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Abstract

The dynamic adsorption mechanisms of a range of polymer/surfactant mixtures have been studied at
the expanding air/water interface created by an overflowing cylinder. The composition of the
adsorption layer from mixed systems is obtained using a new approach, co-modelling ellipsometry data
and NR data recorded on only one isotopic contrast, without deuterated polymer. The precision and
accuracy of the interfacial compositions using this novel approach match those obtained by NR
measurements using multiple isotopic contrasts and deuterated polymer, and exceeds those in the

absence of deuterated polymer.

For weakly interacting PEO/surfactant mixtures adsorption is competitive, the interfacial composition
can be rationalised in terms of competitive adsorption. At high surfactant concentrations polymer
adsorption is inhibited by the increasing surfactant coverage, although in PEO/SDS mixtures positive

interactions between the two components allow PEO to adsorb until an SDS monolayer is present.

For oppositely charged mixtures of PSS and C,TAB surfactants, synergistic adsorption occurs at low
surfactant concentrations, and the formation of polymer/surfactant complexes has a marked effect on
interfacial adsorption, although polymer adsorption is controlled by free polymer molecules.
Aggregation occurs around charge neutrality, the material in these aggregates cannot reach the

interface due to their size, and at higher surfactant concentrations polymer can no longer adsorb.

Mixtures of PEI/SDS at high pH behave similarly to the PSS/C,TAB systems, with progressive
aggregation depleting the system of surface active material and limiting adsorption. However at low
pH the aggregates can reach the interface by convection where they spread material across the surface

in the form of a thin layer of nanometer thickness by Marangoni flows.

This work proves that examination of the dynamic adsorption behaviour of polymer/surfactant systems
is invaluable to understanding their adsorption mechanisms. Furthermore there is a clear and

incontrovertible link between the dynamic interfacial adsorption and bulk phase behaviour.
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Chapter 1. Introduction

1.1. Introduction to the Project

The main objective of the research presented in this thesis is to examine the kinetics of adsorption of
polymer/surfactant mixtures at an expanding air/water interface, and hence to try to determine the
mechanism of adsorption from such mixtures. Mixtures of oppositely charged polymers and
surfactants are widely used in industrial applications as detergents, foam stabilisers, wetting agents,
emulsifiers, and rheology modifiers. The extent to which polymers and surfactants interact in solution
can determine both the bulk and interfacial properties of the system. Previous studies on
polymer/surfactant systems can be divided up into those which examine the bulk properties of such
systems, and those which examine the interfacial adsorption behaviour, either at the air/liquid or
solid/liquid interfaces, and a few which have related the two. Many formulations which employ
polymer/surfactant mixtures are routinely used under conditions far from equilibrium, whilst few
previous studies have looked at the behaviour of such mixtures under non-equilibrium conditions. This
research is aimed at examining the kinetics of adsorption of a range of polymer/surfactant mixtures
under the non-equilibrium conditions, and determining the effect of the presence of polymer in solution
on the adsorption of surfactant and vice-versa. Understanding of the kinetics of adsorption from these
systems will allow us to elaborate on the link between their bulk and interfacial behaviour, and hence

to elucidate the mechanism of adsorption to the air/water interface.

The sample environment which we use to study adsorption under non-equilibrium conditions is the
overflowing cylinder (OFC) which creates a large, flat, continuously expanding interface with a surface
age typically in the range 0.1-1 s. The flowing nature of the OFC enables it to be used to distinguish
between the adsorption of different species on the basis of their size, as only small species can diffuse
to the interface on the timescale of surface expansion in order to adsorb. Hence the OFC allows to

begin to determine the link between the bulk and interfacial behaviours of solutions.

The large steady-state surface of the OFC can be studied using a wide range of experimental
techniques. In this project, a combination of ellipsometry and neutron reflectometry [NR] has been
employed to study adsorption from polymer/surfactant mixtures at the interface of the OFC. The
primary experimental objective of the measurements was to determine the composition of the material

adsorbing at the air/water interface, which is commonly obtained using neutron reflectometry



measurements in multiple isotopic contrasts. However, this approach can be limited by the availability
of both deuterated chemicals and neutron beamtime. Therefore a further key objective of this project
has been to validate a new quantitative approach to determining the adsorbed composition of an
adsorbed layer from mixed solutions using a combination of ellipsometry and NR measurements in
only one isotopic contrast. This project has been based at the Institut Laue Langevin (ILL) in France,
where I have commissioned an OFC for use on the new neutron reflectometer FIGARO [Fluid

Interfaces Grazing Angles ReflectOmeter].

The remainder of this chapter provides an introduction to both the bulk and interfacial behaviours of
surfactants, polymers and polymer/surfactant mixtures. In section 1.2, I discuss previous studies of the
behaviour of polymers in aqueous solution, and their adsorption at interfaces. In section 1.3, I examine
the behaviour of pure surfactants, their bulk phase micellisation and interfacial adsorption. In Section
1.4, I introduce the question of polymer/surfactant mixtures and discuss the large number of previous

studies which examine their bulk and interfacial adsorption behaviour.

Chapters 2 and 3 present a detailed description of the experimental methodologies used in this
research, the OFC, neutron reflectometry, ellipsometry and LDV, and theories on which they are based.
Extra detail in Chapter 3 is devoted to the specific considerations necessary for use of the OFC on

FIGARO.

Our unique approach to obtaining interfacial compositions using data from ellipsometry and neutron
reflectometry is explained and validated in Chapter 4. This co-modelling approach is based on the
solution of simultaneous equations which relate the measured quantities from each experimental
methodology to the adsorbed amounts of the two components at the interface. Our co-modelling
approach is then employed to determine the interfacial compositions on the OFC of several different
polymer/surfactant mixtures. In Chapter 5 adsorption from mixtures of the non-ionic polymer PEO and
the ionic surfactants SDS and C4,TAB is examined. Chapters 6 and 7 discuss adsorption from
oppositely charged polymer/surfactant systems containing the polymer PSS and the C,TAB
surfactants. Chapter 8 discusses the link between the bulk and interfacial behaviour of PEI/SDS
mixtures at both low and high solution pHs. Finally, Chapter 9 presents the conclusions of this project
and some future perspectives of this work in terms of several polymer/surfactant mixtures on which

initial studies have been performed.



1.2. Polymers

A polymer is a macromolecule made up of repeating structural units. The number of repeat units, N,,,
can vary from small up to several hundreds of thousands, depending on the polymer. Polymers which
contain charged groups are commonly known as polyelectrolytes, and they can carry either positive or
negative charges. In the simplest case, polymers are homopolymers, all of the repeat units are the same,
however co-polymers can also be made, which have different repeat units. All of the polymers used in
this thesis are simple homopolymers, and are restricted to poly(ethylene oxide) [PEO], poly(styrene
sulfonate) [PSS] and poly(ethylene imine) [PEI]. The structures of all three polymers are shown below
in Figure 1.1. The notable features of the three polymers show in Figure 1.1 are that PEO is non-ionic,
PSS is anionic, but contains hydrophobic styrene groups, and the charge density of PEI depends on the

pH of the solution, varying from around 6% charged at pH 10 to around 67% charged at pH 4."*

~ \N/\/N”’

Poly(ethylene imine)

Poly(ethylene oxide)
* O SO :
n o ® —n

Poly(styrene sulfonate)

Figure 1.1. Molecular structures of the three polymers used in this thesis

Pure polymer solutions can be defined into three categories: firstly dilute, where excess solvent is
present and inter-molecule interactions can be neglected, secondly semi-dilute where monomers in
separate chains are in contact with each other forming a network, and finally concentrated solutions in
which polymer chains are strongly intertwined. In this study, all of the polymer solutions can be
thought of as dilute, with no interactions between the polymer molecules in the absence of added
surfactant. In the bulk solution the size and shape of a polymer molecule can be characterised using
techniques including small angle neutron scattering (SANS), small angle x-ray scattering (SAXS) and
static or dynamic light scattering (SLS and DLS)’, to determine whether the polymer has a compact

sphere, random coil or stiff rod conformation.



The adsorption of polymers onto solid surfaces has been widely studied due to its relevance to
industrial processes such as oil recovery, food processing, coating, and drug manufacture, and the
recent review of Nylander er al.* with the references therein gives a good overview of recent work in
this area. Unlike at solid interfaces, few polymers adsorb at the air/water interface as they are not
surface active due to the low hydrophobic driving force for their adsorption at the interface and the
electrostatic repulsion between charged polymer molecules. The only relevant exception to this is PEO,
which is neutral and surface active alone,” and for which NR measurements have been used to
characterise the adsorbed amount and structure of the layer.”” The other two polymers used in this

thesis do not adsorb at the interface in the absence of surfactant under the conditions we have used.

1.3. Surfactants

Surfactants (a contraction of surface active agents) are amphiphilic molecules composed of a
hydrophilic head group and a hydrophobic tail group. Surfactants are generally categorized by the
nature of their headgroups, which can be cationic, anionic, nonionic or zwitterionic. Surfactant tails
usually consist of one or more alkyl chains. Surfactant molecules self assemble in aqueous solutions
and adsorb to the air/water interface in order to limit the contact of the hydrophobic tail group with
water. In the former case aggregates called micelles form, with the surfactant head groups positioned
on the outside in order to screen the non-polar tails from the surrounding water. At the interface,
surfactants adsorb with their polar headgroups in the aqueous solution and their tail groups in the air.

Both adsorption and micellisation are discussed further below.

The surfactants used in this study are sodium dodecyl sulfate (SDS), and the alkyl trimethylammonium
bromide surfactants (C,TABs) where n = 12,14, or 16. Structures of these surfactants are shown in

Figure 1.2
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Figure 1.2. Structures of the main surfactants used in this thesis, sodium dodecyl sulphate, SDS (left), and

alkyltrimethylammonium bromide surfactants, C, TAB;, (right).



1.3.1. Surfactants in Solution

In bulk surfactant solutions micellar aggregates form above a critical concentration due to the
unfavourable entropy of water molecules ‘caging’ the hydrophobic part of the surfactant molecule, the
hydrocarbon chain. Micelle formation maximises the entropy of the water molecules. A typical micelle
has the hydrophilic head groups in contact with the solvent, with the hydrocarbon chains inside the
micelle in a fluid environment due to their constant thermal motion. Micelles are generally spherical,
cylindrical or ellipsoid in shape, shown by the schematics in Figure 1.3, however they can also form
into larger vesicles and lamellar sheets. Micelles of SDS, C;,TAB and C,TAB used in this study are
spherical in shape, whereas those of C;sTAB are rod-shaped in the presence of added salt.®* Micelles
consist of several tens, hundreds or thousands of surfactant molecules, although the majority contain
between 50 and 100 monomers. The average number of surfactants per micelle is known as the

‘aggregation number’. For the surfactants used in this study the micellar aggregation number increases
10,11
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with the length of the hydrocarbon chain.

Figure 1.3. Schematic diagram showing surfactant molecules aggregated into different kinds of micelle

The critical bulk concentration above which micelles form in the bulk solution is known as the critical
micelle concentration (cmc). At bulk surfactant concentrations above the cmc, the concentration of
surfactant monomers in solution remains constant, and excess surfactant added to the solution forms
into micelles. The surfactant concentration corresponding to the cmc varies widely between
surfactants, and is controlled by factors including the chain length and the nature of the head group.
Longer hydrocarbon chains are more hydrophobic, favouring the formation of micelles, whilst
increased charge on the headgroup will increase repulsive interactions between the surfactant
molecules, disfavouring aggregation. Consequently non-ionic surfactants tend to have much lower cme
values and higher aggregation numbers than their ionic counterparts with similar hydrocarbon chain
lengths. For ionic surfactants, addition of electrolyte decreases the cmc and increases micellar size, as
it decreases the repulsive interactions between the charged headgroups at the micelle surface. In order
for micelles to form in a given surfactant solution, the solution temperature must be above the Krafft

temperature, the minimum temperature for the solubility of the monomer to be high enough for micelle
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formation at the cmc.'” The cmc of a surfactant can be determined using a range of experimental
techniques, as it corresponds to characteristic changes in the bulk properties of both the bulk solution
and the interface. Measurements techniques which can be used to determine the cmc include surface

tension, molar conductivity, osmotic pressure, and turbidity measurements.

1.3.2. Surfactants at the Air/Water interface

Surfactants adsorb at the air/water interface for the same reason that they aggregate at high
concentrations, the entropic gain from the water molecules no longer being oriented around the
hydrophobic part of the surfactant. The ordering of surfactant molecules at the interface lowers the free
energy of the surface, but thermal motion makes the ordering imperfect. Surfactant adsorption
increases with increasing bulk surfactant concentration up to the cmc, where a limiting surface
coverage is reached which cannot be exceeded by further increases in the bulk surfactant concentration.
This limiting coverage is less than the theoretical maximum value which cannot usually be reached due
to constraints of concentration, such as solubility or micellization. The amount of surfactant which can
adsorb at the interface is known as the surface excess, I, with units of moles m?>. Neutron
reflectometry and surface tension have been used in previous studies to determine the variation in
surface excess with concentration of the surfactants used in this study; SDS."” C,TAB," C,TAB" ¢

and C;sTAB." '8

The cohesive forces between liquid molecules at the interface are responsible for the phenomenon of
surface tension. As interfacial molecules do not have molecules on all sides of them, they consequently
cohere more strongly to those directly associated with them on the surface, resulting in a tendency for
the surface to contract. The surface tension, o, with units of J m? or N m™, is defined as the reversible
work required to increase the area of a surface by 1 m>. When surfactant molecules adsorb at the
interface they reduce the surface tension as they have replaced some of the water molecules at the
interface. As the resulting surfactant-water interaction is weaker than the water-water molecule
interaction, and the force for contraction decreases. At bulk surfactant concentrations below the cmc,
the surface tension decreases with increasing bulk concentration, as the interfacial surfactant coverage
increases. At low surfactant concentrations a gradual decrease in surface tension is observed
corresponding to the increase in the surface excess (I'). At concentrations close to the cmc, I tends to a
limiting value, and the surface tension appears almost linear. Once the surface coverage reaches its

limiting value, increases in the bulk surfactant concentration have no further effect on the surface



tension. Figure 1.4 shows a schematic representation of the relationship between surface tension data

for a surfactant and the surface coverage.

Log (Concentration)

Log (Concentration)

Figure 1.4. Schematic of the relationship between the surface tension, ¢, and surface excess, I', of a surfactant, which explains

how the interfacial adsorption isotherm can be obtained from the surface tension measurement and the Gibbs equation.

The Gibbs equation is used to quantify the adsorption at the interface using the relationships between
the surface excess of surfactant and the surface tension, as shown in Figure 1.4. At constant

temperature and pressure it is given by
do =—%;[.dy, (1.1)
where dg is the change in surface tension, [ is the surface excess of component i, and dy; is the change

in the chemical potential of the adsorbed component i. The change in chemical potential of component

i on mixing it with the other component is given by

d“i = RT.dIn a; (12)



Where R is the gas constant (8.314 J mol'K™), T'is the temperature, and a; the activity of component i.

The surface tension of a system of i components is then given by
do = —RT Zil}dlnai (1.3)
Which for a solution of only water (1) and a surfactant (2) is

do = —RT.(I;.dIna; + I;.dIna,) (14)

The surface excess is dependent on the location for the plane dividing the liquid and gas phase. If the

plane such that I';= 0 is chosen'® then

1 d
n=-=(=2) (15)
RT \dlna, TP

For ideal, dilute solutions the Gibbs equation can be re-written as:

L =-= anRT (d?:lc) (1.6)

Where activity is replaced by the bulk surfactant concentration, c. ny is a constant which depends on
the number of species adsorbing at the surface. For a non-ionic surfactant ny = 1, however for an ionic
surfactant ny depends on the valency of the counterion, where ny = 2 for a 1:1 electrolyte, whilst in

excess added electrolyte ny = 1.

Surface tension measurements examine the reduction in the free energy of the interface with respect to
the bulk activity, hence although surface tension measurements can be used to determine I' using

Equation 1.5, it is not purely a surface technique, and changes in the bulk solution can affect the

. 1 do
surface tension. I, = — ( ) A
nyRT \dlInc

more versatile and direct approach to determining I is NR, discussed in Chapter 3.



1.3.3. Dynamic Adsorption of Surfactants on the OFC

Surfactants in both commercial and biological applications are rarely used under equilibrium
conditions, with their dynamic interfacial properties important in foaming processes, detergency,
coatings, solubilisation and for lung surfactants.” As a consequence it is essential to investigate the
kinetics of surfactant adsorption at the air/water interface in order to be able to relate lab-based
experiments to real applications of surfactants. Dynamic surfactant adsorption is most commonly

studied using experimental methodologies which create a fresh air/water interface, as discussed below.

Creation of a fresh interface for a surfactant solution leads to dynamic adsorption of surfactant to the
interface. This adsorption of surfactant is driven by a concentration gradient from the bulk solution to
the clean interface which exists in the near-surface region known as the ‘diffusion layer’. Models of
adsorption have to include terms accounting for this diffusion of surfactant to the interface, its
adsorption, and back diffusion of surfactant which does not adsorb at the interface. This is described

by the Ward-Tordai equation®'

I = ZC\/%— Z\Efoﬁcsd,/(t ) 1.7)

where c is the bulk concentration of surfactant, D is the monomer diffusion coefficient, ¢, is the sub-
surface concentration, and t is a dummy variable of integration. The first term on the right hand side,
which is positive accounts for the situation where a monomer reaching the interface by diffusion
adsorbs at a vacant site. The second term, which is negative, accounts for back diffusion of surfactant
molecules from the sub-surface to the bulk solution when there is not a free site for surfactant

adsorption. Back diffusion occurs to a greater extent with increasing subsurface concentration.

The situation described by the Ward-Tordai Equation assumes that adsorption and desorption to and
from the interface are fast compared to diffusion of surfactant to the sub-surface layer. Mass transport
of surfactant to the sub surface layer is the rate-limiting step in adsorption. However in some systems,
adsorption rather than mass transport may be the rate-limiting step due to barriers to adsorption of
surfactant at the interface. Such adsorption barriers can arise from electrostatic repulsions between
adsorbing surfactants, steric considerations for large surfactant molecules, micellar breakdown, or

rearrangements at the interface.

In order to study the adsorption kinetics, a system which creates an expanding or contracting air/liquid
interface is required. The simplest way to examine expanding and contracting air/water interfaces is by

use of a Langmuir trough, a piece of equipment which allows the compression and expansion of
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monolayers at an air/water interface by the use of moving barriers.”> A common approach to
examining expanding and contracting interfaces is the oscillating bubble method, which is based on the
formation of a spherical bubble at the tip of a needle immersed in a surfactant solution by injecting and
withdrawing gas causing period surface expansion and contraction.”” The changes in the bubble size
and shape can be used to monitor the adsorption and desorption of surfactant. The maximum bubble
pressure (MBP) method also blows bubbles in a liquid by blowing bubbles of inert gas through a
defined capillary. The gas pressure is increased until a bubble appears, and is then kept constant with
the surface age given by the time between consecutive bubbles. This enables determination of the
dynamic surface tension of the solution, although interpretation can be complicated as expansion rates
vary during bubble growth.”” The MBP method has been extensively used to study surfactant
adsorption by several groups, with the references™>° being a few examples. MBP method is one of the
principal techniques to examine surfactant adsorption on millisecond timescales along with the
oscillating jet. The oscillating jet ejects surfactant solution from an elliptical nozzle under pressure.
The non-uniform nozzle shape makes the jet cross section unstable, and it oscillates sinusoidally
around its equilibrium cross sectional shape, at a frequency determined by the surface tension and flow.
Surface tension acts to restore the liquid to the equilibrium cross sectional shape, hence the jet can be

used to determine the dynamic surface tension of the surfactant solution.

The overflowing cylinder (OFC), the device used in this project to examine adsorption dynamics at the
air/water interface, creates a continuously expanding air/water interface on a 0.1-1 s timescale. The
interface of the OFC is large, flat and stable, making it possible to study it using a variety of
spectroscopic, reflectometry and scattering based techniques. Bain and co-workers have used the OFC
extensively in the last two decades to study dynamic adsorption from a range of surfactant solutions

2136 The OFC, and its characteristics and

using a range of non-invasive experimental techniques.
operation will be discussed in more detail in Chapter 2. More recently, Bain et al. have developed a
liquid jet for the study of adsorption dynamics of surfactants using ellipsometry and laser Doppler
velocimetry.”” *® The liquid jet is a complementary methodology to the overflowing cylinder, as it

enables the study of adsorption on a faster timescale (1-100 ms) than on the OFC.
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1.4. Polymer/Surfactant Mixtures

Formulations containing mixtures of polymers and surfactants are extensively used in industrial and
commercial formulations as detergents, foam stabilizers, wetting agents, emulsifiers and rheology
modifiers. As a consequence, their behavior both in the bulk and at interfaces is widely studied,
although bulk phase studies are predominant. The bulk and interfacial behaviour of a
polymer/surfactant system is determined by the strength of the electrostatic and hydrophobic
interactions between the two components. Electrostatic interactions occur between oppositely charged
groups on the polymer chain and surfactant headgroups, favouring interactions, as do hydrophobic
interactions between the surfactant chains, although repulsive interactions between the surfactant
headgroups can limit interactions. Many factors influence the interactions between the polymer and
surfactant, including the polymer molecular weight, degree of branching, charge density and backbone
rigidity, along with the nature of the surfactant headgroup, the chain length of the surfactant, the

concentrations of both components, and the presence or absence of added electrolyte.

Interactions between polymers and surfactants lead to the formation of complexes in the bulk solution

and to changes in the adsorption at interfaces. Bulk polymer/surfactant complexes generally consist of

39, 40 41-43

a single polymer chain to which surfactant monomers or micelles are bound, although multi-
chain complexes can also occur. The amount of surfactant bound to polymer molecules increases with
increasing bulk surfactant concentration, until, at close to the charge match point, aggregation and
precipitation of the complexes occurs in many oppositely charged polymer/surfactant systems.*" *
Interactions between polymer and surfactant at an air/water or solid/water interface can significantly
alter the composition and structure of the adsorbed layer in comparison to that which would adsorb
from a solution of either component alone. The two main effects are synergistic adsorption, which
increases the adsorbed amount of both components at the interface, and competitive adsorption, where
both components adsorb at the interface independently, but they compete for free space. Furthermore,
it is important to remember that bulk and interfacial behaviours of polymer/surfactant mixtures are not
always independent, especially when precipitation occurs, depleting the solution of surface active
species. It is therefore important to consider both the bulk and interfacial behaviour of a given
polymer/surfactant systems in order to understand what controls its adsorption at an interface. Several

47-49

k* % and interfacial behaviour

comprehensive reviews of the bul of such systems have been

published in recent years.

In the following pages I discuss the previous studies made of the bulk and interfacial behaviour of a

range of polymer/surfactant systems in order to put the work presented in this thesis into the wider
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context. Many groups have studied polymer/surfactant mixtures, and an exhaustive review of this work
would be lengthy. As a consequence I restrict myself here to a general introduction to the bulk and
behaviour of polymer/surfactant systems, whilst reviews of the previous work conducted on the

polymer/surfactant systems discussed in this thesis are given at the start of the relevant chapters.

1.4.1. Bulk Phase Behaviour of Polymer/Surfactant Mixtures

Co-operative binding of surfactant to polymer molecules occurs above a critical aggregation
concentration (cac) which is much lower than the cmc of the pure surfactant solution. At surfactant
concentrations below the cac, no complexation occurs in the bulk solution. As the surfactant
concentration is increased above the cac, the amount of surfactant bound to polymer molecules
increases, whilst the free surfactant concentration stays constant. Eventually a point is reached where
the polymer molecules are saturated with surfactant, and further increases in the bulk surfactant
solution increase the concentration of free surfactant molecules until the cmc of the mixture is reached

and free micelles form.

T, = Polymer
Saturated

Mixture

5

4 T;=cmc

>

T, = ¢ac

CMC of Pure Surfactant

Log (Csurf)

Figure 1.5. Schematic representation of the change in surface tension, ¢, with bulk surfactant concentration, gy, of a mixture

of a nonionic polymer and surfactant where the polymer concentration is constant (orange line) as compared with that of a

pure surfactant (blue line).

The classical picture of of Jones™ and Lange’' is of polymer/surfactant complexes which consist of
polymer-wrapped surfactant micelles, where several micelles associate with single polymer molecule,
and the complex looks like ‘beads on a chain’.*'-**** This model was derived to explain surface tension
measurements made on mixtures of neutral polymers with ionic surfactants, with a form similar to the
schematic shown in Figure 1.5.%" ' For such weakly interacting polymer/surfactant systems, surface
tension measurements yield information about both the interfacial and bulk behaviour of the mixture.

12



In the model of Jones, the breakpoints T;, T, and T; in the surface tension data correspond to bulk
complexation, with T; being the onset of complexation, i.e. the cac, T, being the point where polymer
is saturated with micelles, and T; the onset of micelle formation in the bulk. In the decades since the
original studies of Jones, this model of the bulk phase behaviour of non-ionic polymer/ionic surfactant
mixtures has been supported by numerous studies, using a wide range of experimental techniques, of

which the references 3, 54-61 are only a small selection.

In the decades since the work of Jones et al., many groups have studied the bulk interactions between
charged or uncharged polymers and surfactants in order to determine the extent to which hydrophobic
and electrostatic interactions between polymer and surfactant favour complexation for a given system.
If a polymer is charged, it can be considered as having a number of charged binding ‘sites’ to which

43,62
d.

individual surfactant molecules are electrostatically attracted and can bin From this electrostatic

argument alone we might expect individual surfactant molecules to be bound to a polymer molecule.

Although this may be a viable binding model for some systems,” %

in this configuration the
hydrophobic part of the bound surfactant continues to be surrounded by water molecules, which is an
energetically unfavourable state. Unless the electrostatic interaction between the charged groups can
considerably outweigh this negative hydrophobic driving force, it is likely that polymer-monomer
complexes only exist as a pre-cursor to polymer-micelle complexes. The binding of one surfactant to a
polymer molecule effectively acts as a nucleation point, promoting clustering of surfactant molecules

and the formation of micelles.®*

The presence of polymer in a solution with surfactant significantly increases the favourability of
surfactant micelle formation as the polymer can wrap around a surfactant micelle, shielding exposed
hydrophobic regions from water, and in the case of polyelectrolytes insulating the repulsive

interactions between the charged surfactant headgroups.® "

Furthermore, the interaction of a polymer
molecule with a micelle is significantly more entropically favourable than the interactions of a large
number of small counterions with the micelle. These effects stabilize micelles, causing the point at
which micelles form in the mixture, the cac, to be considerably lower than the cmc of the pure
surfactant. As a consequence of the stabilization of micelles by polymer molecules, ‘beads on a chain’
type complexes form for a large range of polymer/surfactant mixtures. The surfactant micelles which
form in these complexes usually have a smaller aggregation number than that of the free surfactant
micelles” due to the enthalpic cost of aggregation on the polymer and the stabilization of the micelles
by the polymer due to reduced water-hydrocarbon contact* and decreased headgroup repulsion.” The
smallest possible polymer-micelle complex that can form is a single polymer-wrapped micelle, and for
this to form the number of polymer monomers needs to equal or exceed the aggregation number of a

56,72-75

surfactant micelle, which defines the minimum polymer molecular weight for complexation.
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The stronger the driving force for complexation of polymer and surfactant, the lower the cac of the
mixture compared to the cmce of the pure surfactant. Breuer and Robb’® were the first to try to classify
polymer/surfactant mixtures by their tendency to interact, and many studies since have tried to
determine the factors controlling complexation in a given polymer/surfactant system. Increasing the
alkyl chain length of a surfactant increases its hydrophobicity, which increases the driving force for
both interfacial adsorption and micellisation in a pure surfactant solution, lowering the cmc and

. . . . 69, 77
increasing the micellar aggregation number.”

The greater the charge density of the polymer the
larger the amount of surfactant that can associate with it before the cmc of the system is reached.”
Polymer flexibility also significantly affects the binding process,” as polymer molecules need to be
able to orient their charged groups for interaction and to wrap around surfactant micelles in order to
complex. Furthermore, addition of simple electrolyte to a polymer/surfactant mixture decreases the

electrostatic driving force for interactions, increasing the cac.*

In a wide range of polymer/surfactant mixtures, bulk complexes aggregate once their net charge is low
as they have lost their colloidal stability, and phase separation occurs, with the aggregates precipitating

. 44, 45, 81-85
out of the solution.™ ™

In the model of Hansson, phase separation occurs when the repulsive
interaction between surfactant micelles due to the electric double layer are removed as polymer
replaces the small counter-ions around the micelle, the attractive interaction between micelles then
dominates and phase separation occurs.* The group of Meszaros has studied the bulk phase behaviour
of a number of precipitating polymer/surfactant systems in recent years, describing them in terms of
characteristic surfactant concentration ranges.*” *** At low bulk surfactant concentration a kinetically
stable colloidal dispersion of complexes forms, and the solutions are optically transparent. Above a
critical surfactant concentration these complexes collapse, and precipitation can occur when their
charge density is low. These solutions are turbid. The region where complexes aggregate and
precipitation occurs is commonly defined as the ‘phase separation region’. As the surfactant
concentration is increased further, excess surfactant attaches to the outside of the aggregates and charge
reversal occurs, leading to resolubilisation, and the solutions become clear again. Associative phase
separation is driven by the entropy gained when counterions are released from the polyelectrolyte and

.. 52
ionic surfactant.

Stronger polymer/surfactant interactions can increase the bulk surfactant concentration range over
which phase separation occurs. For example, for the PSS/C,TAB systems, phase separation increases
with surfactant hydrophobicity.*” * The addition of simple electrolyte to a polymer/surfactant system
leads to a reduction in the two-phase region,” as it decreases the electrostatic interactions between the
polymer and surfactant.*” However, for some systems, the addition of electrolyte can cause broadening

of the precipitation concentration range.*” *® For PSS/CTAB, small to moderate amounts of added
14



electrolyte increase the width of the phase separation region, whilst larger concentrations prevent

surfactant binding to the polyelectrolyte.”

Several recent studies have shown that the formation of bulk aggregates in strongly interacting
polymer/surfactant systems is a non-equilibrium process which is dependent on the mixing procedure.

192 and Meszar6s™ ** has demonstrated that the mixing protocol

Work from the groups of Claesson
affects the formation of kinetically trapped non-equilibrium aggregates. The effect of mixing can be
understood in terms of the local rate of coagulation of the polymer/surfactant particles, which is largely
dependent on concentration gradients present during mixing.”* These studies showed that in order to
have reproducible bulk phase behaviour for a given strongly interacting polymer/surfactant system for
which phase separation occurs, strict control of the mixing methodology and sample preparation is

necessary.

1.4.2. Adsorption from Polymer/Surfactant Mixtures at Interfaces

Just as polymers and surfactants associate in the bulk solution, they can also associate at interfaces due
to both the strong associative interactions between them and the high driving force for surfactant to
adsorb at interfaces rather than being in solution. Many applications of formulations containing
mixtures of polymers and surfactants are designed for their surface properties. Consequently, studies of
adsorption from polymer/surfactant mixtures at the air/water and solid/water interfaces have become
increasingly common in recent decades, with several reviews discussing the behaviour of mixtures at

both types of interface.****% 9>

At the air/water interface, adsorption of both polymer and surfactant can occur below the bulk cac of
the system. For non-ionic polymers, which may interact weakly with surfactant, this is usually due to
the inherent surface activity of both components. However for non-surface active polyelectrolytes
interfacial adsorption below the bulk cac can be attributed to interactions between the two components
at the interface, which cause synergistic adsorption. For such polyelectrolyte/surfactant mixtures the
adsorbed material at low bulk surfactant concentrations usually has the form of a surfactant monolayer
to which polymer is associated. At higher bulk surfactant concentrations, in regions where bulk phase
separation is seen (as discussed above), thicker adsorbed layers are sometimes observed. Adsorption
and interaction of polymer and surfactant can be examined using a large range of techniques including
surface tensiometry, ellipsometry, neutron and X-ray reflectivity, atomic force microscopy, and

interfacial rheology.
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Adsorption of polymer/surfactant mixtures at the solid/water interface is also widely studied owing to
the wide range of applications which utilise such adsorption. Whilst at the air/water interface
adsorption is determined by interactions between the polymer and surfactant in solution, at the
solid/water interface interactions between the solid surface and the polymer, surfactant,
polymer/surfactant complexes, and solution all affect the adsorption behaviour. The interfacial
behaviour of polymer/surfactant mixtures therefore depends strongly on the nature of the surface, i.e.
whether the surface exhibits hydrophobicity or hydrophilicity, and whether it is charged or not.
Adsorption at hydrophobic interfaces is similar to that at the air/water interface except that the system
is confined; adsorption occurs well below the cac. At a hydrophilic surface adsorption of both

components does not occur until a polymer/surfactant mixture reaches its cac.

Studies of adsorption at the solid/water interface from polymer/surfactant mixtures are generally
conducted in one of two ways, addition of surfactant to pre-adsorbed polymer layers,”’or adsorption
from pre-mixed polymer/surfactant solutions. In both cases the presence of surfactant has a significant
effect on polymer adsorption. Sequential additions of surfactant to adsorbed polymer cause the
polymer to adopt a more extended conformation away from the surface as surfactant interacts with the
polymer.”® The polymer layer can even be desorbed due to interactions with the surfactant unless the
interaction between the polymer and surface is very strong. Adsorption from pre-mixed
polymer/surfactant solutions will depend on the bulk phase behaviour, whether there are
polymer/surfactant complexes and aggregates present in the bulk solution. The presence of surfactant
only enhances adsorption at surfactant concentrations above the cac but below the bulk phase
separation region, where the adsorbed amount usually decreases.” '*” Many studies of adsorption at the
solid-water interface also examine the effect of rinsing the surface, as this is relevant to many
applications. In different systems this can lead to complete removal or increased deposition of
material.”” As this thesis is concerned with adsorption at the air/water interface, I will not discuss
studies at the solid/water interface in the following section. More information on such studies can be

found in the reviews* *%.

In the following section, I present a survey of the main studies of adsorption from polymer/surfactant
mixtures at the air/water interface; further details of the previous work performed on systems studied as

part of this thesis are given in the relevant chapters.
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1.4.2.1. Adsorption from Polymer/Surfactant Mixtures at the Air/Water Interface

The first systematic investigations of adsorption at the air/water interface from polymer/surfactant
systems were those of Jones and Lange, who examined mixtures of non-ionic polymers with ionic

%031 For such weakly interacting polymer/surfactant systems,

surfactants using surface tensiometry.
surface tension measurements yield information about both the interfacial and bulk behaviour of the
mixture, as discussed in section 1.4.1. Thomas and Penfold used neutron reflectometry (NR) to
determine directly the composition of the material adsorbed at the air/water interface from mixtures of
non-ionic polymers and surfactants including PEO/SDS and poly(vinyl pyrrolidone) [PVP]/SDS and to

101193 Their data suggest that

relate the composition to the surface tension behaviour of these systems.
competitive adsorption occurs in these systems, with both surface-active polymer and surfactant
adsorbing at low surfactant concentrations, but polymer progressively displaced from the interface with
increasing surfactant coverage until it is no longer adsorbed at surfactant concentrations above the cac.
Cooke et al. attributed this displacement of polymer to a combination of the increasing surface pressure
on surfactant adsorption and bulk complex formation.'”> However, more recent studies have shown that
PEO can continue to adsorb at the interface even at high surfactant coverages,'™ attributing this to the
fact that only a small proportion of the monomers of a non-ionic polymer need to be adsorbed for it to

remain at the interface.'® ¢

Goddard and co-workers were the first to examine adsorption at the air/water interface from oppositely

charged polymer/surfactant mixtures. '’

They demonstrated that the strong electrostatic interactions
between the polymer and surfactant resulted in very different adsorption behaviour to that of uncharged
polymers, with surface tension data which could not be described by Jones’ models. Goddard et al.
developed a model for interfacial adsorption from strongly interacting systems which explains the
observed lowering of the surface tension below the cac of the system in terms of synergistic adsorption
of polymer and surfactant molecules at the interface. In this model, a monolayer of surfactant ions
adsorbs at the interface and electrostatically attracts the charged polymer, which acts as counter-ions to
the head-groups of the adsorbed surfactant, displacing the surfactant counter-ions from the interface.
Furthermore, bulk aggregation effectively strips polymer from the interface in the phase separation

region, with only surfactant adsorbing at high bulk concentrations. Interfacial adsorption of complexes

which have formed in the bulk solution is not allowed for in this model.

Since the work of Goddard, several groups have examined adsorption from oppositely charged

polymer/surfactant systems at the air/water interface, including a substantial body of work by the group

108-118

of Thomas and Penfold using neutron reflectometry.” These studies have shown that the
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adsorption behaviour of such systems can be more varied than the above model suggests, depending on
the nature of the two components. The work of Taylor et al. led to the classification of
polymer/surfactant mixtures into two broad types depending on their interfacial adsorption behaviour.
49,109, 10,116, 17 «Type 17 systems such as PSS/C;,TAB exhibit adsorption of thick layers consisting of
more than a surfactant monolayer, even exhibiting multilayers in some cases. In contrast, ‘Type 2’
systems such as poly(dimethyldiallylammonium chloride) [PDMDAAC]/SDS adsorb with a compact
layer at the interface, more characteristic of weakly interacting systems, but also exhibit a characteristic

‘cliff edge peak’ in the surface tension isotherm, as shown in Figure 1.6.

Surface Tension (mN/M)
w
s
T

Concentration SDS (M)

Figure 1.6. Surface tension of PDMAAC/SDS mixtures as a function of surfactant concentration reproduced from the work of

Staples ef al.'"°

The two different types of surface tension and adsorption behaviour in the work of Taylor et al were
rationalized by the authors in terms of the competition between the formation of two basic types of
polymer/surfactant complex, one at the interface, denoted PS, and a polymer/micelle complex in the
bulk solution, PSy.* "' "7 In order to explain multilayer adsorption they also proposed the formation
of a second sub-surface complex, PS,’, which could bind to the underside of a layer of surface
complexes, PS;. The formation of PS,’ rather than bulk complexes, PSy; was suggested to depend on
the gap in stability between PS; and PSy; being large. If the gap in stability is too small, PSy forms at
lower surfactant concentrations, and PS;” does not form. This results not only in the formation of no
interfacial multilayers but also in the depletion of polymer and/or surfactant from the interface into
solution, which is associated with a peak in the surface tension. This description of adsorption has been
used by Bell et al. as the basis of their thermodynamic model for adsorption from polymer/surfactant

systems for a two-phase (air/liquid) system at equilibrium''® "%,

Other studies performed on the systems classified as ‘Type 1’ and ‘Type 2’ by Taylor et al., have

suggested alternative explanations for the trends in interfacial adsorbed amount and surface tension,
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linking the interfacial behaviour to changes in the bulk phase behaviour including bulk aggregation,
which is not included in the model discussed above. In their studies of PSS/C,TAB mixtures, Monteux

1.,""'% and Kristen er al.” demonstrated that surface gels and foams are only stable in

et a
concentration regions where bulk precipitation does not occur. Near charge equivalence, aggregates
form and films at the air/water interface collapse. Monteux et al. attributed this behaviour to the
decrease in favourability of interfacial adsorption with increasing phase separation.'”’ Following from
this work, the dynamic studies of Noskov et al. on the same systems demonstrated a significant
decrease in surface elasticity of some polymer/surfactant mixtures near the charge equivalence point of
the systems, and attributed this to the formation of a heterogeneous film containing microgel

particles.'”"’

In the examination of other polymer/surfactant mixtures such as that of PEI and SDS, different
interpretations of the interfacial behaviour are reached if the bulk phase behaviour is also considered.
The work of Penfold et al. showed using NR measurements that multilayer adsorption can occur in
PEI/SDS at high pH, but not at low pH." "> The work of Tonigold ef al. on the same system (albeit
using a higher molecular weight polymer) showed that bulk polymer/surfactant aggregates could be

incorporated into the interfacial layer. '**

At pH 4, where Penfold et al. observed monolayer
adsorption, these aggregates were only at the interface due to the sample preparation methods and
could be removed. However at pH 10, where Penfold et al. observed multilayer adsorption, Tonigold ez
al. demonstrated that bulk aggregates could adsorb spontaneously at the interface.'”® It is clear from the
work of such as Monteux and co-workers, Noskov and co-workers, and Tonigold et al., that interfacial
adsorption from interacting polymer/surfactant mixtures cannot, as previously discussed, be considered

in isolation from their bulk phase behaviour.

The recent work of Campbell et al. on PDADMAC/SDS has examined the link between the bulk phase

129, 130 .
’ These studies

behaviour and the production of the ‘cliff edge peak’ in the surface tension.
demonstrated that the peak is produced by slow changes in the bulk phase behavior resulting in
comprehensive precipitation of virtually all of the polymer from the liquid phase after three days.
Furthermore it was also demonstrated that changes in the sample preparation or handling could result
in vastly different surface tension and adsorption behaviour. In their most recent study, the authors
have demonstrated that interfacial multilayers observed for this system originate from the transport of
structured bulk aggregates under gravity rather than a self-assembly process initiated by the presence
of the interface itself.””' The non-equilibrium nature of this system has therefore been comprehensively

and systematically demonstrated. The same authors have recently shown that a surface tension peak

can form in the PSS/C,TAB system in the region where bulk phase separation occurs, despite the fact
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that it was classified as “Type 1’ by Taylor ef al. (compared to the ‘Type 2’ classification of
PDADMAC/SDS).'** It is clear from these studies that conclusions about the interfacial adsorption
mechanism cannot be reached for interacting polymer/surfactant mixtures unless the effect of the bulk

phase behaviour is fully understood and controlled.

1.4.2.2. Adsorption Isotherms

The adsorption of surface active species at the air/water interface is often described by an adsorption
isotherm. In order to give some context to the discussions of adsorption mechanisms of
polymer/surfactant mixtures which follow in this thesis, I will briefly discuss here the basis of
adsorption isotherms of pure surfactants, binary surfactant mixtures, and the possible extension to
polymer/surfactant mixtures. The following discussion follows the formalism of Kralchevsky,'* within
which subscript 1 refers to surfactant ions (eg DS"), subscript 2 to surfactant counter ions (eg Na"),
subscript 3 to added counterions (eg Cl” from added NaCl) and subscript 4 denotes non-ionic polymer

or surfactant molecules.

The simplest example of adsorption is that of a pure non-ionic surfactant, as only one species adsorbs

at the interface, and its adsorption can be accounted for by the van der Waals isotherm:

gyl g4l 2 I
K4_C4_ — 4474 exp[ 4474 184-4- 4-] (18)
1—aysly kgT

where K, is the adsorption constant, c4is the concentration of species, 044 is the excluded area per mole
at the interface, I’y is the surface excess of surfactant, and B, is the Van der Waals interaction
parameter between the non-ionic surfactant molecules. Such an isotherm has been shown in previous

studies to provide a good fit to adsorption data recorded on the OFC for non-ionic surfactants.*®

For an ionic surfactant in the absence of added salt, the binding of the counter-ion to the surfactant at
the interface also needs to be accounted for in the adsorption isotherm. For this purpose, the van der

Waals isotherm can be coupled to the Stern isotherm for counter-ion binding to give

1+ KgpCppmg = a1 (N —I7) [ @111, 2[5’111"1] (1.9)

1-aq10 1-aq1y kgT

I KstCz=0 (1.10)

I; 1+KstC2,z=0
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Where Kg, is the Stern constant that describes the strength of binding of the counter-ion to the

surfactant monolayer, and ¢;z- is not the same as c; in the mass transport equations.

The version of the van der Waals isotherm which accounts for counter-ion binding ( Equation 1.9) can
then be extended to describe adsorption from a binary mixture of an ionic surfactant with a neutral
surfactant or surface active polymer (such as C;,TAB and PEO in Chapter 5). In this model we need to
add terms to account for the interactions between the two species at the interface, and the space taken
up by the combination of the two species.

a11(Nn—1z) exp a1 — ) +(ags—a)ly
1—aq1 ([ +1) 1-a(ly+1y)

(1 + KStcz,z=0)K1C1,z=0 = — 2kgT(B1117 + ,3141:;)] (1.11)

where 14 is the interaction parameter between the surfactant ions and the polymer molecules in the

monolayer. a4 is given by

12 1/2 2
(yq = (—“n 195 ) (1.12)

and a is the excluded area per mole, given by
= ay X2 + 204X X4 + Qgax? (1.13)

Where x; is the mole fraction of component i in the monolayer. This approach ( Equation 1.11) has

been shown previously to be appropriate for a binary mixture of an ionic and a non-ionic surfactant.*

In order to use the approach above to account for the adsorption from a mixture of an ionic surfactant
and a charged polyelectrolyte (such as PSS and C;,TAB in Chapter 6) in the presence of added
electrolyte, we will need to account for the adsorption and interactions between five species which
would significantly complicate the adsorption isotherm compared to Equation 1.11. Furthermore, the
model used would depend on the assumptions or evidence for the structure of the adsorbed layer. For
example, if we assume that the polymer acts only as a sub-layer to an adsorbed surfactant layer, it
would take up no space at the interface. The main role of the polymer would then be to displace small
ions from the surfactant layer, whilst the counter-ions would also be displaced from the polymer, and
this would have to be accounted for in any calculation of the various o and 8 values. Conversely, if we
assumed that polymer and surfactant co-adsorbed at the interface they would both take up space, and
the isotherm would be dominated by firstly a for both the polymer and the surfactant, and secondly the
relative sizes of the interaction parameters between the polymer and surfactant or between the
surfactant or polymer molecules. In this situation the composition of the interfacial material would

have to be used to determine the contribution of the small ions to the adsorption isotherm. Between the
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two possibilities outlined above there are many other possible structures of the polymer/surfactant
layer at the interface, which will affect the validity of any proposed adsorption isotherm for the
mixture. If both the structure and composition of the material at the interface can be determined with
complete certainty, it may be possible to extend the formalism of Kralchevsky to include interacting
polymer/surfactant mixtures. However, as it will be seen in this thesis, it is difficult to fully determine
the structure of the material which adsorbs at the interface of the OFC from interacting
polymer/surfactant mixtures. As a consequence, the determination of adsorption isotherms for such
mixtures is beyond the scope of the work presented in this thesis. Therefore, where it is relevant, the
discussion will principally be based around assessing how the interactions between the two

components affect the adsorption isotherm of each component alone.

1.4.2.3. Adsorption from Polymer/Surfactant Systems on the OFC

The research presented in this thesis examines the kinetics of adsorption of several polymer/surfactant
mixtures using the overflowing cylinder. Although the majority of previous studies using the OFC
have examined the adsorption dynamics of pure surfactants and surfactant mixtures,”® > 323436 13% ye
can use a similar approach to examine adsorption from polymer/surfactant mixtures. The main aim for
each polymer/surfactant system is to determine how the presence of polymer in the system affects the
adsorption of surfactant and vice-versa. Pure surfactants generally adsorb under diffusion control;” '**
there is no barrier to adsorption at the interface and mass transport is the rate limiting step in the
adsorption process, except at close to saturation coverage where adsorption commonly deviates from
diffusion control. The presence of polymer in solution with surfactant is likely to affect the kinetics of
surfactant adsorption in one of two ways, enhancing adsorption due to synergistic effects at the
interface, or hindering surfactant adsorption due to the formation of large polymer/surfactant
complexes which diffuse more slowly to the interface than surfactant molecules. The formation of
large bulk species such as aggregates in polymer/surfactant mixtures will also affect the adsorption
kinetics of the system, as large species cannot reach the OFC on the timescale of surface expansion and
hence any species in a bulk aggregate are unlikely to contribute to the interfacial adsorption behaviour

of the system.

Noskov’s group has examined dynamic adsorption from polymer/surfactant mixtures using the
oscillating barrier and oscillating drop methods.'>* '*” These studies have shown that the formation of
bulk aggregates causes an abrupt drop in the dynamic surface elasticity of these systems, implying that

less material is adsorbed at the expanding interface. Studies using these methods are somewhat limited
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to states of the interface near its static condition, unlike the OFC, which can examine
polymer/surfactant adsorption under dynamic conditions closer to those under which formulations are

used.

One study of the adsorption of a polymer/surfactant system on the OFC precedes this thesis, that of the
strongly interacting polymer/surfactant system PDMDAAC/SDS of Campbell ef al.'*® This study found
that neither the amount nor the composition of the material at the expanding surface of the OFC bore
any simple relationship to the composition of the bulk solution or that at the static air/water interface,

and that no polymer adsorbed at the interface above the charge equivalence point of the system.

In this thesis, the adsorption kinetics of a range of polymer/surfactant systems are examined using the
OFC in order to try to determine the mechanism of interfacial adsorption for each mixture. The hope is
that in developing an understanding of the factors which control dynamic adsorption in several
different systems, we will be able to begin to predict both the static and dynamic adsorption behaviour

of other polymer/surfactant mixtures in the future.
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Chapter 2 . Experimental Techniques & Theory

2.1. Overflowing Cylinder

The overflowing cylinder (OFC) is a sample environment which creates a continuously expanding
air/liquid interface. In an OFC, liquid flows up an inner cylinder and overflows its rim to be collected
in an outer cylinder from where it is recycled by a pumping system. The interface expands radially
from a central stagnation point towards the rim of the inner cylinder. Surface-active material which
reaches the interface of the OFC can adsorb at the interface, however surface expansion causes
adsorbed material to be continuously lost and replaced by other material, so that the adsorbed amount
remains constant. The continuous adsorption and loss of material at the interface means that the OFC
can be used as a platform for the study of adsorption kinetics of systems containing surface-active
species. Examination of the adsorbed amount of material at the expanding interface enables us to

obtain information about the mass transport and species in the bulk solution.

Figure 2.1. Photograph of the overflowing cylinder used in this work in situ on the neutron beamline FIGARO.

The steady-state nature of the interface of the OFC, along with the size of the interface created (80
mm in diameter) enables adsorption kinetics to be studied on the OFC using a wide range of
experimental techniques. These include laser Doppler velocimetry', ellipsometry” °, surface light
scattering’, external reflection Fourier transform Infra-red spectroscopy, (ER-FTIRS)*, and neutron
reflectometry” °. The OFC has been extensively employed in the Bain group to study the dynamic

adsorption of many different systems using different combinations of these techniques. The systems
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examined include the cationic alkyltrimethyl ammonium bromide surfactants (C,TABs)," ’
ammonium perfluorononanoate (APFN).” non-ionic alkyl poly(ethylene glycol) ethers (C,E.s).

mixtures of surfactants’ and polymer/surfactant mixtures.’

The original OFC was designed at the Kodak laboratories by Padday'’, and by Ferroni and Piccardi',
as a method of studying dynamic liquid systems, using a Wilhelmy plate to measure the dynamic
surface tension. More recently, Manning-Benson et al'* altered the original OFC designs in order to
use it in the study of adsorption kinetics of surfactants. The OFC used in the experiments presented in
this thesis is very similar to the one designed by Manning-Benson, with only a few minor
modifications. This OFC was commissioned for use at the Institut Laue-Langevin (ILL) both in the
lab and on the NR beamline FIGARO, and is currently offered to users as a sample environment for
their studies. A photograph of the OFC used in this study in situ on FIGARO is shown in Figure 2.1,

and a schematic representation of the OFC is given in Figure 2.2.

Radially
Expanding Inner Cylinder
Interface e —
A e —
\l Flow straightener
Wetting l/ f + j T
film Outer

Cylind
length é yiinder

<
<«

L o

Level of solution

in outer cylinder

Resistance Plate

(Q

Figure 2.2. Schematic of the overflowing cylinder showing specific design features. The arrows blue arrows within the

diagram indicate the direction of liquid flow.

The OFC consists of two concentric cylinders of stainless steel. Within the inner cylinder, the

combination of a Teflon flow straightener punched with evenly spaced, 3-mm holes and a small
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circular resistance plate ensures an even flow profile through the cylinder. The cylinder is carefully
leveled so that it overflows uniformly in all directions. The OFC is connected by Teflon tubing to a
magnetic drive pump and two glass reservoirs. Reservoirs facilitate both the decoupling of pump
vibrations from the cylinder, and control of the flow rate in the system. The flow rate was kept
constant for all experiments, above the threshold value of around 15 cm’s™ at which the surface

properties become independent of the flow rate'*'*

(this decoupling of the surface and bulk flows in
the presence of surfactants is a remarkable feature of the OFC that remains unexplained). The
wetting length on the outside of the inner cylinder, /,, (as marked in Figure 2.2) was chosen to be
large enough that the water in the moat around the inner cylinder does not influence the flow at the

surface of the OFC (1,> 40 mm”).

The whole system has been designed to be able to run on around 1.25 1, the minimum amount
possible whilst still maintaining the same cylinder dimensions. Use of a minimum system volume is
very important for NR experiments which involve the use of expensive deuterated materials. Smaller
OFCs have been used previously’, and the interfacial properties have been shown to be independent
of the cylinder dimensions'”, however use of a smaller OFC gives rise to compromises in available
flat area of the interface for study and this compromises the performance of NR measurements. On
the OFC used in this study, the interface is flat over the central 30 mm for pure water, the most domed
solution, as shown by data in Figure 3.12 in Chapter 3. Furthermore, the surface coverage, I, is a
quadratic function of the radial position (r),”'> hence the variation in properties with r near the centre
of the cylinder is small. For the surfactant C;¢TAB, /" has been shown to change by less than 5% of a
monolayer over the central 40 mm of the cylinder."”” The combination of the flatness of the central
area of the interface with the minimal variation in surface coverage in the same region makes the
OFC ideal for study using techniques requiring a large surface area such as NR as well as other
techniques. In this work, adsorption at the interface of the OFC is studied using a combination of

ellipsometry, neutron reflectometry and laser Doppler velocimetry (LDV).

The OFC expands radially from the central stagnation point, with a rate of surface expansion § = d In
A /dt, where A is the area of an element of the surface. For 2-D radial flow the surface expansion rate

can be expressed in terms of the change in radial velocity, v, with radial position,

— -1 d(rvr)
g =r18 @2.1)

For pure water @ depends on the flow rate, but is around 0.6 s for the flow rates used in this study.

The presence of surfactant in the solution induces surface tension gradients, do/dr, which induce radial
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flows at the interface due to the Marangoni effect. This causes a tenfold increase in v, with the radial
position. This causes higher surface expansion rates (6), typically 1 — 7 s™. The radial velocity v, was
measured as a function of r using laser Doppler velocimetry (LDV) as described in Section 2.2, and
these values were used in Equation 2.1 to calculate 8. Further details of the fluid dynamics of the OFC

14,16

are described elsewhere, and will not be replicated at length in this thesis.

The adsorption of material at the interface of the OFC is controlled by convection and mass transport
to the region near to the interface and by the likelihood of adsorption from the sub-surface region. The
quantitative model of the convection and mass transport of material to the interface of the OFC of Bain

et al is similar to that of van Voorst Vader et al.'® "’

, and is based on the principle that the adsorbed
material lost from the interface through surface expansion is balanced by transport of molecules to the

sub-surface by convection and diffusion.

Mass transport of material in an OFC obeys the standard convection-diffusion equation, which for a

non-ionic surfactant below the cmc can be written as

d
a—i: DV%c—v.Vc, (2.2)
where ¢ and D are the concentration and diffusion coefficient of the surfactant and v is the fluid
velocity. For an ionic surfactant this equation would also need to contain terms for the counterions and
co-ions, and in a polymer/surfactant mixture, a further term for the polymer would also be necessary.
However here, to explain the principle, I am only considering the most simple situation, adsorption

from a solution containing only one species: a non-ionic surfactant.

In the OFC the concentration gradients are much smaller in the radial than in the axial (z) direction,
hence transport in the radial direction can be neglected. At steady state dc/dr =0. With use of the
continuity equation, V.v = 0, and the boundary condition v, = 0 at z = 0 (where z is the normal to the

surface) which eliminates the convective term, gives
v, =0r/2 and v, = —0z . (23)
Substituting into Equation 2.2 gives
2
D—+0z—=0. 2.4)
zZ zZ

Expansion of the interface causes a decrease in the dynamic surface excess of the surfactant, [y,

which is replenished by diffusion to the interface. At steady-state these two fluxes are equal:
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re= -n (%)Zzo. 2.2)

Solving equation 2.4 subject to the boundary condition 2.5'°"* gives

rdyn = \/% (c—cs) (2.3)

where ¢, is the subsurface concentration. All of the quantities in Equation 2.6 can be measured
experimentally except c;, which is calculated using the experimental values of the other variables and

used to analyse the adsorption kinetics of the system.

For an ionic surfactant in the absence of salt, the self-diffusion coefficient in Equation 2.6 is replaced
by the mutual diffusion coefficient. With excess salt (as in the experiments here) D reverts to the self-
diffusion coefficient since the electrolyte eliminates the migration fields. For a mixture of non-
interacting monomeric components, Equation 2.6 applies to each of the components in the mixture.”
For a surfactant solution above the cmc, the adsorption model must also account for the diffusion of

. .. . 20, 21
micelles and monomers and their interconversion.””

Valkovska et al developed a quantitative
methodology for the calculation of the effective diffusion coefficient of surfactants in a solution in
which the bulk concentration is above the cmc, assuming fast interconversion of micelles and
monomers In this work we will develop an adsorption model to account for the adsorption from
mixtures of polymers and surfactants, which form complexes in solution above the critical aggregation
concentration as an extension of the approach of Valkovska et al to the modeling of adsorption from

micellar surfactant systems. This approach will be discussed at length in Chapter 6.

Adsorption is described as being under diffusion, kinetic, or mixed kinetic/diffusion control depending
on whether the overall rate of adsorption is dictated by mass transport, i.e. diffusion, convection, and
migration in the bulk phase, or by the free energy barrier for adsorption to the interface. Under
diffusion control, adsorbed surfactant is locally in equilibrium with surfactant in the sub-surface
region, and the relationship between the dynamic surface excess, Iy, and the sub-surface
concentration, ¢, is equivalent to that between the equilibrium surface excess, /4y, and the bulk
surfactant concentration, cy, { yy(cs) = I ,4(cp). For a pure surfactant adsorbing under diffusion control,
saturation coverage of the interface of the OFC ([ naxayn = [ maxeq) 18 not reached until the sub-surface
concentration of surfactant, ¢, reaches the cmc, which does not occur until the bulk surfactant
concentration, ¢y, is significantly above the cmc on the OFC. We can determine whether adsorption of
a surfactant on the OFC is under diffusion control by comparing [ 4y,(cs) determined on the OFC using
Equation 2.6 with an equilibrium isotherm, /4(cp), determined for the same system. This approach is

used in Chapter 5 of this thesis for simple polymer/surfactant systems. An alternative approach in the

36



absence of an appropriate adsorption isotherm is comparison of the I'yy, data to the calculated amount
of material which would adsorb under diffusion control, which can be approximated using Equation
2.6 and setting c, = 0. This assumption can only be made when the surface is far from equilibrium, and
there is no barrier to adsorption of material from the diffusion layer, as this results in I'qy, << I'eq and

therefore in Equation 2.6 c; << ¢}, and hence we can replace c,-c; with ¢, (i.e. ¢, =0),

Two further possibilities exist for adsorption from a pure surfactant solution, if the barrier to adsorption
from the subsurface layer to the interface is rate-determining, then c, = ¢, and diffusion plays no part in
the adsorption kinetics. If the system is under mixed kinetic/diffusion control, c, is greater than it
would be for a given I' when the system is under diffusion control, but less than c,. A barrier to
adsorption may arise from (i) a lack of empty sites at the interface, (ii) re-orientation of the surfactant

for adsorption, (iii) electrostatic or steric repulsions, or (iv) slow break-up of micelles.

Although the above discussion is appropriate for the examination of surfactant adsorption, adsorption
from mixtures of polymers and surfactants is more complicated due to interactions between the two
components. We can consider the factors which affect adsorption from mixtures by analogy to the
study of Day et al of adsorption from mixed surfactant systems on the OFC."® This study showed that
even in a non-interacting system, the surface composition does not generally reflect the bulk
composition for a combination of thermodynamic reasons (one component is more surface active than
the other) and kinetic reasons (one surfactant diffuses faster than the other). In Chapter 5, I will
examine the kinetics of adsorption of non- and weakly-interacting polymer/surfactant systems. If there
are interactions between the components in the system, one additionally needs to know the interaction
parameters at the surface and, if applicable, in micelles (or polymer/surfactant complexes): the

2,23
d.

resulting adsorption kinetics can become very complicate In Chapters 6 and 7, I will examine

the kinetics of adsorption of interacting polymer/surfactant mixtures by extension from the principles

119

of Day et al'® and Valkovska et al* as discussed above.
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2.2. Laser Doppler Velocimetry (LDV)

Laser Doppler velocimetry (LDV) is used to determine the radial velocity profile and thus the surface
expansion rate (0) of a solution on the OFC." The surface expansion rate is related to the surface

velocity, v;, and radial position, r, by 14

_dind _ v, | dvr
O=——=—+,- (2.4)

In LDV a laser beam is split into two equal parts which are then re-focussed on the same point at the
surface of the OFC. An interference pattern is set up where the two beams cross. The spacing of the
fringes in this pattern is given by

2
" 2sin¢/2

(2.5)

where ¢ is the half angle between the laser beams. For the measurements made in this thesis the half
angle of crossing is 26.6°, and the plane of crossing was tilted 15 degrees from the horizontal. For
LDV measurements at the interface of the OFC the fringes are set up perpendicular to the radial vector,
so that material at the expanding interface passes through them. The solution is seeded with
microscopic particles which pass through the fringes and scatter light with an intensity modulated at a
frequency (f) determined by the spacing of the fringes and the speed of the particles perpendicular to
the fringes (v,):

f _ Zvr;ind) (2.6)

Light scattered from particles passing through the interference pattern is recorded using a
photomultiplier tube and these signals are Fourier transformed into a plot of intensity against

frequency.

In the LDV measurements made as part of this thesis, a HeNe laser was used, and TiO, particles (2um,
99%+ rutile, from Alfa) were used to seed the solution, as they do not interact with the polymer or
surfactant, and are not surface active. The measured Fourier transformed signals were averaged over
100 scans and the frequency corresponding to the highest peak was converted into a surface velocity

using Equation 2.9.

Previous studies have shown that v, changes significantly with the depth of the focus below the
interface'® To confirm that measurements are made at the interface, the focus is lowered from above

the surface until the first peaks in the Fourier transformed signal are observed.
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To obtain 0 from v,, the frequency (and hence the surface velocity) is recorded as a function of radial
position over a distance of up to 20 mm either side of the central stagnation point. Figure 2.3 shows the
interference signal which results from a particle passing through the interference fringes at the interface
of the OFC. This signal is Fourier transformed to obtain the frequency of the particle, and an average is

taken over 100 sweeps.

Filtered signal

I 2
f A, .,\..aﬂ ol
W W{M Moty

LA das o mal b

Average of FT

Figure 2.3. Photograph of the screen of the oscilloscope during LDV measurements, showing the signal which arises from a
particle passing through the interference fringes along with the Fourier transform of this signal, and the average of these

Fourier transforms over multiple signals.

The measured frequency is converted into the surface velocity, v,, using Equation 2.9, and v, is then

plotted as a function of the radial position, as shown in Figure 2.4.

The surface expansion rate is obtained from the data in Figure 2.4 from a fit to the v, v r data, using a
cubic function, v, = a,+asr". This can be combined with Equation 2.7 to give a function for # in terms

of r:

6 = 2a, + 3asr?
(2.10)

From the data in Figure 2.4 we can see that the cubic function can be neglected over the central region,
as the relationship between v, and r is linear. This is the region over which NR measurements are made
(as discussed in Chapter 3). At the centre of the cylinder the surface expansion rate is therefore given
by 0=2a,.
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Figure 2.4. Radial velocity as a function of radial position as recorded on 0.9 mM C;,TAB with 0.1 M NaBr. The v, values

one one side of the cylinder are plotted as negative (although negative velocities are not measured) in order to allow a line to

be fitted through all of the data, and to allow for an offset in the position of the cylinder centre from 20 mm.
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Figure 2.5. Surface expansion rate (0) against bulk surfactant concentration of C;,TAB in the presence of 0.1 M NaBr. These

data were measured as part of the work in this thesis, and are used in discussions in Chapters 6 and 7.

For a given system, the surface expansion rate is usually measured as a function of surfactant

concentration, and for pure surfactant solutions the shape of 8 v ¢y, is typically a ‘volcano plot

20
>, as

shown in Figure 2.5. The shape of the volcano can be qualitatively explained in terms of the ability of

the surface to sustain surface tension gradients. At low bulk surfactant concentrations the surfactant

40



coverage is too low to cause significant deviations in the surface tension from that of pure water, hence
no surface tension gradients accelerate the surface. At high surfactant concentrations the surface
coverage is high and mass transport to the interface becomes fast compared to 8, hence the surface is
unable to sustain surface tension gradients due to the rapid transport of surfactant from the bulk to the
interface. Consequently as the surface reaches saturation (/ 4y, —/ may), the sub-surface concentration c,
in Equation 2.7 approaches the bulk surfactant concentration. The largest Marangoni effects (resulting
in the highest expansion rates) occur at bulk compositions where small changes in the coverage lead to
big changes in the surface tension. Deviations from the classical volcano plot shape for pure surfactants
or polymer/surfactant mixtures as studied here, may arise from kinetic barriers to adsorption which

prevent the surface from reaching local equilibrium, or from changes in the adsorption mechanism.

2.3. Ellipsometry

2.3.1. Principles of Reflection of Light

Before discussing the theory behind the technique of ellipsometry I will first discuss the principles of
the reflection of light from an interface. This explanation serves a dual purpose, as due to wave-particle

duality, neutron reflectometry can be explained using similar principles, as I will discuss in Chapter 3.

The propagation of light through a medium is given by the refractive index of the medium, n.
Fundamentally, n is defined as the factor by which the wavelength, A, and velocity, v, of light are
reduced in a medium with respect to their values in a vacuum. The speed of light in a medium is given
by v = ¢/n, where c is the speed of light in a vacuum. This implies that a vacuum has a refractive index
of one. The refractive index of materials varies with the wavelength of the incident light. In absorbing
media, the refractive index is a complex number where the real part described refraction and the
imaginary part accounts for adsorption. However, none of the materials examined as part of this project
adsorb either visible or neutron wavelengths to a significant extent, and hence only real refractive

indices (or neutron scattering length densities) will be considered here.

When light travels between two different media, it changes direction, i.e. it is refracted. The
relationship between the angle of incidence, 6, the angle of refraction 6;, and the refractive indices of

the incident and transmitting media (n; and n; respectively) is given by Snell’s law
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n;sing; = n;sing; (2.11)

When light is incident at an ideal (by which I mean laterally homogeneous, isotropic, planar and with
zero roughness) interface between two media, not all of it is transmitted into the second medium, some
of it is reflected, as shown schematically in Figure 2.6. As light is specularly reflected from the
interface, the incident and reflected angles are equal, 6, = 6,. If n; > n; the reflection at the interface is

termed ‘internal reflection” and if n; < n; ‘external reflection’ occurs.

The extent to which light is reflected from the interface or transmitted into the second medium can be
calculated using Fresnel’s equations. However, the calculations of Fresnel’s coefficients depend on the

polarisation of light, hence we will first discuss the polarisation of light.

Figure 2.6. Schematic showing the geometry of reflection of light from an interface following Snell’s law, n;sing; = n;sing;,

where 0; =0, and n; > n;

Unpolarised light has an equal distribution of electric field orientations in all directions. Light can be
linearly polarised so that its electric vector is confined to one plane, perpendicular to the direction of
travel. When light strikes a surface at a non-perpendicular angle, the reflection and transmission
characteristics depend upon the direction of its planar polarisation. In order to discuss this it is simplest
to define a co-ordinate system by the plane of the interface, and a plane perpendicular to the interface
which contains the incident and reflected beams, the plane of incidence. Plane polarised light with its
electric field vector in the plane of incidence is defined as p-polarised light, whilst plane polarised light

with its electric field vector perpendicular to the plane of incidence (into and out of the page in Figure

2.7) is defined as s-polarised light.

The (complex) amplitude of the reflected beam relative to the incident beam (denoted r, and r, for p

and s polarised light, respectively) is given by Fresnel’s equation
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njcosf;—n;cosd; n;cosf;—njcoso;
Tijp =, and 1= ————>0
g n;cosdj+n;coso; ’

(2.12)

njcosf;+njcoso;

The reflectivity, R, is the square of the amplitude of the Fresnel co-efficient, R = |r|?.

Plane of Incidence

Figure 2.7. Schematic diagram to show the directions of s and p-polarised light in the incident beam, as well as the reflected

beam at the Brewster angle, as discussed below.

The principles of reflection described above apply to a single ideal interface between two media with
no adsorbed layer. For a single thin film at the air/water interface, such as a surfactant monolayer,
reflection can be approximated as occurring from two interfaces, above and below the film. A three-
layer model can then be used to describe such a layer, where layer 1 is the air, layer 2 is the monolayer,

and layer 3 is the solution, the reflectivity R ,; is then given by

|2 _ T122+71532421,755c0528
1474521532 +21 2753C052

Ri23 = |ri23 (2.13)

where B is the change in phase of a wave which has travelled twice obliquely through the layer

B = (j—"nzhcosez) (2.14)
1

where & is the layer thickness, and A is the wavelength of the incoming light. For the purposes of these
discussions we will assume that the layers are optically isotropic, and hence that they have a unique
refractive index (as in Equations 2.12-2.14). This assumption is appropriate within the thin film limit,
where the film thickness is much smaller than the wavelength of incident light, and not greater than a

few tens of nm, as discussed below. If we were not in the thin film limit an optical matrix model** is
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commonly used to model stratified media consisting of more than three layers. This approach is
unnecessary to account for our ellipsometry measurements, although it will be discussed further in the

context of NR measurements in Chapter 3.

2.3.2. Principles of Ellipsometry

Ellipsometry can be used to characterise layers and films, both at the air/water interface and on solid
substrates. Ellipsometry involves the reflection of a beam of light of known polarisation from an
interface. Interaction of light with the interface causes a change in polarisation on reflection. The
polarisation of the reflected light is then measured, and the change can be used to deduce the optical
properties of the layer, the thickness and refractive index, the latter of which can give us an indication
of the amount of material of known refractive index adsorbed at the interface. For thin films only one
optical property of the layer can be determined from ellipsometry measurements (as discussed below),
and this relates to the total surface excess of a single component. An incoming beam which is polarised
at 45° to the plane of incidence has equal amplitudes of incoming s and p waves, the polarisation of
each of which is changed to different extents upon reflection, depending on the refractive index and

thickness of an isotropic layer. Ellipsometry measures the reflectivity ratio, r = r,/r;.

Ellipsometry measurements commonly record the amplitude () and the phase shift (1) of r: *

r= :Tp = tanWexpiA = tan¥(cosA + isinA) (2.15)

N

Many studies use ellipsometry to determine the film thickness, d, the refractive index, n, and the
extinction co-efficient, &, of thick films and adsorbed layers by measurement of r as a function of either
6 or A, and fitting d, n, and k to Equation 2.13. From these parameters, an estimation of the surface
excess, I', can be made from the de Feijter’s formula for films adsorbed from the bulk solution (not
spin coated films etc) from

_ (Migyer—nsoin)
I="gwac ¢ (2.16)

where dn/dc is the refractive index increment as a function of the bulk concentration.

If an interface is ideal and n; and n; are real, then there is an incident angle at which p polarised light is
totally transmitted and the reflection coefficient for p-polarised light, r,, vanishes. This angle is known

as the Brewster angle, 0. For a real interface there is no angle where r, vanishes and the Brewster
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angle is defined as the angle where the real part of r vanishes: Re(r,/r;) = 0, The imaginary part of r at

the Brewster angle is known as the co-efficient of ellipticity, p

Im (T—”) = tanWsinA = p 2.17)

Ts

The coefficient of ellipticity can be considered to be a measurement of the deviation from ideality of

the interface.

At the air/liquid interface ¥ is very insensitive to the optical properties of the thin film, therefore
many studies of layers at the air/water interface simply present measurements of 4 at a given incident
angle. In this work we perform our measurements at the Brewster angle of water, 53.1° at the
wavelength of a HeNe laser 632.8 nm, and therefore instead present our data in terms of the co-
efficient of ellipticity, p. The measured quantity, p, the coefficient of ellipticity, can be related to the
amount of material at the interface, although the relationship between the two is not necessarily
simple.”® For a single component system such as a surfactant monolayer, approximate values of /" can

be obtained from p using a simple calibration function, as discussed later.

Ellipsometry is a very convenient and accurate tool for the examination of material adsorbed at the
interface of the OFC, as it is quick, local and extremely precise, with precision to < 0.2 % of a
monolayer for pure surfactant adsorption, and a spatial resolution of < 1 mm." For measurements of
polymer/surfactant mixtures, measurement of p can tell us about the total amount of material adsorbed
at the air/water interface, however information which can be obtained from this single parameter is
limited, and we cannot obtain compositional information about mixed layers. NR measurements
(discussed in chapter 3) do allow us to obtain compositional information about mixed layers, and in the
work presented in this thesis I have co-modelled data from one isotropic contrast of NR data and

ellipsometry data in order to obtain compositional information (see Chapter 4).
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2.3.3. Information obtained from Ellipsometry Measurements

Ellipsometric measurements of a thin layer adsorbed at the air/water interface can give us an idea of
the amount of material adsorbed at the interface. For a bare air/water interface, the ellipticity, p, can
be split up into contributions from the thickness and the roughness of the interface. Once a layer of
surfactant or polymer is adsorbed, the ellipticity can give us information about the thickness and

nature of the adsorbed layer.

Drude derived equations for the reflectivity of an optically isotropic layer in terms of the ellipsometric
thickness, #, an integral function of the relative permittivities of the different media across the

interface,27
n = f(€—51)£(5—€2) dz (2.18)

where €, g1, &, are the relative permittivities of the surface, the incident media (in this case air) and the
substrate (in this case water), where ¢, = 1 and & = 1.78 at the wavelength A of the He-Ne laser.
Equation 2.18 is only useful in the thin film limit, when the thickness of the layer is much less than the

wavelength of the incident light.

If the layer is assumed to be uniform (i.e. the properties of the film are invariant with depth) with a
constant density, the relative permittivities can be taken out of the integral in Equation 2.16 and #

becomes a linear function of the thickness of the monolayer, d.
n = ke (2.19)

Furthermore, the layer thickness, d, is proportional to the surface excess of the component, /', as

determined by NR measurements (Chapter 3).

The ellipsometric thickness, #, is related to the coefficient of ellipticity p (the imaginary part of the

reflectivity at the Brewster angle) by

VELTE (2.20)

5T
p_l 81—8277

As the relative permittivity of an adsorbed layer of a hydrocarbon surfactant (¢) is greater than that of
air (&) or water (&,) Equations 2.18 and 2.19 lead to negative values of p, which will be increasingly
negative as x increases. In other words, as long as we remain in the thin film limit at the air/water

interface, p becomes increasingly negative as I increases. However, although p is related to the
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surface excess of the component at the interface, it is impossible to tell using ellipsometry
measurements alone whether a change in p for a thin film is associated with a change in thickness or

density at the interface, as the three properties are interlinked.

A simple and surprisingly effective model for surfactant monolayers treats the hydrocarbon chain as an
oil film of constant density and uses an effective medium approximation to model the polar head
groups in water. If we consider equations 2.19 and 2.20 together it is clear that for ‘oil-like’ behaviour
of a surfactant layer at the air/water interface, where n is constant and only d changes, the ellipticity p
is proportional to the film thickness, d, and is therefore linearly related to the surface excess of
surfactant, I". If instead we had particle-like behaviour, d is constant and n for the inhomogeneous film
is calculated from an effective medium approximation in which the particles are immersed in air or
water or both. Provided the interface remains in the thin film limit, with an adsorbed layer thicknesses
not greater than a few tens of nm, and n is constant, p is virtually independent of the film thickness at
constant [ this allows us to model ellipsometry data without reproducing the multi-layer model

obtained from fitting of NR data (as discussed in Chapter 3).

Previous studies have shown that for many common hydrocarbon surfactants the relationship between
I" (determined by NR measurements) and p is approximately linear, consistent with an oil-like
adsorbed layer of constant density and changing thickness.” ** * For the parts of the surfactant
immersed in water, the linearity between /" and p is always good as long as the volume fraction is
unity. However, for the hydrocarbon chain groups of the surfactant the linear relationship between I
and p breaks down at low coverages of surfactant as the molecules ‘lie down’, with a minimum layer
thickness given by the chain diameter, and the layer becomes particle-like instead of oil-like. Previous
studies have alternatively accounted for this behaviour at low coverages by the need to mix the sparse
hydrocarbon chains with either air or water. '*** Consequently, previous studies used a calibration plot
of I" v p to convert p measurements to values of /" for a pure surfactant. This behaviour will not affect
the relationship between /" and p for the polymer, only for the surfactant. Data which demonstrate the

extent of this effect for the surfactants used in this project are shown and discussed in Chapter 4.

For a pure surfactant adsorbing at the interface, each of the constituent parts of the surfactant at the
interface: the hydrocarbon chain, the surfactant headgroup, the surfactant counterion as well as the
interfacial roughness, contribute to the measured ellipticity signal. These contributions can be

considered as additive, and can be given by

ﬁexpt = ﬁchains + ﬁhgp + ﬁrough + ﬁion (2-21)
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I will now discuss how we can model the contributions to p of an adsorbed surfactant layer, in this case

C1,TAB with NaBr, using methodologies which have previously be used elsewhere.”*

To find the contribution of the headgroup to the ellipticity, ppgp, we first need to estimate the relative

permittivity of the headgroups using the Clausius-Mossotti equation:

-1 Rm
£+2 Vi

(2.22)

where Ry, is the molar refractivity, and V,, is the molar volume, which are given for C;,TAB in Table

2.1.

Species Vm/A’ Rm/cm’mol”
Headgroup: N(CH;)+ 10831 20.05"°
Counter Ion: Br 32%° 12
Hydrocarbon Chain: C;3H,,CH; 425% 63.45

Table 2.1. Literature values of molecular volumes and refractivities for use in the modelling of C;;,TAB/NaBr. The value of

R, for the hydrocarbon chain is calculated from the bond values, and that for Br” is the value for HBr.?

The headgroups are hydrated in their interfacial layer, and hence we need to include the contribution of
the water to the relative permittivity of the headgroup layer. The overall relative permittivity of the
headgroup layer is obtained using the Lorentz-Lorentz effective medium approximation

=2°— 4 Gpep S (223)

EHGpt2

where ¢ is the volume fraction of a species in the layer, which can be calculated from molar volume,

the area per molecule at the interface using neutron reflectometry measurements (as discussed in

Chapter 3), and the layer thickness, ¢ = Vm/ A d . The layer thickness is approximated to 4 A due to
the value of the headgroup volume, although the work of Knock et al used 8 A from the work of Lu et
al. It makes little difference which we use, as it scales both ¢ and pygp, wWhich cancel each other out.
The contribution of the headgroups to the ellipsometric thickness can then be found from Equation

2.17, and that to the ellipticity from Equation 2.18.

The contribution of the chain layer can be calculated using a similar approach, but varying the
thickness rather than the volume fraction of the layer, as the hydrocarbon chain behaves similarly to oil
spread on water. The thickness of the layer is calculated from the ratio of the molecular volume of the
hydrocarbon chain to the area per molecule of surfactant at the interface (V;,/A), and the layer

permittivity from the Clausius-Mossotti equation as in Equation 2.23. # and Pcpains can then be

48



calculated from Equation 2.17 and 2.18 as previously. The ‘oil film’ model ceases to be physically
sensible when the thickness of the film becomes less than the width of a hydrocarbon chain (5 A). To
calculate the contribution of the chain layer for low surface excesses, the thickness of the layer is set to
5 A and the volume fraction of the hydrocarbon chains is calculated from the surface excess. The
remaining volume is occupied either by air or water . For fluorocarbon surfactants, Day et al and
Tyrode et al showed that the experimental data were best described if the chains were immersed 70%

1933 For surfactants with hydrocarbon rather than fluorocarbon chains, Bell et

in water and 30% in air.
al demonstrated that the volume fraction of a hydrocarbon layer (defined as the density divided by that
of a liquid hydrocarbon) has a significant effect on the value of p, changing sign for volume fractions

less than 0.8.%

The contribution of the bromide counter ion can be calculated in two different ways. Firstly, it can be
calculated using an approach similar to that above, using the Lorentz-Lorentz EMA assuming that there
is one counterion per headgroup. The ions can then be distributed over a solvent depth equivalent to the
Debye length. An alternative approach is to treat the counterions as a layer of NaBr of increased
concentration, and then to use tabulated values of the refractive indices of NaBr (from the CRC
handbook) in the equation for the ellipticity. The thickness of the layer over which the Br- ions are

distributed has a negligible effect on p for physically reasonable thicknesses.

The roughness of the layer can be considered by capillary wave theory, which regards the interface as
sharp but distorted by capillary waves which scatter the light. Accordingly the contribution of
roughness to the ellipsometric thickness, #,, can be obtained from capillary wave theory, as

demonstrated by Meunier. **
_ 3(81—82)2 wkgT

M = 2(e1+&3) \/ 60 (2.24)
where kg is the Boltzmann constant, T is the temperature, and ¢ is the surface tension. As &> ¢;, the
surface roughness results in a positive value, which for pure water can be calculated from Equation
2.20 as p = 6 x 10, whilst measurements give a slightly lower value of p = 3.8 x 10™*. The roughness
contribution for an adsorbed layer has an inverse square root dependence on the surface tension,
which varies with surface coverage. This contribution is a highly non-linear function of the surface
coverage, but its variation over the range of surface tension is small, 0.15 x 10 for the C,TAB

surfactants.” For the purpose of this discussion and the following calculation, I will treat it as a

constant with a value of 5 x 10

Figure 2.8 shows the calculated contribution of each of the components of C;,TAB to its ellipticity

using the approach outlined above. As we can see, all 4 components have a substantial contribution to
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the ellipticity of the surfactant, with the contribution from the surfactant headgroups and the
counterion proportional to the surface excess of surfactant provided that the volume fraction in the

headgroup region is unity (a reasonable assumption).
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Figure 2.8. Calculated contribution to the ellipticitiy of an adsorbed layer of C{4,TAB from the hydrocarbon chains (purple
line), surfactant headgroups (blue line), counterions (green line, difficult to distinguish from the blue line), using values of the
surface excess obtained from NR measurements, and the set value of the roughness at 5 x 10 (pink dashed line). The orange
line is the sum of these contributions, and is compared to the measured ellipticity of C;4,TAB in the presence of 0.1 M NaBr

(red squares).

In the experiments discussed in this thesis, we are not focusing on the adsorption of pure surfactants at
the air/water interface of the OFC, rather on the adsorption from mixtures of polymers and surfactants.
As for a surfactant monolayer, a linear relationship between p and I is also expected for pure polymer

adsorbed at the interface.® The contribution of the polymer to p for the mixture can be estimated for the

adsorption of 1 pumol m™ of polymer using Equations 2.19 and 2.20 with Epoly = (An + M)z,
where An is calculated from the literature value of dn/dc for the polymer and the mass per ml of 1 umol
m? of polymer. As long as dn/dc is independent of the concentration, the calculated contribution of
polymer to p for the mixture is independent of the layer thickness, and only weakly dependent on the

volume fraction of the polymer.

In order to use the above discussed contributions of surfactant and polymer to p for adsorption from
mixtures of the two components we need to know that their contributions are linearly additive. The
previous study of Campbell et al showed that an additive function of the contributions of the polymer
and surfactant at interface is a good approximation to p for the mixture.” This will be the case as long

as the
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total volume fraction of polymer, surfactant, and water in the layer is unity. Deviations from linear
additivity will occur when the hydrocarbon chains of the surfactant are mixed with both air and water
at low surfactant coverages as discussed above. The effect of this on p for the mixture will be

discussed and evaluated further in Chapter 4.

2.34. Ellipsometer Set-Up & Ellipsometry Measurements

2.34.1 Ellipsometer Set-UP

There are many different ellipsometer types and systems. The one used in all of the measurements
presented in this thesis was the Beaglehole Picometer Light Ellipsometer, in the Partnership for Soft
Condensed Matter (PSCM) at the ILL, shown in Figure 2.9. Below I will briefly discuss the principles
of operation of the ellipsometer, however more detailed information can be found in the literature® or

the instrument manual.

Laser

Polariser
Birefringence Moddlator
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Figure 2.9. Photograph of the Beaglehole Picometer Light Ellipsometer as installed in the PSCM laboratories at the ILL.

Arrows on the photograph indicate the optical components discussed in the following text.

A beam of light from a HeNe laser (A =632.8 nm) is polarised by a polariser oriented at 45° to the
optical axis to provide equal s and p components amplitudes which are in phase. The polarized light
then passes through a birefringence modulator, which works on similar principles to a quarter-wave
plate in that it retards one of the components of light, inducing a phase shift between the two
components. A quarter wave plate divides linearly polarized light into two components with different
indices of refraction, in this case the light with the larger index of refraction is retarded by 90°
compared to the other component, resulting in circularly polarized light. Rather than inducing a single
phase shift between the components, a birefringence modulator modulates the phase shift, in other
words it continuously varies the phase shift between the two components between a minimum and a
maximum shift, over a time period given by the frequency of the phase shift, 50 kHz. This is effected
by inducing a periodic change in the refractive index of the optical component of the birefringence
modulator by oscillating the quartz crystal which makes up the birefringence modulator. This
modulation in the phase shift of the two components of light results in elliptically rather than circularly

polarized light being incident on the interface.

The light reflected from the interface passes through an analyser to a photomultiplier. The analyser is
oriented parallel or perpendicular to the polariser, and is rotated between the two positions. Lock-in
amplifiers measure the modulated signals at 50 kHz and 100 kHz (the first and second harmonics of
the modulator’s oscillation frequency), resulting in a low level of noise and a high sensitivity. The
detected ac signals are proportional to the imaginary and real parts of the complex reflectivity ratio,
respectively, allowing us to determine the ellipticity of the sample. All of the measurements in this

thesis are made at the Brewster angle of water, which minimizes the real part of the reflectivity.

The set-up of the ellipsometer in the PSCM at the ILL (as shown in Figure 2.9) includes a sample
mount consisting of an anti-vibration table, a horizontal leveling plate, and manual vertical translation
stages, all of which were commissioned or installed as part of the experimental work contributing to

this thesis.
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2.3.4.2. Ellipsometry Experiments

All of the ellipsometry data presented in this thesis were recorded using the Beaglehole Picometer
Light ellipsometer, and measurements were recorded at the Brewster angle of water (53.1°), in order
to obtain the coefficient of ellipticity, p. The majority of measurements were recorded on the
overflowing cylinder, and unless stated otherwise measurements were recorded as a function of
surfactant concentration, performed by consecutive additions of a concentrated surfactant stock
solution to a base salt or polymer and salt solution. For many polymer/surfactant mixtures, the
procedure used in mixing the two components has been shown to have an effect on the bulk phase

. 5-
behawour,3 38

which might be reflected in the adsorption behaviour on the OFC. To increase the
surfactant concentration of a pure surfactant system on the OFC, aquilots of a concentrated stock
solution are usually added to the flowing system. This creates localized concentration gradients, and
for a polymer/surfactant system the bulk phase behaviour may be affected. In order to minimize the
effect of mixing on the bulk phase behaviour, the largest stock volumes possible were added to the
solution, whilst limiting the necessity of removing solution from the system. In NR measurements 10
mls of surfactant and 10 mls of compensatory polymer and salt solution were added for each increase

in concentration. These solutions were added dropwise to the reservoirs in the OFC system over a

period of several minutes, enough time for the solution to flow several times around the system.

Data were recorded principally on mixtures of hydrogenated surfactant, with hydrogenated polymer
and salt. However measurements made on protonated and deuterated surfactants were also made to
evaluate the errors incurred, and the results obtained were within experimental error. Unless stated
otherwise, measurements were made at 5 second time intervals and averaged over a period of at least
300 s per measurement in order to obtain precise values of p. For the majority of measurements, the

standard deviation in the value of p thus measured is within the symbols shown.
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Chapter 3. Neutron Reflectometry

3.1. Introduction

In the past three decades neutron reflectometry (NR) has become an invaluable tool for the study of a
variety of surfaces and interfaces. The specular reflection of neutrons at an interface provides
information about the concentration and composition profiles normal to the interface. Neutrons interact
with atomic nuclei, and are scattered or adsorbed. The scattering power of a nucleus is given by a
characteristic known as its scattering length, and that of a material is given by its scattering length
density. The reflection of neutrons from an interface is related to the neutron refractive index profile
normal to the interface, which is itself related to the scattering length density of the material normal to
the interface, and hence the composition of the material at the interface. Furthermore, due to the short
wavelengths of neutrons (2—301& on FIGARO), NR can be used to examine structure on the molecular

length scale with a resolution of a fraction of a nanometer.

Neutron reflectometry can be described either using classical thin film optics,"* or scattering theory.’
NR is therefore in many ways analogous to other reflection techniques such as X-Ray reflectometry
(XRR) and ellipsometry, however it has many advantages over these techniques. The unique ability to
manipulate the scattering length density of the material using hydrogen/deuterium substitution enables
the examination of different interfacial components, and helps in obtaining a unique interpretation of
recorded data. Furthermore, NR is non-destructive to samples in comparison to XRR measurements,
and is a penetrating probe, enabling the accessing of buried interfaces such as liquid-liquid, solid-liquid

and solid-solid surfaces.

Some of the earliest soft-matter applications of NR examined the adsorption of pure surfactant® > and
polymer®® monolayers at the air/water interface, however more recently NR has been used to examine
more complex systems containing combinations of polymers, surfactants, lipids, proteins, and bio-
membranes. NR can also be used to examine solid films, do in situ-electochemistry and examine
surface magnetism, however as this thesis only examines NR of simple soft matter systems the
principles of reflectivity from such systems will not be discussed here. Several good reviews discuss

the theory’"" and applications'>"* of NR.
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In this chapter I will first discuss the theory behind neutron scattering in general and neutron
reflectometry measurements, as well as the use of isotopic contrast variation. I will then discuss the
characteristics and components of the horizontal reflectometer FIGARO at the ILL, on which all of the
measurements presented in this thesis have been performed. Due to the relatively small and domed
nature of the interface of the OFC, specific instrument settings were required for the experiments
performed as part of this thesis. The interfacial curvature means that the optimum neutron footprint for
measurements on the OFC is different to that used for that for standard samples, and exacerbates the
effect of gravity on the data. The determination of both the optimum footprint and the effect of gravity
on measurements are discussed in the later part of this chapter, along with further specific details of our

measurements on FIGARO.

3.2. Theory of Neutron Reflectometry

3.2.1. Neutrons and Neutron Scattering

Neutrons are particles with a mass m, and a speed v, which therefore have a momentum, p, given by
classical mechanics, p = m,v. However, due to wave particle duality (neutrons are particles but also

undergo Bragg scattering) they can also be described by a de Broglie wavelength 4:

A== 3.1)

muv

. h
where h is Planck’s constant, and therefore p = T

Consequently the kinetic energy of the neutron E is

2
E=1imp?=-L (3.2)
2

T 2muA2

In neutron scattering the wave nature of the neutron means that it is commonly referred to in terms of

2 . . L .

the neutron wavenumber k = 7” or the wavevector k with length k in the same direction as the velocity
mnpv

k= ; (3.3)
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where the reduced Planck’s constant /i = h/2m. Neutron wavelengths are given in A, and
wavenumbers in A, velocity is in ms™, and kinetic energy is in eV or meV. From equations 3.2 and
3.3 the kinetic energy of a neutron can therefore be given in terms of wavenumbers by

72 k2
~ 2m,

3.4)

The scattering of a neutron by a sample is characterised by the resultant change in momentum p and
energy E. A neutron incident with wavevector k; and angular frequency w; is scattered with wavevector

k¢ and angular frequency w;.

The momentum transfer can therefore be given by

p = hk; — hky = hQ (3.5)
and therefore the wavevector transfer Q = k; - ;.

The energy transfer can be similarly described as E = iw, where w= w, - ;. In the case of elastic
scattering of neutrons (as in neutron reflectometry) there is no exchange of energy and AE =0, Aw =0.
When there is no energy transfer, only a momentum transfer, the magnitude of the wavevector is

unchanged by scattering and
kil = |k¢| =2m/2 (3.6)

A vector diagram for an elastic scattering event is shown in Figure 3.1, where an incoming neutron is
deflected through an angle of 20. From equation 3.2 the triangle is isosceles with each side having a

length k =2m/A.
Trigonometry then gets us to an equation for the momentum transfer Q which occurs on scattering

__Amsin®;

Q = — 3.7

Figure 3.1. The vector diagram for elastic scattering, |K;| = |K¢| through an angle 26.
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The strength of the interaction of a neutron with a given nucleus, i, is given by the scattering length, b;.
b; is a known quantity for most nuclei, and has been determined experimentally because b; varies
significantly and non-monotonically across the periodic table. Notably, b; also varies significantly
between different isotopes of the same element. For a given material, the scattering length density, o, is
defined as the scattering length of the material per unit volume. The scattering length density of a
molecule is calculated from the sum of the scattering lengths of all of the component atoms, divided by
the molar volume of the molecule V,

o= ZV% (3.8)
where b, is the scattering length as discussed above, and #; is the number of atoms of component i,
although the contribution of V,, is not always stated as number density, n(z), can be substituted for

number.

As Q is dependent on both the incident angle and wavelength of an incoming neutron, neutron
scattering measurements can be made as a function of either or both parameters. Monochromatic
measurements made as a function of incident angle are recorded using a narrow distribution of neutron
wavelengths, which is a common approach with a reactor source. The wavelength is selected using
either a monochromator or by velocity selection using a mechanical device. The alternative is to make
measurements at one or a small number of incident angles using a broad range of incident wavelengths.
This is known as a time-of-flight (TOF) measurement, and is used at both spallation and reactor
neutron sources and is the approach used in the NR experiments described in this chapter. TOF
measurements require a pulsed incoming beam, where the energy (or velocity) of the scattered neutrons
is measured according to their relative arrival time at the detector. As the wavelength is inversely
proportional to the velocity, short wavelength neutrons travel quickly, reaching the detector first, and
long wavelength neutrons have slower speeds, taking longer to reach both the interface and the
detector. TOF measurements are best for kinetic experiments due to the broad Q-range that can be

accessed simultaneously. Several kinetic NR measurements are presented in this thesis.
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3.2.2. Neutron Reflection

Due to wave particle duality, the reflection of neutrons from interfaces can be treated by the principles
of classical optics as presented in Lekner’ and Born & Wolff', similarly to the discussion of the
reflection of light as discussed in Chapter 2. This approach is called the dynamical theory of neutron
reflection, however the interaction of neutrons with matter is more classically described by the
kinematic or Born approximation, based on the Fourier transform of the scattering length density
function of a material, as described in a variety of texts.’ For ease of comparison, I will discuss the
principles of neutron reflectometry below using the dynamical approach. I will start by re-considering
the reflection of a simple wave from a surface, as we did for light in Chapter 2. Despite the fact that
neutron reflection is scalar and light reflection is vector, the same approach can be used for both when
some approximations for one dimensional waves are applied (discussed further below). Figure 3.2
shows the geometry of the incident, reflected and transmitted waves. Note that the angles are defined
relative to the interface rather than relative to the normal as they were in Chapter 2, considerations of
reflection for NR theory usually use this representation due to the small angles of incidence in NR
measurements. As a consequence the trigonometric relations in equations 3.8 and 3.9 appear different

to those given in Chapter 2.

Figure 3.2. Schematic showing the geometry of neutron reflection from a smooth planar interface. 0;, 6., 0,, are the angles of
incidence, reflection, and transmission respectively, whilst k; k; and k, are the relevant wavevectors, and n; and n, are the
refractive indices of the media above and below the interface; note that in experiments grazing angles are used and the large

angles shown here are simply for clarity.
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I will first consider the reflection of neutrons from a single planer interface (no adsorbed layers) with
zero roughness between two homogeneous materials. Neutrons incident on a homogeneous interface
between two media can be reflected from the interface at an angle identical to the angle of incidence 6,
or transmitted through the material with a change in direction at angle 6. As discussed in Chapter 2,
the ratio of the cosines of these angles is given by the refractive index (n;,) according to Snell’s law

n, _cosf; _ k;
nq cos 6, k;

3.9

Neutrons transmitted into the medium below the interface will change direction, they will be refracted,
and the ratio of the incident and transmitted wavevectors k; and k, is also related by the inverse ratio of

the cosines of the angles, as shown in Equation 3.8.
The extent to which the wave is reflected and refracted is given by Fresnel’s Equation:

n,sinf;—n,sinb; 2

R =|r,|? = (3.10)

n4sinf;+n,sinb;

For neutrons, the reflectivity R is determined from the ratio of the number of reflected neutrons to the

number incident on the sample.

The neutron refractive index of a medium depends on the wavelength of a given incident neutron, and
the scattering length profile of the medium normal to the interface. This is given by the scattering
length density of the material (Equation 3.8) normal to the interface, o(z) = ),; b;n;(z). Hence the
neutron refractive index and the reflection of neutrons from an interface depends on the composition of
the media. In the following section I will derive the relationship between the scattering length density

of the material and the neutron refractive index.

As the neutron refractive index depends on only the composition of the medium normal to the
interface, specular reflection only gives structural information about samples which have layers parallel
to the interface but not in the plane of the interface. Structure in the plane of the interface in the
direction of the incident beam results in off-specular scattering, which will be discussed briefly later,
and structure lateral to the beam can only be resolved using grazing incidence small angle scattering
measurements which require a different slit geometry to NR measurements. For a surface with no in-
plane structure, a neutron can be assumed to only interact with the structure normal to the interface,
hence only the scattering length density profile normal to the interface o(z) affects the wavevector in
the medium. As a consequence, it can be useful to express the neutron wavevectors k; and k; in terms

of their two components perpendicular and parallel to the interface (k, and Kk, respectively), kiz =

kx2 + kZZ, as only k, will be affected by interaction with the medium.
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The interaction of an incident neutron with a given kinetic energy, E, with a medium depends on the
potential of interaction of the neutron with the medium,V. E and V can be related by the Schrodinger
equation

h2
8mTmy,

‘721’[) + le = Ell) (311)

where v is the neutron wavefunction. Despite the fact that E and V can be related by the Schrodinger
equation, the effect of the potential and neutron kinetic energy can be described by classical mechanics,

and we will return to the quantum mechanical interpretation of reflectivity later.

The potential of the medium, V, is that which is experienced by the neutron on interacting with the
nuclei in the medium, which is dependent on the scattering length density profile of the material
perpendicular to the interface 6(z). The potential of the material normal to the interface is given by

hZ

2nmy

/4 a(2) (3.12)

The potential of the medium changes the kinetic energy of an incident neutron, and it changes direction
(refracts). The difference between the kinetic energy of the neutron and the potential determines
whether or not the neutron is totally reflected from the barrier potential of the material or whether it is

transmitted. The normal component of the kinetic energy of a neutron as in Equation 3.4 is

_ (hk;sin®;)?

E, = (3.13)

2
8mem,

To return to our discussion of reflection as related to classical optics using Figure 2 and Equation 3.9,
we can see that as with light, as neutrons pass from a medium of higher refractive index to one of
lower refractive index (n; > n,) total reflection may occur. As the neutron refractive indices of most
materials are only slightly less than that of air (see below), this is total external reflection rather the
total internal reflection which occurs for light. There is a critical value of the incident angle, 6., below
which only reflection (total external reflection) occurs, and above which both reflection and
transmission occur. In the situation where the top medium is air and the lower one a liquid or solid, n,
=1, and the critical angle for total reflection is found from rearranging Equation 3.9 to cosf. =

722cos &t with 6, = 0 as there is no transmission. 6. is given by cosé. = n,.

When a neutron with wavevector k; is incident on an interface at an angle greater than the critical
angle, 6, it is reflected from the interface or transmitted into the material, where it is reflected by nuclei

in the material. The wavevector of a neutron transmitted into the medium, k., is altered by interactions
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between the neutron and the nuclei of atoms in the material, which result in a transfer of momentum,

4msing;

given by equation 3.7, Q = a

On FIGARO, NR measurements are made at a fixed incident angle (or often at two consecutive fixed
angles) with a range of incident wavelengths, i.e. a range of incident neutron energies. Therefore rather
than there being a critical angle for total reflection there is a critical value of the momentum transfer
from the neutron to the medium, Q., below which the neutron cannot penetrate the medium and only
total reflection occurs. Q. can be determined from the relative magnitudes of the kinetic energy of the
neutron, E, and the potential of the medium, V, as given in Equations 3.12 and 3.13. If the energy of
the neutron E. is less than the potential V (EL<V) total reflection occurs. However if EL> V the neutron

is either reflected or transmitted into the medium. Q. is then given by E1L= V

Q. =+/16ma(z) (as Q = 2sinbk;) (3.14)

For the neutron to penetrate into the medium, EL> V, and the incident energy of the neutron EL1; is
modified by the potential to give the transmitted energy of the neutron E1;, from E1, = E1r; -V (from
Equations 3.12 and 3.13), we can determine the change in the wave-vector normal to the interface, k,,

which occurs when the neutron interacts with the medium
k?, = k;,> — 4no(2) (3.15)

For a homogeneous medium, this allows us to define the neutron refractive index n,,, from the ratio of

the wavevector in the material to that in the vacuum:

2 kipH(kig - A2
77.122 = % == +( 'kiz 47-[0(2)) =1- 47::52) =1 —;O'(Z) (316)

L

This gives the dependence of the refractive index on the wavelength of the neutrons and the

composition of the material normal to the interface (as given by o(z)).

For most materials the scattering length density is small, hence n is close to 1 and a good

approximation to n is given by
AZ
n=1- ZG(Z) (3.17)

As discussed earlier, the neutron refractive index of a material depends only on the neutron wavelength

and the scattering length density of the interface normal to the interface.
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In order to explain reflectivity further, we need to return to the Schrédinger Equation (Equation 3.10),
and consider the wavefunction which describes the propagation of a neutron as a one-dimensional
particle wave in the z x plane incident on a planar interface (where the dimensions x and y define the
plane of the surface, and z defines the dimension into the material), using an approach identical to that
used for electromagnetic radiation® for reasons explained below. As V is only dependent on z in this

geometry, the incident wave can be considered only perpendicular to the planar interface, with the form

Y(2) = P(2)e'kix (3.18)
Subsitution of 3.16 into 3.7 gives the wavefunction describing the probability amplitude near the
surface

d2

T =0 (3.19)

Where k, can be expressed as

M (F — V) — k2 (3.20)

2
k.? =
z h

The incident wave can be either transmitted or reflected at the interface, and the probability amplitudes
for reflection and transmission ry, and t;, are given by the limiting forms of 3.19, when there is some

transmission, the solution to 3.19 above the surface is

Y, = ekzi? 4 1y e kziZ (3.21)
And below the surface is

Y, = tige’er (322)

11, and t;» can also be defined as the Fresnel coefficients of e '¥ziZ and elkztZ At this point it becomes
clear why neutrons can be treated by the same equations as light, as boundary conditions can be

imposed which mean that at the interface (z = 0) both y(z) and dy(z)/dz must be continuous. That is to

say that
d dy
Y+ = Yy and - Wi+ ) = d—zt (3.23)
hence
I+ rp=tp and kyi(1—113) = tioky, (3.24)
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the second relation only holds when E >V, i.e. below the critical angle, where only total reflection
occurs. Simultaneous solution of equations 3.21 and 3.22 leads directly to the Fresnel coefficients

found in optics:

kz,i_kz,t

"2 = 3, . (3.25)
and

Zkz'i
b2 =k, (3.26)

We can therefore relate the measured reflectivity R to Q using the Fresnel Equation as in Equation 3.5,

along with the Equations 3.14, 3.15 and 3.25

4
Rery?e— 0" (3.27)
[e+(e2-0:2)""

When 0>>0Q., R = |r1,|? < 1 and this reduces to,

1612

RzQ4

Ac? (3.28)

In the kinematic or Born approximation (rather than using the dynamical approach as above) the

reflectivity is related to the Fourier transform of o(z) or its gradient such that

16m?

= |o(2)ei%dz|’ (3.29)

R(Q) =

As mentioned earlier, the discussion up to this point aimed to describe the reflectivity of neutrons from
a smooth interface between two media, with no adsorbed layers. NR measurements of such an interface
yield R as a function of Q, which is known as the specular reflectivity profile. In equation 3.29, R is
proportional to 1/Q*, hence the reflectivity will decay rapidly with increasing Q. An example
reflectivity profile R(Q), recorded at the air water interface of D,O, is shown in Figure 3.3. At Q < Q,,
total reflection occurs, and R = 1. The point where Q increases above Q. is known as the critical edge,

and at higher values of Q the reflectivity decays with 1/Q*.
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Figure 3.3. Example of a reflectivity profile obtained on pure D,0. The critical value of the momentum transfer, Q., below

which total reflection occurs, is marked with an arrow.

We can now extend this explanation in order to consider the situation where neutrons are reflected
from a single homogeneous thin film at the smooth interface between two homogeneous media. For a
single film, reflection can be considered as occurring from two interfaces, above and below the film.
Constructive and destructive interference between the neutrons reflected from the two different
interfaces of the film causes an oscillatory pattern of fringes to be superimposed on the Q* decay. The
period of these oscillations, AQ is related to the thickness of the film, d, by AQ = 2r/d. The amplitude
of the fringes is indicative of the sharpness of the interfaces, with large fringes indicative of sharp
interfaces and small fringes indicative of diffuse interfaces. In soft matter systems a small number of
small interference fringes are usually seen. Fringes are only seen if the film is above a threshold

thickness, due to the limited Q range before measurements reach the background.

For a single thin film at the interface an exact expression for the reflectivity can be expressed in terms
of thin film optics, as it was in Chapter 2, where 1 is the air, 2 is the layer and 3 is the medium beneath
the layer:

_2iB 42
1217238 2ip

R= (3.30)

1471y ,153e 218

where f=(2n/A)n,dsind, (optical path length in the film or phase factor) and the Fresnel co-efficient r;

is given by equation 3.10. Commonly for the purpose of this discussion, Equation 3.10 is simplified to

_ Dpi~Dj

rij = Pt (331)
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where p; = n; sinf; and p; = n; sinf; In real systems, the boundaries are not entirely smooth, and local
roughness will modify the specular reflectivity. The Fresnel coefficient can be modified to include an
error function as described by Nevot and Croce'® to become

nqsinf;—n,sinb;
n,5in@;+n,sinb;

pi—pj . .
rj = _pi+pj- exp(—2p;p;vi;?) = exp (—2n;siné;n,sind,y;;*) (3.32)
where y;is the roughness at the interface between the layers i and j. The roughness causes R to fall off

faster with increasing Q than the R = 1/Q" relationship described above for a smooth interface.

This approach can be extended to three or four successive layers. However analysis of a more complex
structure at an interface, either for a number of discrete multilayers or for a material with a refractive
index gradient which can be approximated to a series of layers, R can be found from an extension of
thin film optics known as the optical matrix method of Born & Wolff." A more convenient method is
that of Abeles.' In this method a characteristic matrix per layer is defined from the relationship

between the vectors in consecutive layers. Between successive layers i j,

elBi Tjeiﬁ’j—i
rij = rje_iﬁi e_iﬁi (333)

From this, transmission and reflection from one layer to another is described as a matrix multiplication
product for each layer. The resultant reflectivity for n layers is then obtained from the product of the

characteristic matrices Mg=[M;] [M,].... [M,].

The usual way to analyse reflectivity data is to compare measured reflectivity profiles to those
calculated using the optical matrix method. In this thesis, this was achieved using the program
MOTOFIT", which enables model profiles to be generated by variation of different properties of a
given layer including scattering length density, thickness, solvent penetration and roughness. It is
important to ensure that the model is physically representative of the system being studied, as phase
information is lost in a reflectivity experiment due to the measurement of the square of the amplitude,
and hence multiple different models can be used to fit a given reflectivity curve. Measurement of
multiple isotopic contrasts is a common way to reduce this problem, as it is unlikely that the wrong

structural model will provide good fits to all of the contrasts measured.
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3.2.3 Information Obtained from NR Experiments

The objective of an NR experiment is to measure the reflectivity as a function of Q, hence the output of
an experiment is a specular reflectivity profile R(Q), such as that shown in Figure 3.3. This shows the
reflected intensity relative to the incident neutron intensity as a function of the scattering vector. For a
pure surfactant monolayer, this can be fitted to obtain values of the scattering length density (¢) in A
and monolayer thickness (7) in A. These can be used to calculate the surface excess of surfactant from

_ oT
xnib;

(3.34)

where b; is the scattering length of atom in A molecule” and n; is the number of times that atom i
appears in the molecular formula for the surfactant. In order for T to be in moles per m” rather than
molecules per A%, the value calculated from equation 3.34 needs to be scaled by both Avogadro’s

constant N and by 1 x 10%.

The area per molecule, A, is then given by
A=124 (3.35)

where N, is Avogadro’s constant, and is used to convert from area per mole to area per molecule. In
order to obtain reliable values of /" and A, isotopic contrast variation is usually used in order to ensure

that a reasonable structural model is used in fitting the data, as discussed below.

This study has not simply been of the adsorption of surfactant layers at the air/water interface, rather
the adsorption from polymer/surfactant systems has been examined. As both polymer and surfactant
are adsorbed at the interface, equation 3.34 cannot be used to simply obtain the surface excess of either
component. Usually, contrast variation is used to determine the adsorbed amounts of different
components by selective deuteration of the surfactant and/or the solvent, as few polymers are available

in deuterated forms.

However, one of the aims of this project has been to obtain compositional information using NR data
measured on only one isotopic contrast, and ellipsometry data. NR data recorded on the isotopic
contrast of hydrogenated polymer and deuterated surfactant in null reflecting water (a mixture of H,O
and D,O which has the same scattering length density as air and therefore does not significantly
contribute to the meausurements), can be fitted to yield the scattering length density, o, and thickness,
7, of the adsorbed layer. As deuterated surfactant is used, with a scattering length density much greater

than the hydrogenated polymer, this NR measurement is primarily sensitive to /[g,s. The quantity
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obtained from ellipsometry measurements, p, however has similar sensitivities to /.y and g,+ due to
the comparable refractive indices. As a consequence of the different sensitivities of the two
approaches, the measured quantities ¢ x 7 and p can be co-modelled to obtain values of Iy and 7 gy
This co-modelling approach, which will applicable to a wide range of systems, is discussed in much

greater detail in Chapter 4.

None of the data measured for polymer/surfactant mixtures on the OFC as part of this project exhibited
significant structure normal to the interface (see Chapter 4), which is in part due to the dynamic nature
of the interface on the OFC. However, for NR measurements on other soft matter systems, including
polymer/surfactant mixtures at the static air/water interface, the interfacial structure can be more

complicated, with multilayers present at the interface (where the references'™™

are only a few
examples relevant to the systems studied in this thesis). One or more Bragg diffraction peaks in the
specular reflectivity profile indicate the presence of repeating structure such as multilayers
perpendicular to the plane of the interface, and the position of the Bragg peak gives us information
about the repeat d-spacing of this structure. As no Bragg peaks or other indicators of significant
structure of the adsorbed material perpendicular to the interface were observed for any of the

measurements in this study I will not discuss the examination of Bragg peaks further in this thesis.

All of the above discussion assumes that the interface under examination is homogeneous in the plane
of the interface, i.e. there is only structure that can be resolved by NR in the direction normal to the
interface. However, interfaces may have significant repeating structure in the plane of the interface,
which leads to off-specular scattering of neutrons.”> On a 2D TOF detector such as that on FIGARO
(see later) off-specular scattering leads to a diagonal line on the detector image. In this study no
significant off specular scattering is observed, due to the simple layers adsorbed at the interface and the

flowing nature of the OFC, hence I will not discuss this any further.

69



3.2.4 Isotopic Contrast Variation

As discussed above, it is possible to calculate a neutron reflectivity profile using an optical matrix
method, however it is possible that more than one structural model will result in the same reflectivity
profile. The most common solution to this problem for soft matter systems is to measured NR data on
multiple isotopic contrasts, as it is unlikely that an incorrect model will fit data obtained on multiple

contrasts.

Contrast variation exploits the fact that neutrons are scattered very differently by hydrogen and
deuterium, which have scattering lengths of -3.7406 x10°A and 6.671 x10°A, respectively. For species
containing multiple hydrogen atoms such as the polymers and surfactants used in this study,
replacement of the hydrogens by deuterium will significantly change the scattering length density of
the component. Selectively deuterating different species in a system or varying the solution phase from
D,0 (with SLD 6.35 x 10°A?) to H,O (with SLD -0.56 x 10°A™) enables us to obtain information
about the thickness and composition of the adsorbed layer of a chemically identical system. A mixture
of 91.1% H,O with 8.9% D,O by weight yields a liquid subphase with the same scattering length
density as air, known as null reflecting water (NRW). As a consequence, if NRW is used as the liquid
for an air/liquid experiment, there is no contribution to the specular reflectivity signal from the solvent
and the reflectometry profiles obtained are only due to the adsorbed material at the interface, although

H,0 does contribute to the incoherent background.

The primary isotopic contrast used in the measurements presented in this thesis is that of deuterated
surfactant with hydrogenated polymer and NRW (d-surfactant/h-polymer/NRW), in which the majority
of the specular reflectivity signal is from the deuterated surfactant. For polymer/surfactant systems an
equivalent measurement using deuterated polymer and hydrogenated surfactant, h-surfactant/d-
polymer/NRW, can be used to examine the amount and structure of the adsorbed polymer, however
this is typically limited by the availability of deuterated polymer, especially for measurements on the
OFC which require large solution volumes. The obvious alternative contrasts are h-surfactant/h-
polymer/D,O which gives us information about the change in the solvent distribution at the interface
due to the penetration of polymer and surfactant, and d-surfactant/h-polymer/D,O which gives us
information about the displacement of D,O by polymer or surfactant headgroups, as the surfactant
chains have a similar SLD to D,O However, as we will show in Chapter 4, measurements on these two
contrasts along with d-surfactant/h-polymer/NRW do not always give an accurate measurement of the
composition of the adsorbed layer from a mixture. As an alternative to multi-contrast measurements,

one of the primary aims of the work in this thesis was to develop an approach to determining the
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composition of an adsorbed interface using only one contrast, d-surfactant/h-polymer/NRW, with
ellipsometry measurements acting as a second contrast for the determination of the interfacial
composition. Use of only one isotopic contrast enables us to obtain the same information whilst
making significant savings in the amount of beamtime and deuterated material necessary. Furthermore,
I,y values obtained from NR measurements in the absence of deuterated polymer are limited in their

accuracy, use of our co-modelling approach enables I, to be obtained with greater accuracy.

For information, the scattering length densities (o) of the species used in this study are given in Table 1

as calculated from their calculated scattering lengths and molar volumes

Species c/10° A
NRW 0
D,0O 6.35
dSDS 6.88 with Cl, 6.86 without
dC,,TAB 4.93 with Br, 5.12 without
dC,TAB 5.11 with Br, 5.29 without
dCcTAB 5.26 with Br, 5.43 without
PEO 0.935
PSS 1.85

Table 3.1. Scattering length densities of species used in this study
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3.3. Instrumentation: FIGARO

Fluid Interfaces Grazing Angles ReflectOmeter (FIGARO) is the new horizontal reflectometer at the
Institut Laue-Langevin (ILL). FIGARO is a reflectometer for horizontal samples, and can therefore be
used in the study of liquids at the free air-liquid interface which is not possible with D17, the other
reflectometer at the ILL due to its vertical sample plane, although both can be used to look at buried
liquid-liquid and solid-liquid interfaces. FIGARO can be used in reflection down or reflection up
configurations, with neutrons directed at an interface from above or below the horizontal, depending on
the required application. FIGARO is suitable for a wide range of applications due to the ability to
balance the flux with respect to the wavelength resolution and Q range, which enables fast kinetic
studies to be performed and optimises the data acquisition efficiency according to the needs of a given
experiment. FIGARO is equipped with a range of sample environments including free liquid
adsorption troughs, a Langmuir trough, a range of solid/liquid sample cells, and of course the OFC.
This section will give an over-view of the components and workings of FIGARO, more details are

given in the recent paper of Campbell et al.”

Figure 3.4 shows a schematic representation of FIGARO, highlighting its main components. From
right to left, the main components are two frame overlap mirrors and a four disk chopper assembly
used to select the wavelength and resolution, two deflector mirrors and a collimation guide, which
reflect the beam up or down and focus it on the sample, a sample stage with motorized goniometers,
and a 2D detector. More details of the set-up and purposes of each of these components will be given

in the following section.

Detector assembly Collimation
eDetector #2 High precision Diaphragms
*Flight tube Sample area #Collimation ‘guide’
eTranslation mechanism *Sample environment With Horizontal focusing Chopper system
eHigh precision Z table « 4 disc choppers
Beam deflector eInter disc guides Frame overlap
2 Deflection mirrors mirrors

Super mirror coating M=4 +20 Angstroms

*30 Angstroms

Foundations
« Rigid Slab for alignment stability
e Deep well for vibration isolation
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Figure 3.4. Schematic of the layout of FIGARO, highlighting each of its components

3.3.1 Choppers and Frame Overlap Mirrors

Thermal neutrons produced by a reactor such as the one at the ILL are moderated to a wavelength band
suitable for measurements by a cold source, and arrive at the instrument with a Maxwellian range of
wavelengths. For a time-of-flight instrument, distinct pulses of neutrons with a defined range of
wavelengths are required,”* and at a facility such as the ILL where neutrons come from a continuous
source reactor, these are created by the choppers. Choppers are rotating disks which block the passage
of neutrons for the majority of the time, but let them through a small window. The greater the distance
between a pair of choppers the more neutrons in the selected wavelength band, i.e. the higher the flux
but the lower the wavelength resolution (dA/1). The wavelength resolution controls the Q resolution of

a NR measurement dQ/Q

(B =G+ @) (3.36)

On a time of flight instrument such as FIGARO, dA/4 is replaced by dt/r where dt is given by the pulse
width defined by the choppers and t is the time of flight of a neutron. On FIGARO, a four chopper
disks assembly is employed, however only two of these choppers define the neutron pul