) [01.0] 44.63 %21236%% 0.20
(10.16) [01.0] 13.86 g:f19§f§5 0.59
(10.10) [01.0] 21.54 1222291%?75 0.40
(11.15) [11.0] 24.51 ba==12;..67(;685 1.18
(11.12) [11.0] 29.68 ?92?332)&;91 0.55
(11.9) [11.0] 37.23 %22',236119 0.82

In terms of describing how FSN arises we return to the idea of a cation-mediated
hydrogen-bonded network. Nucleation begins with the agglomeration of ions, a
process facilitated by the monolayer. Interactions (such as charge neutralisation,
dissociation, like-charge repulsion, hydrogen bonding, dipole interactions,
dispersion forces among others) between the monolayer head groups, the head
groups and hydrated ions, and between the ions themselves leads to some
distribution of ions at the interface. The primary rule for the arrangement of these
ions is energy minimisation and may involve bond formation. In the previous
chapter a linear chain-like structure loosely styled on the cation-mediated hydrogen-
bonded network of crystalline NaHCO; was proposed as a potential structure at the
interface. Such a structure provided the mechanism for separating similarly charged

faces that, on a pure electrostatic basis, would be inseparable. The possible inclusion
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of the surfactant head groups in the network facilitates complementarity between the
monolayer carboxylates and the calcite crystal carbonates leading to a particular
orientation. The heterogeneity and dynamic nature of the monolayer and the
variable subphase chemistry, on a molecular length scale, means that the interfacial
interaction is more a case of synergy rather than rigid templation.

Historically FSN has been attributed to lattice matching[10], spatial geometry
matching (often incorrectly termed stereochemistry)[24] and more recently non-
specific electrostatics[25] as the source of the preferential orientation. However the
following discussion will illustrate how the idea of a single dominant effect is overly

simplistic.

4.3.1.1 Lattice Matching

Lattice matching is based upon identifying equivalent lattice parameters and
symmetry between the monolayer and specific crystal faces. The pure octadecanoic
acid monolayer at a pressure of ca. 25 mN m™ has been shown to have an A,, of 19.2
A? and a hexagonal lattice cell (a=4.71 A)[26]. Therefore given the slightly larger A,,
of 19.8 — 20.5 A? at low pressure and 19.3 — 19.7 A? at high pressure for the mixed
systems on the CCCS, and assuming a similar symmetry, nucleation on the
hexagonal (00.1) face of calcite (a =4.97 A) might be expected.

However this approach ignores the capacity for the monolayer to change with
both time, for example the slow collapse as discussed earlier, and the nucleation
event itself. In Chapter 6 evidence for the latter will be presented. The likelihood of
such a rearrangement is great considering the dynamic nature of the monolayer.
However the extent of monolayer restructuring depends on the strength of the
overall interfacial interaction and steric considerations (which is dependent on the
surface pressure and chemical functionality of the surfactant). Although monolayer
restructuring complicates the design process it offers improved matching facilitated

by the ability (even if limited) for the monolayer and nuclei to find the most
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energetically favourable conformation.

Assessing the level of lattice matching in this study we find a significant
mismatch between the monolayer (A, ~20 A% and the {11.15} faces (Ca* lattice area
~118 A?). In addition, from the literature we know that on a room temperature CCCS
the monolayer would have a hexagonal lattice[26] which is inconsistent with the
rectangular symmetry of the {11.15} faces. The large crystal lattice may originate
from the necessity of finding a common multiple for the two sets of lattice
dimensions as described by Kewalramani et al.[27]. Alternatively this disparity could
reflect a low surface charge in the mixed monolayer systems, brought about by the
presence of alcohol and/or significant protonation of the acid molecules. Therefore
considering simultaneously, the initial interfacial pH, the dynamics of the monolayer,
the ability of the crystal nuclei to accommodate defects, and the hydrated and likely,
amorphous nuclei then there is reasonable scope for a good interfacial fit. However
there is insufficient evidence to state that lattice matching is the controlling

interaction and any claim to this extent is too simplistic.

4.3.1.2 Spatial Geometry Matching

A comparison of the inter-plane angles for the different nucleation faces enables
an assessment of the spatial geometry matching between carbonate anions and the
carboxylate head groups. In calcite the CO,* ions are aligned perpendicular to the ¢
axis, and therefore the angle of the nucleation face to the (00.1) face provides a
measure of the angle of the planar carbonates to the nucleation plane. Table 3 shows
these angles for the various nucleation faces. Given that the monolayer is untilted,
and assuming that the chain is in an all-trans configuration with herring-bone
packing (which is likely due to the reduced area), then the theoretical carboxylate
orientation would be at an angle of 45-90°C to the interface and nucleation plane.
However the combination of low surface pressure, reduced like-charge repulsion and

the smaller alcohol head group allows greater freedom for the carboxylate to re-
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orientate.

Molecular modelling performed by D. Duffy and J. Harding of University College
London, U.K. in conjunction with A. M. Travaille[28] shows that there may in fact be
a considerable range of orientations present. The system modelled was a SAM of 25
16-mercaptohexadecanoic acid molecules in a vacuum at OK. The angle of the final
H,C-COOH bond was ~45° to the substrate. In contrast, the addition of water, Ca**
and HCO; ions at 300K led to a very broad bimodal peak spanning a H,C-COOH
bond angle of 0.5 — 75°. The most intense peak (frequency ~3.0 molecules) was
located at ~25° and a second weaker peak (frequency ~1.5 molecules) was broad and
centred at ~54°. The suggestion in this study was that the two peaks correlated with
the {01.2} (27°) and {01.5} (52°) faces rather than the {00.1} (90°) hexagonal face, which
based on symmetry provided a better match to the hexagonal SAM.

Again this view is perhaps too simplistic. Based on a SAM of only 25 molecules
combined with the broad distribution of H,C-COOH bond angles, and an additional
peak intensity of only 3.0 molecules, the result is not conclusive and there remains
scope for reorientation driven by other interactions. Furthermore this SAM model
involves tilted molecules (at an angle of 30°) and therefore the molecules are well
spaced, providing the carboxylate head groups significant rotational freedom. Thus
the study is not representative of the untilted Langmuir monolayers on the CCCS.
Despite this, the modelling does suggest that an angle of 14° for the (10.16) face is at
least possible.

Again there is insufficient evidence to suggest that spatial geometry matching of
the carboxylate and carbonate groups directs FSN. However the importance of
spatial geometry matching in FSN is dependent on steric implications, therefore its

role will vary with surface pressure and surfactant chemistry.

4.3.1.3 Electrostatics

Electrostatics is the most commonly employed explanation for FSN.
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Unfortunately the term ‘electrostatics’ is loosely used and therefore an understanding
of precisely what is meant is not always clear. Typically discussion of electrostatics is
based around charge density and therefore focuses on ion-ion interactions,
neglecting the important dipole interactions which can impart directionality. Ion-ion
interactions are important and in cases of high charge density can account for FSN,
where there are few highly charged crystal faces, (in calcite these are the {00.1}, {01.2},
and {01.5} faces). Additionally the high charge densities also influence the nucleation
kinetics, potentially limiting the options for FSN. However at medium to low charge
densities, dipole, symmetry and lattice interactions play an increasingly important
role.
Further analysis of the results highlights a number of contradictory and
anomalous trends that include:
* two faces of relatively fixed surface termination, (11.15) and (10.4), dominate
relatively large ranges of monolayer surface charge;
* the transition between these two faces differs for low and high pressures yet
the mean monolayer surface charge varies negligibly (Figure 4.12); and
* the transition at high pressure occurs relatively abruptly (between ~50 -
75mol.% ODOH), which is inconsistent with the rule of mixtures behaviour of
the maximum surface potential (Chapter 3).
The evidence supporting the importance of electrostatics in FSN is strong but the
inconsistencies highlighted above suggest that other effects need to be considered.
Individually lattice, spatial geometry and electrostatic matching fails to explain
the observed results. However the concept of a cation-mediated hydrogen-bonded

network incorporates all these aspects and adequately accounts for the results.

4.3.2 Morphology

Under standard conditions the equilibrium crystal shape for calcium carbonate is

the classic rhombohedron, where morphology is determined by surface energies,
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such is the case with the expression of the lowest energy {10.4} faces. In non-
equilibrium cases, crystal morphology is also a function of FSN and the growth
process. Morphologically, the results shown here exhibit a continuum of crystal habit
modifications, from classic rhombohedra (equilibrium growth) to truncated
rhombohedra (type III calcite), to type II and finally to type I calcite. The latter
morphologies displaying significant rhombohedon truncation, elongation and
irregularity.

Truncation can be attributed to FSN, with the area of the truncated face defined
by the position (m) of the nucleation face relative the centre of the rhombohedron
(Figure 4.10). The value of m is related to the growth rate which in turn is a function
of the interfacial match and the solution kinetics.

Elongation reflects anisotropic growth of the crystal, ultimately due to differing
growth rates for the exposed facets. Given that classic or truncated rhombohedra
have {10.4} faces exposed to the subphase it is unlikely that elongation is caused by
face-specific surface energies. A more plausible explanation was put forward by
Pokroy and Aizenberg[29] who correlated the direction of asymmetric lateral growth
of the crystals to the direction(s) of greatest lattice match between the SAM and the

crystal.

m=1 m=0 m=-1

Figure 4.10 Computer generated (SHAPE for Window V7.2.2) calcite rhombohedrons oriented with the
(11.15) face in the plane of the page. The red polygon represents the nucleation face for different distances from

the centre of the crystal (m), highlighting the range of morphologies that result.
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The irregularity expressed in the larger type I and II crystals appears to result
from the culmination of four different effects: truncation, elongation, agglomeration
(crystal nuclei intergrowth) and diffusion limited growth.

With the aforementioned effects in mind, analysis of the results shows four
trends:

« crystal truncation, irregularity and elongation are significantly more
prevalent at low alcohol contents, with no evidence of significant
rhombohedral distortion at high alcohol contents;

« a comparison of the high and low pressure calcite crystals shows that the
high pressure systems (and therefore high charge density) generally result
in less irregularity and elongation;

- monolayer stability (as indicated by the constant pressure plots, Figure 4.4)
for each of the growth experiments appears to influence crystal
morphology;

« and finally, the monolayer stability is dependent on surface pressure and
the alcohol content.

The interrelationship between these four observations is represented in Figure 4.11.
The prominence of monolayer stability is somewhat surprising given the relative lack
of its discussion in the literature. Using the pure acid system as an example we can
correlate monolayer stability with crystal morphology independently of the surface
pressure and therefore the charge density. (Note that for a given ensemble average
surface pressure e.g. M = 10 mN m™, monolayer stability was observed to vary
considerably between repeat experiments). In Figure 4.8 four pure acid experiments
are shown (two repeats for each of 10 and 25 mN m™), where crystal irregularity
increases with enhanced monolayer stability. This is a general result for all

monolayers investigated.
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Figqure 4.11 A schematic illustrating the interrelationships occurring between monolayer stability and

crystal morphology. The (-) or red lines depict an inverse relationship whereas the (+) or black lines depict a

positive relationship.
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Figure 4.12 The correlation between monolayer stability and morphology. In order of decreasing monolayer

stability (a) > (d) > (b) > (e), correlating to the black, olive, teal and orange lines as shown in (c). The crystals (a)

and (b) are grown at 1= 10 mN m™" whereas (d) and (e) were grown at M1=25 mN m™".

4.3.2.1 Monolayer Stability

In order to understand these observations, identifying the origin of monolayer

stability or instability is paramount.

Monolayer stability is inherently associated

with the ESP and slow collapse. As such it is of no surprise that stability is improved
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with increasing ODOH content given that the ESP of the alcohol is significantly
higher than that for the acid. Consequently slow collapse for the high ODOH
monolayers is absent with the small loss in A, due to other effects. In contrast, at
low levels of ODOH the monolayer instability is great. The ESP of a monolayer is
purely a measure of combined influence of the many drivers at play. That is
hydrophobicity, hydrophilicity, entropy, solubility, like-charge repulsion, dipole and
van der Waal interactions, hydration effects, surface energies and chemical free
energy of the surfactant phases among other effects, all contribute to the propensity
for a surfactant to form a stable monolayer. Similarly the formation of a cation-
mediated hydrogen-bonded network would impact on the stability of the monolayer.

In terms of the affect of surface pressure on monolayer stability, this is again tied
to the ESP. Both pressures examined (10 and 25 mN m™) are below the ESP for pure
ODOH monolayers and above the ESP for pure ODA monolayers hence the
associated stability or lack of it. At higher pressures there is likely to be a larger
contribution to the ESP from the driving force for phase change to a more stable 3-D
phase (a vesicle or solid) due to the metastability associated with the higher
concentrations. Consequently the monolayer is more unstable at higher pressures.

In addition to slow collapse, brought about by pressures above the ESP,
perturbation associated with the release of CO, and nucleation events may also

reduce the monolayer stability.

4.3.2.2 Perturbation

The release of carbon dioxide from the subphase during crystallisation
experiments is associated with the formation of millimetre-sized bubbles that rise to
and break at the subphase surface. Perturbation of the wilhelmy plate by breaking
bubbles has been observed, supporting this idea of perturbation-derived instability.
However, Figure 4.5 shows a 10 mol.% ODOH monolayer on carbon dioxide bubbled

CaCl, subphase to be more stable than a water or CCCS subphase. Any disruption of
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the monolayer by evolving gases is offset by the stabilisation of the calcium ions,
casting doubt over the significance of CO,—related perturbation.

The significant difference in monolayer stability between the CaCl, and CCCS
subphases intimates that the nucleation event(s) could constitute an alternative
source of perturbation. However the influence of nucleation events on monolayer
stability is very difficult to decouple from the physicochemical environment from
which the nuclei precipitate. One possible pointer to the influence of crystallisation
is observation of undulations and ridges on the crystal nucleation surfaces (Figure
4.13). This surface topography increases with increasing monolayer surface charge,
however there is negligible difference between high and low pressures. Assuming
that the crystal topography is representative of the monolayer topography then three
things can be deduced:

1. there is a strong interaction between crystal and monolayer;

2. the monolayer does present folds associated with slow collapse; and

3. the strength of the interfacial interaction results in slow collapse via a

modification of the monolayer ESP upon nucleation.

The rough crystal nucleation surfaces also present evidence for -crystal
rearrangement during growth (edge-like ridges on the surfaces defining several
roughened facets, Figure 4.13). Such a phenomena would exacerbate the slow
collapse, thus the combination of folding and crystal rearrangement could explain
the ~70% loss in the area per molecule for the most unstable pure acid system.

In summary, monolayer stability or more precisely the equilibrium spreading
pressure of the monolayer is intimately linked to the crystal morphology, in terms of
elongation and irregularity. This relationship is based upon a strong interaction
between the monolayer and the subphase. A weak interaction, at high ODOH
content and high monolayer surface pressures, leads to the expression of regular

smooth {10.4} faces with little elongation.

154



Chapter 4:Morphology and Orientation for Mixed Monolayer Systems

At low monolayer surface pressures the relative rotational freedom of the
individual surfactant molecules is likely to result in larger domains and generally
greater monolayer stability. This flexibility would facilitate an improved interaction
with the hypothesised hydrogen-bonded soap network thus stabilising the
monolayer further, just as divalent cations (which result in cation/surfactant-dimer
pairs) stabilise monolayers for creating Langmuir-Blodgett films. Hence crystals
derived from low pressure monolayers exhibit greater elongation and irregularity.

Conversely, at higher pressures steric limitations restrict the monolayer's ability to
facilitate network formation through spacing and symmetry rearrangements, the
network domain size is small and therefore more soluble. Coupled with the affect of
the increased pressure and nucleation-related buckling, the monolayer is
commensurately more unstable. The smaller network domains also result in less
lateral growth in subsequent crystallisation. The suggestion of pressure-dependent
domain size is supported by increased nucleation density (Figure 4.1), most evident
in the early stages of growth before ripening processes begin to dominate, where the

high energy domain boundary sites readily promote nucleation.

*100 100pm WO S Tmm

Figqure 4.13 SEM images of the variation in nucleation density with surface pressure of pure octadecanoic

acid monolayers after 1 hour of growth, (a) [M1=10 mN m™, and (b) M1=30 mN m™.

In summary, monolayer stability is not the cause of crystal morphology

modifications rather it is an expression of the strong interfacial interaction that leads
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to these morphological variations in crystal shape.

4.4 Conclusions

This study investigated the properties of calcite nucleation and growth under a
range of mixed octadecanoic acid/octadecanol monolayers at two pressures. There is
evidence to suggest that the morphological descriptors of Rajam et al.[9] are in fact
stages in a morphological spectrum from classic thombohedra to irregular plate-like
(type I) crystals. Further, this continuum reflects increasing modification brought
about by the thermodynamic and kinetic implications of higher charge density
monolayers.

Evaluation and discussion of preferential orientation leads to a number of
conclusions regarding the role of charge density, lattice matching, symmetry and
spatial geometry matching in face-selective nucleation. These include:

@ the requirement of significant charge density to observe oriented nucleation;

@ the domination of face selectivity by electrostatics at high charge densities; but

@ more often face selectivity is achieved through some combination of spatial

geometry, lattice matching, and electrostatics, in which case the concept of a
cation-mediated hydrogen-bonded network may provide an improved
understanding.

In terms of morphology, analysis has shown that truncation, elongation,
agglomeration and diffusion limited growth all contribute to the gross crystal shape.
In addition, the following points are of note:

@ morphological irregularity and elongation are signs of a strong interfacial

interaction, involving enhanced matching across the interface; and

@ the strength of the interfacial interaction is also expressed in terms of

monolayer stability.

Ultimately crystal templation beneath Langmuir monolayers is a complex

interrelationship of many factors and to suggest that one factor (such as charge
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density) dominates is often too simplistic.
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CHaAPTER 5: 2-HybproxyocTtapeEcANoIiCc AciD

MONOLAYERS

5.1 Introduction

Chapters 3 and 4 highlighted the role of the acid and alcohol functional groups
play in influencing monolayer behaviour and calcite crystallisation. In this chapter
these the influence of these functional groups is explored in the guise of a single
molecule, DL-2-hydroxyoctadecanoic acid (Figure 5.1, 2-HSA). 2-HSA combines the
electrostatic acid functionality with the alcohol or hydroxyl functional group in the
one head group. Unlike the mixed monolayer systems, where the acid and alcohol
molecules were free to order based on energetics, in 2-HSA the two functional groups

are covalently linked.

Figure 5.1 A schematic of DL-2-hydroxyoctadecanoic acid molecule with the hydroxyl (red) and acid (blue)
functional groups highlighted.

2-HSA is used in therapeutic and cosmetic applications to facilitate skin care and
disease treatment, where its role has been linked to strong chelation of calcium
ions[1]. However, its selection in this study lies primarily in the subtle modification
of the head group electron density. The hydroxyl group draws charge away from the

carboxyl group, creating a single large polar head group. This is in contrast to the

161



Chapter 5:2-Hydroxyoctadecanoic Acid Monolayers

bipolar nature of 7- 9- and 12-HSA[2-10]. Unfortunately, the size, shape (steric
implications), the propensity for hydrogen bonding, and the binding capacity of the
head group are also modified with the addition of a hydroxyl group. Consequently,
a relatively small modification leads to significant changes in the interfacial
interaction.

Previous investigations of the behaviour of hydroxy-fatty acids has shown that
the location of the hydroxyl group at the 2- or 3- position, as opposed to further up
the chain, has significant consequences. For example, Kellner and
Cadenhead[2] showed that for 2-hydroxyhexadecanoic acids (2-HHA) the monolayer
was condensed at all pressures and the film was very rigid such that it displaced the
Wilhelmy plate from vertical. The rigidity of the monolayer was attributed to
hydrogen bonding between the hydroxyl group and the neighbouring carbonyl
oxygen, resulting in an increased equilibrium spreading pressure (ESP) and melting

point for 2-HHA compared to hexadecanoic acid, (17.8 £ 0.2 mN m™" and 87°C c.f. 10.7

+ 0.8 mN m™ and 63°C). The increased monolayer stability brought about by
intermolecular hydrogen bonding between neighbouring molecules has also been
associated with higher pKa values for 2-HSA[7].

In terms of the MM-A isotherm behaviour, 2-HSA behaves more akin to non-
substituted octadecanoic acid with the addition of a two-phase coexistence region at
zero pressure. This is quite unlike the bipolar mid-chain substituted hydroxy acids
which present the two phase coexistence region (represented as a plateau in a [1-A
isotherm) at higher pressures[4,8]. The difference lies in the creation of a single large
mono-polar head group. A geometric comparison of the head group, perpendicular
to the tilt direction, and alkyl chain lattices shows that the chain packing becomes
disordered in order to accommodate the size mismatch. Consequently 2-HSA does
not form well-shaped condensed phase domains with a highly crystalline structure.

The packing implications for increased head group size is illustrated in a grazing
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incidence X-ray diffraction (GIXD) study of 2-hydroxypalmitic acid monolayers.
Weidemann et al.[6] reported a distribution of diffraction intensity along a
characteristic arc in reciprocal space. The diffuse diffraction intensity was attributed
to a superposition of different lattices, ascribed to variations of tilt azimuth,
representing the disordered packing of the alkyl chains. Disorder was attributed to a
mismatch between the enlarged head groups and the chains[3]. In comparison to
acids with hydroxyl groups substituted in the mid-chain position, the alkyl chains of
2-HSA have greater configurational freedom, hence the disordered state[9].

Another consequence of the addition of the hydroxy group at the second carbon
is chirality. Investigating the differences between the two enantiomeric forms of
2-HHA, Neumann et al.[5] found that the presence of divalent cations, such as Ca*,
result in considerable condensation and potential for increased chiral discrimination.
A comparison of Ca*, Pb* and Zn* subphase ions showed Ca”" to incite the greatest
condensation effect. This contrasts with the study by Yazdanain et al.[11] that
showed the opposite trend for octadecanoic acid monolayers. In terms of chiral
discrimination and therefore the potential for phase separation, electrostatically-
based surfactant-cation binding is generally thought to be homochiral in nature. In
line with this theory, Ca® was found to show relatively (compared to Pb*" and Zn*)
poor chiral discrimination.

Clearly, the attempt to explore the effect a subtle change in head group chemistry
has on monolayer behaviour and subsequent calcium carbonate nucleation is not
straight-forward. With the literature focussing on more theoretical-based studies
employing low pH water subphases, a greater understanding of the interfacial
interaction is required before the impact of the hydroxyl substitution on mineral
nucleation can be elucidated. To this end, described in this chapter is an
investigation of the monolayer behaviour and the interfacial interaction with the

subphase. As in Chapter 3, this involves the characterisation of 2-HSA monolayers
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on four subphases: water, calcium chloride, sodium bicarbonate and a calcium
carbonate crystallising subphase. Experimentation involved surface pressure and
potential measurements complemented by Brewster angle microscopy imaging.
Further due to the strength of the interaction with the calcium containing subphases
this system was selected for synchrotron-based grazing incidence X-ray diffraction

(GIXD), and X-ray reflectivity.

5.2 Results & Discussion

Figure 5.2 illustrates the typical behaviour of 2-HSA monolayers on subphases of
water, calcium chloride, sodium bicarbonate and a calcium carbonate crystallising
subphase. With the exception of the water subphase, the general behaviour of the 2-
HSA monolayers is significantly different from that observed for ODA and ODOH
mixtures. The uneven and curvilinear profiles are indicative of a reduction in
crystallinity in comparison to the ODA/ODOH mixtures. This is consistent with the
previous literature that attributed the disorder to the large head group size[3]. This
increased head group size is also reflected in an increased A, at onset, compared to
the mixed ODA/ODOH systems discussed in Chapter 3. Additionally the
introduction of subphase ions, particularly Ca*, leads to a significant expansion of
the A,, at onset (Figure 5.3). Again this is at odds with the condensation behaviour
observed for the mixed systems. Further, the presence of calcium ions results in the
formation of a very rigid film that physically moves the Wilhelmy plate, creating
perturbations in the isotherm profile. Greatest perturbation occurs at lower

pressures when the monolayer experiences the largest movement.
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Figqure 5.2 Surface pressure isotherms for 2-hydroxyoctadecanoic acid on different subphases: water at

pH 5.6, CaCl, at pH 5.5, NaHCO; at pH 6.0 and a calcium carbonate crystallising subphase at pH 5.8.
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Figure 5.3 The overall trends in the surface pressure and potential isotherms for the different subphases.
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transition, A = the A, at [1=25mN m™', and SP = the maximum surface potential).
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Figure 5.3 shows the key characteristics of the monolayers: A,, at onset, A,, at
M=10mNm”, A, at the phase transition, M at the phase transition (N.B. the
isotherm for 2-HSA on water does not display a phase transition), the A, at
M=25mNm” and the maximum surface potential. In the following section the
results will be attributed to the nature of the interfacial interaction that is unique to
the subphase, with similarities and differences to the mixed systems noted. Initially
at least, the addition of an active or participatory functional group leads to a stronger
expression of the influence of the different subphase conditions. The specifics of

these interactions will now be discussed more fully on an individual subphase basis.

5.2.1 Water

2-HSA on water at a pH of 5.6 behaves in a manner consistent with literature
studies performed at pH 3[10]. Immediately, from evaporation of the spreading
solvent, the monolayer exists as two coexisting phases. The application of pressure
results in a comparatively sharp transition that leads directly to collapse without any
apparent intermediate transition to an untilted phase. At the early stages of
compression, 1< 0.5 mN m’, a plateau-like transition was observed. Brewster angle
microscopy suggested no change in phase, only the merging of large uniform (in
terms of contrast) islands of surfactant (Figure 5.4). Exploring this phenomena
further, it was found that this plateau was dependent on compression speed and was
concluded an artefact of these higher rates of compression.

Assuming a tilted monolayer, the lack of BAM contrast in conjunction with the
lack of an observable phase transition, points to an universally heterogeneous or
disordered film. This heterogeneity is confirmed by both literature[3,6], where it is
attributed to a varying tilt azimuth, and GIXD. At all pressures investigated the
presence of variable tilt was confirmed, manifested as a distribution of scattering
intensity that was dominated by two or three peaks, consistent with a mix of NN and

NNN tilted phases (Figure 5.5). Figure 5.6 shows the change in the diffraction
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Figure 54 A BAM image showing the large islands present on water in the absence of pressure. Apparent
is the lack of contrast pointing to a homogeneous, but as it turns out disordered monolayer. The scale bar = 1
mm. (Each of the BAM images is of an area of monolayer 4.128 by 3.616 mm, based on a 640x480 image and a

x-scale of 5.65 microns/pixel and a y-scale of 8.60 microns/pixel.)

pattern with increasing pressure. The zero pressure contour plot (Figure 5.5a) only
shows two clear peaks at Q., = 1.275 and 1.437 A7, however on summing the data a
third peak at Q,, =1.379 A becomes apparent, as shown in the fitted profiles (Figure
5.5¢). Three peaks is normally associated with an intermediate or oblique tilted
lattice, however for this to be the case the condition 0‘=0’+0% must be met and
the peak integrated intensities should be approximately equal[12]. With Q. values of
0.844, 0.525, and 0.00 A™ this is clearly not the case, hence the three peaks must arise
from a combination of NN, and NNN phases. Similarly disordered systems have
been observed for other hydroxy-fatty acids|[3].

Attributing the highest Q. peak to a combination of NN and NNN phases, the
middle peak to NNN tilt and the in-plane peak to NN and untilted (U) phases we can

approximate the phase composition. Correlating the integrated peak intensities
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(908 : 585 : 242, for M =0 mN m™') with a ratio of NN : NNN : U phases based on the
expected intensities associated with degeneracy gave a changing ratio shown in
Figure 5.7a. These ratios show that the proportion of NNN phase remains relatively
constant, whereas the initial NN phase is lost in favour of U phase up to ~10 mN m.
Beyond M =10 mN m™ this trend is reversed. At =30 mN m™ there is a suggestion
that the NNN phase content is reduced in favour of the untilted phase. The
explanation for such behaviour is unclear and further studies are required to: verify
the phenomena, to provide a more accurate measurement of phase composition, and
to assess whether the ratios observed here are characteristic of the monolayer or are
random.

In terms of the lattice parameters, Figure 5.7b shows how the different lattice
dimensions change with pressure. The lattice parameters complement the phase
composition in that the largest movement with pressure occurs in the NN and NNN
phases, with the U phase remaining relatively stable. Also of interest is the
correlation between the NNN and NN lattice parameters and the stable U phase,
such that, aywnn = ay and bay = by and all four lattice parameters remain relatively
stable with pressure, while ayy and bynn decrease with pressure. Thus the reduction
in lattice parameters correlates with the reduction in tilt, such that the direction of
shrinkage is consistent with the tilt direction.

This heterogeneity in the tilt direction of the monolayer has been attributed to a
size mismatch between the large mono-polar head group and the diameter of the
tails. The molecular spacing in the monolayer is dominated by the large head
groups, limiting the tail-tail interactions. Alteration of the tilt angle per se is
energetically expensive therefore the tails adopt a variation in the tilt direction to
reduce the overall energetics of the monolayer. On a monolayer scale, the head/tail
group mismatch leads to an entropically driven disordering of the monolayer tilt

characteristics. However, with the application of pressure the degree of monolayer
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disorder is reduced with the reduction in tilt (which is observed for both the NN and
NNN phases), as indicated by the movement of the peaks to smaller Q., and larger
Q., or smaller lattice values with increasing pressure. Perhaps coincidently, the rate
of this gradual change is similar to that observed for monolayers consisting of a 60/40
mix of 2-hydroxypalmitic acid (HPA) and palmitic acid (PA)[3]. This investigation of
mixed systems was instigated to confirm the large head group size as the source of
the heterogeneity of tilt azimuth. The similarity between the pure 2-HSA and the
60/40 mixed HPA/PA system may reflect the longer tail of 2-HSA, such that a
reduction in tilt associated with longer tails is equivalent to a reduction in head

group size.
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Figure 5.5 GIXD results for 2-HSA on water at 1= 0 mN m™. (a) A 3-D contour plot illustrating the
diffraction arc. (b) and (c) The fitting of two and three peak models, respectively, to the summed Q., profile, with
the three-peak model providing the best match. (d) The summed Q. profile and fit.
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Figure 5.7 GIXD analysis of 2-HSA on water at 1= 0 mN m™. (a) Variation of the phase composition of
the monolayer with pressure, lines drawn to guide the eye. (b) Changes in the lattice parameters a, and b with

pressure for the three phases.

At a pressure of 35 mN m~ Wediemann et al.[3] showed this transition to
culminate in a single, in-plane peak. However this was not observed for 2-HSA,
likely due to the fast compression speeds leading to a somewhat premature collapse.
Although not directly observed, collapse was consistent with brittle-fracture (shown
for the NaHCO; subphase in Figure 5.17), characterised by a sudden and jerky

movement of the monolayer. The brittleness of the monolayer reflects the extensive
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hydrogen bonding that the hydroxyl group adds to the system[2].

In terms of the surface potential behaviour it is helpful to recall the typical
potential profile for the mixed systems, which consists of a plateau at pre-onset
pressures, followed by a small and gradual increase coinciding with onset. The
slight increase attains a maximum around the transition to an untilted phase before
decreasing. This profile being consistent with the loss of tilt leading to an increase in
the molecular dipole associated with increased vertical charge separation. The
subsequent decline coincides with the initiation of collapse, where the formation of 3-
D structures results in a countering of the molecular dipole. The nature of this
decrease in potential is specific to the mechanism of collapse.

For 2-HSA on water, the surface potential profile (Figure 5.8) begins with a
plateau for the expanded film, in accordance with the mixed monolayer systems.
However, unlike the mixed systems there is no increase in potential associated with
onset, rather the potential displays a gradual decline. This response to onset is
attributed to the lack of a tilted-to-untilted transition and the early stages of collapse.
The maximum surface potential on water is ~52.6 mV, which is considerably lower
than the ~260 mV and ~420 mV recorded for pure ODA and ODOH, respectively.
Such a significant drop in the potential is difficult to account for; however, at least in
part, this can be attributed to the increased propensity for intramolecular hydrogen
bonding. Greater hydrogen bonding has two affects: (1) it will result in a significant
change in the water structuring at the interface; and (2) as described in Chapter 3, it
may increase the countering double layer potential by increasing the degree of
dissociation. Ultimately further work is required to elucidate this drop in the
measured surface potential.

The XRR data for 2-HSA on water was measured at two pressures N = 10 and
25mN m”. Given the three-phase composition it is assumed that the XRR data is a

weighted average of the three phases. For example at =10 mN m?, A,, is 24.0 A

173



Chapter 5:2-Hydroxyoctadecanoic Acid Monolayers

20 |-

Surface Potential / mV

10 15 20 25 30 35 40

Area per molecule / A?

Figure 5.8 Surface potential profiles for 2-HSA on subphases of water, calcium chloride, sodium bicarbonate

and CCCS.

for NNN, 24.6 A? for NN and 22.0 A? for U, which gives an average of 23.6 A? for a
phase ratio of 0.5 : 0.24 : 0.26. This compares with an isotherm based A, of 23.8 A”.

At the lower pressure two models are difficult to separate, in terms of reflectivity
fit, both are detailed in Table 4. The first, a two-box model, has the best statistics but
overall the fit visually is not as good as the second model. The second model, a
three-box model, has reasonable statistics and a better visual fit but the subphase
roughness is unusual. The third box in this model represents some subphase
ordering, which increases the localised electron density above bulk water. Therefore
there is a suggestion that there is some degree of water restructuring at the interface
but the irregular subphase roughness suggests that a third separate box does not
quite capture this.

Using the weighted average A, for the GIXD data and the surface pressure

isotherms, the total electron count was calculated. Based on the electron density ratio
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of the boxes these electrons were assigned to the boxes and then attributed to
molecular groups. Thus the two-box model consists of a [CH3(CH,)5] box and a
[(CH,)CHOHCOOH + 2 x H,O]. In comparison, the three-box model yields boxes:
[CH3(CHy)14], [CH,CHOHCOOH + 3 x H,O] and [10 x H,O]. The differences being an
extra CH, group in the head group box of the two-box model, which is replaced by a
water in the three-box model. Overall the best fit is with the three-box model given
the better reflectivity fit and the lower head group alkyl content suggested by the
model. However, the improved fit of three box model, in comparison to the two box
model, of the data is small. Given the averaging that occurs, due to the 3 hour

measurement time, and the similarity of the fits, it is difficult to exclude either model.

Table 4 The best fitting models for 2-HSA on water at [1=10 and 25 mN m’.

M No. of | pi/pw Ly P2/Puw L, Ps/Puw L, Lr o
(mN m™) | Boxes (A) (A) A A @
10 2 0.97 15.13 1.24 7.88 23.01 1.75
10 3 0.99 15.1 1.26 7.83 1.03 12.82 | 35.75 2.31
25 2 0.97 17.33 1.41 4.83 22.16 3.14

(01/ P 1s the linear electron density of the box relative to the subphase, SLD = 0.334 e/fis, L; is the box length,
Ly is the total box length and o'is the subphase roughness).

At N =25mN m" the two-box model provides the best fit of the experimental
reflectivity. With an isotherm based A,, of 22.2 A? and a GIXD based A,y of 22.54 Az,
the first box in the model accounts for the 16 tail-carbons. The head group box has
sufficient electron density for the remaining [CHOHCOOH] plus one water
molecule. This arrangement reflects the domination of steric affects at higher
pressures, where the penetration of the head group into the subphase, and the degree
of hydration is reduced. The total length is smaller than that at [ = 10 mN m™, which
is consistent with the slight reduction in the amount of untilted phase present (Figure

5.7a). Hence the small rearrangement of the head group reflects an unexpected small
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shift to a more erect NN phase rather than an increase in the untilted phase content.

Under similar conditions (subphase pH unspecified), Cristofolini et al.[7] fitted a
two-box model with quite different parameters (p:/p.,, = 0.31 e/A% L, =15.6 A, po/p. =
0.42 ¢/A% and L, = 9.36 A). From these values it was deduced, from the large head
group box, that six carbons were submerged in the subphase and the remaining 12
contributed to the tail box. This differs from our calculations as Cristofolini et al.
[7] ignored the possibility of any water in the head-group box. Given the highly
polar nature of the head group it is very likely that there would be significant
hydrogen bonding between the subphase water and the head group. Therefore this
approach by Cristofolini et al.[7] is overly simplistic.

In summary, 2-HSA monolayers on water present a three-phase coexistence of
NNN, NN, and U phases up to M = 30mN m”. There is evidence that, with
increasing pressure, the NN and U compositions fluctuate as the tilt angle of the NN
phase reduces. In contrast, the level of NNN phase remains relatively constant as tilt

is reduced.

5.2.2 Calcium Chloride

The introduction of calcium ions to the subphase has a dramatic effect on the
monolayer behaviour as shown in Figure 5.2. A comparison with water shows the
isotherm to have a larger A,, at both onset and I = 10 mN m~, a trend reversed at
higher pressures (Figure 5.3). However, analysis of GIXD data shows that, in fact, the

monolayer exhibits untilted, hexagonal symmetry with an A, of ~20 A? at all

pressures (Figure 5.9), much lower than the 29.0 A? at onset indicated by the
isotherms.

BAM images show the monolayer to consist of multi-domain islands (based on
contrast differences), approximately 0.3 to 3.0 mm in size, the majority above ~1 mm

(Figure 5.10). The application of pressure leads these islands to collide and fracture
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Figure 5.9 A 2-D contour plot of the GIXD pattern for 2-HSA on CCCS in the absence of applied pressure.

rather than merge, implying strongly bound rigid domains. It is only at higher
pressures that there is sufficient force to lead to merging of islands. Thus the
perturbated isotherm and large A.,'s are more a consequence of macroscopic packing
deficiencies rather than molecular structuring.

The rigid domains are a consequence of the strong Ca* binding by the hydroxy
acids. A comparison of the calcium binding constants of 2-hydroxypropanoic acid
(lactic acid) and 1-propanoic acid shows a greater than two-fold increase in binding
strength upon addition of the hydroxy group[19]. This is associated with the
preferential binding of the cation with the acid carbonyl and hydroxyl group
oxygens rather than with the acid hydroxyl. For this to occur in 2-HSA monolayers, a
molecular re-arrangement of the head group would be required. Such a
conformation change (Figure 5.11) would be driven by the greater stability of five-
membered chelates over four-membered versions[20]. Both conformations have the
capacity for intramolecular hydrogen bonding, which combined with a stoichiometry
of Ca(2-HSA), would result in strongly bound domains. Evidence for this

conformation change is scant, with the magnitude of the associated dimensional
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Figure 5.10 A BAM image of a 2-HSA monolayer on a 20 mM CaCl, subphase at 0 mN m™ pressure. The

islands appear to be multi-domain based on the contrast and are very rigid.

changes falling within experimental error.
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Figure 5.11 Indicative structures of 2-HSA head groups in response to cation binding, the precise
conformation will vary with surface pressure and chelation. The top structure is consistent with a four-

membered ring chelation as opposed to the five-membered ring of the lower structure.

The observation of contrasting domains in the BAM images is somewhat

surprising given the single untilted hexagonal phase evident in GIXD data. Further
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there is significant disparity in the domain size indicated by the smaller (~0.3 mm)

monochromic islands in BAM images and the GIXD-derived domain correlation

length of ~194 A. Chirality may explain these observations. The 2-HSA used is a mix
of D and L enantiomers and therefore the contrast may indicate phase separation.
Neumann et al.[5] showed that the inclusion of divalent subphase cations can
instigate chiral discrimination. Although Ca* was found, relative to Pb** and Zn*, to
be relatively poor at inducing increased phase separation, the capacity for phase
separation remains. The reason for this discrimination is unclear but it is believed to
be based around differences in the intra-complex bonding, leading to preferential
homochiral (L:L or D:D) interactions as opposed to heterochiral (L:D) interactions[5].

With increasing pressure, the lattice parameters show a steady reduction, as
expected. After reducing to an A, of ~19.8 A? at a pressure of 25 mN m™, as
determined by GIXD, the monolayer collapses. Collapse is characterised by a smooth
inflection of the isotherm correlating with a similarly gradual increase in the
nucleation of 3-D discontinuities as observed using BAM. The small spherical,
highly reflecting nature of these defects is consistent with surfactant solidification.
With a solid precipitate having been observed macroscopically on the air/water
interface subsequent to the experiment.

On CaCl, the surface potential profile (Figure 5.8) is very similar to that observed
for the mixed systems. However, as the 2-HSA monolayer is untilted at all pressures,
the rise in the potential cannot be attributed to a tilting transition. Rather this rise is
consistent with a loss of small amounts of an expanded gaseous phase that remains
in the inter-island regions beyond onset. The increasing pressure forces the rigid
islands to pack together. The resulting rise in potential is then followed by a decline,
again associated with the nucleation of 3-D phases. The magnitude of the potential
is slightly higher than that observed for water (68.8 mV compared to 52.6 mV for

water). This increase can mostly be attributed to the complete loss of tilt.
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The strong calcium/monolayer interaction is also evident in the XRR data. At
both pressures (M =10 and 25 mN m™), a 'three-box' model provides the best fit of the
measured reflectivity profile (Figure 5.12 and Figure 5.13, respectively). Analysis of
the electron density profile at M =10 mN m™ shows the first box to account for the
[CH3(CH,)5] tail group, the second box correlates with [(CH,),CHOHCOOH + 0.5 x
Ca], and the third box can be attributed to four water molecules. The half a calcium
reflects the expected Ca(2-HSA), charge-based stoichiometry. The grouping of four
water molecules in the last box is consistent with the hydration of the cation,
resulting in increased water packing and the disruption of water's favoured
hydrogen-bonded structure.

At M =25mN m” the profile reflects an increase in the tail length to include all the
hydrocarbon CH; and CH, groups. The head group box includes the [CHOH] group,
the acid functionality, half a calcium, and one water molecule. The third box again
includes 5-6 water molecules.

The differences between the reflectivity at the two pressures is relatively small but

potentially significant. The increase in pressure brings about four changes:
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Figure 512 XRR reflectivity and electron density profiles for 2-HSA on CaCl, at 1= 10 mN m™. In the
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Figure 5.13 XRR data and electron density profiles for 2-HSA on CaCl, at 1= 25 mN m”. In the

reflectivity profile the solid line reflects the model fit of the experimentally determined data (points). In the

electron density profile the dashed line represents the model boxes and the solid line is the smoothed box model.

the sterically-driven movement of the two CH, groups from box two at
M =10 mN m™ to box-one at M =25mN m™;

the reduction in A,,;

an increase in the number of associated water molecules from four to six; and

the increase in the combined (L; +L,) box length.

These changes point to a possible disruption of the Ca*-bridging chelation associated

with the rigid domains. The higher applied pressures may reduce the capacity for
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the cation to bridge two surfactant molecules by removing the ability to rearrange
(compare the two structures in Figure 5.11), as indicated by the loss of the two
methylene groups from the head group box. The increased association of water with
the head group at higher pressures could reflect the need to counter the calcium
charge given the loss of the bridging capability.

In summary, the introduction of the calcium ion to the subphase sees a
domination by electrostatic-based effects. This is very evident in the rigid domains
observed, which perturb the Wilhelmy plate and therefore the surface potential
measurements. However, XRR suggests that at high pressures steric effects begin to

disrupt the Ca*-bridging network.

5.2.3 Sodium Bicarbonate (NaHCO:)

2-HSA isotherm behaviour on NaHCO; subphases is again quite different from
that observed on water and calcium chloride subphases, Figure 5.2 shows a typical
isotherm profile. For A,, values greater than 30 A%, BAM images show a two phase
coexistence with relatively rigid islands (Figure 5.14), where rigidity was gauged
according to how readily the islands merged to form a coherent monolayer, for
NaHCO; based systems this does not occur until after onset. This behaviour is
similar, but weaker, to that observed for CaCl, pointing to a strong interfacial
interaction. GIXD at =0 mN m™ shows two peaks at Q,, 1.406 and 1.489 A, with
the former out-of-plane and the latter in-plane. Based on integrated intensities, the
two peaks are associated with two phases: a NN tilted phase and a stronger untilted
phase. An approximation based on the expected intensity ratio for a NN phase and
the measured peak intensities indicates to a monolayer phase composition of 80:20
untilted to NN tilted (Figure 5.15). The existence of two phases is supported by the
observation of two subtly different shades of grey in the BAM images (Figure 5.14).

Beyond onset the monolayer moves to much smaller A, yet the compressibility, as

indicated by the isotherm slope, is not appreciably different from the CaCl,
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Figure 5.14 A BAM image illustrating the presence of two phases in a monolayer of 2-HSA on an aqueous

NaHCO;s subphase. The scale bar represents 1 mm.

subphase. The GIXD results show the lattice parameters and therefore the A, to
change very little with increasing pressure up to 25 mN m™ (Figure 5.16). These
observations point to poor monolayer stability, with the reduction in A, due to slow
collapse. This is reflected in the isotherm returning A,, values of <20 A” at higher

pressures which given the head group size is incorrect.
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Between the pressures of 17 and 25 mN m™ the isotherm shows an inflection and
loss of contrast, consistent with a phase transition. This inflection is closely followed
by brittle fracture collapse as shown in Figure 5.17. Given the already high
percentage of untilted phase it is unclear what the inflection could indicate. The
GIXD analysis performed at 17 and 25 mN m™ includes both phenomena, inflection
and collapse, therefore surmising the source of the inflection is not objective. At 17
mN m™ there is a weak but well defined peak associated with the NN tilted phase
(Figure 5.18). However at 25 mN m™' there is no clear out-of-plane peak, rather a
very diffuse distribution of intensity across a large range of reciprocal space (Figure
5.19). Summing this data to a single Q,, profile produces two peaks in similar
positions to those observed at lower pressures, however a small shift to higher Q,,
was evident, accounting for some contraction of the cell with the increase in pressure.
The important difference is the highly distributed nature of the out-of-plane
diffraction. This leads to the proposition of a two step process, where the inflection is
associated with the loss of tilt closely followed by fast collapse. The fast collapse is
associated with extensive folding of the monolayer and it is this re-oriented
surfactant that contributes to the diffuse scattering. BAM images (Figure 5.17)
support this mechanism, with a complete loss of contrast at the inflection point
implying a single untilted phase. The GIXD-based A,, decreases from 22.2 A%at =0
mN m™ to 22.0 A? at M =17 mN m™, then from M =17 to 25 mN m" A,y drops from
22.0 to 21.7 A% This decrease is statistically small but it does deviate from the very
gradual trend shown at lower pressures. This drop is also consistent with the
occurrence of the hypothesised phase transition. A comparison of the GIXD A,, and
the isotherm-based A,, (11.8 A% shows, much more strongly, the extent of collapse.

In isolation, the two-peak fit of the GIXD pattern indicates the continuation of the
two-phase mixture, with a significant loss of order for the tilted phase but there

remains a question as to whether the extent of folding is sufficient to account for the

185



Chapter 5:2-Hydroxyoctadecanoic Acid Monolayers

diffuse peak. Despite these issues the phase transition and collapse provides a better

fit for all the results: GIXD, BAM and surface pressure.
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Figure 5.17 Isotherm of 2-HSA on a NaHCOj; subphase. Overlaid are BAM images illustrating the changes
in monolayer structure that occur with the application of pressure. The first image at zero pressure, before onset,
shows the phase coexistence that arises immediately on surfactant addition. As pressure is applied the relatively
rigid domains come together to form a coherent monolayer. The second image shows the persistence of two
phases, as indicated by the regions of differing contrast. The inflection in the isotherm is associated with a phase
change and the loss of all phase contrast in the BAM images. Finally a small kink in the profile is associated

with a brittle collapse event. The scale bar represents 1 mm.

The measured surface potential peaked at ~—30.6 + 12.0 mV; a significant
deviation from that measured on any of the other subphases (Figure 5.8). In the
mixed systems the surface potential on NaHCO; was similar to that on water at ~240

mV for pure octadecanoic acid. The reduction from the undissociated ODA

186



Chapter 5:2-Hydroxyoctadecanoic Acid Monolayers

monolayer (at ~400 mV) is attributed to structuring of subphase ions creating a
potential that counteracted that of the monolayer. Here the negative potential
suggests this subphase potential is greater than that of the monolayer.
Understanding how this may occur requires consideration of the loss of surfactant
from the monolayer. On the bicarbonate subphase the isotherm indicates the greatest
amount of slow collapse and therefore the smallest A,,. Slow collapse is synonymous
with the loss of film to a more stable 3-D phase via the formation of multi-layer
islands[21]. The extent of the slow collapse can be approximated by comparing the
average A, at collapse for the water and bicarbonate isotherms. This leads to a
difference in A,, of ~5 Az, which equates to a loss of 20% or 1 in 5 of the molecules
from the original monolayer. Given such a large number, it is reasonable to postulate
that some combination of multi-layer formation and an enhanced double layer
accounts for the surprisingly low surface potential.

The XRR data was found to be unreliable, the reflectivity profile was somewhat
irregular and therefore, despite reasonable fits, the resulting electron density profiles
at both pressures accounted for too few electrons.

In summary, the monolayer behaviour on sodium bicarbonate is consistent with a
strong monolayer/subphase interaction. This is evident in the observation of a
partially (80% of the monolayer) untilted phase at all pressures investigated.
However, the nature of this interaction is such that it promotes monolayer instability
and therefore significant collapse. The overall behaviour of the system can be
accounted for by the formation of a cation-mediated hydrogen-bonded network. For
example, the monolayer instability, not observed for the mixed systems on NaHCO;,
can be attributed to the increased propensity and strength of the monolayer/network

hydrogen bonding brought about by the covalently bound hydroxyl group.
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Figure 5.18 (a) 2-D contour plot of the GIXD diffraction pattern for a 2-HSA monolayer on a NaHCO;

subphase at a 1= 17 mN m™. (b) The summed Q., profile with a fitted 2-peak model. (c) The summed Q.

profile also with a fitted 2-peak model.
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Figure 5.19 GIXD results for 2-HSA on NaHCO; at [1=25 mN m™. (a) A contour plot of the diffraction
pattern, interestingly diffuse scattering is evident at low Q.,. (b) The summed Q., profile with a two-peak model

fit. (c) The equivalent summed Q. profile also with a two-peak model fit.

5.2.4 Sodium Chloride

The investigation of 2-HSA monolayers on sodium chloride was a cursory one
aimed at confirming the role played by the bicarbonate anion. As such this
discussion is limited to analysis of GIXD and XRR data.

At zero pressure there was no observable diffraction pattern suggesting that the
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subphase ions disturb the intramonolayer hydrogen bonding between the head
groups. This observation highlights the role of the bicarbonate anion, which led to
the presence of a partially untilted monolayer at M =0 mN m™.

The application of pressure imposes significant order to the monolayer on NaCl,
with a classic NN pattern observed at M = 5 mN m™ (Figure 5.20). There is no
disorder as observed on water, and no two-phase coexistence, as the peak intensity
ratio is consistent with a NN tilted phase. With increasing pressure the lattice
parameters are reduced in-line with the reducing tilt angle. At 30 mN m™ the tilt
angle is reduced to ~14°, from ~29° at 5mN m”. The gradual loss of tilt leads to a
shift in the out-of-plane peak towards the in-plane peak.

Non-linear regression fitting of the XRR data at N = 10 and 25 mN m™ resulted in
realistic models. The models indicate a Cy;, and C;5 hydrocarbon tails at low and high
pressure, respectively, consistent with both the acid and hydroxyl groups being
submerged in the liquid subphase. The fits at both pressures suggest extensive
subphase electron density, with the best fit at ' =25 mN m™ consisting of four boxes,
two of which were subphase related. Elucidation of this behaviour will require
further experiments beyond the scope of this study.

In summary, 2-HSA on NaCl behaves significantly different from that on
NaHCO;. Without external pressure NaCl is incapable of ordering the monolayer, in
contrast to the high percentage of untilted phase present on NaHCO;. For pressures
of 5mN m™” and above, the monolayer is much more ordered on NaCl than the
equivalent NaHCO; and water systems, highlighting the role of the sodium cation.
This leads to the proposal that the disordering and multi-phase behaviour observed
for water and NaHCO; correlates to the propensity of the system to hydrogen
bonding. The presence of a dominating cation (where Ca* is much more effective
than Na") appears to disrupt this hydrogen bonding, allowing electrostatics to dictate

resulting in condensation and greater packing order.
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5.2.5 Calcium Carbonate Crystallising Subphase (CCCS)

The shift to CCCS based systems, containing both sodium bicarbonate and
calcium chloride, results in intermediate properties for all the isotherm traits
monitored. However the behaviour is weighted towards that of CaCl,, suggesting a

dominance of cation-initiated electrostatic effects.
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As with the CaCl, system, the monolayer is comprised of two coexisting phases
from the outset (Figure 5.21). BAM images show the monolayer islands to be smaller
than those observed on CaCl,, with a size range of 0.1 to 1.0 mm, the majority being
below ~0.4 mm. The islands, based on BAM contrast, are a mix of single and multi-
domain agglomerations. In general the smaller islands were single and the larger
multi-domains, but this distinction was not universal. This compares with a GIXD
derived domain correlation length of 130 — 200 A. Given that the monolayer is
untilted, the domain contrast observed with BAM is likely attributed to chiral-based
discrimination. Therefore the disparity of the domain size may be related to a degree
of chiral-based phase separation.

A comparison with CaCl, systems, shows the lattice parameters and therefore the
A,, to be very similar. Thus on a molecular level at least, the bicarbonate anion is not
impacting on the packing in quite the same manner as for the mixed systems. In the
2-HSA system, the strength of the cation binding appears to dominate the interfacial
interaction.

This is again evident in BAM analysis of the collapse mechanism. Small localised
bright spots consistent with the observation of surfactant solidification were
observed, equivalent to collapse on CaCl,.

On CCCS the surface potential profile is similar to that observed on water (Figure
5.8). The presence of the cation appears to stabilise the bicarbonate interaction such
that the monolayer is relatively stable. The reduced rigidity of the islands means that
all gaseous domains are collapsed during the early stages of compression hence there
is no rise in the potential profile with compression. Rather, as with water, the
deviation from the plateau is negative associated with the initiation of collapse. The
reduction in the magnitude of the maximum potential compared to water reflects the
opposing potential of the subphase ions in the double layer .

The XRR data is again ambiguous, with the best fitting models exhibiting unusual
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Figure 521 A BAM image of the phase coexistence that occurs for 2-HSA on CCCS immediately upon

addition of the surfactant. The scale bar represents 1 mm.

electron density profiles. Further there is very little in the way of subphase based
electron density in a system where there should be the greatest. The difficulties in
both the bicarbonate and CCCS based systems lies in the long collection times, the
monolayers are simply not sufficiently stable.

Generally the behaviour of 2-HSA on CCCS is characterised by the domination of
electrostatics. This effect is much greater than that observed for pure ODA, where
there was a greater difference between CaCl, and CCCS attributed to the bicarbonate.
In the mixed systems, the introduction of the bicarbonate facilitated a significant
condensation of the monolayer beyond that observed for the CaCl,. This does not
occur for 2-HSA, which could be attributed to the larger head group and the strong
Ca-binding locking in a spatially costly conformation. Thus the introduction of a
strong five-membered chelation ring has disrupted the bicarbonate effect and
therefore the formation of a cation-mediated hydrogen-bonded network. This is the
key difference between covalently and intermolecularly bound hydroxyl groups, in

the equivalent 50:50 mixed system the calcium binding was not as restrictive as the 2-
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HSA-calcium bond.

5.2.6 Cation Mediated Hydrogen Bonding Network

Reviewing the behaviour (see Table 5 for a summary of the GIXD data) of the
2-HSA monolayers on the different subphases presents two paradigms. The first on
water and NaHCO;, reflects a hydrogen-bonding dominated system. On water the
intra-monolayer hydrogen bonding leads to significant ordering of the monolayer. In
contrast, on NaHCO; hydrogen bonding is facilitated via a cation mediated network.
In both cases the propensity for hydrogen bonding is greater than that observed for
the equivalent mixed ODA/ODOH systems indicating the hydroxyl group as a key
factor. The influence of the covalently bound hydroxyl group appears to be achieved
through associated steric effects and the participatory capacity of the functional
group.

In contrast, the CaCl, and CCCS systems are dominated by ion-ion and ion-dipole
electrostatic interactions. As observed in the mixed systems these electrostatic
interactions dominate any hydrogen bonding activity. In fact for 2-HSA the
electrostatic effect is so strong that it appears to eliminate hydrogen bonding, as
suggested by the complete lack of a bicarbonate effect in the CCCS system.

In both cases the covalently bound hydroxyl group enhances the
monolayer/subphase interactions whether they are electrostatically or hydrogen-
bonding dominated. This is achieved through a combination of induction and steric
effects, the precise nature of which requires techniques such as infra-red and Raman

spectroscopy to provide further insight.
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Table 5 A summary of the parameters of the different 2-HSA monolayers as determined by GIXD.

Subphase No.of | Symmetry A,y JAV. . Tilt Angle At Tilt
Peaks (A? (t) Azimuth
Water 3 Rect. 22.9 ! 26.1 l NN
Rect. 21.5 ) 22.6 ) NNN
Hex. 22.6 \ - - U
Ca(Cl, 1 Hex. 19.9 { - - U
NaHCO; 2 Rect. 21.7 Const. 21.0 Var NN
Hex. 19.8 { - - U
NaCl 2 Rect. 21.6 ) 20.5 ) NN
CCCs 1 Hex. 19.9 l - - U

(A, and the tilt angle values represent the performance at a pressure of 25 mN m™. The A,, and t for cases
where there are multiple phases is calculated as a weighted average. AA.,, reflects how A, trends with increasing
pressure, similar applies for At. Rect. = centred rectangular symmetry and Hex. = hexagonal symmetry. | =

decreases, Var = variable, and const. = reflects negligible change with pressure).

5.3 Conclusions

The interactions between 2-HSA monolayers and the subphase is a complex
balance of hydrogen bonding, electrostatics, steric effects and entropy. The
incorporation of the hydroxyl group into the acid molecule leads to greater
enhancement of the hydrogen bonding or electrostatics associated behaviour traits
compared to the equivalent mixed ODA/ODOH systemes.

On water the absence of subphase ions results in a domination of hydrogen
bonding. Thus the head group is largely associated with a conformation change to
facilitate hydrogen bonding. The result is a tail-head group size mismatch which
leads to an entropically driven disordering of the tail tilt direction. Hence the
monolayer consists of three phases: tilted NN and NNN phases and an untilted
phase.

Similarly on NaHCO;, hydrogen bonding dominates. However, the formation of

a cation mediated network results in hydrogen bonding between the monolayer and
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network as opposed to the intramonolayer-based bonding on water. Network
formation is also hypothesised to increase ordering, reflected in the observation of
two phases: NN and an untilted phase.

The situation on calcium containing subphases is significantly different. The
formation of a favoured five-membered chelation ring with calcium ions dominates
the interfacial interaction. Monolayer domains become rigid, tilt is eliminated and
hexagonal packing is observed. There is little evidence for the formation of a
partially ordered network at the interface with the absence of an observable
difference between the CaCl, and CaCO; systems that can be directly attributed to

the bicarbonate anion.
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CHAPTER 6: CaALciTE CryYsTALLISATION UNDER

2-HS A MoNOLAYERS

6.1 Introduction

Advancing our understanding of the molecular recognition processes
fundamental to Nature's ability to achieve oriented inorganic growth in
biomineralisation is the aim of this thesis. To this end, in this chapter we describe
synchrotron-based experiments that add significantly to the corpus of knowledge on
the nature of the interfacial interaction.

For the first time, rearrangement of the monolayer in response to inorganic
nucleation at the interface has been observed in situ and in real-time. Additionally,
using GIXD we have observed an intermediary state that is intimately associated
with the monolayer and coincides with intense Bragg peaks in reciprocal space. This
time-resolved study culminated in the observation of intense Bragg peaks correlating
to the formation of calcite crystals.

Crystallisation under monolayers of 2-HSA provides an avenue for further
investigation of the role of the alcohol group found to be significant in the mixed
monolayer study in Chapters 3 and 4. In Chapter 5 it was shown that the covalently
bound alcohol group led to the formation of strong five-membered chelates with
subphase calcium ions. Here we will show how this very strong binding influences
the information transfer processes across the interface and therefore the subsequent
calcium carbonate crystallisation. Furthermore, the strong electrostatic interaction at
the interface allows an assessment of the role electrostatics has in FSN, in comparison

to lattice matching, which should be compromised by the larger head group.
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Previous X-ray scattering investigations of calcium carbonate nucleation and
growth under straight chain fatty acids[1-4] have sought to investigate the concepts
of templated growth. Neither DiMasi et al.[3] or Kmetko[2] observed evidence for
epitaxial growth, in fact Kmetko concluded that the electrostatic nature of the
interaction was insufficient to observe using these techniques. However more
recently studies[1,5] have begun to progress the field but much remains to be

elucidated.

6.2 Experimental

The methodologies employed in this chapter have been previously described
(Chapters 2 & 5). However, two subtle, but critical modifications, were made when
performing the GIXD experiments. Firstly, the position sensitive detector was change
to a pinhole geometry. This facilitated faster data collection reducing the standard 10
minute scans to 3 minutes. This led to significantly improved monitoring of the
dynamic monolayer and subphase. The second modification was procedural. In
order to speed up nucleation and growth, the helium-filled chamber that housed the
trough was opened for 30 to 60 minutes. It was believed that previous XRR
experiments had failed to observe crystallisation because the CO, degassing of the
chamber was too slow. The opening of the chamber for a somewhat arbitrary period
was found to rapidly advance nucleation and growth.

During this discussion the term 'monolayer' will refer to the surfactant
monolayer, the term 'film' will be used solely to refer to the intermediate calcium
carbonate film and 'crystal' will be used in reference to the calcium carbonate

crystals.

6.3 Results

Studying crystallisation under Langmuir monolayers is extremely difficult, not

only is there the complexity associated with probing a monomolecular interfacial
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interaction but the system is dynamic and heterogeneous. Beginning with the
monolayer, in this section we will describe and discuss the in situ and ex situ

examination of this interfacial interaction.

6.3.1 Monolayer

In order to provide a comparison with the mixed ODA/ODOH systems, crystals
were grown under 2-HSA monolayers at two pressures, 1 =10 and 25 mN m™. While
no structural changes arise between these two pressures, as the 2-HSA monolayers
exhibit untilted hexagonal phases at all pressures, unit cell compression is evident.
Moreover, in terms of monolayer behaviour, these pressures fall in the region of
steepest isotherm ascent where the balance between the kinetics of collapse and the
rate of compression is marginally in favour of compression. Consequently at these
pressures there is evidence of collapse and monolayer instability, manifested as
frequent large sudden drops in area. Due to the monolayer being very rigid, the
effusion of carbon dioxide appears to involve the sudden release of large bubbles
causing a sudden fracture and subsequent collapse of the monolayer. This
perturbation is greatest at the higher pressure of 25 mN m™. Aside from these abrupt
drops in area, the monolayer was comparatively stable, in contrast to the 1:1 mixed
ODA/ODOH monolayer.

In contrast to the mixed ODA/ODOH systems, where monolayer stability
correlated with alcohol content and was the result of an increase in the monolayer
equilibrium spreading pressure, here the stability of the monolayer (aside form the
effervescence-induced collapse) arises from the strong, alcohol (hydroxyl)-facilitated,
calcium binding. Therefore, the alcohol or hydroxyl group continues to play a
significant role, however the mode of influence has changed reflecting the shift from
intermolecular bonding to intramolecular covalent bonding between the acid and
alcohol functional groups.

One manifestation of this difference is the disparity between the GIXD-
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determined molecular A, and the isotherm-determined physical A,. GIXD
measurements return an area per molecule of 20.2 and 19.9 A? for M = 10 and 25 mN
m”, respectively. In contrast, the isotherm-based A, is significantly different with
values of 24.1 and 18.7 A? for M = 10 and 25 mN m™, respectively. This discrepancy
points to important differences in how the monolayer is presented to any crystal
nuclei. At the lower pressure, the larger A, reflects the heterogeneity of the
monolayer, where areas of gas phase or absence of surfactant, brought about by the
incomplete packing of the rigid surfactant islands remain. In contrast, the higher
pressure monolayer presents a complete surface. However the small A, points to the
expulsion of surfactant forming 3-D structures. It is not clear how these
topographical features would specifically impact on nucleation and growth of
calcium carbonate but these high energy features (island edges and 3-D precipitates)
are likely to promote nucleation. The evidence for such structures was weak, a
comparison of GIXD peak profiles for 2-HSA on CaCl, and CCCS pointed to a subtle
loss of order in the latter (Figure 6.1). The Q,, profiles (integrated over Q.) show
some broadening of the CCCS peak, consistent with a reduction in long-range order.
The Q. profile (integrated over Q,,) reflects the extension of the Bragg rod for the full
Q. range investigated. A post-experiment examination of the monolayer provided
further proof of partial collapse, with an accumulation of the surfactant aggregates at
the moving barrier arm visible by eye.

In order to elucidate the nature of the dynamic monolayer/subphase interaction
in situ real-time GIXD measurement were performed on the M = 10 mN m" system.
Figure 6.2 shows the in-plane diffraction peak(s) for the monolayer at intervals
throughout the induction, nucleation and growth processes of calcium carbonate
formation. The initial scattering pattern of the monolayer, on a 10 mM CCCS at a pH
~5.8, shows a single in-plane diffraction peak, consistent with an untilted hexagonal

phase. Lorentzian peak fitting gives a peak position of 1.496 A™, correlating to an
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Figure 6.1 GIXD data for 2-HSA on CaCl, (top) and CCCS (bottom). A comparison of the two systems

shows a subtle loss of order and an extension in Q. for CCCS.
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equivalent centred rectangular cell with lattice parameters of a = 4.85 A and b = 8.40
A, and an average molecular area of 20.37 A%/molecule. The full width at half
maximum (FWHM) indicates a correlation length in the order of 60 * 15 A. The Q.
dependence of the peak intensity is consistent with scattering from a layer of
thickness (21/0.27) = 23 A, and therefore can be attributed to the monolayer.

To facilitate calcium carbonate crystallisation the helium filled trough enclosure
was opened to accelerate the carbon dioxide degassing of the subphase. After being
open for 0.5 — 1.0 hour, and subsequent flushing with helium the monolayer was re-
examined. The onset of nucleation (precipitation) is indicated by a gradual splitting
of the triply degenerate hexagonal diffraction peak, as shown in Figure 6.2. Within
one hour, two distinct monolayer peaks at Q,, = 1.503 and 1.626 A" are evident,
consistent with two hexagonal phases. These peak positions give lattice parameters
of 1=4.83 A (b =8361 A), and a=7.73 A (b = 7.728 A), with the average molecular
area of 20.2 and 17.2 A*molecule, respectively.

Both peaks are in-plane, however the higher Q,, peak cannot be fully
characterised due to an overlapping broad band (vide infra). However, the peak
appears to consist of a peak and a broad uniform band. This is confirmed in the Q.
profile which shows the intense in-plane peak to have a Q. intensity dependence
commensurate with a monolayer peak. That is the intensity in the Q. direction falls
to a baseline level, associated with the broad band, at Q. = 0.25 A™ consistent with
scattering from a layer of thickness (2170.25) = 25 A.

Figure 6.3 illustrates the change in peak intensity and position with crystal
growth time. Integrated intensity shows the new peak to immediately have a greater
intensity than that of the original monolayer peak. The intensity ratio of the two
peaks increases in favour of the new high Q., peak, consistent with increasing
nucleation, and very quickly exceeds the typical 2:1 ratio for a centred rectangular

phase. Combined with the expected heterogeneity of the nucleation events, the
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Figure 6.2 Monolayer rearrangement in response to subphase nucleation and growth events. The solid lines
reflect the fitting of Lorentzian peaks to the scattered experimental data. The sequence of images (a) to (f)

represents ~1 — 1.5 hours in experimental time, culminating in very small but intense Bragg spots in (f).

intensity data supports the proposition of two coexisting hexagonal phases. The two
phases represent domains with (high Q.,) and without (low Q,,) interacting nuclei.

Originating at a common peak position the higher Q,, peak is shifted significantly.
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Figure 6.3 The change in peak properties with increasing crystallisation time. The symbols plot peak
intensity variation and the solid lines plot the shift in Q., (Note the large gap in the data between T ~50 and T

~130 mins corresponds to the period the trough was opened to induce crystallisation.)

This movement of the second peak to higher Q,, corresponds to a 7.5% reduction in
the lattice parameters or a 14.5% reduction in A, as nucleation proceeds. The
correspondingly small lattice reflecting significant condensation of the monolayer
brought about by nucleation of an associated phase. In contrast, the lower Q,, peak
remains effectively stationary (fluctuating about an average Q,, of 1.50 A™)
throughout the total data collection time.

The proposition of two hexagonal phases contrasts with the literature[3,4] which,
based on static, 'before and after' studies had associated crystallisation with a centred
rectangular lattice. In a study investigating crystal growth under C18 and C20 fatty
acid films, DiMasi et al.[3] observed two lattice peaks which contrasted with a
previously reported single peak. Based on the assumption of rectangular symmetry,
lattice parameters were calculated that led to average molecular areas of 18.8 and

18.7 A*/molecule on a calcium bicarbonate subphase. However we have shown using
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in situ GIXD that the monolayer restructures in response to nucleation events, which
casts doubt on the findings based on a static model, such is the significance of the
observation of monolayer rearrangement.

It would have been valuable to confirm the occurrence of nucleation events with
XRR data however, as reported in the previous chapter the profiles obtained for 2-
HSA on CCCS are ambiguous and the measurements need to be repeated. DiMasi et
al.[1] reported a similar inability to refine XRR data involving calcium carbonate
crystallising subphases, which was attributed to mineralisation-induced roughening
of the surface. Despite this set-back, this investigation has led to the first observation
of calcium carbonate nucleation-initiated monolayer rearrangement using in situ,
real-time GIXD. That is, we observe the mutual dynamic interaction of the

monolayer and the nucleating crystal, potentially indicative of soft templation.

6.3.2 Amorphous Film?

Simultaneously with the first signs of monolayer peak splitting, a broad band
(FWHM = 0.07442 A™', correlating to a coherence length of ~76 A) of relatively
uniform intensity (in terms of both Q. and Q,,) was observed spanning the entire Q.
range investigated (0 — 1.1 A™). This band moves to higher Q,, in step with the
monolayer peak and broadens to a maximum width of FWHM = 0.11357 A™, which
gives a coherence length of ~50 A. The broad nature of this band is consistent with
an amorphous phase, an increasingly accepted transition phase for calcium carbonate
nucleation. However the apparent lack of curvature tracing a Debye-Scherrer ring,
within the Q, and Q,, range investigated, suggests otherwise.

The formation of 3-D multilayer structures is also reasonable, however the
corresponding diffraction pattern would be expected to show undulations in the Q.
direction, with a periodicity correlating to the layer thickness. However this does not
appear to be the case, with a comparatively uniform intensity evident (Figure 6.1,

bottom).
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The apparent coupling of this diffraction band to the higher Q., monolayer peak
implies intimate contact. Ostensibly the band extends in Q. as it moves in Q,,
implying some extension of structure into the subphase.

After a time of ~2 — 3 hours Bragg peaks can be observed in the region of
reciprocal space occupied by the broad band. The Bragg peaks were subsequently
indexed to calcite (see below). Therefore the association of this band with both the
monolayer and calcium carbonate crystallisation points to this being some
intermediate phase.

Therefore until further experiments can be performed we will reservedly refer to
this transitory band as an amorphous film. A film where the extension in Q. implies
a thickness of (21/1.1) < 6 A with a d-spacing of 3.85 A based on an in-plane Q,, value
of 1.63 A™.

6.3.3 Crystallisation

After reaching the final monolayer/film lattice we begin to see the appearance of
discrete Bragg peaks consistent with crystallization of the mineral phase. The
location, number and intensity of these Bragg spots varied across the monolayer,
reflecting the heterogeneity of the monolayer and therefore the nucleation process
(Figure 6.4). Based on d-spacings, the diffraction peaks were indexed to particular
crystal faces of the five room temperature calcium carbonate crystalline polytypes:
ikaite (calcium carbonate hexahydrate), monohydrocalcite, vaterite, aragonite and
calcite (Table 6). Indexing attributed 90% of the peaks to either the calcite {012} or
ikaite {021} plane, both having the same d-spacing. Figure 6.4 shows the overlay of
the observed peaks on the {01.2} calcite/{021} ikaite Debye-Scherrer ring. The
distribution of these peaks along the ring points to a powder pattern and the absence
of any preferential orientation, although the sample statistics are very low. The few
remaining peaks were assigned to (110) and (020) vaterite reflections.

Interestingly, the crystal-assigned Bragg spots were paired (Figure 6.4). The
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origin of this peak pairing is unclear, but it could include refraction of the incident
beam by the monolayer as described by Toney and Brennan[6], where the refraction
of the incidence beam results in a shift to higher Q.. Except for in-plane reflections,
the outgoing beam generally has an exit angle a; >> a., and the refraction of this beam
is therefore less pronounced[7].

Analysis of the peak pairing gives a reasonably consistent peak splitting of AQ, =
0.0171 A™'. Based on the linear relationship AQ. = 2d;.¢ the effective incidence angle
Oiere = 0.095° is readily calculated. This value of 0.095° compares with a setting for the
incident angle of 0.1° consistent with the peak splitting being a result of beam

refraction.

Table 6 A list of the calcium carbonate d-spacings that lie in the vicinity of the observed GIXD crystal peaks.

Phase h k 1 d-spacing
Aragonite 0 2 0 1.577
Ikaite 2 0 -2 1.583
Calcite 0 1 2 1.630
Ikaite 0 2 1 1.634
Vaterite 1 0 1 1.696
Vaterite 1 1 0 1.759
Vaterite 0 2 0 1.759
Ikaite 1 1 2 1.810
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Figure 6.4  Debye-Scherrer rings for different d-spacings of calcite, aragonite, vaterite, ikaite and
monohydrocalcite. Overlaid are the observed diffraction peaks. Note that the majority of peaks are paired

reflecting the refraction of the incoming beam.

6.3.3.1 Ex situ Crystallisation Studies.

In accordance with the protocol employed in Chapter 4, crystals were grown
under 2-HSA monolayers at pressures of 10 and 25 mN m™ (Figure 6.5). In
comparison to crystals grown under mixed ODA/ODOH monolayer, there was very
little morphological or orientational variation in the 2-HSA derived crystals. There
was no evidence of preferential orientation, with a random assortment of
orientations. This absence of any orientational preference is consistent with the
scattering of peaks along the Debye-Scherrer arc in the GIXD data, which is
indicative of a powder pattern. There was no significant surface pressure effect, nor
was there any correlation with monolayer stability. Crystal irregularity was absent
and elongation was random. There was an increase in the number of crystal defects
associated with diffusion-limited growth, but again there was no significant trend
associating this phenomena with a particular mechanism.

The results suggest that the strong cation binding, brought about by the
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proximity of the covalently bound hydroxyl group to the acid group, disrupts the
interfacial interaction that leads to FSN (this will be discussed in more detail in

Chapter 7).

6.4 Conclusions

Real-time in situ experiments have shown the interrelationship between the
monolayer and the growing crystal in the calcium carbonate and 2-HSA system.
Beginning with a splitting of the monolayer diffraction peak associated with a
contraction of the monolayer lattice in response to nucleation events. This is the first
time that this has been observed in situ. Coinciding with the monolayer
rearrangement is the appearance of a broad band of scattered intensity. While it
remains unaccounted for, there is a suggestion that it may reflect a transition stage in
the mineralisation process. Finally we observe intense Bragg peaks associated with
crystallisation.

2-HSA binds calcium ions strongly resulting in a strong interfacial interaction
which undoubtedly contributed to the observation of the monolayer rearrangement
and the subsequent phenomena. However ex situ experiments, supported by GIXD
data, show the absence of any preferential orientation. In fact the strong interfacial
interaction appears to overshadow any bicarbonate effect and consequently result in

a lack of orientational control.
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Figure 6.5 Representative SEM images of crystals grown under 2-HSA monolayers. (a)-(c) Were grown at a

monolayer surface pressure of 10 mN m™. (d)-(e) Were grown at a monolayer pressure of 25 mN m’.
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CHAPTER 7: SuBsTITuTED ACIDS

7.1 Introduction

In Chapters 5 and 6 the dramatic effect that the introduction of a hydroxyl group
at the 2-position has on monolayer behaviour and subsequent calcium carbonate
nucleation and growth was illustrated. This chapter emphasises the manipulation of
the head- group electron density rather than explicitly the role of the alcohol moiety,
by comparing monolayer behaviour and calcium carbonate crystal characteristics for
monolayers of 2-methyloctadecanoic acid (2-MODA), 2-bromooctadecanoic acid (2-
BODA), octadecylmalonic acid (ODMA), and 3-hydroxyoctadecanoic acid (3-HSA).
Data for 2-HSA is also included for ease of comparison.

Based on electronegativities, (H 2.2, C 2.5, Br 2.7 and O 3.5) and the proximity of
the substituted functional group to the head group (2- vs 3-HSA) this comparative
study provides an insight into the subtleties (or lack of) of the interfacial interaction.
Using this approach additional understanding of the role electrostatics plays in
templated nucleation of biominerals can be gained. As enunciated in Chapter 5, it is
expected that the substituted acids should exhibit behaviour consistent with a single
large polar head group. However, in Chapter 5 we also showed that the substitution
of a second functional group alters more than just the head-group polarity. In
particular, the addition of the hydroxyl group in the C2 position alters steric effects,
the propensity for hydrogen bonding, the pKa and the subphase ion binding.

As with the previous systems the characteristics of the above surfactants have
been investigated on four different subphases: water, CaCl,, NaHCO; and CCCS. By
studying the individual subphase components that comprise the CCCS, the influence

of specific subphase ions on monolayer behaviour can be ascertained, which aids the
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elucidation of the interfacial interaction during calcium carbonate crystal growth.

7.2 Results and Discussion

Given the focus on the changing of the electron density of the head groups PM3
semi-empirical calculations were performed using HyperChem V. 7.5 (Hypercube,
Inc.)'. The calculations employed truncated Cs molecules in a vacuum at 0K, and
therefore their value is purely qualitative. Based on XRR electron density profiles
reported in Chapter 5, where all the box-models accounting for the head group were
comprised of four or less carbons (-CH,-CH,-CHOH-COOH) it was felt adequate to
use a C; model.

These calculations clearly illustrate the effect of the substitution on the head-
group electron density (Figure 7.1). Ordering the molecules on increasing head-
group electron density gives: 2-MODA < 2-BODA < ODOH < 2-HSA < ODA < ODMA
< 3-HSA for the uncharged acids, which reorders to: ODMA™ < 2-HSA™ < 3-HSA™ <
ODA < 2-BODA" < 2-MODA" << ODMA?* when deprotonation is considered. The re-
ordering that occurs with deprotonation highlights the balance between head-group
size and charge, which was found to be critical in terms of how these monolayers
interacted with each other and the subphase. In terms of hydrogen-bonding capacity,
the PM3 models show 3-HSA and 3-HSA™ to form intramolecular hydrogen bonds.
Structurally, this is more difficult for 2-HSA but the electron density distribution for
2-HSA does show a redistribution in favour of hydrogen bond formation. On
changing the initial geometry of the hydroxyl group, energy minimisation always
resulted in the hydroxyl hydrogen re-orienting towards the carbonyl oxygen. The

tendency for such an orientation was increased on deprotonation.

1 Ab initio calculations were not performed as Hyperchem does not have the capacity to perform ab
initio calculations on molecules containing bromine. Since a straight comparison of all the

molecules was required using the same calculation method PM3 was chosen.
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Figure 7.1  Semi-empirical PM3 calculations of the electron density distribution for neutral and
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Assessment of conformation and steric implications is inappropriate given the
absence of water, ions and temperature, however, anecdotally, these models show the
variation of cross-sectional size. For example, the head group of ODOH is smaller
than the hydrocarbon chain, in contrast to the large 2-BODA and ODMA head
groups.

Gauging the differences between these molecules is valuable even if only on a
qualitative basis. The interaction with the subphase is very much dependent on how
the electron density is distributed around the surfactant head group. Similarly the
size and conformation will alter the head group's ability to pack in a monolayer and

interact with the subphase.

7.21 Monolayer Behaviour

7.2.1.1 Water

Figure 7.2 shows representative isotherms for the five substituted acids on a
subphase of pure water at a pH of 5.6. Initial observations, which will be discussed
in greater detail on a subphase by subphase basis below, include a shift in the onset
A to larger values than those observed for the mixed monolayers systems in
Chapter 3. Also apparent is the curvilinear nature of the onset transition, indicating a
loss of long-range order. Beyond the onset, the absence of any inflection indicates the
absence of a tilted to untilted phase transition.

The insert in Figure 7.2 shows a very low pressure inflection in the 2-HSA
isotherm. This phenomenon was evident to some degree for all the surfactant
monolayers on all the subphases. Substituted acid systems all present with a
coexistence of phases from the outset, and this inflection in the isotherm coincides
with the movement of the condensed islands (Chapter 5) or film past the Wilhelmy
plate. Thus the extent of the inflection varies for a single system and more so

between systems, dependent on the addition of surfactant and the compression
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speed.

The surface potential profiles for the five substituted acids are shown in Figure
7.3. The variability in the profiles at large A, data reflects the phase coexistence. The
formation of a coherent film coincides with the establishment of a plateau in the
potential profile. At which point the profiles begin to show characteristics unique to
the particular monolayer chemistry. As for previous systems, key characteristics
were extracted from the surface pressure and potential isotherms. These data for the

substituted octadecanoic acids on water are summarised in Figure 7.4.

40 —————————— 17—
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Figure 7.2 Surface pressure isotherms for the substituted octadecanoic acid monolayers on pure water at

pH =5.6. The insert is a magnified view of a low-pressure inflection in the isotherm of the 2-HSA monolayer.

The surface pressure statistics reveal that the hydroxy acids have the smallest A,
with the order being: 2-HSA < 3-HSA < 2-BODA < 2-MODA << ODMA. This ordering
correlates well with the expected ranking of head-group size (Figure 7.1). However
the presence of water and neighbouring molecules means that other interactions will

also be influencing the different systems. The small A,, of the 2-HSA monolayer is
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brought about by the increased capacity for intramonolayer hydrogen bonding,
which leads to condensation of the film. At the other end of the scale the extremely
large onset A,, of ODMA can be attributed to a bulkier head group and increased
like-charge repulsion. The pKa of these acids is subject to the specific conditions
used, however, dicarboxylic acids often have a pKa; lower than the pKa of a

comparable mono-acid[1].
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Figure 7.3 Surface potential profiles for the different substituted octadecanoic acids on water. The irreqular
profile at higher areas is consistent with a coexistence of two phases, one being gas-like. Colour coded ellipses

highlight the plateau regions of the potential isotherm.

The order of the remaining three systems reflects principally steric or size effects.
Shifting the hydroxyl group to the 3-position reduces the hydrogen bonding induced
condensation of 3-HSA. Although the bromide in 2-BODA has the capacity to form
H-+Br dipole-dipole bonds, it is less effective at condensing the film as compared
with a hydroxyl group. The relative lack of both inter- or intramolecular bonding
ability in the 2-MODA system means that it is a good model system for probing the

role of steric effects in monolayer and subphase interactions.
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The curvilinear transition evident in 3-HSA, 2-BODA and ODMA surface
pressure isotherms is consistent with that observed for 2-HSA (Chapter 5), and points
towards a disordered two phase system. In all cases, the substituted acid head
groups would behave as a mono-polar entity as described for 2-HSA. This large
mono-polar head group leads to size mismatch between the head and tail groups, the
consequence being, to varying degrees specific to the head-group size, that the

monolayer characteristics are consistent with a disordered tilt azimuth.

60 ,
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= %
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Figure 7.4 Isotherm characteristics for the substituted octadecanoic acids on a water subphase. Note, only
the ODMA monolayer displayed a transition, hence the absence of AT and PT columns for the other surfactants.
The negative surface potential for ODMA exceeds the ordinate scale, thus an insert is included to highlight the
differences in AV, for the substituted acids. (Key: AO = the A,, at onset, Ay = the A,, at [1=10 mN m? AT =
the A, at the phase transition, PT = I1at the phase transition, A, = the A, at 1= 25 mN m™ and SP = the

maximum surface potential).

Beyond monolayer lift-off (onset), ODMA is unique in displaying a second low
temperature transition. This general profile for ODMA is consistent with that
reported by Vogel and Mobius[2]. The A,, at onset and the A,, at the phase transition

suggest that this region is merely a high pressure equivalent of that shown for 2-HSA
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in the Figure 7.3 insert. The accentuation of this two-phase coexistence region to
higher pressures reflects the higher degree of like-charge repulsion and steric effects
for ODMA.

At lower A,, the overall order is maintained but we begin to observe a 'pairing' in
the behaviour. That is, the two hydroxy acids display similar behaviour, likewise 2-
MODA and 2-BODA converge in terms of having approximately equivalent A, at I =
25 mN m”. This grouping is commensurate with similarities in the electron density
and size between molecules within the pairs (Figure 7.1). This reflects a sterically-
induced reduction in the capacity to form hydrogen bonds at high pressures.

The surface potential trends differently than the A,, data: ODMA << 2-HSA < 2-
BODA < 3-HSA < 2-MODA. The negative potential for the ODMA film is consistent
with literature[2], likely reflecting the dominance of the head group in the molecular
dipole. In ODA the dipole associated with the hydrophobic tail is reported to
dominate the oppositely polarised head-group dipole resulting in a positive
potential[2]. However, here the addition of a second acid group shifts the molecular
dipole in favour of the head group, hence the change in potential polarity. This same
mechanism also explains the drop in the measured potential for the other substituted
acids. ~ With the order of the 2-substituted acids commensurate with the
electronegativity of the substituted bonds. The shifting of the hydroxyl group one
place further away from the acid group explains why 3-HSA is out of order based on
electronegativity alone.

In terms of the profile of the surface potential plots, ignoring the high A, data, the
behaviour generally parallels the mixed monolayer behaviour. Following their
respective plateaus, 2-MODA, 2-BODA and 3-HSA all display a small rise starting at
an A,, approximately corresponding to the point of onset ~35 A? Figures 7.2 and 7.3.
In the mixed systems this rise is associated with condensation (compaction of the

monolayer associated with a phase change, resulting from either physical
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compression or intermolecular interactions), ordering and a reduction in tilt.
However the substituted acid systems are already condensed from the outset. The
absence of a rise in potential around onset in the 2-HSA potential profile occurs as a
consequence of this early condensation (Chapter 5). As such the occurrence of a rise
for the 2-MODA, 2-BODA and 3-HSA systems points to the initial condensation
being only partial, with further ordering and reduction in tilt occurring with
increasing pressure. This rise is greatly extended for the ODMA monolayers,
coinciding with the low pressure phase coexistence, and reflecting a gradual
restructuring of the monolayer with the application of pressure.

The subsequent fall in the surface potential for 2-MODA and 3-HSA is the result
of the slow collapse of the monolayer, the data therefore indicates that 2-BODA does
not experience significant slow collapse or more likely undergoes a different
mechanism of slow collapse as compared to the other surfactants. The absence of
slow collapse may reflect the duality of the bromide, where in general terms, its polar
nature promotes dissolution, however its chaotropic characteristics counter this with
a preference for residing at the surface.

The tendency for slow collapse is related to the ESP. Based on the surface
potential data ESP increases (i.e., the monolayer is more stable) as: 3-HSA < 2-HSA <
2-MODA < ODMA < 2-BODA. The relative stability of the ODMA monolayer is
surprising and points to a favourable interaction with the subphase water.

Overall, on water there is clear evidence for larger A,, in response to substitution.
Further, this increase in area is specific to the chemistry of the additional functional
group. Substitution appears to favour pressure-less condensation, such that two-
phase coexistence is common. In general the isotherm behaviour reflects the
occurrence, extent and nature of the hydrogen bond formation. 2-HSA exhibits
significant condensation consistent with strong intermolecular hydrogen bonding

brought about by the presence of two participating functional groups. The tendency
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to form intramolecular hydrogen bonding means that 3-HSA behaves in a similar
manner to ODA but with a larger head group that increases tilt disorder. The
behaviour of 2-MODA and 2-BODA is not too dissimilar to that of 3-HSA, other than
that the larger and more passive side groups result in a shift to larger A,s. Finally
ODMA, the combination of two carboxylate groups and a bulky head group

generates a significant capacity for hydrogen bonding and tilt disorder.

7.2.1.2 Calcium Chloride

The introduction of calcium ions (and chloride ions) to the subphase has a varied
response in terms of the surface pressure and potential behaviour (Figures 7.5, 7.6
and 7.7). The A,, at onset now follows the order: 3-HSA < 2-BODA < 2-HSA < ODMA
< 2-MODA, this is in stark contrast to that observed on water. The A, at onset
reduced for all systems except 2-HSA which showed an ~14% increase. Note that this
increase is not real in terms of molecular packing but is related to the packing of the

rigid islands as evidenced by BAM and described in Chapter 5.

In terms of reduction in area from that observed on water, ODMA displayed the
greatest decrease with an approximately 50% reduction. This dramatic decrease
highlights the significant ordering effect of calcium binding. The di-acid is expected
to create a 6-membered ring with the subphase calcium ions resulting in a coupling
second only to the 5-membered ring of 2-HSA in strength. This is also reflected in
the loss of the low pressure phase transition that was observed for ODMA on water.
The remaining three acids show a more measured response with a reduction in A,, at

onset of ~14% for 2-BODA, ~11% for 3-HSA and ~4% for 2-MODA.

The A, at M =10 mN m™ shows a similar trend to that observed at onset: 3-HSA <
2-HSA < 2-BODA = ODMA < 2-MODA. A key difference is the 2-HSA result, here a
greater reduction in area is seen at the higher pressure than for the other acids. This

can be attributed to enhanced packing of the condensed islands associated with the
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higher pressures. As discussed in Chapter 5, GIXD does not show evidence
supporting a rearrangement of the head group with pressure, but rather the

reduction in A, limits the capacity for intramonolayer hydrogen bonding.
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Figure 7.5 Surface pressure isotherms of the substituted octadecanoic acids on a 20 mM calcium chloride

subphase.

In contrast to the situation on water, only 3-HSA passes through a transition on
CaCl,. The point of inflection occurs at high pressures (~37.8 mN m™) and is similar
to the tilting to untilting transition of ODA. This similarity extends to the A,, which
suggests some loss of surfactant in the 3-HSA system considering the increased size
associated with the hydroxy group. GIXD shows 2-HSA to be untilted from the
outset. Given similarly strong calcium binding, ODMA is also likely to be untilted.
In contrast, the absence of a transition, and the relatively large A,, suggest that
2-MODA and 2-BODA remain tilted up to collapse under these conditions. BAM
images show an absence of contrast throughout the isotherm for both 2-MODA and

2-BODA suggesting either an untilted monolayer or a disordered tilt. Both surface
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potential profiles display a gradual rise in potential coinciding with the onset point
indicative of a gradual reduction in tilt (Figure 7.7). Collectively, the data points to a
tilted lattice with a disordered tilt azimuth, similar to that observed for 2-HSA on

water, which was confirmed by GIXD (Chapter 5).
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Figure 7.6 General isotherm trends for the substituted acids on a 20 mM calcium chloride subphase. The
insert summarises the surface potential results which exceed the ordinate-scale. (Key: AO = the A,, at onset, Ay
=the A, at [T= 10 mN m™, AT = the A,, at the phase transition, PT = [1 at the phase transition, A,; = the A,, at

MM=25mN m™, and SP = the maximum surface potential).

Another significant drop in the A, of 2-HSA associated with slow collapse is
evident in the data at M = 25 mN m”, while, 2-MODA again only showed a modest
reduction in A,,. Other than these two observations, the order remains the same as
that observed at M =10 mN m™. The behaviour of these two systems (2-HSA and 2-
MODA) represents the spectrum of behaviour, with 2-HSA displaying the largest
degree of slow collapse in contrast to 2-MODA, which shows the least. Not
surprisingly, the A, at M = 25 mN m" is dominated by slow collapse and the

relationship of the monolayer ESP and the applied pressure.

Figure 7.7 shows representative surface potential profiles for the substituted acid
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Figure 7.7 Surface potential profiles for the substituted acids on a 20 mM calcium chloride subphase.

monolayers on calcium chloride. The strong interaction of ODMA and 2-HSA with
the calcium containing subphase results in irregular profiles as expected. In contrast
the 2-BODA profile changes very little with the introduction of calcium ions to the
subphase. While, 2-MODA and 3-HSA continue to have higher potential profiles

consistent with having less polar head groups. A comparison of the maximum
surface potential on water and CaCl, shows that all the acids exhibit an increase in
potential with the addition of calcium to the subphase as expected; calcium binding

offsetting the head-group polarity thereby enhancing the polarity of the tails.

Overall the CaCl, system is exclusively dominated by electrostatic interactions
between the monolayer and calcium ions, leading to increased order, condensation
and reduction in head-group polarity. The influence of calcium being associated
with the polarity of the head group and chelating capacity, with the greatest affect
seen with ODMA and 2-HSA. 2-MODA, 3-HSA and 2-BODA all exhibited less

behaviour modification, consistent with the substitution chemistry. Putting aside the
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A, differences, these latter systems are generally commensurate with ODA (Chapter

3).

7.2.1.3 Sodium Bicarbonate

As observed for the mixed monolayer systems (Chapter 3), the inclusion of
sodium bicarbonate in the subphase results in a significant shift in the monolayer
behaviour from that observed on water. Surface pressure isotherms show three
distinct behaviours for the five substituted acids (Figure 7.8). 2-MODA and 3-HSA
exhibit a well-defined onset transition, a shift to smaller A,,, and a more ordered and
condensed profile. In contrast, 2-HSA and ODMA display a much more curvilinear
profile with collapse at a lower pressure and at very small A, values. The third
behaviour is exhibited by 2-BODA, which includes a shift to larger A,, and a very

pronounced curvilinear profile compared to that on water.

In terms of the surface potential, the profiles are atypical (Figure 7.8). In
comparison with those obtained for the water subphase, only a reduced section of the
full potential profile is seen, principally that from the plateau on, that is a coherent
film always exists, we do not see its formation. The surface potential profile for 2-
HSA is effectively featureless, showing no change that correlates to the pressure
isotherm. In contrast the potential profiles for 2-MODA, 2-BODA and ODMA exhibit
weak features associated with events in the pressure isotherms. However, only 3-

HSA displays a profile commensurate with that observed on water.
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Figure 7.8 Surface pressure (top) and potential (bottom) isotherms for the substituted acids on 20 mM

sodium bicarbonate. The colour coded ellipses highlight the plateau region, absent in 2-HSA and ODMA

profiles.

The key characteristics of the isotherms are summarised in Figure 7.9, which in
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terms of A,, ODMA consistently returns the smallest values. The trend being ODMA
< 3-HSA < 2-HSA < 2-MODA << 2-BODA for the onset A,.. Upon increasing pressure
2-HSA and 3-HSA exchange places, as do 2-MODA and 2-BODA at M =25 mN m".
The maximum surface potential has a somewhat different order: 2-HSA < ODMA < 2-

BODA <2-MODA < 3-HSA.

The behaviour of the 2-MODA and 3-HSA systems is consistent with the
establishment of a cation-mediated hydrogen-bonded network as discussed
previously. Network formation accounts for the reduction in A,,, the minimisation of
like-charge repulsion and the significant reduction in AV,,,, when compared to the
behaviour on water. The reduction in area results in an increase in the ordering of
the tail groups, which is reflected in the sharp onset transition. The inclusion of the
surfactants in a network also accounts for the increased stability of the films, as

evidenced by the higher collapse pressures than those recorded on water.

The shift to a NaHCO; subphase also results in different behaviour for 2-HSA and
ODMA. On water, the 2-HSA monolayer is ordered, with a sharp onset transition, it
is stable, has a collapse pressure >35 mN m™, and is condensed with the smallest A,,
at onset. However, the introduction of NaHCO; to the subphase yields a disordered
and unstable film. This shift in behaviour points to the bicarbonate anion breaking
the intramonolayer hydrogen bonding evident on water. The cation-mediated
hydrogen-bonded network hypothesised in Chapter 3, is evidently enhanced by
hydroxyl or methyl substitution at the 3- and 2-positions, respectively, as discussed
above. In contrast hydroxyl substitution at the 2-position acts to move the balance of
interactions, such that those between the monolayer and the subphase are now
significantly enhanced. This is achieved at the expense of the intramonolayer
hydrogen bonding, destabilising the monolayer and disrupting the chain-like cation-
mediated hydrogen-bonded network. This is supported by the large decrease in

AV ... suggesting a significant subphase-based potential of opposite polarity to that
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of the molecular dipole. Since the cation-mediated hydrogen-bonded network may
act as a conduit for structural control between the monolayer and a nucleating

crystal, it would be expected that less facial control would arise in the 2-HSA system.

ODMA shows considerable condensation from that observed on water, consistent
with significant reduction in like-charge repulsion. AV, increases marginally,
attributable to the reduced tilt associated with the condensation. Both 2-HSA and
ODMA experience slow collapse consistent with a lowering of their respective ESP,
brought about by an interaction with the bicarbonate. Consequently, in contrast to 2-
MODA and 3-HSA, the enhanced monolayer/subphase interaction has resulted in a

decrease in the ESP and therefore a relatively unstable monolayer.

The behaviour of 2-BODA reflects a significant decrease in order in comparison to

that observed on water. The reduction in order is a consequence of increased
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Figqure 7.9 The overall characteristics of the substituted acids on a sodium bicarbonate aqueous subphase.
The surface potential data exceeds the ordinate scale, thus an insert is included to highlight the differences in
AV,o for the substituted acids. (Key: AO = the A,, at onset, Ay =the A,, at [1= 10 mN m™, AT = the A,, at the
phase transition, PT = [1at the phase transition, Ay = the A,, at [1=25 mN m™ and SP = the maximum surface

potential).
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spacing, the mismatch in the size of the head group and tails leads to entropically
driven disordering of the tails. This is supported by the surface potential profile
which indicates a gradual loss of tilt with increasing pressure. The increase in the
head-group size and therefore spacing may be associated with the inclusion of the
carbon-bromide dipole-dipole interactions in the hydrogen-bonded network and for
this set of surfactants the optimal cation-mediated hydrogen-bonded network
formation. The large reduction in AV, reflects the increased tilt, network formation
and the rearrangement of the head group as the bromide shifts the system from
intramonolayer = hydrogen bonding to participating in the hydrogen-bonded

network.

In summary, the data reflects three differing responses to the incorporation of
sodium bicarbonate to the subphase. 2-BODA, 2-MODA and to a lesser extent 3-HSA
display large decreases in potential in comparison with the water subphase. This
indicates a strong interaction with the hypothesised subphase network. The extent of
this change in potential with the introduction of sodium bicarbonate ions is much
greater than that observed for ODA monolayers. Thus the addition of bulky and in
terms of binding capacity, passive, functional groups results in an enhanced network
formation. In comparison, the strong binding capacity of 2-HSA and ODMA results
in a very strong and ordered monolayer/subphase interaction at the expense of

intramonolayer interactions acting to destabilise the monolayer.

7.2.1.4 Calcium Carbonate Crystallising Subphase

The surface pressure and potential measurements for the substituted acids on
CCCS are shown in Figure 7.10. In terms of the trends, as illustrated in Figure 7.11,
the onset A, is in the order: 3-HSA < 2-HSA < 2-MODA = 2-BODA << ODMA. The

same order is present at [ = 10 mN m™. Only at M=25mN m" does the slow

collapse of 2-HSA and ODMA propel them to the lowest A,,..
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Figure 7.10 Surface pressure (top) and potential (bottom) isotherms of the substituted acids on CCCS.

2-MODA shows very little change with subphase in terms of the isotherm profile.
There is a small shift to smaller A,, moving from water, to CaCl,, NaHCO; and finally

to CCCS. On CCCS the monolayer is more compressible with a greater loss in A, at
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M =25mN m". Although at a reduced magnitude, the surface potential profile for
2-MODA displays the typical features, including a small inflection at ~30 A’
associated with the gradual loss of tilt. The suggestion of tilt is a deviation from
ODA behaviour where in the mixed systems a corresponding inflection was only
observed in systems containing 75% or more ODOH.

Once again 3-HSA shows relatively little interaction with the subphase, as was the
case on CaCl, and NaHCOs;. The A, at onset shows a consistent reduction moving
from water, to CaCl,, NaHCO; and finally to CCCS, with the largest change between
water and CaCl,, which is attributed to the increased order brought about by the
subphase ions. The phase transition at ~20 A% and a I of ~36 mN m?, is present on
all the electrolyte subphases and neither the transition A, or pressure shifts with
subphase. The surface potential profile (Figure 7.10) is also consistent with the other
subphases. This apparent lack of interaction between 3-HSA and the subphases
suggests that the movement of the hydroxy group by one position away from the
acid group culminates in behaviour consistent with that of ODA, highlighting the
importance of the 2-position.

In summary all the substituted acids show some affinity for Ca® binding. The
extent of this binding and therefore the role electrostatics play in the interfacial
interaction is dictated by the binding capacity of the head group, with 2-HSA and
ODMA having the capacity for stable 5 or 6-membered chelation rings. In general
Ca™ binding offsets the head group polarity thus leading to an increase in AV.,. In
contrast NaHCO; enhances the head group polarity. The resulting interaction on
CCCS is a mix of the cation and anion related effects in conjunction with steric and

entropic effects.
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Figure 7.11 Substituted acid monolayer characteristics on CCCS. The surface potential data exceeds the
ordinate scale, thus an insert is included to highlight the differences in AV, for the substituted acids. (Key: AO
= the A,, at onset, Ay = the A, at 1= 10 mN m™, AT = the A,, at the phase transition, PT = [1at the phase

transition, Ay = the A,, at [1=25 mN m™, and SP = the maximum surface potential).

7.2.2 Crystallisation

Examination of the crystal properties identifies two significant changes from that
observed for ODA monolayers 1) there is very little evidence of irregular growth in
the substituted acid-derived crystals, and 2) the crystals exhibit a binary response to
modification of the head group chemistry. The lack of irregularity points to this
being a kinetic phenomenon, brought about by a reduction in the average monolayer
charge density associated with the larger A,s.

Notably all this variation in monolayer and subphase structure is not reflected in
the morphology of the nucleated calcium carbonate crystals (Figure 7.12 and 7.13).
Unlike the mixed monolayer systems there is little evidence for a surface pressure
effect of crystal morphology. Further there is negligible variation associated with
monolayer stability. In fact the results point to a rather bimodal morphological

distribution, where oriented truncated rhombohedra predominate for 2-MODA and
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2-BODA monolayers, in contrast to more randomly oriented classical rhombohedra
for ODMA and 2-HSA monolayers.

The occurrence of almost no facial orientational control under monolayers
exhibiting the strongest monolayer/subphase interaction points to a lack of flexibility
during nucleation. The monolayer crystal interaction is believed to be synergistic
involving both mediums to accommodate defects. Therefore the inability of the
strongly bound ODMA and 2-HSA monolayers to be moulded results in non-specific
rhombohedral growth, an effect seen to the greatest extent for ODMA.

3-HSA is subtly, but importantly different from ODMA and 2-HSA, in that there is
a weak propensity for oriented growth. This is an extension of the similarities
between 3-HSA and ODA observed throughout this study. The inability of the
hydroxyl group to actively participate in cation binding reduces its effect to a small
reduction in head-group electron density (-0.380 c.f. -0.380 e for ODA, Figure 7.1) and
a relatively small increase in head-group size, reduced by the propensity to form
intramolecular hydrogen bonds.

The occurrence of highly oriented, truncated rhombohedra for 2-BODA and
2-MODA is supported by the assignment of ~30% of the crystals to the [1 1.0] zone
axis. This is an increase of 30 — 50% over what was achieved for the mixed systems.
While these substitutions have not resulted in a change in the nucleated face from
that observed for ODA (and/or ODA/ODOH), with the (11.15) face continuing to
dominate the statistics, a subtle yet significant increase in the extent of preferential
orientation occurs. This improvement in orientation is brought about by a balanced
increase in the interfacial interaction, balanced in the sense that the propensity for
preferential orientation is increased but not so that the interaction becomes
dominated by cation-binding effects. That is, a more effective soap-like hydrogen-

bonded network is formed in these systems.
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Figure 7.12  Representative SEM images of the crystals produced under the substituted acids at
M=10mN m™. (a) 2-HSA, (b) 2-MODA, (c) 2-BODA, (d) 3-HSA, (¢) ODMA, and (f) a surfactant free

control. The inserts illustrate typical crystals where the scale bar is 1 pim.
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Figure 7.13 Representative crystal morphologies for the substituted acids at a constant surface pressure of

M=25mN m?. (a) 2-HSA, (b) 2-MODA, (c) 2-BODA, (d) 3-HSA, (¢) ODMA, and (f) a control free of

surfactant. The inserts illustrate typical crystals where the scale bar is 1 pm.

The difference appears to lie in the mechanism by which the interfacial interaction

is increased. Greater cation binding leads to inflexibility in the interface whereas
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increased bicarbonate interaction improves the interface interaction without

dominating it.

7.3 Conclusions

The interaction between surfactant monolayers and subphase ions is a balance of
many factors, including electron density, steric effects and ion binding. The polarity
and cation binding strength play an important role in determining the nature of this
interaction. 2-HSA and ODMA were found to exhibit strong calcium binding which
led to an electrostatics-dominated interaction and subsequently random crystal
growth. In contrast 2-MODA and 2-BODA, which were found to more favourably
participate in the bicarbonate determined network, exhibited preferential orientation
to a level much greater than that observed in the mixed systems. As for 3-HSA, the
movement of the hydroxyl group one position led to a complete disruption of the
interaction and consequently traits commensurate with ODA.

Unlike the mixed monolayer systems, there was little evidence of irregular
growth and there was little variation in crystal morphology with surface pressure or

monolayer stability.
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CHAPTER 8: ConcLusions AND FuTure WoRk

There are many natural wonders in Nature, but from a materials stand point the
design and fabrication of complex hierarchical biomineral structures has potentially
the greatest appeal. The ability to control inorganic crystal orientation using an
organic framework is awe-inspiring, especially given that this is achieved at ambient
conditions using freely available materials. Before we could ever attempt such a
complex design and fabrication process, we first must understand the basics. To this
end, the work in this thesis has focused on improving our understanding of the
molecular recognition process integral to the templation of biominerals. It is only
through understanding the protocols or language of the interface, that we can begin

to design similar structures ourselves.

The interfacial region is a very complex environment, involving many, often
interdependent, phenomena. Therefore the use of a simplified Langmuir monolayer
model has significant benefits. Perhaps the most important of these are its versatility.
This study drew heavily on the ability to make subtle alterations to the surfactant
chemistry and similarly the subphase, enabling a systematic comparative

investigation of the interface.

The investigation of mixed ODA/ODOH monolayer behaviour on four different
subphases: ultrapure water, calcium chloride, sodium bicarbonate and a CCCS,
provided valuable insight into the interfacial interaction. From this study we
hypothesised a cation-mediated hydrogen-bonded network, with parallels to the
chain-like crystal structure of sodium bicarbonate. The intimate association of the
monolayer and the subphase ions in a network, greatly facilitates the interfacial

interaction. The bicarbonate anion is highly influential in terms of initiating this
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interfacial structure, and when present, should always be considered in any analysis
of interfacial dynamics. The influence of the bicarbonate anion extends to the
processes of templated crystal nucleation, where directionality, of some form, is
required to achieve preferential orientation. We suggest that the formation of a
hydrogen-bonded network provides the required degree of directionality necessary

for preferential orientation of crystals.

Also of note, is how the introduction of alcohol molecules altered both monolayer
behaviour and the interaction with the underlying subphase in the mixed monolayer
systems. We found that alcohol-rich systems were not conducive to network
formation, which we attributed to a reduction in charge density and head-group
spacing brought about by the presence of the alcohol group. However at an
optimum level (a 1:1 mix) the alcohol enhanced the network formation by mediating

like-charge repulsion and participated in the hydrogen-bonding network.

In terms of the impact on calcium carbonate crystal nucleation and growth, the
mixed monolayers display a spectrum of morphologies. The nature of this
morphological manipulation was primarily two-fold. Firstly oriented growth, with
increasing acid content there was a transition to truncated rhombohedra associated
with nucleation on a face other than one of the {10.4} family. The second
phenomenon was elongated or lateral growth, which was found to be strongly
associated with a good interfacial interaction. Evaluation and discussion of
preferential orientation results leads to a number of conclusions regarding the role of
charge density, lattice matching, symmetry and spatial geometry matching in face-

selective nucleation. These include:

@ the requirement of significant charge density to attain some level of oriented

nucleation;

@ the domination of face selectivity by electrostatics at high charge densities; but
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@ more often face selectivity is achieved through some combination of spatial
geometry, lattice matching, and electrostatics, in which case the concept of a
cation-mediated hydrogen-bonded network may provide an improved
understanding.

In terms of morphology, truncation, elongation, agglomeration and diffusion

limited growth all contribute to the gross crystal shape. In addition the following

points are of note:

@ morphological irregularity and elongation are signs of a strong interfacial

interaction, involving enhanced matching across the interface; and

@ the strength of the interfacial interaction is also expressed in terms of
monolayer stability.

Ultimately crystal templation beneath Langmuir monolayers is a complex

interrelationship of many factors and to suggest that one factor (such as charge

density) dominates is often too simplistic.

Exploring the role of the alcohol group further, involved the 2-HSA system, where
the alcohol group is now covalently bonded to the fatty acid. As expected the
combination of acid and hydroxyl groups led to enhanced cation binding. This
electrostatic interaction was so dominant that it almost negated the influence of the
bicarbonate anion completely. The result was an interfacial structure too rigid to

promote oriented crystal growth.

The interactions between 2-HSA monolayers and the subphase is a complex
balance of hydrogen bonding, electrostatics, steric effects and entropy. The
incorporation of the hydroxyl moiety into the acid molecule leads to greater
enhancement of the hydrogen bonding or electrostatic associated behaviour traits,
depending on the subphase conditions, compared to the equivalent mixed

ODA/ODOH systems. While on water or sodium bicarbonate the 2-HSA head group
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participates significantly in hydrogen bonding, upon addition of calcium ions the
monolayer/subphase interactions are dominated by strong electrostatic binding
interactions. Thus the covalently bound alcohol group plays a significantly greater
role, considerably enhancing the dominate interaction: electrostatics.

Real-time in situ and ex situ crystallisation experiments have shown an
interrelationship between the monolayer and the growing crystal in the calcium
carbonate and 2-HSA system. Importantly this work has illustrated, for the first time,
molecular rearrangement of the monolayer associated with crystal nucleation events.
This rearrangement begins with a splitting of the monolayer diffraction peak, which
is associated with a heterogeneous contraction of the monolayer lattice in response to
nucleation events. Coinciding with the monolayer rearrangement is the appearance
of a broad band of scattered intensity, while it remains unaccounted for, there is a
suggestion that it may reflect a transition stage in the mineralisation process. Finally
we observe intense Bragg peaks associated with crystallisation.

2-HSA binds calcium ions strongly resulting in a strong interfacial interaction
which undoubtedly contributes to the observation of the monolayer rearrangement
and the subsequent phenomena. However ex situ experiments, supported by GIXD
data, do not show any preferential orientation. In fact the strong interfacial
interaction appears to overshadow any bicarbonate anion effect and consequently
results in a lack of orientational control of the nucleation event.

The interaction between surfactant monolayers and subphase ions is a balance of
many factors, including electron density, steric effects and ion binding. The polarity
and cation binding strength also play important roles in determining the nature of
this interaction. 2-HSA and ODMA were found to exhibit strong calcium ion binding
which led to an electrostatics-dominated interaction and subsequently random
crystal growth. In contrast 2-MODA and 2-BODA, were found to more favourably

participate in the bicarbonate anion determined network, and exhibited preferential
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orientation to a level much greater than that observed in the mixed systems. As for
3-HSA, the movement of the hydroxyl group one position away from the carboxylic
acid group had a dramatic result. The shift led to a complete disruption of the

interaction and consequently 3-HSA displayed traits commensurate with ODA.

8.1 Future work

In terms of future work there remains a lot of outstanding issues. Specific to this
work, synchrotron-based examination of 2-MODA and 2-BODA, the two systems
that produce the greatest orientation control would potentially offer the greatest
insight. Having explored the 2-HSA system, comparing it with a system that does
produce FSN should provide invaluable information regarding the process and the
controlling factors. Associated with this the successful completion of XRR analysis of
the crystallising systems. Data on the structure at the interface is important in terms

of validating and expanding on our hypothesis.

Non-linear optic techniques such as sum frequency vibration spectroscopy has the
capacity to probe the water structuring at the interface. The role of water is
paramount to any true understanding of the interfacial interaction. And techniques
like sum frequency vibration spectroscopy offer complementary information to that

obtained from synchrotron based techniques.
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CHAPTER 9:  APPENDIX

Appendix A1 — NMR Data

Proton and carbon 13 NMR of octadecylmalonic acid.
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Appendix A2 — Mixed Monolayer Trend Plots

All 20 plots for the mixed monolayers on water, calcium chloride, sodium

bicarbonate and the calcium carbonate crystallising subphase.
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Appendix A3 — GCS Models

Table Al. Summary of the fitted parameters and the results of the numerical

calculations. a) Water and calcium chloride, b) sodium bicarbonate and calcium

carbonate.
Water
(@AVow) | 0% Alc 25% Alc 50% Ale 75% Alc  100% Alc
Am (A) 20.6 20.0 19.7 19.9 19.8
k' (A) | 19153 19160 19168 1917.6 19184
Kit 5400 5400 5400  5.400 1.979
Kne 0771 -0.771  -0771  -0.771  -0.771
Kea 0510 0510 0510  0.510 0.510
Kot -50.00 -50.00  -50.00  -50.00  -50.00
Kiicos -50.00  -50.00  -50.00  -50.00  -50.00
Koron -50.00 -50.00  -50.00  -50.00  -0.001
Komoncos | -50.00  -50.00  -50.00  -50.00  -0.452
g 0.002  -0.002  -0.002  -0.001 0.000
Oegrs -0.002 -0.002  -0.002  -0.001 0.000
PO) (mV) | -162  -158 -151 -139 0
pH., 2.9 2.9 3.0 3.2 5.6
A.(A) (Fit) | 334 36.2 30.8 29.3 29.9
w/e (Fity | -122 -157 -95 -74 -113
e (mD) | 9900 9925 9950 9975  1000.0
&@LP (Fit) | 785 76.1 6.6 78.5 78.5
&@HP (Fit) | 4.1 3.3 4.7 5.5 6.8
s (mD) | 330.0 3300  330.0  330.0 330.0
@LP (Fit) [ 1.1 1.1 2.2 2.2 2.2
s@HP (Fit) [ 3.1 3.8 2.8 25 9.0
/& (mbD) | -117  -157 -98 -75 -116
/& (mD) | 243 305 214 183 281
/& (mD) | 107 88 118 132 37
et (mD) 232 236 233 239 202
1 /Aeo 425 443 446 453 385
AV (mV) | 262 285 295 314 385
AV, (mV) | 266 288 294 311 421
AVpy (mV) | -3.5 3.1 0.7 2.1 -35.6
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Calcium Chloride
(@AV,e) | 0% Ale 25% Alc 50% Alc  75% Ale  100% Alc
An (A) 20.2 19.3 19.9 19.7 19.5
K (A) 12.4 12.4 12.4 12.4 12.4
K 5400 5400  5.400 5422  -67.135
Kne 0771 -0771  -0771 0771  -0.771
Ke, 0510 0510 0510 0448  -18.690
Ko -50.00 -50.00  -50.00  -50.00  -50.00
Kiicos -50.00 -50.00  -50.00  -50.00  -50.00
Koot -50.00 -50.00  -50.00  -50.00  -50.00
Komoncos | -50.00  -50.00  -50.00  -50.00  -50.00
g -0.027  -0.026  -0.025  -0.022 0.000
Oeqrs 0.027  -0.026  -0.025  -0.022 0.000
W) (mV) | -33 -32 -31 29 0
pH, 49 5.0 5.0 5.0 5.5
A.(A) (Fit) | 36.0 44.8 48.0 421 459
w/s (Fit) | -110 -236 -280 -205 228
b(mD) | 990.0 9925 9950 9975  1000.0
&@LP (Fit) | 785 78.5 78.5 78.5 78.5
& @HP (Fit) | 114 2.5 2.2 2.9 2.8
i (mD) | 3300 3300  330.0  330.0 330.0
&@LP (Fit) | 1.1 5.0 4.3 1.1 1.1
&@HP (Fit)| 15 8.4 10.0 4.6 3.8
/& (mD) | -109 -242 -281 -207 -232
Lb/& (mD) 87 399 456 346 361
/& (mD) | 215 39 33 71 87
w1k (mD) 192 196 208 209 215
ek /Aeo 358 383 393 400 416
AV (mV) | 325 350 362 371 416
AVep (mV) | 339 360 370 378 424
AVpig (mV) | -13.7 9.9 -8.3 -6.6 -8.3
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Sodium Bicarbonate
(@ AV o) 0% Alc  25% Alc  50% Alc ~ 75% Alc  100% Alc
An (A) 19.4 19.6 19.0 19.7 19.2
k' (A) 21.5 21.5 21.5 215 21.5
Ky 3.788 4.072 5.402 5.401 5.400
Kna 1.102 1.092 -0.586 -0.772 -0.771
Kc. 0.510 0.510 0.510 0.510 0.510
Ko -50.00 -50.00 -50.00 -50.00 -50.00
Kiicos -50.00 -50.00 -50.00 -50.00 -50.00
Koron -50.00 -50.00 -50.00 -50.00 -50.00
Koroncos -50.00 -50.00 -50.00 -50.00 -50.00
O -0.058 -0.052 -0.045 -0.034 0.000
gt -0.058 -0.052 -0.046 -0.034 -0.001
P(0) (mV) -101 96 -89 -76 2
pH, 43 4.4 45 4.7 6.0
A (A) (Fit) 47.6 39.8 42.7 46.6 43.7
/& (Fit) -145 -86 -157 -187 -239
L (mD) 990.0 992.5 995.0 997.5 1000.0
& @ LP (Fit) 78.5 78.3 78.5 78.5 6.2
& @ HP (Fit) 5.0 7.6 4.7 3.3 2.9
s (mD) 330.0 330.0 330.0 330.0 330.0
& @ LP (Fit) 1.1 1.1 2.2 3.8 2.2
& @ HP (Fit) 2.6 2.6 2.8 5.1 2.8
/& (mD) -148 -89 -164 -190 247
L/ & (mD) 199 131 211 306 349
L/& (mD) 126 128 117 64 117
L (mD) 177 169 164 180 218
ek /Aeo 343 326 324 345 428
AV i (mV) 242 230 235 269 425
AV (mV) 250 242 257 275 436
AVpi (mV) 7.7 -11.7 223 6.5 -10.1
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Calcium Carbonate
(@ AV ) 0% Alc  25%Alc  50% Alc  75%Alc  100% Alc
An (A) 27.8 19.1 19.5 19.5 19.1
k' (A) 15.2 15.2 15.2 15.2 15.2
Ky 5.397 5.399 5.401 5.400 -4081.23
Kna -0.760  -0.717  -0.748  -0.771 -28.334
Kc. 0.508 0.512 0.510 0.510 -1228.29
Kon -10.00  -50.00  -50.00  -50.00 -10.00
Kiicos -10.00  -50.00  -50.00  -50.00 -10.00
Koo -10.00  -50.00  -50.00  -50.00 -10.00
Kororicos -10.00  -50.00  -50.00  -50.00 -10.00
e -0.030  -0.030  -0.029  -0.026 0.000
Oeqrs -0.030  -0.030  -0.029  -0.026 0.000
P(0) (mV) -41 -42 -41 -38 0
pH. 5.1 5.3 5.3 5.3 6.0
A (A) (Fit) 46.3 46.5 44.1 44.4 42.7
/& (Fit) -64 -162 -176 223 218
L (mD) 990.0 992.5 995.0 997.5 1000.0
& @ LP (Fit) 78.5 78.5 19.2 78.5 78.5
& @ HP (Fit) 11.2 3.9 4.2 2.6 2.9
s (mD) 330.0 330.0 330.0 330.0 330.0
& @ LP (Fit) 5.0 5.0 1.1 3.9 2.2
& @ HP (Fit) 10.0 9.6 3.0 10.0 3.3
L4/& (mD) -50 -167 -180 227 227
Lb/& (mD) 89 257 237 379 346
/& (mD) 35 34 108 33 98
L (mD) 74 123 164 184 217
1k /Aeo 100 243 317 356 428
AV i (mV) 59 201 276 317 428
AV (mV) 65 203 276 326 433
AVpi (mV) 6.3 2.0 0.1 -8.2 -5.2
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100% ODA on Water (070611S01)
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100% ODA on CaCl; (070619502) - M/S Model
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75% ODA on CaCl, (070924S14)
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100% ODA on NaHCO; (070925S09) - M/S Model 73% ODA on NaHCO; (071002S06)
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100% ODA on CaCO; (071003S06) - M/S Model 75% ODA on CaCO; (071003510)
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Appendix A4 — Crystal Orientations

Faces taken from:

*  www.mincryst, [CDD (Calcite 5-586).

* Joint Committee on Powder Diffraction Standards — International Center for

Diffraction Data, Swarthmore, U. K. File No. 5-586 Calcite.
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15.<21 10> 16.<31 2>
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25.<01 2>
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27.<01 8> 28.<21-5>

29.<1112> 30.<31-1>
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31.<113> 32.<122>
\I),/ -7
34.<01 10> 35.<124>
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40.<2014> 42.<102>
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46.<1016>
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48.<1 00>

47.<001>
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5.<321> 12.<32 4>

41.<2016> 33.<410>
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17.<12 14> 13.<13 10>
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Appendix A5 — GIXD Analysis

0, range = [ 1.081, 1.617] ; Q, ronge = [ —0.02%, 1.106]
Integrated over Q
I R
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=0.85, 0.
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R, range = [ 1.061, 1.656] ; Q, range = [ —0.029, 1.108] GIXD
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GIXD
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Counts
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D, range = [ 1.061, 1.650] ; O, range — [ —0.025, 1.106] GIXD
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Counts
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R, ronge = [ 1 i Q, range = [ —0.029, 0.753] GIXD
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0, ronge = [ 1148, 1.711] ; 4, range = [ —0.023, 0.759]
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Appendix A6 — XRR Analysis

Water
Reflectivity Non-Linear Regression Fit _
M =10 mN/m
Reflectivity
10 . T - r
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= 1
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= 044 .
51
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8 02+t ,
Z
0.0 t t } t t t t t
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Z
The reflectivity curve was fit with 4 roughness parameters
Percent Errorin Q: 0
Normalization Constant: 1.07984235324763
Critical Edge Offset: 0
High Q Offset: 0
Superphase SLD: 0
Subphase SLD: 9.409
Wavelength: 1.2244
Chi Square for reflectivity fit: 2.51 E-002
The subphase roughness was: 2.306 EQ £ 2.739 E-1
Laver # Lenagth Rho/Rho(infinity) Sigma
1 151 E12274ED Q005E-12534E-3 2816E0+9813E-3
2 7831 EQ0 £ 7305 E.2 1262 E0+ 7022 E-3 1142E0+x12E-1
2 1282 13033 1 1032 E0+ 3050 £E.3 1235 0+ 1070 E1
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Reflectivity Non-Linear Regression Fit

Refleetiviry

Intensity / Fresnel

14

0 ] 0 1l

e

Hlectron Density Profile

10+

04 +

08 +

04

02 r

Mormalized Electron Denstty

aa

0 an 40 al il 70

The reflectivity curve was it wih 3 roughness parameters

Percent Ermor in Q: 0

Mormalization Constant: 1.11281174802042

Critical Edge Offset: 0
High & Offset: 0
Supsrphase SLD: 0
Subphase L0 0400
Wavelengih: 12244

Chi Square for reflectvity fit: 3.233 =-D02
The subphase roughness was: 1.748 BED £ 7223 E-2

| gupr # | =2ngth Ehao/Bhaoiinfinityl Sigma
1 1813 E1 =2 B30 -2 SEFIE 1+ 4B43E 3 SGEED+OA06E-3
2 TATEEQE T219E-2 1.241E0£B783E-3 1532 EQ0 4 8452 E2

Water
M =10 mN/m
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Reflectivity Non-Linear Regression Fit

Reflectiviry

Intensity / Fresnel

: ‘h : “erl |

e

Electron Density Profile
16 . . ;

14 T

11 +

08 +

os -

0l +

Mormalized Electron Density

0a ' ol ' } } ' '

The refectivity cunve was it wih 3 roughness parameters.
Parcent Ermor in & 0

Mormalization Constant: 1.12007558704435

Critical Edge Offset: 0

High @ Offeat: 0

Superphase SLD: 0

Subphase SLO- 0.400

Wavelength: 12224

Chi Square for reflectvity fit: 1.292 E-002

The subphase roughness was: 3.14 ED = 1,120 20

Chapter 9: Appendix

Water

| gupr # Sooth Eha/Bho(infinityl Rlsliak)
1 1733 E] 31465 B ST43E-1+ 1308 ED 041 ED+ 1020 E-1
2 4 B35 E0+4.324 ED 1407 ED + 3.838 E-1 2613 ED+ 6.576 E-1

M =25mN/m
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Reflectivity Non-Linear Regression Fit

Reflectiviry

Intensity / Fresnel

10 20
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Electrom Diensity Profile
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oo

Mormalized Electron Density

02 4 —

The reflectivity cunve was fit with § roughness parameters

Percent Error in G 0

Mormalization Constant: 1.0T1677982562673

Critical Edge Offset: 0
High 2 Offset: 0
Superphase S5L0: 0
Subphase SLO- 0.400
Wawelengih: 12244

Chi Square for refliectety fit: 3.914 2003
The subphase roughness was: P47 BE-1 £ 2785 0

| guer #

| ength

Eho/Bholninit

Sigma

110 ET = 1050 29

BORIE] 2 DNGTED

2302 ED 220082

8422 ED0= 1857 E

1340 ED+ 5236 E-2

1655 ED+ 3523 E-1

8.008E-1+£8.481E0

1140 ED £ 7.43

1405 ED+ 3440 E-1

P e [ra =

1AE1+ 601 ED

2
o

1I0MED+ 1975 E

TT4EN= 2 30 E]

NacCl
M =10 mN/m

292




Reflectivity Non-Linear Regression Fit
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NaCl
M =25mN/m

Reflectivity
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The refiecivity cunve was fit wih 5 roughness psrameters
Percent Error in G 0
Mormalization Constant: 1.08152231042062
Critical Edge Offset: 0
High Q Offset: 0
Supsrphase SLO: 0
Subphaze SLO: 8400
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Chi Squars for reflectvity fit: 8.845 £-D03
The subphase roughness was: 1 ED £ 4038 22
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Reflectivity Non-Linear Regression Fit
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The reflectivity cune was fit wih 4 roughness parameters
Percent Ermor in G: 0
Mormalization Constant: 1.15355283760944
Critical Edge Offset: 0
High & Offset: 0
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Chi Square for reflectity fit: 3,843 2002
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Reflectivity Non-Linear Regression Fit
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The refiectivity curve was it with 4 roughness parameters
Percant Errorin G 0
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Reflectivity Non-Linear Regression Fit NaHCO;
M =10 mN/m
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The refectivity cunie was it wih 4 roughness parameters
Percent Ermor in Gt 0
Mormalization Constant: 1.08271411822244
Critical Edge Offset: 0
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Superphase SLO: 0
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Chi Squars for reflectwity fit: 1.202 =-002
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Reflectivity Non-Linear Regression Fit NaHCO;
M =25mN/m
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Thee reflectivity curve was fit with 4 roughness parameters
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Reflectivity Non-Linear Regression Fit
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The refiectivity curve was fit wih 5 roughness psrameters
Percent Ermor in Q: 0

Mormalization Constant: 1.13103550574070

Critical Edge Offset: 0

High Q Offset: 0
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Wavelength: 1.2244

Chi Squars for reflectvity fit: 1.002 2000

The subphase roughness was: 2842 ED £ 1.413 E2

| vuar 3 |
1 1AM E1 £ 1542 E2 T4BE-1£ 3102 ED
2 8,009 E0 4 B.702 Ef 1.114E0+ 1433 E1
3 ZEEIE0+ 6247 EZ 1627 E0 + 5284 E1
4 GOED=200E2 1102 ED+ 3853 E1

CaCO;
M=0mN/m

298




Chapter 9: Appendix

Reflectivity Non-Linear Regression Fit CaCO;,
M =10 mN/m
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The refectivity curve was fit with § roughness parameters
Percent Ermor in Gt 0

Mormalization Constant: 1

Critical Edge Offset: 0
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Reflectivity Non-Linear Regression Fit

Reflectiviry
1|:|' T T
ER |
L n
& //K -~
ot ot g 1
oy
& f
X
5ot | !
L T B B L L B B o
0 i 10 14 20 24 30
R
Electron Density Profile
16 .
14 + i ) -
L 8 _
. /| .
| !,7_.' AN
na i’{ ]

04 J.’

Mormalized Electron Density

0l i i
i
P
0.0 T S S B S S
] 10 20 an 40 a0 L2i1] 7l a0
Z
The refiecivity curve was fit wih 5§ roughness parameters
Percent Ermor in G 0
Mormalizaticn Constant: 1
Critical Edge Offset: 0
High @ Offset: 0
Supsrphase SLO: 0
Subphase SL0: 0.400
Wawglength: 1.2244
Chi Sgquars for reflectvity fit: £.778 E-001
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Reflectivity Non-Linear Regression Fit
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The refiectivity curve was fit wih 5 roughness parameters.
Percent Error in G 0
Mormalization Constant: 1.017TEETE408114
Critical Edge Offset: 0
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