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Abstract

The surface segregation of additive molecules within hydrophobic polymers is of
great importance to a range of industrial systems. This thesis specifically ad-
dresses the segregation of surfactants within hydrophobic polymer films similar to
those used in the babycare and feminine hygiene industry. The aims are to identify
the key drivers of surface segregation, and be able to predict this behaviour.

Pentaethylene glycol monododecylether (C12E5) exhibits surface segregation in
both crystalline and amorphous polymers, with the degree of matrix crystallinity
shown to significantly influence surfactant segregation. Greater crystallinity has
been shown to reduce the surface enrichment of these films which was attributed to
the inhibition of movement of surfactant by the highly ordered crystalline domains.
The surfactant layers also display different temperature and water resistance de-
pending on the matrix, with the surface layer on amorphous polymers appearing
to be more resistant to loss. However, both sample types appear to show two
types of surfactant structures on the surface, with some surfactant appearing to
remain anchored to the surface while the remaining surfactant is lost.

Nanometre scale strands were found on CisEs-containing films which were
resistant to temperature elevation and water exposure. These were not seen in
dodecyldimethylamine oxide (DDAO) / LDPE films. Instead small islands were
seen but these islands show little surface activity.

The effect of surfactant hydrophilicity on surface segregation has also been
studied by comparing Ci5E3 and Ci5E5 in polymer matrices. A larger head group
size has been shown to produce a larger surface excess on the surface and this has
been related to the greater compatibility of surfactants with a smaller hydrophilic
head group.

Initial exploration of the influence of shear stress on interfacial segregation has
shown that Ci5E5 segregates to the interface under shear and quiescent conditions.
The lack of any strong influence of shear rate or temperature suggests that additive
chemistry and matrix crystallinity are the most important factors in promoting

surface modification with surfactant additives.
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Chapter 1

Overview

The migration and segregation behaviour of additive molecules within hydropho-
bic polymers is of great commercial importance in the formulation of products
with modified surface and processing behaviours. In particular, the inclusion of
small molecules such as surfactants to impart hydrophilicity to polymer surfaces
is highly relevant to the manufacture of non-woven layers of both babycare and
feminine hygiene products. Successful formulations require the surfactant to seg-
regate to the surface to modify it and any surfactant remaining within the bulk

material has little effect.

Commercially manufactured products containing polyolefins and surfactants
are often produced by injection moulding and extrusion. These techniques often
require the blend to be at high temperatures to melt the polymer and undergo
a wide range of shear rates when processed through an extrusion die. Further-
more, during use these products often come into contact with water-based fluids.
Therefore, the successful exploitation of the properties imparted by the surfactant
requires a surfactant-enriched layer to present itself on the surface after the blend
is subject to the processing conditions. It is also necessary for the surfactant-

enriched layer to remain present during use.

The aims of this work are to understand the key drivers of surface segregation
within hydrophobic polymers. This understanding can be applied to computa-

tional and theoretical models to ultimately predict segregation in a wide range of
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blends in order to provide a more heuristic approach to product formulation.

The compatibility of surfactants within polymers has previously been sug-
gested to be a key driver in segregation. Therefore, within chapter 4, both DSC
and rheometry have been probed as methods of investigating compatibility of non-
ionic surfactants within both semi-crystalline and amorphous polymers. This will
provide insight into the compatibility of the surfactant as a function of surfactant
loading and comparison of different head group sizes.

Before investigating semi-crystalline polymers, it is necessary to explore the
surfactant distribution of a surfactant, CioE5, within an amorphous polymer, cis-
PI in chapter 5. Neutron reflectivity shall be used to investigate the depth profile
of surfactant and work shall be performed to compare this to the surface properties
of the films.

The behaviour of non-ionic surfactants within a more crystalline polymer,
hydrogenated poly(butadiene), shall be probed within chapters 6 and 7. This will
provide insight into the effect of crystallinity on the surfactant segregation. The
distribution of Ci5E3 and C13E5 in a polymer film shall also be compared, allowing
the effect of hydrophilic head group size on segregation and surface properties to
be investigated.

A relatively novel technique, Rheo-NR, is explored in chapter 8 as a viable
method for understanding the effect of shear forces on the surfactant distribution
within a hydrophobic solvent. This shall be used to probe the effect of shear rate
on surfactant distribution in order to understand how the blends behave during
processing.

Finally, the key conclusions from each chapter shall be summarised in chapter
9 to provide an insight into the effect of both the additive and matrix properties
as well as the processing conditions on the behaviour of surfactants within hy-
drophobic polymers. There will also be suggestions for future directions of work

based on the results obtained in this thesis.



Chapter 2

Introduction

Polymers, particularly polyolefins have become a key component in the manu-
facture of many household items, with the annual global manufacturing capacity
in the order of 100 Mt per year.! These polymers are selected for their excel-
lent range of mechanical properties, chemical resistance and relatively low cost.?
However, some modification of these properties can often be desirable and this
is achieved by the incorporation of additives. These can be small molecules that
can modify the surface and rheological properties of the polymer as well as the
appearance and flame resistance of the material. However, these additives are
not stationary within a polymer and can often migrate throughout the material,
leading to additive-enriched regions and surface layers of additive. This process
also presents the possibility of the loss of surfactant into any contacting materials,

changing the properties of the polymer during storage or usage.

It is important to understand how the additives behave under different condi-
tions as this may greatly impact the shelf life of the product and optimal storage
conditions to maximise this. Furthermore, the understanding of the behaviour of
the additives in a polymer matrix may allow the development of improved pro-
duction methods that lead to reduced costs and waste: if an additive is designed
to modify surface properties, it only has any effect at the surface and any additive
remaining in the bulk polymer is superfluous. Therefore, the ideal behaviour of

a surface-active additive will be for it to migrate to the surface during or shortly
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after manufacture and for this to remain within the blend during use.

2.1 Polymers

2.1.1 Low-Density Polyethylene

Polyethylene is a simple, hydrophobic polyolefin. It is inexpensive, has excellent
mechanical properties and good chemical resistance, making it a strong candidate
for use in a wide range of commercial applications.

The structure of polyethylene is deceptively simple, consisting mainly of a
chain of ethylene units covalently bonded together (Fig. 2.1). There are several
approaches to synthesising polyethylene, two of the most common are radical

polymerisation and metal-catalysed techniques.
H H
L]
Lo

Figure 2.1: Structure of polyethylene.

Metal-catalysed polymerisation is a more modern approach to polymer syn-
thesis and requires specific metal catalysts such as a Ziegler-Natta catalyst. These
are commonly titanium and aluminium based compounds?® which allow propaga-
tion of the polymer by insertion reactions into the monomer double bond. These
catalysts give much greater control over the stereochemistry of the polymer and
yield polymers with little branching.

Free-radical polymerisation is a much simpler synthesis technique, where the
ethylene monomer and an initiator are mixed at high pressure and allowed to
react.? Whilst this technique is fast and allows synthesis of large quantities of
polyethylene, it gives little control over the structure of the resultant polymer.
This often leads to large molecular weight distributions of the polymer chains and

significant degrees of branching.®
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The degree of branching within polyolefins significantly influences the prop-
erties of the polymer and polyethylenes with different amounts of branching can
have a wide range of properties. More linear polyethylenes tend to have a much
higher density due to the improved packing efficiency of the linear chain.® These
polyethylenes are referred to as high-density polyethylenes (HDPEs). This im-
proved packing efficiency also leads to a much higher degree of crystallinity, mak-
ing it ideal for uses where high strength, good corrosion resistance and low flexi-
bility are desired such as piping and chemical containers. Polyethylenes produced
by free-radical polymerisation tend to be much more branched and thus have a
lower density. These low density polyethylenes (LDPEs) are still fairly crystalline
but tend to be more versatile for flexible items such as food packaging, plastic

wraps and structural components of babycare and feminine hygiene products.®

2.1.2 cis-poly(isoprene)

Polyisoprene (PI) is a term used to encompass several polymers produced from
isoprene, with varying structures depending on the reaction mechanism of poly-
merisation (Fig. 2.2). The polymerisation mechanism is dependent on the reaction
conditions and catalyst used. Both the 3,4-addition and 1,2-addition isomers are
produced where polymerisation occurs only through one double bond, leaving the
second double bond remaining in the side group. This produces a much more com-
plex polymer, with many chiral centres on the polymer backbone. These forms of
polyisoprene can be produced in high yields using a MoO,Cl, catalyst.”

Both cis- and trans-PI can be produced by metal-catalysed polymerisation
techniques using a Ziegler-Natta catalyst. Furthermore, the catalyst chosen can
influence the selectivity of the reaction. It has been shown that vanadium(III)
chloride complexes can be used to produce trans-PI® and can be tuned to achieve
> 99 % trans-1,4 addition.? cis-PI can be selectively produced by using a TiX,
catalyst where X is a halide and an organoaluminium compound.'°

Within this work, primarily cis-PI will be investigated. cis-PI is a hydropho-

bic, amorphous polymer which is commonly obtained from natural rubber or is
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produced synthetically as discussed above.!! It has a relatively low degree of crys-
tallinity due to the rigid, bent backbone structure imposed by the double bond,
which reduces the packing efficiency of the polymer. This is in contrast to trans-
PI which has a much higher degree of crystallinity as the double bond locks the

backbone in a relatively linear orientation.

KL 14

cis-P1 trans-P1
\#:/gn n
3,4-addition 1,2-addition

Figure 2.2: isomers of poly(isoprene). Different isomers are produced depending

on the polymerisation mechanism.

2.2 Surfactants

Surfactants are amphiphilic molecules comprising a polar, hydrophilic moiety co-
valently bound to a non-polar hydrophobic group. Surfactants can broadly be
divided into four categories: anionic, cationic, non-ionic and zwitterionic surfac-
tants. These classifications are based on the nature of the hydrophilic head group.
The primary focus of this work shall be non-ionic surfactants. However, a zwitte-
rionic surfactant, dodecyldimethylamine oxide (DDAQO) will also be compared to

explore the impact of a surfactant structure with a much smaller polar head-group.
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2.2.1 Polyoxyethylene alkyl ethers (Ci2E,)

Polyoxyethylene alkyl ethers (Fig. 2.3) are a family of amphiphilic molecules.
These consist of a linear alkyl hydrophobic group and a hydrophilic head group
comprising a chain of ethylene ether groups. Both the size of the head group and
tail group can be varied in order to tailor the hydrophilicity of the amphiphile,
with an increased number of ethyl ether groups giving a more hydrophilic molecule

and a longer alkyl chain rendering the molecule less hydrophilic.

OH

X

Figure 2.3: Generic structure of a Ci3E, surfactant. The hydrophobic section is

shown in red and the hydrophilic section is given in black.

2.2.2 Dodecyldimethylamine oxide (DDAO)

Dodecyldimethylamine oxide (DDAO) is an amine oxide based zwitterionic surfac-
tant (Fig. 2.4). DDAO has been previously used in commercial products which
are superabsorbent between 0 and 5 % wt.,'? making it an ideal surfactant to
compare to the results seen in the CioE, series. This surfactant has also been

shown to exhibit antimicrobial properties. '

Figure 2.4: Structure of a DDAO molecule.

2.2.3 Amphiphile Self-Assembly

Due to their amphiphilic nature, surfactant molecules commonly form highly or-
dered structures within solution. One of the more simple structures formed are

micelles: a spherical structure, which when the solvent is aqueous, allows the

7
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hydrophilic groups to remain in contact with the water whilst shielding the tail
groups within a hydrophobic core. An entropy increase is a key driving force for
the formation of these micelles, which occurs as the hydrophobic tail is shielded
from the aqueous environment.'? Entropic effects arise from the organisation of
water molecules in the presence of hydrophobic groups to preserve hydrogen bond-
ing. These are referred to as hydrophobic interactions. Furthermore, the non-
polar tails are not capable of hydrogen bonding, rendering them fairly insoluble.
This allows them to form aggregate structures with other non-polar molecules.
In a non-polar solvent, micelles still form but have the opposite structure, with
a hydrophilic core of head groups. These are referred to as inverse micelles.!®
The thermodynamics for the formation of these micelles is distinct from those
discussed above as there is no solvent hydrogen bonding network to be preserved.
For ionic surfactants, the formation of these micelles becomes less likely with in-
creasing head group charge, due to the increased electrostatic charges between
the head groups in close proximity to each other.

The formation of micelles occurs at a specific concentration, known as the
critical micelle concentration (CMC). Below this surfactant concentration, surfac-
tant will enrich the surface. At the CMC, additional surfactant will form micelles
within the bulk solution. Non-ionic surfactants tend to have a lower CMC than
ionic and zwitterionic surfactants. Additionally, surfactants with a longer hy-
drophobic group also have a lower CMC. 16

Whilst micelles are a common form of self-assembled structure, there are many
others which can form. Israelachvili et al.'” related the curvature of self-organised
structures to the relative sizes of head and tail groups. This work demonstrated
that curvature can be imparted into organised structures through the repulsive
forces between surfactant head groups and can account for the formation of rod-
shaped micelles and tubular bilayers. Another structure that may be particularly
important in the case of surface segregation is surfactant lamellae. These are
sheets of surfactant in which the molecules are aligned to form layers of heads and
tail groups. It is also possible for multilamellar structures to form, where sheets

are successively stacked together, giving a structure with alternating hydrophilic
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and hydrophobic sheets. Ci3E5, a surfactant used within this thesis has been
shown to be able to form lamellar structures within water'® and these structures
have been observed to be thermally responsive, with a transition between micellar

and lamellar structures occurring as temperature is varied.

2.3 Thermodynamics of Polymers, Mixtures and

Molecular Migration

Any spontaneous process is driven by a decrease in free energy. The change in
free energy, in this case the Gibbs free energy, G, at constant pressure and volume
can be given as a function of internal energy, U, temperature, T, and entropy, S,

as:

AG = AU — TAS (2.1)

The theories below are applications of this thermodynamic relation to a molec-
ular system. One of the most commonly used theories to describe the mixing of

polymers is Flory-Huggins theory.

2.3.1 Flory-Huggins Theory

Flory-Huggins theory is a thermodynamic theory that was originally created to
describe the mixing of a polymer and solvent and the statistical thermodynamics
of the resulting system.'® The theory is based on earlier work by Meyer?® which
treats space as a lattice in which sites are occupied by components of the system.
It is important to note that in this model, no sites can be empty. One important
issue to consider in this model is the difference in molecular weight between the
polymer and solvent. This is accounted for by defining a volume, Vj,;, and set-
ting this as the volume of each lattice site. The model assumes that a polymer
chain can be considered to consist of connected segments of V;,; as shown in Fig.
2.5. The lack of empty sites within this model is important as this describes the

incompressibility of the system.
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Figure 2.5: Illustration of a lattice model in 2 dimensions for a polymer and

solvent mixing. The polymer is represented in red and the solvent in blue.

10
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2.3.2 Application of Flory-Huggins Theory to Polymer-

Polymer Mixtures

Whilst Flory-Huggins theory describes polymer-solvent mixing, it can be modified
to model the mixing of two different polymers instead (illustrated in Fig. 2.6).
For a binary polymer mixture, the system can be described in terms of the volume
fraction of polymer A, ¢4, and the volume fraction of the polymer B, ¢g. Each of
these polymers has a degree of polymerisation, N4 and Np respectively. For an
ideal mixture, at constant pressure the energy of mixing will be purely entropic

and can be expressed as:?!

Aszm o ¢A In ¢A + (1 — ¢A) ln(]' — ¢A)
kg Na Np

(2.2)

where kg is the Boltzmann constant and ¢4 is the volume fraction of polymer
A. As the system contains only 2 components, the volume fraction of B can be
defined as 1 — ¢ 4.

Many systems are not ideal and thus more complexity is introduced. Inter-
actions are required between the two polymers and can be described as either
attractive or repulsive. This introduces an enthalpic term into the equation. As
this is the Gibbs free energy, enthalpic contributions are captured in the internal
energy and it is possible to describe the change in internal energy change of mixing

per lattice site:
_ o
AUpix = §¢1(1 — ¢1)(2uap — Uaa — UBR) (2.3)

where « is the number of nearest neighbours of a lattice site, u4p is the interaction
energy between polymers A and B and usq4 and upgp are the interaction energies
of A and B with themselves respectively.

In order to simplify the equations, the Flory-Huggins interaction parameter,

X, as:??
Q2uap —Uaa — UBB
=— . 2.4
2 ky T (24)
This can then be substituted into equation 2.3 to give
AUvrnix = X¢A(]— - ¢A)kBT (25>

11
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Figure 2.6: Illustration of a lattice model in 2 dimensions for two homopolymers

mixing. Polymer A is represented in red and polymer B in blue.

12



CHAPTER 2. INTRODUCTION

Finally, it is possible to substitute the above equation into the Gibbs free energy

equation (equation 2.1) to give

AGpiz  ¢alnga L (1 —¢a)In(l — ¢a)
kgT ~  Na Npg

The free energy density can then be written by introducing V4 and V4 terms,

+X¢Pa(l = ¢a) (2.6)

defined as the volume of a repeat unit of polymer A and B respectively: %23

AGmiz _ palnda . (1—0¢4)In(1 —4)
/{JbT NAVA NBVB

It can be concluded from this work that the Flory-Huggins interaction parame-

+ (1= ¢a)pax(VaVe) ™. (2.7)

ter is intrinsic to a specific system and will be affected by the chemical interactions
of the components of the system. In the case of a polymer and surfactant, the size
and chemistry of the head and tail groups would affect this value considerably.
If the free energy of mixing is positive at all compositions, a mixed state is not
thermodynamically stable and so the system will tend to phase separate over time.
It may be possible to apply some of this theory to a system that contains both a
polymer and a surfactant component. However, this theory does have limitations,
particularly when considering a system where components have regions of varying
polarity. Flory-Huggins theory treats all interactions as isotropic. Whilst this
can be valid in a polymer mixture, the structure of surfactants and the tendency
of these molecules to self-assemble means that interactions are directional and
violates the underlying assumption that components are randomly distributed.
Furthermore, as Flory-Huggins theory is intended to model polymer blend be-
haviour and, whilst the surfactants can be considered to be short chained block
copolymers, the increased number of chain ends may produce invalid results from
Flory-Huggins theory. These chain ends affect the compressibility of the system, 2
rendering the assumption that the system is incompressible invalid. Whilst Flory-
Huggins theory may not accurately represent a non-polar polymer and a non-ionic
surfactant, such as the system to be studied, it may be used to infer some basic
predictions. It can be expected that if the head group of the surfactant is too
large, uap will increase as the interactions will be greater, increasing y. This
means the system will phase separate in order to minimise the interactions and

achieve a conformation with the minimal free energy.?
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More complex models have been developed such as the work by Higgins et al.?%
that has been shown to work well for polymers and can take into account com-
pressibility. However, these models require precise thermodynamic data on the
compressibility of the polymers and mixtures are difficult to implement. Recent
work by Patyukova et al.?" has shown promise in handling polymer / surfactant

mixures and should be applicable to non-polymer mixtures.

2.3.3 Spinodal Decomposition

If the free energy of the mixture changes from negative to positive, the mixture
becomes thermodynamically unstable and may decompose into a phase-separated
system of lower free energy. The mechanism of this is commonly spinodal decom-
position?® and is spontaneous when the second derivative of free energy density
of mixing with respect to volume fraction is negative. The spontaneous nature
of this process arises because any composition fluctuations away from that mixed
state will necessarily have a lower free energy. During this process, a continuous
morphology develops from fluctuations with randomly directed wave vectors. This
leads to an isotropic structure due to the symmetry of the system. However, if
a surface is present, asymmetry is produced in the system and this can lead to
surface-directed spinodal decomposition.?®? The formation of a surface layer as
decomposition waves propagate with vectors oriented normal to the surface can
therefore occur.?® This surface layer is enriched in one component relative to the
other, with models also predicting self-organisation of the materials within the

layer, including the formation of alternating layers.3°

The formation of a surface layer can be understood in terms of Flory-Huggins
theory. If the components do not mix, the system undergoes a rearrangement in
order to form a configuration with the smallest interfacial area. This minimises
the interfacial energy of the system, yielding a more stable structure. If one of
the components has a lower surface energy then it will tend to be present in slight
excess at the surface. Should this system undergo spinodal decomposition, then

this excess will direct the process such that the concentration gradient grows with
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time.

2.3.4 Entropy Effects

Another motivation for the migration of surfactant to the surface of the polymer
is that it is an entropic effect rather than a product of the incompatibility of the
components. It has been suggested that the configurational entropy per segment
of a polymer chain at the surface is significantly lower than that in the bulk.3132
Simulations have indicated that as the polymer chains approach the surface, the
polymer is compressed towards a single layer,3? reducing the number of possible
conformations that can occur.®® This lower number of possible conformations
leads to a significantly lower conformational entropy and this decrease in entropy
is much more significant for the longer chained molecules. This means that it
is more favourable for the shorter chained components such as oligomers and

monomers to be found at the surface3! as well as the polymer chain ends.

If two components are incompatible, these will not necessarily segregate to
form a distinct layer of one additive on the surface of the film. Sakellariou ob-
served that poly(methyl methacrylate) (PMMA) and poly(ethylene oxide) (PEO),
two partially incompatible polymers, did not show any noticeable enrichment of
either component on the surface.® It would be expected that the lower surface
energy component, PMMA, would migrate to the surface to minimise surface en-
ergy. Whilst this does not occur in this work, Mayes et al.?® did find surface
enrichment of PMMA with a PEO-depleted layer 50 A thick. However, this was
only after annealing to 190 °C, above the glass transition temperature, Ty, of both
components. This work was conducted on films on a silicon wafer and it must be
noted that PMMA adheres strongly to the wafer.3” Therefore it is possible that
the initial composition is dominated by PMMA at the wafer surface, leaving PEO
on the surface. This suggests that the kinetics of migration may be important
or that whilst the surface layer may be the optimal structure, there can be a

significant inhibitor to the formation of this.
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2.4 Diffusion Within Polymers

Whilst thermodynamics may indicate whether an additive and polymer will tend
to segregate, it cannot indicate the time scale on which this occurs. If the time
an additive requires to segregate to a structure, which will impact product per-
formance, is orders of magnitude greater than the expected lifetime of a product,
this segregation will have little effect and can be considered negligible. Therefore,

the dynamics of additive diffusion and segregation must be considered.

2.4.1 Activation Energy

As with most kinetic processes, there is an energy barrier to diffusion of migrants
and this will affect whether or not migration occurs at all. Many processes with
energy barriers can be modelled by an Arrhenius relationship and diffusion has
been modelled this way:3®

Ea

InD=InDy - —= 2.
n n Ly RT (8)

where D is the diffusion coefficient in a polymer matrix, D is a pre-exponential
factor, E4 is the activation energy of diffusion, R is the molar gas constant and
T is temperature. Furthermore, molecular dynamics simulations have been per-
formed by Wang et al.,3? which gave predicted diffusion coefficients and activation
energies that were in good agreement with experimental results at 293 and 313 K.
However, the diffusion coefficients began to deviate from experimental results at
higher temperatures, suggesting that there are effects other than those modelled

at elevated temperatures.

2.4.2 Fickian and non-Fickian Diffusion

The movement of an additive can be a diffusive process. One key law describing
diffusion is Fick’s law. Equation 2.9 shows Fick’s first law, where .J is the diffusion
flux, D is the diffusion coefficient of the diffusant, ¢ is the diffusant concentration

and z; is the the distance in direction <.

dc
dl’i

J=-D (2.9)
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This equation shows that the flux is positive when migration is down the concen-
tration gradient and thus the migrant moves towards areas of lower concentration,
eventually equalising the concentrations, leading to a concentration gradient of

zero. This diffusion coefficent becomes negative during spinodal decomposition.
0 0?
= Do
ot ox;

1

(2.10)

Equation 2.10 shows Fick’s second law, which describes the concentration
change over time due to diffusion, where t is time, x; is the distance, c¢ is dif-
fusant concentration and D is diffusion coefficient of the diffusant.“® This second
equation shows that concentration of migrant increases over time when the second
derivative of the concentration gradient is positive. Fick’s law has previously been
applied to migration of additives out of non-swellable polymer matrices, with the

loss of additive described by: %!

my = 2cop <ﬁ> (2.11)

T

where m; is the total mass of migrant lost at time, t, cq is the initial migrant
concentration in the polymer, p is the polymer density and D is the diffusion
coefficient.

However, not all diffusion obeys Fick’s law. This is described as non-Fickian
diffusion and exhibits significantly different behaviours. This non-Fickian diffu-
sion can be caused by swelling of the polymer matrix by the penetrant. Equation
2.10 for Fickian diffusion assumes that D has no concentration dependence. For
systems studied in this work, the additives may have a plasticising effect, changing
the matrix with increasing concentration, leading to a different diffusion mech-
anism. Omne form of non-Fickian behaviour that arises from this is commonly
referred to as case-II diffusion. %3 The type of diffusion that is observed can be
determined by its time dependence, denoted by " where n is a constant. Case-
IT diffusion has a time dependence where n = 1, whereas for Fickian diffusion,
n = 1/2. There are additional forms of diffusion behaviours where n is a value
between these values which are referred to as anomalous diffusion.* Case-II dif-
fusion is characterised by a front of diffusing material which propagates linearly

with time.*2
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2.5 Migration to the Surface in Polymers

Previous work has shown that additives can migrate from the bulk to the surface*>
within poly(vinyl alcohol) (PVA) films. This form of migration shall be defined as
z-migration, where the migration is in the z-direction as defined in Fig. 2.7. This
migration has been investigated in a range of systems, including polar polymer
matrices and ionic surfactants. It is therefore important to consider the factors

that affect migration in this work.

Z

Figure 2.7: Schematic of a polymer film with the polymer bulk shown in blue and

the surface layer shown in yellow. The x, y and z directions have been defined.

2.5.1 Effect of Matrix Crystallinity

Many commercially relevant polymers are semi-crystalline, meaning that they con-
tain at least some regions of ordering dispersed throughout an amorphous network.
Several factors affect the degree of polymer crystallinity and these include chem-
ical regularity, whether all repeat units contain the same structural formula, and

stereoregularity, whether the chain can achieve a conformation with translational
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symmetry through bond rotation.4® Furthermore, chain branching can also affect
the crystallinity of polymers. Both Satti et al.*" and Xu et al.*® demonstrated
that short chain branching could have a significant effect on the crystallinity of
ethylene-propylene and ethylene-butene copolymers respectively. This also ap-
plies to polyethylene, % where the more linear chains can form lamellar crystalline
structures. The introduction of branching causes the width of these lamellar crys-
tallites to decrease, showing that these branches lower the crystallinity, melting
temperature and melting enthalpy of the polymer. This increased crystallinity
also tends to lead to an increase in polymer density and thus more linear poly-
mers tend to be found in HDPE compared to LDPE.

This matrix crystallinity has been shown to affect additive migration and mo-
bility. Marcato et al.?® studied the diffusion of additives in HDPE, ethylene-
propylene copolymer and polypropylene. The investigation was performed by ex-
posing polymer blends containing antioxidants to oils for various amounts of time.
High-performance liquid chromatography was then used to determine the amount
of remaining antioxidant. It was shown that the largest quantity of antioxidant
transferred to the contact medium was from ethylene-propylene copolymer and
the smallest quantity was transferred from HDPE. The copolymer had a crys-
talline fraction of 30 % whereas HDPE is 70 % crystalline and it was concluded
that this increased crystallinity decreased the rate of migration and the loss of
additive from the polymer.

The decreased migration in highly crystalline polymers can be rationalised
by understanding the path a migrant must take through a polymer. Mahlman?®!
observed by X-ray diffraction that non-crystallising material is rejected from poly-
mer spherulite structures as they form. Instead, it is propelled in a wave away
from the spherulite, meaning that higher concentrations are found at the crystal
boundaries. Furthermore, it was observed that migration of a polysiloxane addi-
tive occurred preferentially along the low density, disorganised crystal boundaries
using atomic force microscopy (AFM) by Makpirtti.?® Therefore, the path that
the additive takes to migrate to the surface is no longer linear, thus the path is

longer and causes migration to be much slower.
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2.5.2 Additive Structure

The migration of an additive in a polymer is dependent on the physical proper-
ties of the additive as well as the matrix. The migration of Irganox 1010 and
Irgafos 168 antioxidants (Fig. 2.8) has been compared within polyolefins.®® Tt
was shown that the larger molecular weight Irganox 1010 migrated out of the
polyolefin much more slowly than Irgafos 168. However, this study did not at-
tempt to understand whether molecular weight or the molecular volume is the
key parameter affecting migration. Al-Malaika et al.®® concluded that, for UV
stabilisers within polyethylene, there was no clear correlation between molecular
weight and diffusion coefficients, except for when the alkyl chain length is varied.
This indicated that the diffusion coefficient depended much more on the additive
shape and chemical structure rather than its mass alone.

Raynier et al.?* related the diffusion process of additives to their geometric pa-
rameters such as their size and flexibility. Two main mechanisms were identified,
a crawling motion (reptation) and a jumping mechanism. The reptation mecha-
nism was common to highly mobile, flexible additives that commonly contain long
alkyl chains. The jump mode is frequently seen in the case of more rigid molecules
such as heterocycles and involves the movement of a molecule from one free vol-

1.3% who propose that

ume to another. This supports the reasoning of Wang et a
the diffusion of larger molecules occurs much slower as fewer free volume holes
that are large enough to fit the molecule inside them will be produced by random
polymer chain movement. It can therefore be concluded that the geometry of the

migrating molecule will significantly affect diffusion.

2.5.3 Blend Storage Temperature and Aging

The storage conditions of these blends at elevated temperatures can impart sig-
nificant changes to the distribution of the additive. Samples of polypropylene, a
crystalline, non-polar polymer, containing alkyl sulfonates and fluorocarbon sur-
factants showed a large decrease in surface energy when aged at 45 °C for over

10 days.® However, samples containing the same quantities of additives aged at
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Irgafos 168

Figure 2.8: Chemical structure of Irganox 1010 and Irgafos 168.
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5 °C showed much smaller decreases in surface energy. The T} is similar to the
lower temperature®® (-10 °C) and so it is likely that the mobility through the
amorphous region of the material changes enormously in this temperature range.
If this is considered to be a kinetic effect, it can be explained by referring back
to equation 2.8: at higher temperatures, the RT term is larger, meaning that
more molecules have the required activation energy to diffuse and so the diffu-
sion coefficient increases. Furthermore, the free volume of the polymer increases
with temperature®” and is strongly related to Tj. This means that there will be
more available space within the polymer that the additive can migrate through,
potentially allowing more channels for migration to the surface. This would also

L 39

agree with Wang et al.”” as at higher temperatures, more movement occurs and

so larger holes can appear.

2.5.4 Additive Loss

A significant concern when studying the migration of an additive to the surface of
a polymer is the loss of the additive. For small molecules, this commonly occurs
by evaporation. Calvert and Billingham®® proposed a theoretical model for this
loss of additive. The model consisted of 3 key factors: the evaporation rate, the
diffusion coefficient and the solubility of the additive. Firstly, if the additive was
not above the saturation solubility, blooming of the additive to the surface did
not occur and so the rate of additive loss is determined by whether the rate of
volatilisation or diffusion dominates.

Work by Smith et al.% shows that the most significant factor affecting the
loss of volatile plasticisers within a semi-crystalline polymer is not the diffusion
coefficient but is instead the evaporation rate. Neutron reflectivity profiles of a
polyester-polyurethane film with a plasticiser blend showed that the plasticiser
concentration could equalise itself throughout the film before significant plasti-
ciser loss. This showed that diffusion occurs much faster than evaporation and
thus evaporation is the rate-limiting step of additive loss. However, this is not

comparable to the systems studied within this work as the additives are not polar,
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meaning that they are likely more compatible with the matrix than surfactants
are, meaning that the only driver towards the surface is diffusion rather than
compatibility.

There has also been significant interest in the loss of additives in the case
of food packaging, where migration of additives out of the packaging into food
is highly undesirable.®® %2 Schwope et al.%° probed the migration of butylated
hydroxytoluene and Irganox 1010 from LDPE into both solid foods and food-
simulating liquids. The work showed that the size of the molecule played a key
role in the migration, with the migration of larger molecules occurring more slowly
than that of small molecules. Furthermore, it was shown that where additive loss
is not caused by evaporation, the rate of diffusion alone controlled the loss of the
additive into food, with the quantity lost correlating to ¢'/2. This time relation is

indicative of Fickian diffusion (section 2.4.2).

2.6 Relationship of Surfactant Surface Migra-

tion and Surface Energy

As surfactants segregate to and enrich the surface, the surface energy will change,
leading to a change in the contact angle between a liquid and the surface. Young®
demonstrated this and this work led to the development of the Young equation
(equation 3.18), where the interfacial tensions are defined in Fig. 2.9. This model
is relatively simple and relies on the assumptions that the surface is perfectly
smooth and that the properties of the contacting fluid and the surface are unaf-
fected by each other. This is not always valid as surfaces often have significant
roughness and, in the case of a surfactant laden surface, surfactant may migrate
from the surface to the probe liquid. Furthermore, there has also been work which
has revealed that a droplet can have some effect on the surface below, with pH-
buffered solutions shown to promote surface segregation of polar functional groups
64

in carboxylic acid functionalised polystyrene.

This change in free energy is also a key driver in the migration of additives to
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Figure 2.9: Schematic of a droplet of a probe liquid on a surface displaying the
contact angle (0), solid-liquid (vysz), solid-gas (ys¢) and liquid-gas (vyr¢) surface

energies.

the surface. The component with the lowest surface energy would be expected to
migrate to the surface, lowering the free energy of the system.*

Surface energy difference has been demonstrated to be a key driver in migra-
tion by Lee and Archer.?? This work featured the segregation of polystyrene-b-
poly(dimethyl siloxane) in polystyrene. Furthermore, other copolymer additives
with fluorinated groups have been shown to migrate to the surface of polymer
blends. The low surface energy of these fluorinated additives was shown to be a

key driver for the surface enrichment of these copolymers.

2.7 Structure of the Surface Excess

There has been some work performed that has identified that enriched surface
layer can form complex structures after the additive has migrated to the surface.
Firstly, lateral migration can also occur and it has been shown that disk-like
structures of additive have been observed on the surface of polyisoprene when
oligo-isobutylene is included as an additive.® It was also noted that these islands
coarsen slowly over time when the sample is annealed at a temperature above the
T, of the samples. 7

More exotic structures can be formed when additional additives are incor-
porated. Briddick et al.®® noted that lamellar structures can form in ternary
blends. In the example, glycerol (a common plasticiser) and sodium dodecyl sul-
phate (SDS, an anionic surfactant) were observed to form a multilayer lamellar

structure in PVA. This lamellar structure is the product of interactions between
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these two additives. As the surfactant is ionic, there are repulsive interactions be-
tween the head groups. However, glycerol sits in a layer between the head groups,
screening these charges from each other which allows a more favourable structure
to form. It is also proposed that hydrogen bonding contributes to the structure
of this layer: glycerol has three OH groups which allow it to hydrogen bond to
the charged head group of SDS. This work implies that several components in a
system can behave in a cooperative manner, allowing self-assembly of structures
which may not be able to form without a specific component. Within industrial
formulations, a wide range of additives can be incorporated into a single blend.
This means that there could be significant interactions between additives within
these samples which would produce much more complex structures than those

seen within model systems.

2.8 Summary

Migration has been identified as a complex process that frequently occurs in in-
dustrially and commercially relevant materials. This process can be distinct from
phase separation: whilst phase separation is the result of incompatibility, mi-
gration can have other drivers such as surface energy differences. Furthermore,
the kinetics of migration can also introduce additional complexity to migration
behaviour.

Previous work has discussed the thermodynamics of phase separation and seg-
regation using Flory-Huggins theory. However, Flory-Huggins theory has limited
effectiveness when modelling the behaviour of smaller molecules such as surfac-
tants within a polymer matrix. This is due to the presence of both hydrophilic
and hydrophobic groups which introduce directionality to the forces between the
surfactant and polymer as well as the increased number of chain ends produced
by the smaller molecules.

The kinetics of migration have also been discussed. Several forms of diffusion
have been considered: Fickian, Case-II and anomalous diffusion. These have been

shown to exhibit different time dependencies and thus different movement mech-
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anisms occur. As migration involves the movement of small molecules through
a polymer, it is expected that they may obey laws of diffusion and thus kinetics
must be considered to assess whether any distributions observed are in equilib-
rium. However, the polymer matrix can also affect the kinetics of migration and
so crystallinity is also an important factor to consider when assessing segregation
of surfactants.

It has been shown that a wide range of factors affect migration and the forma-
tion of an enriched surface layer. These include the sample temperature and aging
time, matrix crystallinity and the amount of surfactant present. Furthermore, lat-
eral migration has also been discussed, this allows the formation of more complex
surface structures. This appears to be relatively poorly understood and may have
a significant performance of any product containing polymer and surfactant based
materials.

The aims of this work will be to investigate the key factors affecting the mi-
gration of a non-ionic surfactant in non-polar matrices. To represent this, a model
system consisting of a hydrophobic polymer with a single surfactant shall be con-
sidered. This is a suitable model system as many commercially relevant polymers
are hydrophobic, such as LDPE and polyisoprene. Only very limited research,
usually involving less well-defined commercial additives®?:5%% has addressed this
behaviour until now. In order to characterise a system suitable to test new com-
putational approaches, a better defined model is required. A single surfactant in
each sample will be used in order to assess the migration without the additional
complexities of interactions between additives. The use of a surfactant series such
as CyoE, gives scope for the adjustment of the head group size in order to assess
how the surfactant hydrophilicity affects migration.

Initial investigations must also be conducted in order to determine the com-
patibility of the polymer and additive: this will indicate whether compatibility
plays a role within surface segregation. It is also necessary to investigate how
the surfactant is distributed initially within the sample in order to determine if
migration has occurred when the sample is exposed to different conditions.

These products are commonly processed and extruded at high temperatures.
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Therefore, it is important to assess the effect that both processing temperature
has on the surface enrichment as well as the effect of shear forces. As many
applications of these systems are in non-perishable products that may come into
contact with water, the effects of water exposure must also be assessed and so it
will be necessary to probe the resistance of any surface layers of surfactant to loss
into the contacting water medium.

Chapter 3 describes the experimental methods used in this investigation of
the bulk and surface properties of blended films. In chapter 4 the compatibility
of additives within polymer matrices is investigated and the results from this un-
derpin the analysis of the depth distribution of surfactant in amorphous polymer
films in chapter 5. Chapter 6 examines the surfactant segregation behaviour in
more crystalline polymers and compares this to results in previous chapters and
chapter 5 to identify how the introduction of crystallinity to the matrix influences
segregation. The influence of the head group size on segregation is investigated
in chapter 7 and chapter 8 probes how surfactants segregate under shear forces

similar to those experienced during processing using Rheo-NR.
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Chapter 3

Experimental

3.1 Materials

A selection of polymers and surfactants were used in this project to create a
model system designed to imitate the behaviour seen in commercial systems. The
suppliers of each material is given in Table 3.1 and the molecular weights of
polymers used can be found in Table 3.2. In this work, an analogue of LDPE has
been used, hydrogenated poly(butadiene) (hPBd). This was necessary to facilitate
the spin-coating of hydrophobic films. Due to the high crystallinity of LDPE,
the films produced are often too rough to be measured by neutron reflectivity
(NR). It must be noted, however, that whilst hPBd is considered to be a form of
polyethylene, it is synthesised by a different route to commercial polyethylenes.
Industrial polyethylenes are produced from the polymerisation of ethylene gas,
which is obtained from petrochemicals. However, hPBd is synthesised from the
hydrogenation of 1,4-polybutadiene produced by living ionic polymerisation (Fig.
3.1). This different synthesis technique does not produce perfect polyethylene,
with some 1,2-addition occurring, leaving some ethyl side groups on the polymer

chain after reduction.
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Figure 3.1: Reaction scheme of the synthesis of hPBd from 1,4-butadiene. The
first step shows the polymerisation and the second step shows the hydrogenation

of the polymer.
3.2 Sample Preparation

3.2.1 Polymer Solutions

cis-PI was dissolved in toluene or xylene with stirring to create 4 % wt. solutions.
It was possible to dissolve cis-PI at room temperature. However, LDPE was
dissolved in xylene, which required heating to 80 °C." Similar toluene and xylene
solutions of surfactants were also prepared at 4 % wt. These solutions were
then combined in the relevant proportions to produce solutions with the desired

surfactant to polymer ratio.

3.2.2 Spin Coating of Thin Films

Many of the experiments conducted within this thesis were performed on spin cast
films of cis-polyisoprene or polyethylene and additives. Spin-coating is an effective

"L72 For most experiments,

technique for producing thin layers of polymer film.
films were prepared by spin casting samples from toluene solutions onto silicon
wafer.

Solutions were spin cast on to 0.75 mm thick silicon wafers (for AFM, contact

angle analysis or ion beam analysis) or 55 mm diameter, 5 mm thick silicon blocks
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Table 3.1: Materials used within this thesis and the suppliers of each

Material Supplier
cis-PI-01 Sigma-Aldrich
cis-PI1-02 Sigma-Aldrich
hPBd Polymer Source
LDPE Sigma-Aldrich
Dodecane Sigma-Aldrich
h-DDAO Sigma-Aldrich
h-C12Es5 Sigma-Aldrich
h-CiaE4 Sigma-Aldrich

h-Ci2E3 Tokyo Chemical Industry UK
do5-C12E5s  Rutherford Appleton Laboratories
ds5-C12E3  Rutherford Appleton Laboratories
dos-DDAO  Rutherford Appleton Laboratories
Toluene Fisher

Xylenes Fisher

(for neutron reflectometry). For both wafers and blocks, the crystal orientation
used for spin casting was 100. Silicon blocks were cleaned with permanganic acid
and then acetone prior to spin casting to remove any impurities to both aid in
film wetting and ensure film consistency. Silicon wafers were cleaned with acetone
and dried prior to spin casting.

Solutions were spin-cast using a Laurell spin coater model WS-650MZ-23NPP
using a rotational speed of 3000 rpm for 45 s during drying. For polyethylene
samples, the solution and substrate were heated to approximately 80 °C to prevent

precipitation of the polymer at lower temperatures.

3.2.3 Melt Pressed Films

Thicker films for use in rheometry were prepared by melt pressing films. Solutions

were first prepared as described above to ensure thorough mixing of components.
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Table 3.2: Molecular weight distributions of polymers where M,, is the number-

average molecular weight and M, is the weight-average molecular weight.

Polymer M, / gmol™' M, /g mol™' Dispersity

cis-PI-01 - 420,000 -

cis-PI-02 - 35,000 -
hPBd 380,000 932,000 1.4
LDPE 7,700 35,000 4.6

These solutions were then dried in a fume cupboard at 60 °C for 24 hours. Once all
solvent was removed, the blend was then melt pressed into discs with a diameter
of 25 mm or 40 mm and a thickness of 1 mm under 10 tonnes pressure. These
sizes were selected to match the rheometer geometry used. The polymer was melt
pressed at 120 °C, above the melting point of the polyethylene used, and the

sample was held at this temperature for 30 minutes.

3.3 Differential Scanning Calorimetry

Differential Scanning Calorimetry (DSC) is a technique which can be used to
quantify thermal transitions such as the melting point (7,) and glass transition
point (7T,).™™

Solutions containing the materials to be investigated were placed into standard
aluminium DSC pans and the solvent was evaporated by heating the pan to 80 °C.
More solution was added and evaporation repeated if required until approximately
10 mg of the dry blend remained in the pan. This pan was then heated alongside
an empty pan at a constant rate. The difference between the empty pan and
the pan containing the sample was measured. Measurements were collected using
a Perkin Elmer DSC 8000 by Douglas Carswell at the thermal analysis service,
Department of Chemistry, Durham University. Measurements were collected at a
heating and cooling rate of 10 °C per min. The calorimeter was calibrated using

indium and tin reference samples. A baseline correction has also been applied
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to some data. This involves the calculation of the gradient of the heat flow as
temperature is ramped and this is then subtracted from the data to give a flat

baseline.

3.4 Oscillatory Rheometry

Oscillatory rheometry is a method of rotational rheometry which is useful for
probing the viscoelastic properties of a material. The storage and loss moduli (G’
and G” respectively) are measured whilst an oscillating shear force is applied to
the sample.™

Samples containing cis-PI-02 and an additive (C12E5 or dodecane) were pre-
pared by manually mixing the components of the sample together. This method
was chosen to prevent the inclusion of any residual solvent which may affect the
rheological properties of the mixture. However, cis-PI-01 is not a viscous liquid
at ambient temperatures and thus cannot be manually mixed. Therefore these
blends were prepared as outlined in subsection 3.2.3. Samples were then investi-
gated using a TA AR2000 rheometer with thermal control of the sample provided
through a peltier plate. The samples were placed within a 40 mm diameter smooth
parallel plate geometry with a gap of 0.5 mm. A strain sweep was performed at
0.1 rad s7!, shown in Fig. 3.2. It can be seen from this figure that at higher strain
rates, G’ and G” remain constant, indicating that for all strains tested, the sample
is within the linear regime. In order to conduct successful measurements, a strain
should be selected that is within the linear regime but is above the torque limit of
the instrument. The oscillation torque is plotted against strain in Fig. 3.3, with
the lower torque limit of the rheometer shown in red. From this data, a strain of
7.5 % was selected to ensure that measurements were above the torque limit but
still within the linear regime. The angular frequency was varied between 0.01 and
100 rad s™!. Several samples were also probed using thermal control delivered
through an environmental test chamber (ETC), fitted to the rheometer. This
allows a wider range of temperatures to be attained through the use of additional

insulation and improved heating as well as liquid nitrogen cooling for sub-ambient
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temperatures. Samples studied with the ETC were probed using a 25 mm diam-

eter smooth parallel plate geometry, the maximum size capable of fitting within

the ETC.
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Figure 3.2: Strain sweep of cis-PI1-02, showing how both G’ and G” are both

constant at 7.5% strain, indicating that the sample is still in the linear viscoelatic

range.
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Figure 3.3: c¢is-PI-02 torque / strain plot. The torque limit on the instrument is
shown by the red line, strain values where the torque falls below this line cannot

be used for measurements.

3.5 Neutron Reflectivity

Neutron reflectometry (NR) is a surface-sensitive depth profiling technique. It is
a powerful technique for probing the distribution of components in soft matter
systems. Neutrons behave with both the properties of a particle and a wave
(wave-particle duality) and therefore have a wavelength, A, given by the de Broglie

equation:

A= (3.1)

where h is the Planck constant, m and v are the mass and velocity of the particle
respectively.

Neutrons interact with the nuclei of atoms and any unpaired electrons in the
surrounding orbitals,”® both of which cause scattering to occur. However, within
this work, only the scattering from the nucleus is studied.

Neutrons are capable of both reflection and refraction when incident upon
an interface. In specular NR, the angles of incidence and reflection are equal,

allowing only the variation in scattering length density normal to the interface
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to be measured. An important quantity in neutron reflection is the momentum

transfer vector, Cj, which can be given by

Q= ky— ki (3.2)
where kz and k;} are the momentum vectors of the incident and reflected wave
respectively (Fig. 3.4). As specular NR by definition requires the incidence and
reflected angle to be equal (0; = 6), the modulus of the incident and reflected

wavevector are equal and can be given as

- - 2
kil = ksl = = (3.3)
for neutrons with wavelength \.7"
&
QT
ki
k, K
0 0

Figure 3.4: Schematic showing how the momentum transfer vector relates to the

momentum vectors in elastic scattering

By combining equations 3.2 and 3.3, it is possible to define the modulus of the

momentum transfer vector, (), as™

.. —— 4
Q=1k —Fk| = \/|kf|2+\k‘i]2—2czos(29):Tﬂsine (3.4)

giving () which is only determined by A and 6.

When there is usually a wide angle between incident and scattered waves, the
Born approximation can be applied. ™ This ignores interference between incident
and scattered waves, allowing specular reflectivity, R(Q) to be defined as®
B 1672
=0
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with NV/(Q) defined by ™®

° dN,
NI(Q) = /_ Ooe’Qd—zbdz (3.6)

where N, is the scattering length density (SLD) and z is the depth within the film.
SLD is dependent on the density and isotopic composition of the molecules within
the sample, with each isotope giving different scattering length contributions or
scattering lengths (b;).8! This difference in scattering length between isotopes
allows isotopic labelling to be used to produce contrast within systems containing
hydrocarbon components. This can be achieved by substituting hydrogen atoms
for deuterium within hydrocarbons. The SLD is calculated using equation 3.7

where V,,, is the unit cell volume.

N
Nb — 2121 (37)

The SLDs of relevant materials have been calculated using equation 3.7 and the

scattering lengths listed in table 3.3 and can be found in table 3.4.

Table 3.3: Scattering lengths of elements of interest

Element b; / 1071 m

H -3.746
D 6.671
C 6.646
N 9.360
O 5.803
Si 4.149

If equation 3.5 is applied to a single interface, R(Q) becomes
1672

However, in many systems there is more than one single interface and so the reflec-

R(Q) AN? (3.8)

tivity becomes more complicated. The Fresnel equation can be used to describe
the reflection of neutrons at a single interface between two materials, %

o sin 90 — N sin 91 2
R = 3.9
(@) ng sin 6y + nq sin 6, (3.9)
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Table 3.4: Scattering length densities of relevant materials

Material SLD / 107 6A2

do5-CroE3 4.58
dos-CioEs 3.81
d-hexadecane 6.79
Ci2E5 0.124
cis-Pl 0.26
d-DDAO 5.95
LDPE -0.36

Si 2.07

Si0 3.47

For a multilayer structure, with two interfaces 3.9 can be written:8%-%2

2

ro1 + 1127
R =|— 3.10
(Q) 1+ 7’017’1262‘”3 ( )
where
Pi — Dj
ri= 7 3.11
= s (3.11)
p; = n;sin (3.12)
2

A
and 0; is defined according to Fig. 3.5. r;; in equation 3.11 can be referred to
as the Fresnel coefficient of the interface between layers ¢ and j and f; is the
optical path length through layer ¢. Few interfaces are perfectly smooth and so
a roughness factor can be introduced to account for imperfections and diffuse

surfaces.

T (314
Di t+ P

where ¢; and ¢; are 4wsin6,;/\ and 47w sin g,/ respectively and < o > is the root

Tz’j

mean square Gaussian roughness. %2
To apply these Fresnel optical equations to multiple interfaces, the Abeles

matrix formalism can be applied. Within this, a characteristic matrix, M;, is
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Figure 3.5: Refraction and reflection of neutrons showing how angles are defined

within equation 3.10

created for each layer:®

M, = o (3.15)
rl.je_lﬁz 6_1/81

where p; is defined in equation 3.12. A matrix defining the reflectivity can then

be obtained as the product of the characteristic matrix of each layer.
M =[]M (3.16)
i=0

which takes the form of a 2x2 matrix. The reflectivity can then be obtained as

2
| My

R(Q) = Mo

(3.17)

with M;; corresponding to matrix elements in M.

Experimental Procedure

Specular neutron reflectometry was conducted using the INTER (for cis-PI-based
samples) and POLREF (for hPBd-based samples) reflectometers at ISIS Neutron
and Muon Source, UK.

Deuterium labelling is used to give a difference in scattering length density
(SLD) of the components, providing the contrast required to identify the compo-

nents. % Reflectivity profiles were collected using 2 or 3 incident angles (0.25°,
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1.2° and 2.3°, with 1.2° omitted in 2 angle collections) to obtain a profile from
critical edge to background. This gives a momentum transfer range of approxi-
mately 0.008 < Q/A~" < 0.5. Depending on the instrument and number of angles
used, collection times ranged between 1 and 2 hours per sample. Samples were
placed in the path of the beam on a sample changer with 4 sample mounts; each
sample mount could then be heated independently with a peltier stage beneath
each mount. Fig. 3.6 shows a schematic of a sample mounted on the sample
changer. Within this schematic, the four degrees of freedom which are varied
during alignment are shown. Both ¢ and v are angles which are varied to give the
maximum intensity of neutrons incident upon the detector, “trans” is the trans-
lational position, allowing changing of samples by moving them into the path of
the beam and “h” is the height of the sample which is also used to adjust samples
to account for variations in block and sample thickness. Measurements performed
on LDPE samples were collected by Dr Christie Kinane, Dr Andrew Caruana and

Dr Stephen Hall due to restricted access to the ISIS facilities.

Figure 3.6: Schematic of sample changer used in NR measurements, showing the
key degrees of freedom varied to align samples. The path of the neutron beam is

shown in red.

3.5.1 Fitting Methods

Both the refnx® and MUSCtR®" packages were used to both simulate reflectivity

data using the Abeles matrix formalism discussed above and fit reflectivity data
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Figure 3.7: SLD profile demonstrating the model used by MUSCtR. The central
profile (black) shows the test profile created by the user. Two other depth profiles
are created from this by adding or decreasing the thickness of the bulk layer by a

defined amount.

to SLD profiles, using a least-squares method to minimise the deviation of the fit.

The MUSCtR package is intended to fit reflectivity profiles from samples which
have a undulating surface. These surface undulations have periodicities that are
much larger than length scales which would contribute to the surface roughness in
conventional fitting software. Instead, MUSCtR fits data with several reflectivity
profiles which only differ in the thickness of a defined layer (in this work, the
bulk layer). The additional profiles are generated by adding and subtracting a
defined thickness, e, from the bulk thickness and this can then be fitted as a
parameter. These profiles are then weighted with the central profile (profile 1 in
Fig. 3.7) taking a larger weighting and are fitted to the reflectivity profile.

3.6 Contact Angle Analysis

Contact angle (CA) analysis is a technique used to investigate the wettability and

surface energy of a surface through the use of a droplet of a probe liquid placed
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Figure 3.8: Schematic of contact angle analysis experimental setup, showing how
a probe droplet is placed onto the sample, illuminated by a diffuse light source

and recorded with a camera fitted with a telecentric lens

onto the surface.®®® The experimental setup is shown in Fig. 3.8. The spreading
behaviour of this droplet is then analysed. Within this work, only water has been
used as the probe liquid and shall therefore be referred to as water contact angle
(WCA) analysis. The Young equation (equation 3.18) shows that the contact
angle of the contacting droplet (6¢) is related to the interfacial tension of the

solid-gas (vsq), liquid-gas (yLe) and solid-liquid (vsy) interfaces.

Ys¢ — st — Yrg cosbo =0 (3.18)

The evolution of the droplet of probe liquid over time was captured using a camera
equipped with a telecentric lens to give a longer focal field. Frames are then
extracted from this video at regular time intervals and are then analysed using

the DropSnake plug-in® for Imagel.

3.7 Ion Beam Analysis

Ion beam analysis (IBA) encompasses a range of techniques that are used to

provide quantitative elemental composition versus depth within a material. This
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technique requires isotopic labelling of the component to be probed.

A beam of positive helium ions is produced from a stream of 3He or *He gas
which is fed into a radio frequency source chamber. A 6 kV potential is applied to
the source and this propels the ions into a rubidium charge exchanger, producing
negative He ions. These negative ions are then fed into a 1.7 MeV 5SDH pelletron
accelerator (National Electrostatics Corp., Wisconsin, USA).

The negative ions are converted back into positive ions and are accelerated.
The ions are then focussed by magnets into a 2 mm diameter beam, which is
directed onto the sample within the end-station. The end-station is brought under
high vacuum during analysis. To avoid evaporation of volatile components in
samples within this high vacuum, samples are vitrified by plunging them into
liquid nitrogen after spin coating.

Upon incidence with the sample, scattered ions, nuclear decay products, ejected
ions and photons are produced and these are detected by a planar silicon detector
and their energy spectra are analysed.

The depth distribution is determined from the relationship between the de-
tected beam energy and the thickness of the sample. The beam will lose kinetic

energy as it interacts with the sample and the stopping power, S, can be given as

dE

§=-—

(3.19)

where F is the ion energy and z is the distance the beam has travelled through
the sample.

IBA can have an elemental sensitivity on the order of parts per million and
has a depth resolution on the order of tens of nanometres. Careful consideration
must be given, however, to the irreversible damage caused to samples by the beam
of ions. This means that the location of the beam print must be changed for each
measurement and the beam charge incident on one location must be limited. To
minimise the effects of sample damage, measurements are recorded at different
locations on the sample which can then be added together to obtain statistically
significant data.

Within this work, nuclear reaction analysis has mainly been used.
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3.7.1 Nuclear Reaction Analysis

Nuclear reaction analysis (NRA) experiments involve a nuclear reaction within
the sample. The most common reaction used is the reaction between deuterium
in the isotopically labelled molecules and *He incident ions. A beam of 700 keV
is used as the greatest probability of this reaction occurring is between 650 and
700 keV. The reaction can be shown as ?H(*He,'H)*He where *H and *He are the
target and beam nuclei respectively and 'H and “He are the product nuclei.”! This
reaction is also exothermic, with 18.352 MeV released.? Whilst both product ions

can be detected, the proton is the ion which is more useful for depth profiling. 123

An incident beam angle of between 70 and 80 ° was selected for these experi-
ments and the beam charge per spot was 1 pC. Data collected at a specific incident
angle in multiple locations on the same sample could be combined to give more
accurate results, with typically 3 different locations used for each sample. Within
this work, NRA was mainly used to support and validate neutron reflectometry
depth profiles. NRA is highly advantageous as a complementary technique to NR
as it is sensitive to deuterium regardless of lateral distribution within the film:
whilst NR will only detect homogeneous layers, NRA is also capable of identifying

inhomogeneous surface features.

3.7.2 Fitting Methods

All IBA data were analysed with the Surrey University DataFurnace® software
(WINDF v9.3.98 running NDF v9.6a) to calculate concentration versus depth

profiles for the deuterated component within the sample.

DataFurnace is capable of fitting multiple spectra simultaneously, allowing
data from multiple angles on a single sample to be used to produce a single
depth profile. The fitting process is an iterative fitting algorithm which, from an
estimated layer profile defined by the user, attempts to minimise the statistical

quantity x? based on the difference between the experimental data and the fit.
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3.8 Atomic Force Microscopy

Atomic force microscopy probes the surface topography and mechanical proper-
ties of a sample by measuring the deflection of a cantilever as it moves across a
surface. This technique gives detail of the surface properties at both the nano and
micrometre scale. High precision movement of the cantilever both in the vertical
and horizontal directions is achieved through use of piezoceramic actuators which,
when a voltage is applied, expand or contract to move the sample relative to the
cantilever. The deflection of the cantilever, caused by the surface of the sample,
is then measured through the position of a laser reflected onto a photodiode from

the cantilever (Fig. 3.9).

=

Figure 3.9: Schematic demonstrating how the movement of the laser position is
caused by cantilever deflection. The position of the laser on the photodiode is

measured and this is then used to determine the height of the surface feature

As the probe is rastered across the surface, a force distance curve is collected
for each sample point. An example of this is shown in Fig. 3.10. As the probe
approaches the surface, an attractive van der Waal’s force is exerted on the probe,
pulling the probe into contact with the surface. As the probe is then withdrawn
from the surface, these van der Waal’s forces adhere the probe to the surface, until
the spring constant of the probe becomes larger than the van der Waal’s forces
and the probe returns to its resting position. If the spring constant of the probe

is known, these adhesive forces can then be calculated for each sample point,
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generating an adhesion map of the surface.”

Samples were prepared by spin coating solutions onto ~ 1 x 1 em? silicon
substrates. This substrate was then fixed to a steel disk using double sided tape
in order to allow the sample to be held inside the AFM with a magnet. A Bruker
MMS8 Multimode AFM was used with NuNano Scout 70R probes with a nominal
spring contant of 2 N m~!. For temperature controlled samples, the AFM is fitted
with a NanoScope High Temperature Heater Controller. Analysis was performed
in quantitative nanomechanical mapping (QNM) mode with a minimum of 512

samples per line. Images were analysed using Gwyddion v2.53 software. Within

this thesis, both height and adhesion maps have been presented.

A

Force
?

Distance

Figure 3.10: AFM force distance curve showing the adhesive force acting upon
the probe as it is moved towards the surface (dashed) and then removed from the

surface (solid).

Within this thesis, several parameters are calculated for each surface image.
root mean square roughness, R,, maximum roughness, R, and surface area
ratio, Rg4 have been used to compare the surfaces of samples.

The root mean square roughness, R, indicates the standard deviation of the
distribution of height values. This is given by Equation 3.8 where A is the height

values for each point and N is the number of points.
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The surface area ratio, Rga, is defined by Equation 3.21 where Ap is the

projected area and Ag, is the actual surface area.

Rga = —— (3.21)
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Chapter 4

Compatibility studies of CHE,
surfactants in hydrophobic

polymers

4.1 Chapter introduction

This chapter focusses on assessing the compatibility of a Ci2E, surfactant (where
2 < x < 6) in cis-PI and LDPE. This compatibility evaluation is required in
further chapters to consider whether segregation is occurring due to the incom-
patibility of the additives or due to surface energy differences. Whilst the solution
behaviour of individual components is well studied, % the behaviour of compo-
nents in the absence of solvent is less often explored. Many commercial blends
are prepared via melt processing,” meaning that solvent is absent. It is therefore
important to consider the compatibility of surfactants within a polymer after it

has been vitrified.

Whilst previous work studying the compatibility of small molecules in poly-
mers has utilised cloud point analysis,'%’ both cis-PI and LDPE are cloudy at
room temperature, meaning that it is very difficult to discern whether the addi-
tive is compatible or not as this technique relies on a change from transparency (in

mixed samples) to high turbidity in immiscible samples. Instead, alternative tech-
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niques have been investigated that do not rely on visual methods of determining
compatibility.

Within this chapter, two methods of assessing compatibility have been con-
sidered: assessment of the change in the polymer phase transitions via DSC and
the change in rheological properties of a polymer / surfactant blend. Whilst work
conducted in later chapters is centred on surfactant behaviour in thin polymer

films, the compatibility analysis conducted here is carried out on bulk materials.

DSC has previously been used to assess the compatibility of additives and
polymers. Daniels and Cabrera have shown that DSC is useful for measuring

101 The work demon-

the compatibility of a plasticiser within poly(vinyl chloride).
strates that the T}, of a polymer blend decreases as a compatible plasticiser is
added. When the polymer and additive are compatible, the environment of the
polymer changes with changing additive concentration. If this results in a change
in free volume, the 7, will also be expected to change. This is also described by
the Fox equation (4.1), which describes how the T, of a binary mixture of com-
patible polymers, a and b, is proportional to the mole fraction of each component

(w; where i is a or b) and the glass transition temperature of each component

(Tya and T,y).

1 W, Wp
— N 4.1
Tg Tgﬂ Tg,b ( )

Whilst the additives in this case may not be polymers, the shift in 7, with
changing weight fraction of additive may be expected to follow a similar trend.
There is significant precedent for the use of rheometry to assess the miscibility
and compatibility in polymeric materials. Rheometry has previously been shown
to be useful in assessing the compatibility of two polymers (poly (ethylene oxide)
and poly(e-caprolactone)) by Li et al.'% Within this work, the phase-separation
temperature of the mixture was identified from a change in the temperature de-
pendence of G’ through a plot of G’ vs. T. This relationship between phase
separation and a change in rheological behaviour has been widely studied. 93105

Whilst much work focusses on the phase separation of polymer blends, an incom-

patible surfactant can produce microphases within the polymer. These will also
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have distinctive rheological behaviour and so rheology can also be used to probe
miscibility in these systems.

The Han plot has also been used as a tool for investigating thermally induced
transitions within polymer blends.!%® This is a plot of log G’ vs. log G” obtained
from oscillatory rheometry. This technique has been applied to polymer blends

107 and has shown that a compatible blend will

such as polylactide / polyamide
show a linear relationship between log G’ and log G” within the terminal region,
where G” exceeds G’ at low frequency. This may be of particular use as the Han
plot does not require temperature to be plotted on either axis, possibly providing
a method to assess compatibility over a range of temperatures.

An alternative strategy for determining compatibility through rheometry, which
is proposed in this work is facilitated by van Gurp-Palmen plots. These plots of §
vs. log G* (where ¢ is the phase angle, Fig. 4.1, and G* is the complex modulus)
are primarily used to determine whether the Time-Temperature Superposition
principle (TTS) holds for a polymer blend.!*® Within these plots, the TTS princi-
ple holds if the curves plotted for each temperature probed converge onto a single
line. However, miscibility of components within polymer blends has also been
investigated through the use of these plots. %19 The justification for this usage
is that if the curves do not converge on a single line, and the T'TS principle does
not apply, a change in the properties of the material (such as a phase change)

must occur as the temperature is changed.

4.2 Results

4.2.1 Assessing cis-P1 / CoE, Compatibility Using Ther-

mal Analysis

Within this section, DSC results of mixtures of cis-PI and several additives shall
be presented in order to assess both the value of DSC as a technique in deter-
mining compatibility of small molecules within polymers as well as understand

the concentration dependence of the compatibility of these small molecules. Sam-
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Figure 4.1: Stress and strain curves for a strain-controlled oscillatory rheometry
experiment. The stress has a time lag behind the the strain, which is defined as

the phase angle, §.

ples of cis-PI-02 and surfactant were prepared as outlined in Section 3.3, with
surfactant loading varying between 0 and 10 wt.%. All DSC measurements were

performed with a heating and cooling rate of 10 °C per minute.

Figures 4.2 and 4.3 show the DSC thermograms of pure Ci3E5 and cis-PI
respectively through both a heating and cooling step. Within Fig. 4.3 it is
possible to observe a thermal event at approximately -65 °C in the heating step.
This peak, accompanied by a change in baseline, is indicative of a glass transition.
A demonstration of how T is obtained is shown in Fig. 4.4. This is much more
difficult to observe within the cooling step. However, it is possible to identify a
change in gradient, corresponding to the glass transition temperature. Fig. 4.2
shows the melting point of Ci5E5. As expected there is a difference between the
temperature at which the melting peak (28 °C) and the crystallisation peak (5 °C)
occur. However, these peaks shall be used to identify any pure, unmixed CisEs

present in blends below.
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Figure 4.2: DSC thermogram of Ci3E5, collected with a ramp rate of 10 °C per
minute. A baseline correction has been applied to the data. T, and T, have been

labelled.
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Figure 4.3: DSC thermogram of cis-PI, collected with a ramp rate of 10 °C per
minute. A baseline correction has been applied to the data. The 7, has been

labelled.
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Figure 4.4: DSC thermogram of cis-PI demonstrating how the T} is determined.
The change in heat capacity is calculated and the temperature at which the C), is

half of this is given as the T},

C2E, / cis-PI DSC results

The DSC curves for the heating and cooling of Ci5E3 loadings between 1 and 10
% in cis-PI-02 have been plotted in Fig. 4.5. Within the heating curves, a clear
T, can be seen at all concentrations at approximately -60 °C which is consistent
with literature results''? (-67 °C). This transition does not change dramatically
with changing composition. However, within the cooling curves, an exothermic
peak can also be seen emerging near -25 °C, which becomes larger with increasing
surfactant loading. A similar endothermic peak can also be seen in the heating
curves above 0 °C. This corresponds to the crystallisation and melting of Ci5Es,
suggesting that if there is a peak present, sufficiently large surfactant domains
must be present to exhibit bulk properties. This is also seen in Ci3E5 samples
(Fig. 4.6) at the melting point corresponding to CioEs, indicating that similar
surfactant domains are also present in these samples with higher loadings.

The thermal behaviour of 10 % Ci2E5 in ¢is-PI-02 can be seen in Fig. 4.7. The
measurements have been repeated on the same sample to determine whether the

behaviour of the sample changes after heating or cooling. If no significant change
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Figure 4.5: DSC heating (top) and cooling (bottom) curves of 1 — 10 % Ci5E3 in
cis-P1-02. A baseline correction and offset has been applied to each set of data

for clarity.

occurs, it can be assumed that the solution-cast films are a reasonable representa-
tion of melt-processed films. Within each cooling step, several exothermic peaks
between -10 and -25 °C can be seen. These exothermic peaks tend to correspond
to crystallisation events which, as this is a binary mixture where the polymer is
already below T, (~ 35 °C), can be attributed to the surfactant. The cooling
step in Fig. 4.3 shows no noticeable peak event, with only a change in gradient
observed at -60 °C, indicating that no polymer transition can be attributed to
these peaks. Multiple peaks can be observed in liquid crystals, 2 which have pre-
viously been identified as crystallisation peaks between liquid crystalline phases.
This is evidence of the presence of surfactant domains large enough to exhibit
bulk properties: if the surfactant was fully mixed, crystallisation of the surfactant

would not be possible, suggesting that a 10 % Ci3Es loading is more incompat-

113

ible with the matrix polymer. It has previously been shown that CioE; ™ and

h14H5 can exhibit lig-

other surfactants of differing head and tail group lengt
uid crystalline behaviour within aqueous systems. This supports the hypothesis

that these crystallisation peaks are caused by bulk surfactant within the polymer
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Figure 4.6: DSC curves of 1 — 10% Ci3E5 in cis-PI-02. Heating and cooling data
have been plotted on separate axes with the same horizontal axis range. An offset

has been applied to each set of data for clarity.

matrix. It is important to note, however, that the DSC thermogram of CisEs
(Fig. 4.2) does not show multiple crystallisation peaks and moreover crystallises
at a significantly higher temperature. This suggests that Ci5E5 alone does not
show this liquid crystalline behaviour and that the interaction with the polymer
has some impact on the crystallisation behaviour of the surfactant. Tonegawa
et al.''? found that in water, C15E5 shows both lyotropic and thermotropic be-
haviour. Whilst the present work effectively uses a polymer as a solvent instead
of water, it is possible that this thermotropic behaviour is also seen in cis-PI
samples. These results suggest that the components are not highly compatible
but do interact sufficiently to modify the behaviour of the pure components.

Further work has shown that Ci3Es can also exhibit liquid crystalline be-

haviour in water. 116117

C12E3 in water also shows thermotropic and lyotropic be-
haviour, with distinct lamellar surfactant and bulk water phases at low surfactant
concentrations (<10 wt.%). To the author’s knowledge, there is no comparable
study of surfactants within a polymer, but the modification of thermal transitions

of the additive could be consistent with liquid crystalline behaviour previously
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reported of the surfactant in water.

Whilst it has previously been shown!'® that C,E, surfactants with a longer
ethylene oxide chain can display multiple peaks in the melting behaviour, the
peaks seen are distinctly different from the observations in this work. Bouwstra
et al. showed that these surfactants when hydrated could display multiple melting

18 with a spacing of approximately 3 °C, presenting as a smaller shoulder

peaks
on a larger peak.!'® However, the cooling exotherm peaks observed in Fig. 4.7
have a separation much larger than 3 °C and thus can be resolved into a distinct
peak and a second lower temperature peak with a shoulder, suggesting that the
structure of any surfactant domains may be different to those seen in water.

The presence of a single endotherm for the melting step suggests that the com-
ponent that melts is all the same material. The multiple crystallisation exotherms
may mean that this material adopts several morphologies as the sample is cooled
to a final cold state, with an exothermic transition at each morphology change.
An alternative possible hypothesis for the multiple exothermic peaks observed in
the cooling step is that there is C15E5 in multiple environments. This may be, for
example, in micelles of different structures or within both micellar and lamellar
structures. The surfactant within these different environments would experience
different interactions, affecting the melting point. Similar effects have been ob-
served in polymers such as poly(ether ether ketone), where multiple peaks have
been observed in the melting peak.'?® Supporting wide-angle X-ray scattering
(WAXS) and small-angle x-ray scattering (SAXS) results'? presented evidence
of multiple crystal morphologies, similar to the possible different structures ob-
served in the surfactant / polymer blend DSC curves.

Previous work by Chen and Wolcott has probed the miscibility of several
polyethylenes and a smaller additive, paraffin.'?! Samples containing only PE
and paraffin showed two distinct crystallisation peaks that cannot be attributed
to the polymer. Therefore, these were both attributed to the paraffin, which was
reasoned to be evidence of both bulk paraffin and paraffin-polymer blend. This
could be a similar effect seen here, with several different surfactant-dominated

compositions being observed in these higher concentration samples. Whilst it is
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not possible to identify whether there is liquid crystalline behaviour or not within
the bulk surfactant domains from these techniques, both possible reasons above
support the hypothesis that there is surfactant domains within the polymer at
higher concentrations.

In the heating steps, distinct endothermic events can be seen at -65 °C and
18 °C. These correspond to the glass transition of cis-PI-02 and the melting
point of CjoEs5 respectively (Fig. 4.2 and 4.3). Whilst the glass transition is
not an endothermic transition, a small endothermic peak is often present that is
associated with an enthalpic overshoot. The presence of a surfactant melting peak
again confirms the presence of some bulk Ci3E5, as large domains of surfactant
would be required to exhibit a peak. This peak is also observed in Ci5E3 samples
(Fig 4.5), suggesting that even with a smaller head group, the surfactant still forms
some large domains within the sample, indicating limited compatibility between
the surfactant and the polymer matrix.

The change in T, of the polymer matrix as surfactant loading is varied is
compared in Fig. 4.8. For each surfactant, data was gathered in a single series of
measurements over a short period of time and so have a high degree of internal
consistency. However, the instrumental drift between the time of measuring C;5E;
and C2E3 may have been significant, precluding direct comparison between series.
To explore this further, the measurements were repeated for 10 % Ci2E5 and 10
% Ci12E3 on the same day (triangles). These 10 % samples display that there is
a significant difference between the values for Ci3E5 measured at different times,
indicating significant drift. Therefore, whilst results can be compared within each
series (i.e. different concentrations of the same surfactant), it is not possible to
compare the different surfactants directly.

Ci2Es-containing samples show an initial decrease in Tj; at low concentrations,
followed by an increase above 1 % loadings, with the 7, rising above that of
pure cis-PI-02 at 10 % loading. Both samples appear to show some impact of
addition of surfactant on the cis-PI, suggesting that there is some mixing of the

122

components#* with the matrix. However, a key feature in the 10 % results is the

lack of further increase in T, at above 5 % loading in Cy2E5 samples, presenting
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evidence of a limit in the miscibility of the surfactant between 5 and 10 %, with
further surfactant no longer mixing with the matrix and thus not modifying the
T, of the polymer. This is not seen in Cy2E3, suggesting that the surfactant is

more compatible across the concentration range investigated.
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Figure 4.7: DSC curves of 10% Ci2E5 in ¢is-PI-02. Heating and cooling data

have been plotted on separate axes with the same horizontal axis range.
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Figure 4.8: The variation in T}, with C2E3 and Ci2E5 loading in cis-PI-02.
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4.2.2 Assessing LDPE / C,E, Compatibility Using Ther-

mal Analysis

The compatibility of surfactants within LDPE must also now be considered.
Whilst the chemical structure of cis-PI and LDPE are similar, there is a sig-
nificant difference in crystallinity between these two polymers: LDPE contains
significant crystalline domains whereas cis-PI is amorphous. This could mean
that the compatibility of the additive within the different polymer matrix may

change.

This section involves the investigation of the compatibility of LDPE and sur-
factants through the use of DSC. However, LDPE does not have an easily distin-
guishable T, due to the relatively low proportion of amorphous material, meaning
that the same analysis technique as discussed in the previous section cannot be
conducted. Instead, this work shall probe the melting transition of the blend,
where it is expected that a decrease in T}, and crystallisation temperature, T,

will be observed if the materials are compatible.

Whilst both T}, and T, can be examined through this technique, it is more
difficult within these samples to accurately identify T,, (Fig. 4.9). As there is
also a change in heat capacity upon melting, shown by the change in gradient
and step transition, it is not always possible to observe a distinct melting peak
or accurately measure the enthalpy change of fusion, AH¢,s0n. However, it is
much easier to reliably identify 7. and so this has been investigated. Fig. 4.9
also shows the significant difference in thermal behaviour of a sample between the
first heating step and subsequent runs. This suggests that before the first melting
process, there is a thermal history within the sample which is removed upon
melting the polymer. Therefore, within measurements for these LDPE samples,
only data from the first cooling step onwards are assessed. It is important to note
that this thermal history may mean that the structure of solution cast films may

be somewhat different to the structure of melt processed materials.

When measuring AH fysion, it is also important to consider the baseline heat

flow: as the area of the peak is calculated, a changing baseline heat flow may
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have a significant effect on the area. As samples show a change in base heat
flow during the crystallisation event, areas have been calculated with a sigmoidal
baseline. this has been achieved by extrapolating the base heat flow before and
after the event peak and applying a sigmoidal curve between the two extrapolated

lines at the midpoint of the peak.

Dodecane / LDPE DSC results

As well as considering the compatibility of a surfactant molecule containing both
a hydrophobic and hydrophilic region, it is prudent to consider the behaviour
of a small molecule which would be expected to be compatible. In this case,
dodecane has been selected for this purpose. Dodecane has the same structure
as the hydrophobic group of a Ci3E, surfactant (a 12 carbon linear hydrocarbon)
and thus grants the ability to assess how a small molecule behaves without any
hydrophilicity. Similar molecules are often used as plasticizers within polyolefin

123,124

blends, including short chain oligomers and solvents.'?® These plasticiser

molecules, whilst often added to lower T}, can also have a significant effect on the
T;, of the polymer, as was shown for PVA samples with glycerin. 26

Figure 4.10 shows the variation of the melting and crystallisation point of
LDPE as dodecane loading is increased. In both melting and crystallisation data,
it is clear that at low dodecane loadings, the melting point initially increases
slightly. However, above 2.5 % dodecane, T, and T, begin to decrease. Initially
this is surprising as it would be expected that small molecules similar to solvents
would increase the entropy of the melt, thus making crystallisation less thermo-
dynamically favourable, lowering the T}, of the blend. 2> However, instead at low
concentrations, an elevation in 7}, is seen. This increase in T,,,, however, is within
error and so this effect is not a physical feature of the material.

The effect of a small molecule on T, of a polymer can also be understood by
considering the free energy change of melting. The presence of a small molecule
will increase the entropy of the liquid phase. This makes the liquid phase more
thermodynamically favourable, lowering the crystallisation and melting tempera-

ture. 127
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Figure 4.9: DSC thermogram of LDPE showing several successive repeated heat-
ing and cooling cycles on the same sample. Heating and cooling data are plotted

on separate axes for clarity with the same horizontal axis range.

C;:E, / LDPE DSC results

The change in crystallisation temperature plotted against surfactant loading for
CioE3, Ci9E4 and Ci3Ej5 is shown in Fig. 4.11. Interestingly, the 3 surfactants
show distinctly different behaviour. Ci3E5 and CioE4 show a large (~ 6 °C)
decrease in T, even at 1 % loadings, whereas C15E3 shows only a modest decrease
in T, even at high loadings. The behaviour seen for Ci2E4 and Ci3E5 is consistent
with a compatible additive that favours the molten state of the polymer. This is

[.,12 where a similar decrease in melting point can

similar to the work of Wu et a
be seen. It must be noted, however, that the work by Wu et al. is based on PVA,
which has only a moderate degree of crystallinity. This means that a 7, could
still be measured and consider the plasticising effect of the additive. Whilst it is
not possible to directly compare the degree of T, decrease, the polymer used in
the work by Wu et al. is PVA rather than a hydrophobic polymer, this is a good
example of the effect of a plasticiser on the polymer melting point and illustrates

a key difference between these surfactants and a conventional plasticizer. Whilst

both Ci2E5 and C5E3 show an initial decrease in T, beyond 2.5 to 5 % surfactant
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Figure 4.10: Melting and crystallisation temperatures of an LDPE / dodecane
as a function of dodecane loading calculated from DSC data. Results have been

plotted showing standard error based on 3 repeats.

loading, T, no longer shows any decrease. This suggests that above this surfactant
concentration, no more surfactant is compatible with the polymer and thus can
cause no further decrease of T,.. The difference in behaviour between C;5E3 and the
two longer head group surfactants suggests that there is a change in compatibility
between CioE3 and CioE4. However, it appears that the absolute value of T,, or

T, is not a reliable measure of compatibility.

An alternative parameter to consider is the A Hpygion. This is the energy change
observed when the sample crystallises and is calculated from the area of the peak
in the DSC thermogram. Fig. 4.12 shows A Hpson plotted for several surfactants
against surfactant loading. It is clear from these results that Ci3E5 shows a
similar behaviour for AHpyon as was seen for 7., with an increase in magnitude
seen as surfactant loading is increased. It is important to note that A Hpugion
has been normalised by the LDPE concentration of the blend, meaning that this
eliminates the decreasing polymer concentration as surfactant loading increases.
As AHpuson 1s the energy change associated with the melting of the polymer, this

enthalpy change can be related to the degree of crystallinity, with more crystalline
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Figure 4.11: T, vs. surfactant loading for LDPE / Ci3Es5, CiEy and CyoEs.
Results are obtained by measuring the position of the maximum point of the
crystallisation peak for each sample using a sigmoidal baseline. The dotted line

shows the T,. of unloaded LDPE.

samples showing a larger magnitude of A Hpygion.'?* This suggests that the CioE5
induces more crystallinity within the polymer. This is also observed to a more
minor degree in low loadings of Ci3E3, with a much lower decrease in A Hyygion
observed. This appears to present a conflicting description of the compatibility
of the polymer and surfactants compared to the change in T,. However, it should
also be noted that the A Hpygion for LDPE of a similar molecular weight 30 (M, =
47,000 g mol~!) has been determined to be 149 J g=!, meaning that as the sample
in literature was found to have a degree of crystallinity of 0.50, the LDPE used
in this work has a degree of crystallinity of 0.06. This is far lower than what is
expected for LDPE and is unlikely to be the accurate degree of crystallinity. It is
possible that the surfactant molecules disrupt the crystallisation structures of the
polymer, producing a significantly different crystalline structure, with a different
enthalpy of crystallisation. It therefore must be concluded that this is a poor

method for determining compatibility with these materials.

From the thermodynamics of crystallisation, it is possible to infer the mole
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fraction of solvent and therefore, with a knowledge of the mass fraction, it is
possible to use this information to estimate the effective molecular weight or
extent of aggregation of the solvent. Using the melting point of the blend T,
and the melting point of the pure polymer, TV it is possible to calculate the
ratio of the molar volume of the polymer repeat unit, V,, to molar volume of

surfactant, V7, 13132

using equation 4.2. y in this equation refers to the Flory-
Huggins interaction parameter between the polymer and surfactant and ¢, is the
volume fraction of the polymer. As y is expected to be low between a hydrophobic
polymer and surfactant and ¢, is high within the sample range measured, the
X(1—¢32)? term can be ignored. AH, is the enthalpy of fusion per polymer repeat

132

unit, which is invariant with different diluents.'>* For polyethylene, AH, has been

reported as 4059 J mol 1. 133134

T, T° AH,

L1 n (;) (1= 62) — x(1 - 6 (42

Fig. 4.13 shows the V1/Vu values for the 3 surfactant series. This data sug-
gests that there is a significant change in behaviour between CioE3 and CioEy /
C12E5. This shows that at all loadings it appears that the shorter head group sur-
factant occupies a much larger volume per molecule than Ci5E, and C5E5 within
the polymer matrix. This again suggests a difference in compatibility between
the surfactants, with Ci3E3 remaining mixed at all concentrations. However, the
values of V'1/V,, are unfeasible: these values for Cj5E, and CioE5 imply that the
entire surfactant molecule has a comparable size to the CoH, repeat unit of the
polymer, strongly suggesting that the analysis cannot be relied upon. This also
agrees with the observations from crystallisation enthalpy measurements that the
crystallisation of LDPE and a surfactant is more complex than the polymer alone

and may obey a different mechanism.
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Figure 4.12: AHpgsion vs. surfactant loading for LDPE / C1oE, blends, A Heysion

has been normalised by the LDPE concentration.
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Figure 4.13: Ratio of surfactant molecular volume (V7) to polymer repeat unit
volume (V,,) for CioE3, CioE4 and CioE5 in LDPE as a function of surfactant

loading.
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4.2.3 Assessing cis-PI / CoE, Compatibility Using Rheom-

etry

Within this section, two samples of cis-PI have been assessed, cis-PI-01 and cis-
PI-02. Figure 4.14 shows the storage and loss moduli of a blend containing cis-PI-
01 and 1 % C3E5. Within the experimental region probed (0.1 — 100 rad s7!), G’
is larger than G”, indicating that the blend is within the rubbery plateau region.
To obtain rheometry measurements of this sample within the terminal regime,
much lower frequencies would need to be probed. These measurements become
impractical below 0.01 rad s™! (where the time required to collect measurements
extends beyond the order of hundreds of seconds) and so it is not possible to obtain
the terminal region of these samples at the temperatures to be investigated. There
are two possible ways to access the terminal region: either the temperature can
be raised (assuming the T'T'S principle holds) and to use a lower molecular weight
polymer. ™ There is limited scope to vary temperature within this experiment as at
higher temperatures, cis-PI has a tendency to thermally oxidise and degrade. 135136
Therefore, a lower molecular weight cis-PI shall be focussed on in this section. Fig.
4.16 shows the rheometry data for this lower molecular weight cis-PI and reveals
that sample is within the terminal region at the temperatures and frequencies
used in this experiment. This replacement of the polymer for a lower molecular
weight analogue is acceptable here as Flory-Huggins theory indicates that the
compatibility is independent of molecular weight if the polymer molecular weight

remains much larger than that of the additive.

Figure 4.15 presents the behaviour of cis-PI and dodecane, a linear hydro-
carbon. This hydrocarbon, lacking a hydrophilic group, is expected to be more
compatible with the polymer matrix and is not expected to aggregate. The fre-
quency sweep rheology for cis-PI containing 5 % dodecane (Fig. 4.15) appears
to be quite similar to the corresponding sample without dodecane, Fig. 4.16,
confirming this compatibility.

In order to assess whether any change which is observed at higher temperatures

is reversible, samples were retested at 20 °C after being heated to 60 °C. The data
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Figure 4.14: G’ and G” of ¢is-PI-01 and 1% C13E5 obtained by oscillatory rheom-
etry at 20 °C and 45 °C.
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Figure 4.15: G’ and G” of 35,000 g mol™! ¢is-PI and 5 % wt. dodecane, a
compatible hydrocarbon. Data below the torque limit of the instrument has been

removed.
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Figure 4.16: Storage and loss modulus of 35,000 g mol~! cis-PI. Data at 45 °C
below the torque limit of the instrument (at low angular frequency) has been

removed.

for cis-P1-02 / 5% wt. Ci9E3 samples at 20 °C before and after heating are shown
in figure 4.17. From this figure, it is clear that there is very little change in G”

after heating and only a very small change is seen in G'.

Han plots

The Han plot of 5 % dodecane in cis-PI-02 has been plotted in Fig. 4.18, with
the gradients for the linear portion of the data presented in table 4.1. These
results show little change in gradient as temperature is varied. This is somewhat
unsurprising, it is expected that dodecane would be compatible with the cis-PI
polymer matrix, yielding a homogeneous blend. this would be expected to show
little temperature dependence of the blend rheology!®” as observed.

Han plots for C15E3 and cis-PI-02 have been plotted in Fig. 4.19, with different
temperatures of the same composition plotted on the same axes. The gradients
for the linear region around G’ = 1072 — 107 MPa for each temperature and
composition have been calculated and plotted in table 4.2. The gradient of the

138
2,

Han plot for a mixed system would be expected to be with any lower gradient
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Figure 4.17: G’ and G” of 5 % Ci9E;3 in ¢is-PI-02 at 20 °C before and after being
heated to 60 °C. To show overlapped data, the samples before heating are shown
with plusses and the cooled samples have been shown with crosses. Note that

there is very little difference in G” between the two tests.

expected to be caused by a two-phase morphology. It is believed that this lower
gradient is an effect of the elastic contribution to G’ of the interface between the
two phases at high shear rates. However, it has also been noted that a lower
gradient than 2 can be seen in polymer samples with significant polydispersity3°

and so this has not been considered an indication of compatibility within this

work.

Upon inspection of Figs. 4.19, 4.20 and 4.21, it is clear that all surfac-
tants show a curve indicative of G’ increasing relative to G” at lower w. Similar
curves have been seen in samples of nylon 12 containing maleic anhydride grafted
styrene-ethylene/butylene-styrene (SEBS-g-MA).' This has been understood
to be caused by the elastic nature of the interface between the additive and the
matrix; G’ characterises the elastic component of the modulus of a material and
at low frequencies, the shear applied is at a sufficiently low rate to allow for both
G' and G” to respond to the stress. Furthermore, at lower shear rates, there is

also sufficient time for the SEBS-¢g-MA to also respond. !4 It is likely that at low
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frequencies, materials in a single phase can relax but if a permanent interface
between incompatible phases is present, a contribution to G’ becomes apparent.
At higher frequencies, this becomes negligible compared to the modulus of the
polymer.

Comparison of the Han plots of each surfactant shows that CioE5 shows the
largest change in gradient with temperature increase. This suggests that this is
more incompatible with the polymer than surfactants with shorter head groups,
with a decrease in the elasticity associated with domains of separate compositions
within the blend.'" From Flory-Huggins theory (Eqn. 2.7), it can be inferred that
a surfactant with a larger head group would be expected to be less compatible
with the non-polar matrix.?? It is also reported by Agrawal et al.'*? that two
miscible materials would be expected to have curves on Han plots at different
loadings that were able to superimpose. However, it is clear by inspection that
the Ci9E5 samples show different shaped curves for different loadings at the same

temperature, confirming that there is incompatibility.
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Figure 4.18: Han plot of cis-PI-02 with 5 % dodecane at 20, 45 and 60 °C
Table 4.1: Gradients of Han plots for 5 % dodecane in c¢is-PI-02 at 20, 45 and
60 °C given in fig. 4.18

Dodecane conc. / % wt. de”
20 °C 45°C 60 °C
) 177 177 1.78
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Figure 4.19: Han plot of 1% (top left), 2.5% (top right), 5% (bottom left) and
10% (bottom right) Ci2E3 in cis-P1-02
Table 4.2: Gradients of Han plots of Ci5E3 in ¢is-PI-02 shown in figure 4.19

C12E3 conc. / % wt. gTG,/,
20°C 45°C 60 °C
1 1.74 1.78 1.73
2.5 1.95 1.77 1.66
5} 1.99 1.79 1.63
10 1.87 1.68 1.58

75



CHAPTER 4. COMPATIBILITY STUDIES OF Cj;Ex SURFACTANTS IN

HYDROPHOBIC POLYMERS

G'/ MPa
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10% (bottom right) Ci2E, in cis-PI-02.

Table 4.3: Gradients of Han plots for Ci5E, in ¢is-PI-02 given in figure 4.20

Cy12E3 cone. / % wt.

dG’
dG//

20 °C 45°C 60 °C

1 1.71
2.5 1.54
) 1.56
10 1.66

1.59
1.33
1.36
1.44

1.40
1.07
1.16
1.11
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Figure 4.21: Han plot of 1% (top left), 2.5% (top right), 5% (bottom left) and

10% (bottom right) CyoE5 in cis-P1-02.

Table 4.4: Gradients of Han plots for Ci5E5 in c¢is-PI-02 at 20, 45 and 60 °C

given in fig. 4.21

C12E;5 conc. / % wt.

dG’
dG//

-20°C 0°C 20°C 45°C 60 °C

2.5

10

- 1.53
1.67 141

1.71
1.69
1.49
1.41

1.50
1.19
1.28

0.82
1.01
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van Gurp-Palmen Plots

The van Gurp-Palmen plot is commonly produced to assess the applicability of the
TTS principle to a system. The failure of the T'TS principle suggests that complex
thermorheological behaviour occurs within the material probed: as temperature
is varied, the sample has a different rheological response.#® This can commonly

be attributed to immiscibility of components of a blend or long-chain branching.

Before considering the behaviour of the surfactants, dodecane has again been
considered. Inspecting the van Gurp-Palmen (vGP) plot for dodecane in cis-PI-
02 (Fig. 4.22), it can be seen that there is very close overlap between the plots at

[.144 observed that blends with droplet-matrix and

different temperatures. Li et a
co-continuous structures show different characteristic shapes in the vGP plot. As
this is not seen within this vGP plot, it can be concluded that the dodecane fully
mixes with the polymer, in agreement with the conclusions from the unchanging

gradients in the Han plots seen in Fig 4.18.

Determining what is considered to be a deviation from overlapping data is
also important before assessing samples as well as discussing any other possible
causes for changes in the curve. Trinkle and Friedrich!4%46 noted that both
dispersity and branching can have a significant effect on the vGP plot. It has
been shown that, over several decades of G*, linear samples show a characteristic
curve with one minimum and one inflection point; the position of these features are
affected significantly by both the molecular weight and dispersity of the polymer.
As the samples used within this work are all produced using the same cis-PI,
neither dispersity nor molecular weight should vary between samples, meaning
any changes observed should be an effect of the inclusion of surfactant and not

due to the polymer.

The vGP plots for cis-PI-02 with a range of Ci5E3 concentrations have been
plotted in Fig. 4.23. All four compositions tested here show very good overlap of
the curves for the three temperatures probed (20, 45 and 60 °C). This is similar
to what is observed for dodecane (figure 4.22), suggesting that at all surfactant

loadings investigated, the CioE3 is compatible with the matrix and no phase
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Figure 4.22: van Gurp-Palmen plot for cis-PI and 5% wt. dodecane at 20, 45 and
60 °C.

separation occurs over the temperature range investigated.

Comparing the van Gurp-Palmen plots for cis-PI-02 containing Ci5E3 to
CioEy (Figs. 4.23 and 4.24 respectively), there is a significant difference between
the two sets of plots. Importantly, there is significantly poorer overlap between
data at different temperatures for Ci3E4 than for CsE3, particularly at 60 °C.
This indicates that there is a difference in behaviour between these two surfac-
tants as temperature is varied. The reduced overlap shown in CixE,4, particularly
visible in the 10 % sample, suggests that as the temperature is elevated to above
45 °C, the structure of the blend changes. This is likely caused by separation of the
two components. This phase separation would indicate a change in compatibility
with changing temperature.'* The increased compatibility of C;5E3 compared to
C1oE, is likely due to the smaller surfactant head group: this group is hydrophilic
and thus a smaller head group would be expected to have the lowest driver to

phase separate

Ci2E5 samples show much poorer overlap than any other surfactant, with
higher loadings (5 and 10 %) exhibiting vastly different shapes to lower loadings.

This is strong evidence that there is a decrease in miscibility of surfactants as the
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head group size is increased. Zainal'” et al. presented work showing the vGP
plots of a blend of natural rubber graft polymer and PEO; the pure PEO samples
show a similar shape to the data shown in lower loadings of CisE3 and CioEy
in cis-PI, suggesting that these surfactants show the behaviour expected for one
phase. However, mixed samples show a significant curve on a vGP plot, commonly
with a decrease in § at low G*. This was correlated to optical microscopy images
which showed that blends with this different rheological behaviour also exhibited
phase separated morphologies. This supports the assertion that high loadings of
C12E5 are incompatible with the matrix as these vGP plots (Fig. 4.25) also show
a similar decrease at low G*.

Surprisingly little work has been conducted to study the rheological behaviour
of amphiphilic additives within polymer matrices. However, work has been per-
formed on immiscible blends of polymers.'*® This work is based on earlier work
by Doi and Ohta'*® which discussed the rheology of systems containing interfaces
within the bulk material. These interfaces present a mechanism of energy storage
which is not present in a homogeneous system. Any interfaces between domains
of different compositions will have an interfacial tension, which can crudely be
considered to be the energy required to create more of this interface. Under shear
flow, deformation of these domains can occur, a process requiring the creation of
more interface. !4 This shift in G’ relative to G” means that the phase shift, J has
a different value for a given value of G* than would be the case in the absence of

this interface.
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Figure 4.23: van Gurp-Palmen plot of 1% (top left), 2.5% (top right), 5% (bottom
left) and 10% (bottom right) C12E3 in cis-PI-02.
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Figure 4.24: van Gurp-Palmen plot of 1% (top left), 2.5% (top right), 5% (bottom
left) and 10% (bottom right) CioE4 in cis-PI-02
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Figure 4.25: van Gurp-Palmen plot of 1% (top left), 2.5% (top right), 5% (bottom
left) and 10% (bottom right) CioE5 in cis-PI-02

4.3 Chapter Conclusions

Within this chapter, both thermal analysis and rheological results have been pre-
sented in order to assess the compatibility of small molecule additives to both

cis-PI and LDPE.

Thermal analysis has been used to probe the T, change within cis-PI samples
and the T, change as well as any change in AH,on in LDPE samples. cis-PI
samples have shown differing behaviour in the value of T, when surfactants with
different head group sizes are incorporated. Samples containing CisEs; and Ci9E;
showed a small peak in the DSC thermogram within the temperature range at
which the respective surfactant melts, presenting evidence of the presence of bulk
surfactant. This was also supported by the appearance of multiple crystallisation

peaks which could not be assigned to the polymer. The multiple peaks have been
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attributed to Ci3E5 in different environments, with different structures and inter-
actions contributing to a small change in T, for the surfactant. Whilst this was
also observed for Ci5E3 systems, the multiple peaks were much less pronounced
and could not be as easily distinguished.

It has been shown that the T} of cis-PI is affected differently for each surfac-
tant. cis-PI samples containing Ci2E5 showed an increase in 7, consistent with
the surfactant having some antiplasticisation effect. However, T, then became
independent of C12E5 concentration above 5 % loading, suggesting that addition
of further surfactant had little effect which may indicate that no more surfactant
will mix with the polymer. C;3E3 showed an initial small decrease in T}, with
a continually increasing 7, above 1 % loading. This is indicative of an initial
plasticising effect, followed by a similar antiplasticisation to Ci3E5. However, the
T, in these samples continually increased as Ci2E3 loading was increased across
the range measured, suggesting that even at 10 % loading, more surfactant could
still be mixed with the polymer.

LDPE samples were also investigated using DSC, with the T, and A Hygion of
the polymer / surfactant blend measured. The surfactants present did tend to
reduce the crystallisation temperature, as would be consistent with an additive
that is at least partially compatible with the polymer. However, attempts to infer
molecular weight from the extent of T, reduction led to unphysical results for
Ci2E5 and CysE,.

However, a key limitation of thermal analysis in assessing compatibility is that
the compatibility seen is only relevant for the temperature of the event examined.
This means that it is not possible to assess the compatibility of two materials at a
temperature where no thermal transition, such as a Ty, T, or T, is present. This
also prevents this technique from being useful in measuring how compatibility
may change as temperature is varied.

Rheometry has been studied for cis-PI samples through the use of both Han
and van Gurp-Palmen plots. From these results, it was clear that C3E5; was the
least compatible surfactant with cis-PI, with vGP plots showing an inability to

superimpose at different temperatures. This was accredited to a breakdown in the
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T'TS principle, often associated with distinct domains of phase separated material
within the blend. Han plots also showed some ability to discern incompatible
materials, with a larger deviation in (‘;TG,/, seen for more incompatible materials.
Although there was insufficient time to attempt rheological analysis of com-
patibility for LDPE / surfactant mixtures, this could be a promising technique to
measure compatibility at higher temperatures. However, at lower temperatures,

the crystallinity of the polymer would prevent this kind of analysis from being

used.
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Chapter 5

C9E5 Distribution in c2s-PI

Films

Some of the work comprising this chapter has been published as: Gibson, C. P.;
Litwinowicz, M. L.; Tellam, J.P.; Welbourn, R. J. L.; Skoda, M. W. A.; Claussen,
J.; Thompson, R. L. “Water-Resistant Surface Modification of Hydrophobic Poly-
mers with Water-Soluble Surfactant Additives”, Polymers, 2021, 13, 19, 3407.

5.1 Chapter Introduction

For a surface-active additive in a polymer blend to be effective, it must be able

99,150 with surfactant remaining in the bulk having little

to migrate to the surface,
impact on the surface properties. It is therefore of great importance to understand
how a surfactant behaves within hydrophobic polymers at a range of temperatures
as well as to understand how the surfactant layer behaves when exposed to water.

These conditions are intended to replicate the conditions that commercial samples

containing similar materials may experience during manufacture and use.

Previous work has probed the behaviour of anionic surfactants within hy-
drophilic polymers and has shown that a surfactant-enriched layer can be detected

45,68

at the surface. However, little work has been performed on hydrophobic poly-

mers with non-ionic surfactants. Some work has identified that similar surfactants
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show surface enrichment on the surface of polypropylene films,'®! a polymer with
a relatively high degree of crystallinity. Within this thesis, the influence of crys-
tallinity on segregation is of interest and so far there has been no study of any
non-crystalline system. This is interesting as the polypropylene system would be
amorphous under processing conditions, but then become crystalline upon cooling.
This leaves an open question as to whether the segregation observed arises during
processing or as a result of crystallisation. Therefore, the study of an amorphous
material would be a useful tool in understanding the segregation during product
manufacture. Furthermore, little work has quantified the precise thickness of this
enriched layer and few attempts have been made to relate this to surface structure

or features.

Within this chapter the distribution of a non-ionic surfactant, CisEs5, within
cis-PI shall be investigated. Ci5E5 has been selected as a model surfactant owing
to its similar structure to additives used commercially® and cis-PI has been
selected due to the absence of crystallinity in the polymer. The lack of crystallinity
will allow an understanding of the behaviour of a surfactant within a hydrophobic
polymer before including the further complexity that these crystalline domains

confer.

Using NR, the depth profile of Ci5E5 will be elucidated and the relationship
between the surfactant loading and the depth distribution will be evaluated. This
chapter will also probe how the surfactant distribution affects the surface proper-
ties of the film, using contact angle analysis to investigate any wettability changes
arising from this. AFM will also be used to study any surface topography changes
induced by surfactant presence and how these change with surfactant loading and

sample history.

The effect of temperature elevation will also be studied, with NR again used
to probe the depth profile at higher temperatures. Moreover, the effect of water
exposure of films will be investigated, probing the surface hydrophilicity and any
changes in surface topography caused by the water exposure in addition to the

depth profile changes.
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5.2 NR Fitting Strategy

Before assessing any NR results, it is necessary to understand the approach used
to fit the reflectivity profiles. Within this section, the fitting program selection
and the justification for including a surfactant-enriched layer at the surface will be
explained through comparisons of NR profiles and simulated profiles. As deuter-
ated surfactants are used in this film and these components have a higher SLD
(table 3.4) than hydrogenous components, a surface layer will have a much higher

SLD than the bulk layer containing the matrix polymer.

5.2.1 Use of MUSCtR

As discussed in section 3.5.1, MUSCtR has the capability to fit data with a com-
pound reflectivity profile, generated by combining the multiple profiles with a
specified difference in thickness of one layer in the model. In samples where there
is a defined thin layer of surfactant, but a greater overall variation in film thick-
ness, a single roughness parameter does not accurately describe the composition
profile or the reflectivity.

The effect of introducing a variation in the bulk layer thickness is shown in
Fig. 5.1. It can be clearly seen that the introduction of this thickness variation,
simulating long range undulations, suppresses the appearance of Kiessig fringes
arising from the thickness of the bulk layer. The removal of these Kiessig fringes
at around Q = 0.02 A1 is justified upon inspection of the NR profiles obtained
for samples of Ci2E; and cis-PI-01 (Fig. 5.2): it is clear there are no Kiessig
fringes in any of these profiles.

MUSCHtR has previously been used to study PDMS films containing dgs-CioEy, 152
a homologue of Ci5E5. Within the work by Litwinowicz et al., it was possible to
resolve an enriched layer at the water-film interface. This was possible despite
significant surface undulations by including a thickness variation in the fitting
models, providing evidence for the effectiveness of MUSCtR in fitting undulating
samples.

The absence of Kiessig fringes can also be caused by a much larger bulk layer
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thickness, with much thicker samples no longer showing fringes. However, the
thickness of the samples has been measured by using AFM to scan a scratch on
the film. Fig. 5.3 shows an example of a cross-section of a 10 % Ci5E5 / cis-PI
film; Fig. 5.3a shows a surface plot, with 10 sample lines collected with 1pm
spacing between each line. From this profile, each line is extracted as a cross-
section (Fig. 5.3b). This cross-section shows the film on the left, with the scratch
performed to reveal the bare silicon on the right. It is important to note that the
large peak in the centre of the cross-section continues along the edge of the scratch
and is likely caused by recoil of the film as it is removed. By comparing the height
of the film to the height of the silicon block, it is possible to determine an average
film thickness across all samples between 4500 A and 6000 A. The cross-section
also shows the need for MUSCtR, with noticeable undulations seen on the film
surface with lengths of several hundreds of nanometres to microns. Features of
this size cannot be accounted for by roughness within each layer of the film, as
the roughness cannot be attributed to a single layer in the film. These surface
undulations may also give rise to the decrease in reflectivity seen in the critical
edge of 10 % dg5-C19E5 samples. These surface features are of a comparable size

to the neutron wavelength and therefore can scatter the reflected neutrons.
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Figure 5.1: Comparison of 6 = 500 A and § = 0 A for a sample containing a
surface layer and a bulk layer of 4500 A. An offset has been applied to prevent

overlap of profiles. The Kiessig fringes are circled in blue.
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Figure 5.2: NR profiles of 1 — 10 % Ci2E5 in ¢is-PI-01 at 20 °C. an offset has been
applied to the 2.5 — 10 % data sets. R(Q) in the critical edge region (@ < 0.01
A~1) is expected to be 1.
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Figure 5.3: (a) 3D AFM surface plot of a 10 % C12E5 / ¢is-PI-01 film on a silicon
block where the film has been removed on the right. (b) Cross-section of a 10 %
C12E5 / cis-PI-01 film on a silicon block. The polymer film and silicon surface
are annotated. The film thickness is also shown as the difference between the two
blue lines where the left line represents the average film thickness and the right
line represents the silicon surface. The large undulations that the left blue line
intersect give rise to the requirement for MUSCtR. Note there is a significantly

taller feature along the edge of the scratch.
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5.2.2 Evidence for Surfactant Segregation at the cis-Pl

Film Surface

It is difficult to infer a composition profile directly from R((Q), but there are
features in the R(Q) profile that can be related to composition profile features.
Within this chapter, SLD profiles produced from reflectivity data will be discussed.
These models have been generated using a layer model with each layer defined in
Fig. 5.4. Fig. 5.5 shows simulated reflectivity profiles in which a surface excess
layer, with a thickness d;, is either absent (d; = 0 A), thin (d; = 60 A) or thicker
(dy =120 A). Tt can be seen that without a surface layer, the reflectivity follows a
smooth decay with no large fringes. As the surface layer is introduced and made
thicker, a series of fringes become present at high (), with the frequency increasing
with thickness. The position of the first trough of the fringes also moves further
towards low @) as the frequency increases, shown in Fig. 5.5. From inspection of
the reflectivity profiles shown in Fig. 5.2, there is a fringe above 0.06 A~!, which is
much more pronounced in higher concentration samples, justifying the presence of
a surface layer. It must be noted that there appears to be an interference pattern
found between 0.05 A=' and 0.1 A~" in all data presented in this figure, which is

an artefact generated by the simulation of reflectivity.

Further inspection of the profiles in Fig. 5.2 reveals that Kiessig fringes corre-
sponding to a layer with a thickness of ~ 40 — 60 A. This is significantly thicker
than the native oxide layer, which when grown naturally has a maximum thick-
ness of approximately 20 A.1% Therefore, there must be a layer within the film
with a thickness of ~ 40 — 60 A which must have a different SLD from the bulk

layer.

Another possible structure considered is a layered structure where there is a
buried layer enriched in surfactant adjacent to the silicon oxide layer. If the buried
layer had a sufficiently large SLD, it is possible that this layer could present as
a single layer with a length scale similar to a surface layer seen in experimental
NR results. A comparison of these two models, given in Fig 5.6, reveals that

they both present distinctly different reflectivity profiles. Whilst both layers can
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Bulk layer d,

w

Silicon

Figure 5.4: Schematic defining each layer within the model, including the buried

layer where applicable.

produce fringes of a similar frequency, the buried layer does not display fringes
with sufficient amplitude to accurately fit the results in Fig. 5.2. This is a result
of a lack of sufficiently large SLD contrast between layers, confirming that there

must be a layer at the surface, not at the oxide interface.
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Figure 5.5: (a) NR profiles showing samples with a surface layer with an SLD of
1.69 x 106 A~% with thicknesses of 0, 60 and 120 A. Note that in these samples,
a thickness variation has not been applied to the bulk layer. (b) SLD of the
simulated profiles used to generate the R(()) data above.
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Q/A"

Figure 5.6: Comparison of a surface layer (red) and buried layer at the silicon
oxide interface (black) in cis-PI. Whilst both layers are of the same thickness, the
surface layer has an SLD of 1.69 A~2 and the buried layer has an SLD of 3.00
A2 Layers are defined in Fig. 5.4.
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5.3 Results and Discussion

5.3.1 Initial Surfactant Distribution and Behaviour

Before the effects of temperature or water exposure can be considered, it is prudent
to probe the initial surfactant distribution (after spin-casting) and how this varies
with surfactant loading. This has been achieved by the collection and fitting of
NR measurements as described in section 3.5. After fitting, it is possible to obtain
a surface excess, z*, from the composition versus depth profile, which is described

by
¥ = /0 o(2) — Pppdz (5.1)

where ¢(z) is the surfactant fraction at depth z and ¢, is the bulk surfactant
concentration. This surface excess is equivalent to the thickness of a pure layer
of surfactant. z* is also related to the area per adsorbed molecule which is more

commonly used in the surfactant science literature, I', by

*

I =

5.2
‘/surf ( )

where Vi, ¢ is the volume of the surfactant, 701 A3 for Cp5Es.

Initial inspection of the NR profiles (Fig. 5.7, inset), reveals a fringe at high @
(~ 0.1 A=) with a long wavelength. As outlined in section 5.2, this presents evi-
dence of a surface layer with a higher SLD than the bulk. The long wavelength of
the fringes also indicates that the surface layer is relatively small, with a thickness
below 100 A. Tt can also be seen that the minimum near ~ 0.1 A~! moves to lower
@ as the concentration increases, implying that the surface layer becomes thicker
with increasing surfactant loading. An increased amplitude in the fringes also
suggests that the surface layer has a larger SLD, this is particularly apparent in
10 % samples. From inspection of the SLD of the possible components of the film
(Table 3.4), a larger SLD must be caused by a significantly larger concentration
of dg5-Ci9E;5 in the surface layer compared to the bulk.

Fig. 5.7 presents the concentration dependence of the surfactant in the near-

surface region of the film. As discussed in section 5.2, the total film thickness
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measured by AFM was 4500 — 6000 A; therefore, too thick to characterise directly
by NR. It must also be noted that concentration profiles also extend several thou-
sand A beyond that reported in Fig. 5.7; however, the bulk concentration remains
constant to the oxide layer and has therefore been omitted. All samples present
clear evidence of do5-CioE5 blooming to the surface of PI films. Whilst the bulk
shows a concentration consistent with the expected average surfactant loading,
there is a much larger concentration present near the surface. As the average
concentration increases, the surface layer also becomes thicker and more enriched.
However, the maximum surface concentration of the surfactant is significantly less
than 100 % and the surfactant instead presents as an enriched layer in the depth
profile. This enriched layer is also confirmed in nuclear reaction analysis depth
profiles, Fig. 5.8, where a layer of dos-CioE5 is also clearly identifiable even at
lower resolution.

Computational studies have calculated the length of a Ci3E5 molecule to be

154 This measure is the longest possible repre-

approximately 28 A in a vacuum.
sentation of a molecule. Whilst this length can be decreased by folding or tilting
of the molecule, it cannot exceed this value. It is clear that the adsorbed surface
layer thickness exceeds the length of a single molecule, Fig. 5.7. Furthermore,
samples of 10% surfactant loading show a surface excess of 36 A, as calculated
according to equation 5.1 (Table 5.1), which exceeds the maximum quantity of
surfactant that could exist as a single layer. These results clearly show that while
it is commonly the case that there is sufficient surfactant on the film surfaces to
form a pure monolayer, it takes the form of multiple incomplete layers with a
surface concentration for 60 % surfactant or less.

There are few literature examples of hydrophilic additives being used to mod-
ify non-polar polymers. Whilst Zhu and Hirt reported the formation of a surface
layer of hydrophilic additives on a hydrophobic polypropylene film, ! this work
could not resolve the precise thickness of this surface layer because of the more
limited depth resolution of attenuated total reflectance Fourier-transform infrared

spectroscopy (ATR-FTIR), the technique used in the reported work. It should be
noted that the films within this study were much thicker, with total film thick-
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Figure 5.7: Near-surface concentration profiles of dos-CisE5 in cis-PI-01 at 20 °C.

Reflectivity data and fits are shown in the inset, offset for clarity.

nesses of ~100 pm. Furthermore, ATR-FTIR could only probe the top 1.3 um of
film, with this defined as the surface layer. Whilst the surface concentration was
not calculated, sufficient surfactant must be present within a layer this thick to
produce a surfactant layer multiple layers thick. Nevertheless, it appears that hy-
drophilic modification is possible, not only in the melt-extruded films of Zhu and
Hirt’s study, but also in spin cast films that are presented here. This similarity
suggests that the preparation technique and particularly the presence of solvent

in sample preparation does not hinder the migration of an additive molecule.

Studies by Briddick et al.*® in PVA showed surface layers of dgs-C19Es5 present
with a thickness that is comparable to the thicknesses reported in Fig. 5.7, sug-
gesting that the initial surfactant segregation is similar in both PVA and cis-PI
matrices. The surface segregation in cis-PI is much less expected than in PVA:
the PVA films were spin-cast from water in which these surfactants are highly
surface-active, but these PI films are spin-cast from toluene, with a low surface
energy and so no surface activity of CixE5 is expected. Furthermore, the surface
energy of PT (32 mN m™1)'% is lower than that of PVA (39 — 59 mN m™1), 156158

again indicating a lower thermodynamic impetus for surface segregation.
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Figure 5.8: concentration profile of 10% dys-Ci2E5 in cis-PI-01 determined from
NRA. NRA data and fit is shown in the inset. Note that the film is much thinner
than those examined in NR, but even so, some interfacial excess may be expected

to be apparent from the NR experiments.

The thickness of the enriched surface layer is well-characterised by NR and
presents evidence of a multilayer structure. Multiple (an even number) layers
of surfactant would allow the surfactant to present the hydrophobic, low surface
energy groups to both the hydrophobic polymer and the air. Whilst an even
number of layers could present a low-energy surface to both the air and bulk
polymer, only an odd number of layers would maintain the arrangement at the
cis-PI whilst presenting a hydrophilic surface to a water interface. It is interesting
to note that the smallest layer thickness observed is &~ 40 — 50 A, corresponding
to a bilayer structure, based on the surfactant molecule length noted above.!®
Furthermore, the 10 % sample shows a surface layer that is nearly 100 A thick,
corresponding closely to a 4-layer structure. No samples show a surface layer with
a thickness between these values, supporting the hypothesis that a 3-layer struc-
ture would be unstable. Such a structure would have to present polar oxyethylene

surfaces against the non-polar cis-PI or air, neither of which would be energeti-

cally favourable. The small discrepancy between the measured layer and an even
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Table 5.1: Surface excess for samples at 20, 45 and 60 °C and after rinsing for 10 s
and 20 s with deionised water. Surface excess has been calculated using equation

o.1.

2/ A

[d25-C12Es]
20 °C 20 °C

/wt.%  20°C 45°C 60 °C

10s rinse  20s rinse

1 14 13 14 13 14
2.5 16 17 14 11 11
5 15 17 18 13 14
10 36 34 33 30 34

multiple of the extended surfactant chain length indicates some tilting of the sur-
factant molecule orientation with respect to the sample normal, or possible some
overlap or interdigitation between layers.

The concentration-independence of z* is unexpected for an incompatible sur-
factant that forms multilayers on the film surface. Previously, it has been observed
that highly compatible amine oxide surfactants in PVA form a concentration-
independent surface excess, but the segregation of other, less compatible surfac-
tants is strongly dependent on concentration.® In the case of compatible mix-
tures, z* and the thickness of the adsorbed layer corresponded closely to a surfac-
tant monolayer. Here, however, the multilayer adsorbate is not consistent with a
compatible surfactant and as such, it is expected that the amount of surfactant
excluded to the surface would increase with increasing bulk concentration.

The fraction of surfactant within the entire film that appears as an enriched
layer is also useful metric to assess because it provides a measure of the efficiency
of surface modification. This fraction can be defined by equation 5.3, where ¢, ¢
is the surface fraction, z* is the surface excess and ¢, is the total amount of
surfactant within the film of thickness L.

z*

¢3“7"f - L¢total

(5.3)
Throughout the composition range studied, the majority of the surfactant re-
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Table 5.2: Surface fractions for cis-PI-01 / dy5-Ci9Es5 at 20 °C

Film Surfactant Loading / wt.%  ¢surr

1 0.24
2.5 0.20
) 0.08
10 0.07

mains in the bulk of the film, Table 5.2. This new observation indicates that the
surface modification is not very efficient at a molecular level for these materials
and concentration and film thickness range. It also shows that the fraction of
surfactant segregated to the surface decreases with increasing surfactant loading.
This suggests that whilst there is an increase in surface excess, this surface excess
is not proportional to surfactant loading. As the initial surfactant distribution in
solution would be expected to uniform across the film, it may be possible that the
driver for segregation is not sufficient to induce long range migration of surfactant
and so only surfactant nearer to the surface is driven to form enriched surface lay-
ers. However, it does allow for the possibility that the remaining surfactant in the
bulk could later be exploited to regenerate a hydrophilic surface. Such a process
might be possible if further segregation could be triggered by some stimulus, such

as heating.

5.3.2 Temperature Elevation Effect on Surface Layers

The experiments within this section involved the examination of cis-PI / CioE5
samples using NR whilst the samples were heated to elevated temperatures. This
was performed by heating samples using a peltier stage as described in section
3.5.

Upon heating, the surface shows very little change, Table 5.1. The uncertainty
of the surface excess measurements is 1 — 3 A% thus there is no evidence for
the surface excess measurements having any significant temperature dependence.

The concentration profiles from which z* values were derived are shown in Fig.
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5.9. Although there appears to be some small variations in the calculated profiles,
these are close to the limit of the precision of the measurement, and there is no
systematic shift in the surface concentration or thickness of the adsorbed layer
with changing temperature. It must also be noted that at this temperature, none
of the film components are solid or glassy; therefore, samples should be relatively

unhindered in approaching equilibrium.
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Figure 5.9: NR depth profiles for dgs-CioEs in cis-PI-01 at 20 and 45 °C. The
depth profiles are determined from the SLD profiles of films. Surfactant loadings
are 1 % (a), 2.5 % (b), 5 % (c), 10 % (d).

Although the temperature dependence of surfactant segregation in polymers
has received relatively little attention, it is possible to draw some useful com-
parisons between the experiments reported here and previous reports on the be-
haviour of plasticisers in polymers. Xie et al.1% investigated the surface segre-
gation of dioctyl phthalate to the surface of polystyrene (PS) films. This work
revealed that heating samples after film preparation caused an increase in the
surface dioctyl phthalate concentration up to 60 °C, after which surface con-
centrations decreased. Their samples were below the 7}, of PS in this example
and heating towards T} likely favours the equilibration of the plasticiser, pro-

moting segregation. However, because the cis-PI samples are far above their 7,

103



CHAPTER 5. CyoE; DISTRIBUTION IN CIS-PI FILMS

heating has little effect on the vertical distribution. The absence of any strong
temperature-dependence in these films suggests that heating has little impact on
the thermodynamic favourability of adsorption over this range.

When considering the effect of temperature elevation, it is important to con-
sider the effect of evaporation of the surfactant on the distribution. This is because
the combination of a minute surfactant volume (~ 0.1 mg) with a macroscopic
surface area (~ 10 cm?) in these spin-cast films provides an ideal geometry to
promote evaporation. In a similar thin-film geometry, Smith et al.? showed that
for a small molecule (a plasticiser) in a polyester / polyurethane film, the rate of
loss of the molecule is limited not by the rate of diffusion of the molecule in the
film, but by the rate of evaporation of additive from the film. It must be noted
for the work shown here that if the rate of evaporation were significant compared
to the rate of diffusion within the film, then the near-surface region of the film
would be depleted, rather than enriched in surfactant as has been observed. Fur-
thermore, the experimental procedure requires equilibration of samples at 45 °C
for approximately 8 hours. Following this, the changes in the composition pro-
file are negligible; therefore, there is no evidence for evaporation during heating.
However, the experiments conducted within this chapter do not present an oppor-
tunity to probe the effect of time upon the surface excess: whilst heating has been
probed, no work has been conducted to understand if the length of time that the
samples are aged for at a given temperature. As sample measurements require
several hours of data collection, only longer scale ageing (weeks or months) exper-
iments could be conducted which may present an opportunity for further study

in future work.

5.3.3 Water Exposure Effect on Enriched Layers

The surface segregation of dy5-CioE5 was quantified at 45 °C and 60 °C and then
after repeated 10 s rinses with ultrapure water and these surface excesses are
summarised in Table 5.1. The change in depth profiles after a 10 s rinse is shown

in Fig. 5.10. Rinsing once or even twice causes surprisingly little change in
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surface excess: the largest change shown upon rinsing is in the 5% surfactant
sample, with a decrease of ~ 27 % (between 60 °C and re-measured at 20 °C after
a 10 s rinse). When compared to the uncertainty of these measurements, noting
the slightly higher values recorded after a second rinse, there is again remarkably
little change in surface excess concentration upon rinsing.

The significance of the resilience of the surface excess with respect to rinsing
becomes apparent when the quantity and solubility of surfactant are considered.
Wahlgren et al.'®" determined the solubility of Ci5E5 to be in excess of 10 w/v%
based on cloud point. From this value, for a single rinse of approximately 10 mL
of water, 1 g of C15E5 could be dissolved. Based on the surface excess thickness for
1% C12E;5 loading, a 55 mm diameter silicon block will have 3.2 pg of surfactant
at the surface. This would only require 32 nlL of water to dissolve, meaning
that there is over 300,000 times the amount of water required to remove all of
the surface layer at equilibrium. If all of the surfactant was capable of moving
from the film into the water, it would be reasonable to assume that all surfactant
would be removed from the surface: the surface layer is thin and so there is little
to prevent surfactant loss. However, the post-rinsing NR results for the surface
excess, summarised in Table 5.1, indicate that the surfactant / polymer film is
remarkably stable with respect to rinsing. Further rinsing for an additional 10 s
appears to have no significant effect.

Given the remarkable stability of the thin surfactant layer on the cis-PI surface,
it is interesting to consider its impact on surface properties such as wettability.
WCA results show that significant levels of hydrophilicity are generated in films
containing at least 5 % C3E5 surfactant in samples at 20 °C before exposure
to water. It is expected that the hydrophilicity of the films will depend on the
presence of CioE5 on the surface of cis-PI, which is otherwise hydrophobic. This
is confirmed by the absence of any hydrophilicity in cis-PI films (Fig. 5.11) and
the low contact angle of films containing 10 % C12E5. It is interesting to note that
while the surface excess measured by NR at 5 % loading is similar to results for
lower loadings of surfactant, there is a significant change in WCA over this range.

All contact angle measurements also display a decrease over time. This can be
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Figure 5.10: NR profiles of cis-PI-01 / das5-Ci2E;5 films at 20 °C and after a 10 s
rinse with water. Surfactant loadings are (a) 1 %, (b) 2.5 %, (¢) 5 and (d) 10
%. Whilst film thicknesses are significantly larger, only the first 500 A from the

surface have been shown.

caused by either a rearrangement of surfactant to provide a hydrophilic surface
or evaporation of the probe droplet causing a receding contact angle. It is likely
that the long time scales over which the contact angle decrease occurs in 1 %
samples indicates that evaporation is the main cause of the decrease in those
samples. At higher (5 %, 10 % Ci2E;) loadings, film surfaces are much more
hydrophilic and contact angles decrease with time over short periods, likely caused
by a rearrangement of the surfactant.

It should be noted that contact angle measurements show significant variation
(several degrees, as demonstrated by Fig. 5.12) when repeat measurements are
carried out, even when on nominally identical samples. Thus, individual profiles

must be treated with caution, while noting the following points: in the as-made
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samples, there is no significant surface modification at 1 % C2E5 compared to the
0 % control sample. After rinsing, the contact angles increase for all compositions,
and in some cases (1 and 10 % Cy2E;) show contact angles greater than 90°.
Whilst the NR data shows that the adsorbed surfactant is stable with respect to
water exposure, the contact angle data presented in Fig. 5.11 presents equally
clear evidence that the surface properties are dramatically modified by rinsing.
There is also evidence for incomplete surface coverage: NR shows there is a layer
enriched in surfactant for all samples, yet not all samples show wetting behaviour
when water is placed on the surface. This is indicative of domains of surfactant
on the surface with other regions of exposed cis-PI. If uniform surface coverage
occurred, the same contact angle behaviour would be expected at all positions

and any variation suggests that differences in local surfactant concentration are

present.
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Figure 5.11: Contact angles for 1 — 10 % C13E5 in cis-PI-01 before and after a 10
s rinse with deionised water. The data are a function of time where 0 is the time
that the probe droplet (water) is placed on to the surface. A cis-PI sample has

also been shown in orange, showing 0% surfactant loading.

AFM measurements are shown in Figs. 5.13 — 5.15 with height and adhesion

maps presented. The AFM images confirm the presence of gradual undulations
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Figure 5.12: Successive measurements of contact angle on 2 distinct locations on a
single 1 % C12E5 / cis-PI-01 sample, showing the variability of results even within

identical films.

in film thickness, which necessitated multi-profile fitting of the NR data (section
5.2.1). Before rinsing, a small number of thread-like “strand” features were found
on the surface. These strands are slightly raised with respect to the surface and
correlate with regions of adhesion. In the absence of any variation in compo-
sition, raised features sometimes correlate with a reduction in adhesion due to
the reduced contact area between the probe and the surface. Here, the increase
in adhesion on these raised features indicates that the strands are of a different

composition from the surrounding surface, most likely the surfactant.

These strands are not seen in samples containing no surfactant (Fig. 5.13),
showing that the strands must be produced by the presence of surfactant. These
strands become more apparent at higher concentrations, with strands appearing
in the adhesion surface maps above 2.5 % before rinsing. The strands also become
more pronounced after rinsing for 10 s, with more strands appearing on the surface
after rinsing. It is important to note, however, that images do not show the same
position on each sample. As the sample is removed from the AFM to be rinsed, it

is not possible to return the sample to the same position upon reintroducing it to

108



CHAPTER 5. CypE; DISTRIBUTION IN CIS-PI FILMS

the microscope. However, the trends observed are consistent across all samples.

The precise origin of the surface changes seen in Figs. 5.13 — 5.15 is unclear,
but is consistent with some change in the organisation of the surfactant. While
strand-like features of Ci3E5 adsorbed on mica surfaces under water have been
reported by Dong and Mao,%? those features, which are quite closely packed
and aligned parallel to each other are very different from the more free-standing
extended features that have been observed in these samples. There appears to
be little if any work presenting similar behaviour of surfactant strands forming at
the solid-air interface. In this work, the strands that are spontaneously formed
are much longer than those previously reported on surfaces and are unusual that
they are essentially free-standing and are not obviously altered by rinsing. It must
be noted that although these surface features are much straighter, and possibly
branched, their length is roughly consistent with the worm-like micelles of Ci5E;
found in solutions by light scattering studies. %3

The results shown within this work show an interesting discrepancy between
the surface excess measured by NR, which is remarkably stable with respect to
rinsing and the wettability behaviour, which is altered by rinsing. The fact that
repeated rinsing has no significant effect on the surface layer measured by NR
suggests that it remains in place rather than is removed, then replaced from
the bulk. Had the latter process occurred, it would be expected that with two
rinses, there would be a systematic depletion in any regenerated surface layer.
Overall, these results indicate that the resilient surface excess measured by NR
is not entirely responsible for the observed wetting behaviour. Furthermore, the
surface excess measured by NRA in Fig. 5.8, 69 A, is almost twice the value
measured by NR. It is postulated that this discrepancy arises because the film
surface includes some CioE5 that is detected by NRA, but not NR, and it is this
fraction of the segregated surfactant that is mainly responsible for the wettability
phenomena. The contribution to the surface excess that is only detected by NRA
is most likely to arise from the “strands” that are detected by AFM, and may also
account for the anomalous concentration dependence of the surface excess noted

earlier. These strands are relatively small (several microns) and are likely to be
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smaller than the coherence length of the neutrons, meaning that very little of the

NR profile observed arises from incoherent addition.
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Figure 5.13: AFM height (a) and adhesion (b) maps of c¢is-PI-01 without and
C12E5 for the same position of the same film; height (¢) and adhesion (d) map of
the same film shown in the top AFM images after a 10 s rinse. Height maps have

been plotted on the same vertical scale.
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Figure 5.14: AFM height (a) and adhesion (b) maps of 2.5 % loading of C12Ej5 in
cis-PI-01 for the same position of the same film; height (c¢) and adhesion (d) map
of the same film shown in the top AFM images after a 10 s rinse. Height maps

have been plotted on the same vertical scale.
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Figure 5.15: AFM height (a) and adhesion (b) maps of 10 % loading of C;5E5 in
cis-PI-01 for the same position of the same film; height (c¢) and adhesion (d) map
of the same film shown in the top AFM images after a 10 s rinse. Height maps

have been plotted on the same vertical scale.
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5.4 Chapter Conclusions

Within this chapter, it has been shown that for spin-cast Ci3E5 / cis-PI blended
films, a rich variety of complex and intriguing blooming behaviour is found. A
clear surface excess of the amphiphile presents at the air interface, which is nearly
invariant over a range of composition and temperature. There are few precedents

25,164,165 and neither

for amphiphile segregation at hydrocarbon polymer surfaces
concentration or temperature dependence of adsorbed nanostructures nor their
stability with respect to rinsing have been reported. This work shows unexpected
concentration dependence and resilience with respect to rinsing, which is impor-
tant for applications based on this model system. Even when these blends are
spin-cast from a low surface energy solvent, non-ionic surfactant adsorption is
spontaneous, showing that this behaviour is more general than was previously
known. It has also been demonstrated that the non-ionic surfactant, which ad-

sorbs to the surface is resistant to evaporation, with a surface excess remaining

after temperature elevation for several hours.

The NR depth profiles presented indicate that surface adsorption is persistent
even after exposure to significantly more water than is required to remove the
surfactant. However, the contact angle measurements of the films before and
after rinsing indicate a change in the surface properties of the film, suggesting
that there must be a structure change in the surfactant that occurs upon exposure
to water. It is possible to resolve this difference in observations by recognising
that NR is only sensitive to planar structures such as complete surface layers.
Other surface features such as strings and droplets are not detected by specular
NR, meaning that if these structure changes are induced upon water exposure,
little evidence of these features may be seen in NR, even though NR provides a
very precise characterisation of surfactant bloomed on polymer surfaces. These
additional features, however, may be detected by NRA which is less sensitive to
lateral variation. Only by a combination of techniques can an accurate picture of
the blooming process be obtained, and it is apparent that this level of detail is

needed in order to understand why such a complex relationship between surface
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segregation and surface modification exists even for a very simple model.
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Chapter 6

Effect of Polymer Crystallinity on
Surfactant Distribution in

Polymer Films

6.1 Chapter Introduction

Whilst many commercial products are produced from natural rubbers and other
similar polymers, many products (including those that are industrially relevant
within this work) are produced from more crystalline polyolefins such as polyethy-
lene and poly(propylene). Thus it is now prudent to consider the introduction of
crystallinity to the polymer matrix: the degree of crystallinity within these poly-
mers is much greater and may have a significant impact on the segregation of

surfactant within these blends.

Previous work has already identified that matrix crystallinity can have a large
effect on the mobility and diffusion of small molecules. Goffri et al.'%® have pre-
viously demonstrated the segregation of a crystalline polymer with a crystallising
additive polymer. This additive polymer was shown to segregate to the surface of
cast films. This was not observed with the same additive polymer in amorphous

167

polymers, " showing that the presence of crystallinity within the matrix polymer

can induce surface segregation.
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Surface segregation has also been observed for LDPE. Blends of LDPE in an
ethylene-propylene-diene rubber were investigated by Bielinski et al. and exhibited
a crystalline structure at the surface of the blend, demonstrating that the LDPE

168 This shows that surface segregation is possible within

segregated to the surface.
LDPE systems and that the crystallinity of this polymer can play a role in surface

segregation.

Makipirtti et al. observed that within semi-crystalline polymer blends, non-
crystallising additives are found in low concentrations within spherulite domains
and are more abundant at crystal boundaries.®® Moreover, it has also been ob-
served that within crystalline polymers, the diffusivity and additive solubility
within the amorphous regions decreased as crystallinity increases.!%® The paths
molecules must take within crystalline polymers during diffusion also tend to be
much more convoluted, with molecules moving along crystal boundaries where
there is amorphous polymer. %17 This presents a reasonable possibility that the
segregation of a surfactant within a semi-crystalline polymer may be quite differ-
ent from that in a more amorphous polymer such as that studied in chapter 5,
with this evidence supporting the hypothesis that the surfactant is incompatible

with the crystalline regions.

The work presented in this chapter shall involve the comparison of the be-
haviour of Ci3E5 in hPBd and the same surfactant in the cis-PI films introduced
in the previous chapter. These comparisons shall be made using NR, ion beam
analysis, contact angle analysis and AFM. The distribution shall be assessed using
NR, with surface excesses calculated from these depth profiles. The comparison
of contact angles will show how the introduction of crystallinity affects the ability
of surfactant to modify the surface properties of the polymer film. AFM images
will also elucidate how the surfactant is distributed laterally across the surface in
both polymers. hPBd has been selected as an analogue for LDPE in this work to
facilitate the production of smooth films for NR experiments. As hPBd and cis-PI
are non-polar and have similar surface energies, this presents an opportunity for

the impact of crystallinity to be isolated as the main cause of any differences.
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6.2 NR Fitting Strategy

The hPBd samples presented within this chapter are fitted using the refnx soft-
ware. This fitting software was chosen as the undulation-fitting capabilities of
MUSCtR were not required. The figure presented in chapter 5 (Fig. 5.1) shows
how the implementation of a thickness variation removes the small Kiessig fringes
seen between the critical edge and 0.08 A. The reflectivity profiles for 1 — 10 %
dgs-C12E5 in hPBd have been plotted in Fig. 6.1 as R(Q)Q* vs. Q; this plot re-
moves the Q* decay from the data, making it much easier to identify any smaller
features within the data. From these plots it is possible to identify small fringes
between the critical edge and 0.03 A~!, particularly in the higher concentration
samples. The presence of these fringes indicates that the film profile can be effec-

tively described by a layer with a single, well-defined thickness.

At approximately 0.1 A=! a broad bulge can be observed. This feature corre-
sponds to a thin layer of increased SLD at the substrate interface. However, the
Q-value of this fringe corresponds to a layer with a thickness of approximately
40 — 60 A, significantly thicker than the maximum thickness of a native oxide
layer. !5 Therefore, the data indicates that this is a buried layer within the film

that is enriched in the deuterated surfactant.

Higher concentration samples in hPBd required a more complicated model in
order to fit the reflectivity profile. Within this model, multiple layers are included
at the silicon oxide interface. These layers are enriched in surfactant in a way
that produces a gradient of surfactant concentration which increases towards the
oxide layer and can be seen in Fig. 6.2. Without these additional layers, it is not
possible to achieve a sufficiently low reflectivity between 0.03 and 0.1 A to fit the
experimental profile. This is shown in Fig. 6.3, revealing that with only an oxide
layer the data cannot be accurately fitted.

The presence of a thin layer of slightly increased SLD at the surface is also
justified in Fig. 6.2. An SLD depth profile and reflectivity profile are shown (top
and bottom respectively) in red. It is clear that without this surface layer, the

simulated profile is not capable of accurately capturing the Kiessig fringes at low
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Q. Furthermore, the x? value decreases from 981 to 428 upon addition of the
surface layer, indicating that the quality of the fit has been improved.

= 1% dy-C,Es /hPBd = 25% d,-C,,Es /hPBd
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Figure 6.1: R(Q)Q* vs. Q for 1 — 10 % da5-C12E5 in hPBd films. An offset has
been applied to 1, 2.5 and 5 % loadings for clarity.
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Figure 6.2: (Top) SLD profiles for simulated reflectivity profiles with no surface
layer and a 190 A surfactant-enriched layer. (Bottom) R(Q)Q* vs. @ for 10%
do5-Ci2E5 in hPBd showing fits with and without surface layer. NR data was
collected using the POLREF reflectometer.
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Figure 6.3: (Top) SLD profiles for simulated reflectivity profiles with and without
a buried layer and a thicker oxide layer. (Bottom) R(Q)Q* vs. @ for 10 %
dos5-Ci2E5 in hPBd showing fits corresponding to the SLD profiles shown in the
top graph. NR data was collected using the POLREF reflectometer.
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6.3 Results

6.3.1 Initial Surfactant Distribution

A key factor to assess when considering how the introduction of matrix crys-
tallinity affects the behaviour of the surfactant within a polymer film is the sur-
face excess (discussed in chapter 5), which is obtained from the surfactant depth
profile. Thus, NR has been used in order to elucidate the surfactant distribution

within the film.

Within this section, the NR depth profiles of do5-Ci2E5 in hPBd films will be
compared to those of dos-CioEs in cis-PI-01, providing an indication of how the
introduction of crystallinity into the matrix influences initial segregation. Depth
profiles of films with do5-CqoE5 after heating to above the T}, of hPBd will also be
presented, demonstrating any differences in distribution change when the hPBd

semi-crystalline domains are melted.

Initial inspection of the reflectivity spectra (Fig. 6.4) reveals two key features.
Firstly, there is a minimum that can be seen between 0.1 and 0.2 A='. This
signifies a buried layer of surfactant, as discussed above. Secondly, at higher
loadings, higher frequency Kiessig fringes can be identified, with these becoming
most apparent at 10 % loading. This corresponds to a defined surface layer which
is higher in SLD than the bulk, providing evidence of some surface enrichment.
These Kiessig fringes can be seen more clearly in Fig. 6.2, where reflectivity is
plotted as R(Q)Q* vs. Q, removing the Q* decay from the reflectivity. It can also
be seen from this figure that the Kiessig fringe at high () becomes less apparent at
higher loadings. This appears initially surprising, the loss of this fringe suggests
that the buried layer becomes less enriched with higher surfactant loading. It is
important to note that the periodicity of these Kiessig fringes cannot correspond
to the total film thickness, since this is of the order of 100 - 150 nm, much larger
than the film thickness required to produce fringes with this periodicity.

These reflectivity profiles have been fitted according to the strategy outlined

above and the fitted data can be seen in Fig. 6.5a. Some initial observations
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Figure 6.4: Reflectivity spectra of dys5-CioE5 in hPBd films for loadings between
1 and 10 % surfactant. An offset has been applied to each data set for clarity

can be made regarding the quality and accuracy of the fitted models. Firstly,
it is clear that the fit follows the experimental data well at low () values up to
0.03 A~!. This shows that there is strong evidence for the surface layer shown
in the SLD profiles (Fig. 6.5b). The fit to the experimental data at higher
values of () is significantly poorer, with a feature that has a larger amplitude and
shorter frequency (particularly at higher surfactant loadings) than the feature
in the experimental data. However, the data quality at high @ is significantly
poorer. This is because R((Q)) within this @) range is so low that it is not possible
to collect data of good statistical quality within the timescales of an experiment.
It is therefore preferable to fit the higher frequency fringes more accurately.

The SLD profiles of do5-C15E5 in hPBd are given in Fig. 6.5b. From immediate
inspection, it is clear that there is a significant range of thicknesses between sam-

ples which have been prepared in the same way. Since the experimental protocol
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requires the substrate to be heated for spin-coating, but it is difficult to control
the temperature accurately, this will have some effect on the solvent evaporation
rate and therefore the final film thickness. Previous work has shown that the
temperature of both the deposited solution and the substrate have a significant
effect on film thickness, with higher temperatures giving thicker films.!™ It has
also been well established that the evaporation rate of the solvent has a signifi-

1727174 which in the case of a volatile solvent such as

cant effect on film thickness,
the xylene used in these experiments will be greatly influenced by solution and
substrate temperature.

From the profiles presented in Fig. 6.5b, it can be seen that the bulk film
SLD is significantly lower than what would be expected for a layer with the initial
surfactant loading specified. A comparison has therefore been made between a
model with a bulk SLD corresponding to that of a 10 % do5-C12E5 layer and one
with the best possible fit obtained (Fig. 6.6). It is clear from this comparison
that, whilst the 10 % layer gives a better fit towards high @, the reflectivity
profile is not capable of resolving the Kiessig fringes between 0.01 and 0.02 A~!
as accurately. Within previous chapters, it has been seen that it is much more
difficult to determine an accurate bulk loading from NR: there is little change in
the SLD within the range of loadings expected in the bulk, meaning that small
variations in loading give little change in the reflectivity profile.

If the depth profile obtained by NR is compared to a depth profile obtained
by NRA, Fig. 6.7, it is clear that the surface layer detected by NR is much less
enriched than that seen in NRA. However, the layer thickness is comparable to
those seen in NR. This appears to suggest that, similar to in cis-PI samples, there
is some do5-CioE5 that is invisible to NR. This may contribute to the discrepancy
between the expected and measured average volume fraction in NR.

The surface excesses have been calculated and are given in Table 6.1. It is
clear that for all samples, only a modest surface excess can be detected by NR.
It appears that this surface excess remains relatively unchanged as the surfactant
loading is increased from 1 to 5 %. However, the surface excess then increases

significantly at 10 % loading. This is similar to the behaviour seen in cis-PI
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samples, where a large increase is seen at the same loading.

The small surface excess is consistent with the WCA data presented in Fig.
6.8. Samples containing 1 — 5 % C3E5 show high contact angles, indicating a
hydrophobic surface presented to the water droplet. It is interesting to note that
there is little difference in initial contact angle between 1 and 5 %, reflecting the
highly similar surface excess shown in table 6.1. Both of these loadings show
a slight decrease in contact angle over time but this is likely caused by water
evaporation from the droplet!™ Fig. 6.9 shows the contact angle of a hPBd
film which illustrates how the water droplet contact angle decreases over time.
However, 10 % C;3E5 samples exhibit a much different behaviour. Initially the
contact angle begins slightly above 60° and remains stable briefly but then rapidly
drops to less than 20°. This rapid decrease is also shown in the images in Fig.
6.10, where it can be seen that the contact angle change is complete in less than 1
second. Previous work by Kumar et al. has shown that the placement of a droplet
of water on a film comprising a hydrophobic matrix and a non-ionic surfactant can
induce the assembly of surface layers of surfactants ahead of the droplet contact
line. ' Within this work, the surfactant was adsorbed to the surface and a droplet
of water was then placed on the surface. These surfactant enriched regions were
more hydrophilic than the surrounding surface and this was attributed to an
“autophilic effect”, in contrast to the autophobic effect observed in Cetrimonium
bromide-silica systems. This is where self-assembly of surfactant ahead of the
contact line reduces 7gq, increasing the contact angle.'”” It is therefore possible
that the rapid spreading seen in the 10 % Cj3E5; / hPBd samples may be caused
by the induction of either further enrichment of the surface or a rearrangement of
surfactant in response to the the probe droplet being placed onto the surface.

Comparing the surface excesses within cis-PI and hPBd, it is clear that a larger
surface excess is seen in cis-PI at all loadings, with the largest surface excess seen
in hPBd being comparable to the smallest in cis-PI. This presents the possibility
that this reduced migration can be rationalised by several hypotheses. Firstly,
it is unclear from these results whether this change is caused by a compatibility

change or the reduced ability of the additive to migrate through the matrix.
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Table 6.1: Surface excesses of d5-Ci2Es5 in both hPBd and cis-PI-01 films for
loadings between 1 and 10 % surfactant. Surface excess has been calculated using

equation 5.1. cis-PI-01 results are taken from chapter 5.

Matrix /A

polymer 1 % dos-C1oEs 2.5 % dos-Ci1oEs 5 % dos-CiaEs 10 % dos-CioEs
cis-Pl 14 16 15 36
hPBd 4 6 3 13

Liitzow et al. observed that the mobility of a small molecule (in the literature
work, toluene and n-heptane) within a polymer decreases as the crystallinity is
increased. 1% This would mean that the small molecule within hPBd would be
hindered from migrating to the surface due to the slower rate of movement caused
by the more tortuous that the additive must travel along to the surface.'™ This
has been illustrated in Fig. 6.11. Whilst both small molecules in the work by
Liitzow et al. are hydrophobic, similar effects have also been seen for hydrophilic
alcohols in polyolefins. '™ Therefore, it is possible that the lack of distinct surface
segregation may be the product of a lower equilibrium segregation of surfactant in
a crystalline matrix or kinetic hindrance of surfactant segregation caused by the
increased degree of crystallinity. Another hypothesis for this diminished surface
segregation may be that the segregation takes a different form, with a greater
proportion of the adsorbed surface surfactant in a structure that is invisible to

neutrons.
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Figure 6.5: (a) Data and fits for the NR reflectivity of 1 — 10 % da3-C12E5 / hPBd

films. Data have been plotted as R(Q)Q* vs. Q and an offset has been applied to

each data series. (b) SLD profiles of 1 — 10 % da5-C12E5 in hPBd obtained from
fitting experimental NR data.
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Figure 6.6: 10 % da5-C12E5 / hPBd film SLD profile comparison for models with

a bulk layer SLD of -0.123 (the best fit obtained by chi-squared minimisation)
and 0.161 (the SLD of a 10 % da5-C12E5 layer) (bottom) with experimental data

and computational fits shown (top)
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Figure 6.7: NRA depth profile of 10 % dg5-C13E5 in LDPE. Inset: NRA data and

fits at 70° and 80° angles of incidence.
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Figure 6.8: Water contact angles of spin-cast hPBd films containing 1 — 10%
C12E5. A droplet has been placed on the surface and the contact angle has been
recorded over time. Note that the 10% sample data ends much earlier than other

loadings due to the difficulty in fitting droplets at low contact angles.
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Figure 6.9: Contact angle measurements collected for a hPBd film.
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Figure 6.10: WCA droplet images for a droplet of water on a 10% Ci2E5 / hPBd

film. The times shown are the rapid decrease in contact angle between 20 s and

30 s after droplet deposition and the slower, more subtle change seen between
154 s and 163 s.
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(a) (b)

Figure 6.11: Schematic showing how crystallinity affects the diffusion path length.
If the penetrant (shown as an orange circle) diffuses to the surface in a crystalline
polymer (a), it must take a much longer pathway as it is excluded from the
crystalline regions (crystalline boundaries shown as black lines). However, in an

amorphous polymer (b), the path length is much shorter.
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6.3.2 Influence of Melting Transition on Surfactant Seg-

regation

While it is convenient to study the impact of crystallinity on surface segregation
by comparing the behaviour in two different matrices, this introduces other com-
plexities arising from the different chemistry. An alternative is to study the same
matrix above and below its melting point. This has the effect of removing the
crystallinity within the polymer as the crystalline domains melt. The melting of
these domains reproduces some of the conditions in the processing of industrial
samples; commonly polymers are extruded while molten and although the shear
forces are not replicated in the experiments discussed in this section, these exper-
iments make it possible to isolate the effect of temperature increase on surfactant

distribution.

During the neutron experiments in this section, samples were heated to 125 °C,
which is above the melting point (105 °C, from Fig. 4.9) of the polymer and held
at that temperature for the duration of the experiment. This was not possible
for the contact angle measurements shown: the melting point of the polymer is
greater than the boiling point of the water. Instead, samples have been heated
to 120 °C for 2 hours and have then been allowed to cool to room temperature.
Whilst this will not reveal any changes which occur at higher temperature that are
reversible when samples are cooled, it will elucidate any behaviour which occurs
irreversibly upon heating.

Initial inspection of the NR profiles, Fig. 6.12a, shows that the large bulge
that was attributed to the surfactant enriched layer in 55 °C samples (Fig. 6.5a)
has become much less pronounced, suggesting that there is a significantly smaller
contrast between layers within the sample. This is most likely caused by a decrease
in the surfactant enrichment of this surface layer. Fitting these data yields the
SLD profiles shown in Fig. 6.12b, which confirm the lower SLD of the surface
layer compared to the surface layers in samples at 55 °C.

A comparison of the depth profiles for samples at 55 °C and 125 °C is given in

Fig. 6.13. It can clearly be seen that the surface layer becomes less enriched at
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higher temperatures, with 10 % samples showing the largest decrease. However,
it should be noted that even at low loadings, some enrichment is still found at
125 °C. Surface excess values for the temperature dependence of segregation in
hPBd are summarised in table 6.2. A comparison of these values with those for
cis-PI samples shows that the surfactant loss in hPBd is much larger than the loss
in a more amorphous matrix. While the cis-PI samples are not heated to the same
temperature as the hPBd samples, if the same evaporation process occurred in
both polymer matrices, a larger difference between z* should be seen. Comparing
the surface excesses above and below the T, it is clear that after heating there
is little surface excess present in all samples, with even 10 % loading showing a
2* of less than 1 A. This suggests that at temperatures above the melting point
of hPBd, all surfactant is lost from the surface, which is not seen in the cis-PI
matrix.

Contact angle analysis data has been reported in Fig. 6.14 for 1 and 10 %
C12E5 in hPBd before and after heating to 125 °C. From this work, it can be seen
that there is little difference in 1 % samples, confirming the observations from NR
that little change appears to occur at low loading. However, at 10 % loadings, the
behaviour drastically changes and a hydrophilic-hydrophobic switch is observed.
It is likely that this caused by the evaporation of surfactant from the surface,
leaving the hydrophobic hPBd remaining.

An alternative hypothesis for the decrease in surface excess and wettability
upon heating at 10 % loading in hPBd is that a rearrangement of the surfactant
occurs when the sample is heated. This may lead to a structure which is invisible
to neutron reflectometry. Evidence of the presence of these invisible structures has
been presented in Chapter 5. However, this large change is not seen upon heating
in cis-PI samples, suggesting that there is some influence of the crystallinity that
enables this rearrangement to occur in response to temperature change. These
structures may also no longer promote wetting, which would be in agreement with
the contact angle results.

It is somewhat surprising that the retention of a surface excess is seen in cis-

PI but not hPBd. To understand this difference in behaviour, it is necessary to
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Table 6.2: Surface excesses calculated from SLD profiles of dos-CiaEs5 in hPBd

and cis-Pl at temperatures above and below the melting point of each polymer.

das-C12E5 2 /A
loading / hPBd cis-PI
wt.% 55 °C 125 °C 20 °C 60 °C
1 4 3 14 14
2.5 6 1 16 14
) 3 0.3 15 18
10 13 0.4 36 33

understand the process of surfactant loss. As a surfactant-enriched layer is formed
spontaneously upon film formation, it is possible that the surfactant can also mi-
grate from the bulk to the surface. Wei et al. showed that this process (in the loss
of plasticiser from a polymer) is the product of two distinct steps: evaporation and
diffusion. ¥ Therefore, both the thermodynamic and kinetic elements of surface
segregation must be considered.

Diffusion is a kinetic process and can either be described by Fick’s second law
(equation 2.10) if the surfactant does not swell the polymer®° or Case-IT diffusion
if the matrix swells.*? Furthermore, the rate of diffusion in Fickian diffusion is
dependent on the diffusant concentration, whereas this relationship is not present
in non-Fickian diffusion. However, determination of the diffusion mechanism is
beyond the scope of the present work, with prolonged swelling experiments of
thicker films in contact with fluid surfactants required to investigate this.

Evaporation is largely influenced by the vapour pressure of the evaporating
molecule. Under equilibrium conditions, the molecular exchange rate (the rate at
which molecules can move between liquid and gas phases), K, can be described.
Ward and Fang showed that K, can be written as'®!

77P00(TL)
K, =—= 6.1
vV 2mmkyT (6.1)

where P, (TF) is the saturation vapour pressure at the temperature T, m is the

molecular mass of the evaporating molecule, k; is the Boltzmann constant and n
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is a distribution of the energies of the molecules defined as

vL
n= ekb”i’.“oL [P —Poo(TL)]

(6.2)

where VL is the specific volume of the saturated liquid phase and PL is the equi-
librium pressure in the liquid. Whilst this is initially intended for the evaporation
from a liquid interface, this theory has been applied to the evaporation of solvent
from phase separating polymer mixtures and has successfully been used to sim-
ulate the phase separation whilst drying. Importantly, the polymer structure or
the viscosity of the mixture was not required in these simulations, suggesting that
the matrix has little effect on the rate of evaporation of additives.

Whilst evaporation should not be influenced by the matrix polymer, it is pos-
sible that diffusion of surfactant to the surface may be impacted by the properties
of the polymer. Below the melting point of the polymer, diffusion in hPBd would
be expected to be hindered, with Schulz et al. showing that the diffusion coeffi-
cient of a penetrant can be affected by the crystallinity, with crystal structures
resulting in a longer diffusion pathway and thus lower diffusion coefficient!™ as
the penetrant is mostly excluded from the crystalline domains. 2 However, above
the melting point, there are no longer any crystalline domains and thus there is
no hindrance to diffusion.

Work by Cherdhirankorn et al. used fluorescence correlation spectroscopy to
investigate the diffusion of probe molecules in molten polymers. These results
suggested that a correlation could be seen between the diffusion coefficient of a
penetrant and the 7}, of the matrix polymer, with a higher T; giving a smaller
diffusion coefficient.'®® This is explained by the sensitivity of diffusion to the local
segmental dynamics of the polymer chain. As shown in chapter 4 (Fig. 4.4), the T,
of cis-Pl is -65 °C and the T, of hPBd has been reported to be significantly lower
at -100 °C.*™* This would indicate that the diffusion coefficient of the surfactant
in hPBd would be larger than in cis-PI, meaning that it is expected that if the
bulk surfactant was capable of replenishing the surface layer, samples where the
matrix is hPBd would be more able to replenish the surface effectively.

To consider the thermodynamic components of the segregation in these sys-
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tems, surface energy must be discussed. Firstly, there are two interfaces featuring
the polymer / surfactant blend in this system: the buried layer and the surface
layer. The buried layer present in the hPBd samples is not detected within cis-PI.
Zhang et al.'® discussed the role that surface energy plays in the crystallisation
of polymer films during solution-coating. It was reported that a lower surface
energy substrate led to a reduced nucleation penalty for crystallisation of the
film. Within the present work, the substrate surface energy is not changed, but
instead surfactant is present. If this surfactant can enrich the polymer-substrate
interface, it will also lower the interfacial energy and thus decrease the nucleation
penalty, making crystallisation of the surfactant more favourable. This may be
a significant driver in the formation of an enriched buried layer which does not
appear present in cis-PI, where crystallisation does not occur.

This interpretation can also be applied to the air-polymer interface. In this
case, it is useful to compare the surface energy of cis-PI and a more crystalline
polymer such as LDPE. Previous studies have shown that cis-PI has a higher
surface energy (32 mJ m~2)' than LDPE (21.8 mJ m~2).'®¢ This would mean
that there is a larger motivation for segregation of surfactant to the surface of cis-
PI in order to lower the surface energy than in LDPE. Furthermore, the surface
energy of the silicon substrate,®” 1240 mJ m~2, is much larger than the surface
energy of LDPE, meaning that the nucleation penalty at the interface is much
larger than at the surface, leading to a much larger thermodynamic driver for

segregation to the buried interface than to the film surface.
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Figure 6.12: (a) Data and fits for the NR reflectivity of 1 — 10 % dos-Ci2E5 /
hPBd films at 125 °C. Data have been plotted as R(Q)Q* vs. @ and an offset has
been applied to each data series. (b) SLD profiles of 1 — 10 % da5-Ci5E5 in hPBd
at 125 °C obtained from fitting experimental NR data shown above.
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Figure 6.13: Comparison of concentration profiles for dos-CqoEs5 in hPBd at 55 °C
and 125 °C as obtained by NR. Surfactant loadings are 1% (a), 2.5% (b), 5% (c)

and 10% (d)

140



CHAPTER 6. EFFECT OF POLYMER CRYSTALLINITY ON
SURFACTANT DISTRIBUTION IN POLYMER FILMS

100
"\;" b TN ik R S T TS -
3 80
[0
3 1% C,,E5/ LDPE
g o 1% C.,E; / LDPE Heated
s ——10% C,,E5 / LDPE
g wd| 10% C,E5 / LDPE Heated
20
0 T T '
0 200 400 600

Time /s

Figure 6.14: Water contact angles of 1 and 10 % Ci3E5 / hPBd films at before
and after heating to 125 °C for 2 hours.
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6.3.3 Effect of Crystallinity and Temperature Elevation

on Surface Morphology

Crystalline polymers have a much more complex surface morphology than amor-
phous polymers with crystal features such as spherulites and other ordered struc-
tures on the surface.® It is therefore of great interest to probe how the surfactant

loading affects the morphology of a crystalline film.

Firstly, Fig. 6.15 shows the surface of hPBd without any surfactant. It is
clear that the surface has a significantly different morphology from that of cis-PI
samples, Fig. 5.14. Within the surface height maps, the film surface is dominated
by a crystalline structure, with crystalline domains bordered by crystal bound-
aries that are lower in height. The presence of these features in samples without
surfactant show that this change in surface morphology is caused by the increased
crystallinity of the polymer rather than any induction of a different structure
of surface surfactant by the polymer. This surface morphology is consistent with

1.1%9 ysing the same instrument. Fur-

surface structures observed by Hardman et a
thermore, these are reminiscent of the crystalline structures seen in similar work
investigating LDPE surfaces. "9 LDPE and hPBd are much more crystalline
than cis-PI and so it should be expected that the film would exhibit a much more

structured surface.

The surface of 1 % CjoE;5 (Fig. 6.16a) show some small strand like features,
similar to those seen in cis-PI samples, Fig. 5.14 and 5.15. The features on
the surface of hPBd (table 6.3) are comparable in thickness to those on cis-
PI(approximately 350 nm). Sections have been taken from the image across the
strands and these have been plotted in Fig. 6.16b.

Comparison of the surface of 1 % and 10 % Ci5Es5 (Fig. 6.16a and 6.17 re-
spectively) in hPBd yields some interesting observations. Firstly, the height range
between the highest points on each crystalline domain and the trough in the crys-
tal boundaries is much lower for higher loadings. It is possible that these cracks
seen on the samples are being filled with surfactant, which would reduce the depth

of these features. However, the thickness of the enriched surface layer in the NR
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Figure 6.15: AFM image of hPBd surface at 20 °C.

Table 6.3: Strand height and width for 1% Ci3E5 / hPBd films at 20 °C and 60

°C determined from the cross-sections shown in Figures 6.16b and 6.18b.

1% CioE5 / section number

hPBd 20 °C 1 2 3 4 )
Strand height / nm 11.9 11.7 6.11 8.03 8.12
Strand width / nm 399 232 176 173 352

1% CroEs /

hPBd 60 °C

Strand height /nm  6.02 10.3 7.47 129 547
Strand width / nm 170 459 335 464 177
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depth profiles (Fig. 6.13) is significantly thicker than the depth of the features,

suggesting that there must be additional surfactant at the surface of the film.

It is also possible to observe that there are no large strand-like features in
10 % samples like those seen in 2.5 % samples. Instead, it appears that the
surface contains a large number of much smaller and thinner strands which can
be seen on both the surface of crystalline domains and crystal boundaries. This
may suggest that as the surface excess becomes larger, the surfactant begins to
become more abundant on the surface and rather than form large, distinct strands
it forms much smaller strands that cover more of the surface.

Whilst relatively little attention has been given to the surface topography
of blends of surfactants and semi-crystalline polymers, recent work by Gubala
et al. has investigated the behaviour of erucamide on polypropylene surfaces.!'%?
Within this work, AFM images showed that there was bilayer of erucamide formed
at a lower loading than the loadings of surfactant in these experiments, with
additional layers forming on top of this layer as isolated domains. This is unlikely
to be similar to the phenomena shown here: whilst the surface layer thicknesses
shown in Fig. 6.7 are comparable to the thicknesses given in the work by Gubala
et al., the surface excess is much smaller than what it required for complete
bilayer formation, leading to the conclusion that complete surface coverage does
not occur.

Samples have also been assessed using AFM at elevated temperatures, Figs.
6.18a and 6.19. However, whilst the melting temperature of hPBd is over 100 °C, it
was not possible to elevate the samples to melt the polymer and collect high quality
data. Above the melting point, the polymer becomes a viscous fluid, leading to
the polymer adhering to the probe and being transferred around the sample as
the probe moves. Instead, samples have been heated to temperatures below the
melting point to assess how surface topography changes as the temperature is
increased.

Comparing 1 % Ci2E5 samples at 20 °C and 60 °C (Fig. 6.18a), it initially
appears that the surface profiles are quite similar. However, the height scales

are significantly different, with the lower temperature samples exhibiting a much
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Table 6.4: Statistical roughness quantities for 1 % Ci2E5; / hPBd films shown in
Figs. 6.16a and 6.18a

Temperature / °C R,  Rupax  Rsa
20 14.75 11.37 0.9954
60 14.79 11.51 0.9971

more flat surface than samples at 60 °C. It must be noted that the same sample is
used at each temperature, with only the position on the sample changed between
measurements. This result is quite surprising: the samples are below the 7,, and
so the degree of crystallinity should not change, leading to little surface change.
However, these features do not appear to be detected within statistical roughness
quantities (table 6.4), with little difference in all values at different temperatures.
These small differences of roughness may likely be caused by the expansion of the
polymer at the increased temperature, with crystalline and amorphous domains
expanding at different rates.!%

The strands which are seen in the 1 % samples at 20 °C are still seen in 60 °C
AFM images. If the heights and widths of the strands are compared at each
temperature (table 6.3), it appears that whilst the height scale of the polymer
surface changes, the strands seem to remain the same after heating. This initially
appears to contrast with the results shown from NR, where the surface excess
appears to be lost upon heating. However, there is a significant temperature
difference between the conditions under which the NR and AFM measurements
are collected and work in chapter 5 showed that at 60 °C little change in surface
surfactant concentration was seen in cis-PI samples. It is also possible that,
similar to cis-PI / Ci9E5 samples, there is some surfactant which is not detected
by NR which remains present even after heating. Furthermore, it is also possible
that this surfactant loss seen in NR only occurs when the matrix is melted (above
the temperature that AFM measurements are conducted) and so less surfactant

loss is seen at all temperatures up to 60 °C.
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Figure 6.16: (a) AFM height image of 1% C12E5 in hPBd at 20 °C. Several sections
of strand-like features have also been shown. (b) Cross-section of strands seen in

AFM image above. Numbers correspond to the numbers labelled in the AFM

image.
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Figure 6.17: AFM height image of 10 % C12E5 in hPBd at 20 °C. The same scale
range has been applied to this image as Fig. 6.16a.
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Figure 6.18: (a) AFM height map of 1 % Cj3E5; in hPBd at 60 °C. Sections of
strands have been shown. (b) Cross-section of strands seen in AFM image above.

Numbers correspond to the numbers labelled in the AFM image.
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Figure 6.19: AFM height imange of 10 % Cy2E5 in hPBd at 60 °C. Note that the

top 2 um have been omitted due to a tracking error during the collection.
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6.4 Chapter Conclusions

This chapter has probed the distribution of Ci3E5 within hPBd films with respect
to surfactant concentration using neutron reflectivity. This work has revealed
that surfactant does segregate within hPBd films but only to a low degree, with
small surface excesses being seen. Additionally, the surfactant depth profile has
also been compared at temperatures above the melting point of the polymer to
simulate the processing conditions of commercial samples. NR also suggested that
heating may eliminate the surfactant from the surface, which is further supported
by contact angle analysis measurements. The contact angle results are similar to
those seen on cis-PI surfaces. However, the NR results show that whilst in cis-PI
the surface excess remains, in hPBd samples the surface excess is lost. This again
reinforces the hypothesis that the surface excess that is detected by NR is the

primary source of surfactant that is responsible for surface modification.

It has been shown that whilst hPBd does show a surfactant-enriched layer at
the surface, this is much lower in surfactant concentration than in cis-PI, with a
maximum surface excess in 10 % samples that is comparable to the loadings in
1 % Cy2E5 / hPBd films. It has been suggested that this may be caused by the
more difficult diffusion of molecules through semi-crystalline polymers, with small
molecules unable to migrate to the surface after the film has been spin-cast and

all solvent has evaporated.

As was observed for cis-PI samples in chapter 5, the surface excess measured
by NR was significantly smaller than the surface layer of surfactant detected by
NRA. This has again been attributed to two distinct types of surfactant layers,
with one showing more uniform coverage and is therefore detectable by NR. After
the sample is heated to above the melting point, NR reveals that this surface
layer in samples with a lower loading is almost negligible. Contact angle analysis
also shows that after heating, the surface in both 1 and 10 % samples becomes
hydrophobic, suggesting that unlike in cis-PI matrices, surfactant in hPBd films
does not remain present on the surface after heating. It is unclear whether this is

caused by loss of all surfactant (including surfactant in the bulk) or whether bulk
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surfactant is unable to migrate up to the surface to replenish the surface layer.
AFM images have shown that hPBd / Cj3Es5 films also contain strands, with
strands appearing more prominent at low surfactant loadings. Importantly, anal-
ysis of the width and height of these strands show little difference between 20
and 60 °C, suggesting that these strands are not affected by temperature eleva-
tion. This would appear to confirm that these strands cannot be attributed to

the surfactant layer detectable by NR.

151






Chapter 7

Effect of Surfactant Head-Group
Size on Surface Properties of

Polymer Films

7.1 Chapter Introduction

Previous chapters have assessed the distribution of surfactant within a polymer
as well as how crystallinity changes the surfactant segregation behaviour. Atten-
tion must now be given to the impact of the surfactant. The polyoxyethylene
alkyl ether family of surfactants, as previously discussed, consist of an alkyl chain
bonded to a chain of repeating ether units. This allows the length of the head and
tail group to be varied to produce a range of surfactants with different hydrophilic-
lipophilic balances (HLB).

This variation of head and tail group size can be used to tune the surfactant
properties to suit the intended application, with commercial materials using a
range of surfactants to impart hydrophilicity to different polyolefin fibres.5>194 It
would therefore be of significant interest to understand how changing the head

group size influences the tendency of a surfactant to segregate to the surface and

thus impart hydrophilicity to the polyolefin surface.

Previous studies of surfactant segregation has shown that increasing the in-

153



CHAPTER 7. EFFECT OF SURFACTANT HEAD-GROUP SIZE ON
SURFACE PROPERTIES OF POLYMER FILMS

195 showed that sur-

compatibility promotes greater surface segregation. Hu et al.
factants with an enhanced hydrogen bonding capability (in the work of Hu et al.,
ionic surfactants compared to non-ionic surfactants) were capable of greater hy-
drogen bonding capability with the water molecules in the subsurface, the layer of
water molecules immediately below the surfactant layer (Fig. 7.1). This reduced
the surface entropy of the water by creating an ordered water molecule structure,
leading to a smaller decrease in surface tension by opposing the favourable en-
thalpic term. However, in a polyolefin matrix, increasing the incompatibility of
the surfactant also increases the size of the high surface energy polar group, so it
is not trivial to predict whether such a change would promote or inhibit surface
segregation.

Within this chapter, the effect of the size of the hydrophilic head group will be
on the distribution of the surfactant. CioE3, CioE4 and Ci5E5 shall be compared
within an LDPE matrix as well as an amine oxide surfactant, DDAQO. This shall be
performed using NR to collect depth profiles of the surfactant within films. Surface
properties will then be compared using contact angle analysis to understand how
the wettability changes over time upon contact with water. AFM images shall

also be used to enable comparison with the lateral structure of hPBd containing

C12E5, which was studied in the previous chapter.
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Figure 7.1: Diagram illustrating the surface and subsurface in the work by Ye et
al.1% The subsurface is the interface between the water and the bottom of the

surfactant layer and the surface is the interface of the surfactant layer and the air.

155



CHAPTER 7. EFFECT OF SURFACTANT HEAD-GROUP SIZE ON
SURFACE PROPERTIES OF POLYMER FILMS

7.2 Results and Discussion

7.2.1 Effect of Head-Group Size on Surfactant Distribu-
tion in hPBd Films

This section shall probe the surfactant distribution of a defined series of surfac-
tants within hPBd films. This shall be performed using NR depth profiling and
will present an opportunity to compare how surface enrichment changes with head
group size.

Upon inspection of the NR profiles in Fig. 7.2a, it appears that there is
little difference between the profiles at different Ci5E3 loadings. Furthermore,
the fringes observed in dgs-Ci2E3 / hPBd samples are much smaller in amplitude
than those seen in dgs-CiaEs-containing samples (Fig. 7.3). This suggests that
the contrast between the surface layer and the bulk is much smaller for dg5-CioE3
samples, which indicates that the surface layer is much less enriched in surfactant
than in do5-CioE5 samples. The concentration profile corresponding to the best fit
of the data confirms that the surface excess of dgs-Cq2Es is very small (Fig.7.2) and
is much smaller than was previously found for dgs-C12E5 (Fig. 6.5b). Comparison
of the profiles of the two surfactants at 1 — 5 % loadings reveal that the surface
layers have very similar SLDs and thicknesses. The main difference between the
two surfactants appears at 10 % loadings, where the SLD difference between

the enriched layer and the bulk layer is much lower in ds5-CioE3 samples than

d25—012E5 / hPBd films.

Whilst the surface enrichment of the surface in dy5-CioE5 samples is low com-
pared to cis-PI samples, the thickness of the layer is in the range of 100 to 125
A for all samples. The necessity of this layer is justified by Fig. 7.4, where a
model without this layer is shown. This SLD profile is not able to accurately fit
the fringes seen in the data, with the amplitude of fringes in the simulated profile
appearing too large. This additional layer reduces this amplitude. The layer is
several times thicker than the length of a surfactant molecule, again suggesting

that rather than a complete layer of surfactant, a small proportion of the film is
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Figure 7.2: (a) Data and fits for the NR reflectivity of 1 — 10 % da5-C12E3 / hPBd
films at 55 °C. Data have been plotted as R(Q)Q* vs. Q and an offset has been
applied to each data series. (b) Surfactant depth profiles of 1 — 10 % da5-CioE3
in hPBd obtained from fitting experimental NR data.

157



CHAPTER 7. EFFECT OF SURFACTANT HEAD-GROUP SIZE ON
SURFACE PROPERTIES OF POLYMER FILMS

107 4
= 1% dy-C,,E; / hPBd = 2.5% d,s-C,E; / hPBd
= 1% dy-C.,E, / hPBd _ = 2.5% d,s-C,,E, / hPBd
10 I 10 _
. - -
2 Fa B
5 z, Jite < - !
<L =L = -7
- -~ Y
G 10 - o 5" w@? St
g %&iﬁi%ﬁ. 2 st ﬁfmj”"*‘:-ﬁ‘-p T
¥ Ml i ¥ T M
100 10 I ‘
101 | . . [ . 10 | } ‘
102 107 102 107
Q/A! 107 Q/A"
» 5% d,s-C,,E5 / hPBd = 10 % d,s-C,E s / hPBd
. = 5% dys-Cy,E, / hPBd I = 10% dys-Cy,E, / hPBd
10¢ 4 T 108
&
I +
=T i % -
< 10° s | sxr. T
10 e Ch IeE
2 2 i g P T
z = W ﬂ‘g%j - I 7
T A ]
10'10 10710, 7% ‘.‘Uﬂ{l‘ﬂ‘l? -l jl
10 10 e
001 0.1

Q/A!

Figure 7.3: Comparison of R(Q)Q* vs. Q for dys-C12E5 and dos-CioE3 in hPBd
at 55 °C at loadings between 1 and 10 % wt.
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Figure 7.4: Reflectivity data for 2.5 % dos5-Ci9E3 in hPBd at 55 °C, fitted with
a reflectivity profile simulated from an SLD profile with identical parameters as

that in Fig. 7.2a except for the SLD of the surface layer is set to the same value
as the bulk layer.
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covered with a layer that consists of several layers of surfactant.

The surface excess values given in table 7.1 also confirm that there is little
difference in the total amount of surfactant at the surface at all loadings. These
surface excesses were determined from Fig. 7.5. Whilst there was a moderate
increase in surface excess at 10 % das-C12Es5, this is not seen for 10 % das-CioEs.
This appears to suggest that, whilst at higher loadings surface enrichment is seen
in dos-C1oEs / hPBd films, the same does not occur for the surfactant with the
smaller headgroup . Therefore it seems likely that there is some driver for segrega-
tion in dg5-C1oE5 / hPBd films that is not present within dgs-Ci2E3 / hPBd films.
This observation is consistent with the earlier analysis of compatibility obtained
from DSC in chapter 4. The DSC results showed that Ci3E3 loadings between 1
and 10 % were equally compatible, thus surface segregation may be directed by
surface energy difference, but is not likely to be promoted by incompatibility. It
must also be noted that the 10 % Ci3E5 sample shown in Fig. 7.5 are distinctive
as this is the only sample that a positive surface SLD is present, which suggests
that there is a surface excess that cannot be determined as surface roughness.

The factors affecting the segregation of the surfactant can broadly classified as
thermodynamic, where a driver such as surface energy difference or compatibility
drives migration and kinetic, where the speed at which migration occurs may limit
segregation.

Flory-Huggins theory introduced in chapter 2 can be used to consider the
differences between these two surfactants. Within the Flory-Huggins equation
(equation 2.7), at the same approximate volume fraction of each surfactant, the
only difference will be the interaction parameter, y. As x is a factor of the
interaction energy between the polymer and surfactant?® (uap, equation 2.4), it
would be expected that as this interaction becomes more positive, the possibility
of the two components no longer mixing increases. This interaction will be largest
where the head group is larger as this will have a more unfavourable interaction
with the non-polar polymer matrix. However, Flory-Huggins theory does not
specifically consider surface segregation. Instead, all that can be inferred from

it is that Ci3E5 is more incompatible than Ci3E3 with the polymer matrix. The
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Figure 7.5: Comparison of SLD profiles of dgs-C12E3 and das-CioE5 in hPBd films
at 55 °C calculated from NR.

observation that CioEs; has a greater surface excess, despite having the larger
high surface energy group that may inhibit surface segregation, indicates that
incompatibility may be the most important factor in driving surface segregation
for polyoxyethylene alkyl ether surfactants.

The same pattern of compatibility behaviour was suggested by rheology results
(chapter 4) in cis-PI, another non-polar matrix. These results showed that Ci5E;
was less compatible with the polymer matrix than Ci3E3. This supports the
results from Flory-Huggins theory that CioEs is likely to be less compatible in
hPBd than CioE;.

Previous work has been conducted with much thicker extruded polypropylene
films containing CigEs, C13E, and C;3Eg'%* and has considered the kinetic factors
in segregation. This work demonstrated that an enriched layer of surfactant could

be seen in all films. Moreover, it was observed that the surface enrichment was
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greater with shorter head groups. This was accounted for by the potentially
greater mobility of the smaller molecule (C;sEy) within the polypropylene matrix.
Whilst this is the opposite result of those seen in this work, it is important to note
that there are several key differences between this work and the present results.

Firstly, poly(propylene) has a much higher degree of crystallinity than hPBd. 19"
This higher crystallinity may cause a much greater hindrance to the mobility of
the surfactant than hPBd does, which would mean that the shorter surfactant
length of Ci3E3 would not have the same effect in hPBd as is seen in the work by
Datla et al.1%4

The preparation technique is also different. Within the present work, samples
are spin-cast from xylene whereas the films probed by Datla et al. are extruded.
The presence of a solvent may influence the segregation of the surfactant. Ye et al.
showed that the solvent used in spin-casting affected the segregation of different
groups in a random copolymer of methyl methacrylate and 2-perfluorooctylethyl
methacrylate. % It is therefore likely that the presence of solvent during film for-
mation influences the segregation by allowing the polymer chains to swell, meaning
that the surfactant is free to migrate to the surface, relatively unhindered unlike
in extruded samples. However, there is a key difference between the present work
and the work of Ye et al., the surfactant in the work of Ye et al. is fluorinated,
and would therefore be expected to be surface active in most organic solvents.
This surface activity would not be expected in the case of the non-ionic surfac-
tant in xylene as used in this work. Gundabala et al. showed that, for surfactants
with low Péclet numbers, an enriched surface layer would be seen in drying latex

films.1?® The Péclet number is defined as!'??

P advective transport rate  Lv
¢ diffusive transport rate D

(7.1)

where L is the characteristic length of the system, wu is the velocity of the flow
field and D is the diffusion coefficient. It is expected that the diffusion coeffi-
cient would be larger for a smaller surfactant due to its shorter chain length,®4
giving C1oE3 a lower Péclet number. This has also been confirmed by compari-

son of polyoxyethylene alkyl ether and longer polyoxypropylene-polyoxyethylene
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(PO-EO) alkyl ether surfactants in water. Ye et al.'®® identified that there are

two processes in surface enrichment: migration of the surfactant from the bulk to
the bulk / surface layer interface (subsurface) and from the subsurface to the air
/ surfactant interface. Here, the rate of surface adsorption from the subsurface
to the air / surfactant surface was found to be faster in shorter surfactants.?"
However, this work did note that the rate was faster from the bulk to the subsur-
face for the longer surfactant (Fig. 7.1). Ye et al. attributed this to the greater
hydrophobicity of PO-EO alkyl ether surfactant, meaning that the surfactant was
less compatible with the bulk water layer. Therefore, it is possible that the mi-
gration of the longer chained surfactant in the present work is more facile due to
the greater incompatibility of the surfactant and polymer matrix.

While it is interesting to see that there is little surface excess, the NR data
shows that the surfactants do accumulate at the buried interface between hPBd
and the silicon substrate. This is evidenced by the observation that the polymer
/ silicon oxide interface is not a single step transition. Instead, several additional
layers have been introduced into the model. These layers represent a surfactant
enriched layer at the silicon oxide interface. The presence of this layer reveals
that, whilst surfactant is capable of segregating to the air interface, it can also
segregate to the buried surface. Fig. 7.5 shows that as concentration increases,
the SLD and thickness of the buried layer also increases. Furthermore, the largest
buried layer can be found at 10 % loadings of dys-Ci9E5. This is also consistent
with previous observations: dis5-CisEs shows a larger surface layer than CioE3
and at 10 %, there is more surfactant within the film to migrate to the surface. It
can therefore be inferred that the drivers for interfacial segregation are the same
as surface segregation.

The dgs5-C12E3 / hPBd films were also heated to 125 °C in the same way
to dos-CioEs / hPBd films in chapter 6. The reflectivity profiles for samples at
125 °C have been plotted against the reflectivity profiles for samples at 55 °C in
Fig. 7.6. From these profiles, it can be seen that there is very little difference
between the samples at different temperatures. This is in agreement with previous

measurements, where the key differences observed within dy5-Ci2E5 samples (Fig.
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Figure 7.6: Reflectivity profiles of 1, 2.5, 5 and 10 % do5-C12E3 / hPBd at 55 °C
and 125 °C.

6.12b) were largely seen in the highest loading samples with the largest surface
excess. The SLD profiles revealed that the do5-CioE5 surface layer most likely
evaporates at higher temperatures. This is not possible in dy5-CioE3 samples,
where little surface enrichment is seen. Even though the smaller Ci5E3 molecule
will be more volatile, as there is little surface excess initially, there is less scope
for any change upon heating.

The SLD profiles of dos-CioE3 in hPBd are shown in Fig. 7.7. From these
profiles, it can be seen that there is a modest increase in the surfactant present
at the film / silicon oxide interface. This suggests that as the temperature is
increased, the surfactant is ejected from the film to the interfaces. It would be
expected that this would also occur at the air interface, but little evidence is
seen. This is likely due to the evaporation of surfactant from the surface, whereas

evaporation is hindered at the silicon interface.
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Figure 7.7: SLD profiles of 1, 2.5, 5 and 10 % da5-C12E3 / hPBd films at 55 °C
and 125 °C.

Table 7.1: Surface excesses calculated from SLD profiles of ds5-CioE3 and
dos-Ci2Es in hPBd films at 55 °C as determined from NR profiles Fig. 7.2

2 /A
1% 25% 5% 10%
C1oE3 3 3 3 5
Ci2E;5 4 6 3 13

Surfactant
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Samples containing do5-DDAO in hPBd films have also been investigated using
NR. The reflectivity profiles have been presented in Fig. 7.8. From this figure, it
can be seen that there is little difference between reflectivity profiles at different
surfactant loadings. Firstly, it appears that there are no high frequency fringes. As
the high frequency Kiessig fringes arise from interference between reflection from
the top and the bottom of the film, the absence of fringes indicates that there is
very little reflection from the top of the film. This could be either because the film
is extremely rough or because there is no surfactant at this surface. If the films
are assumed to have a comparable roughness to films of the same polymer with
a non-ionic surfactant, the absence of the fringes seen in Ci2E5 samples indicates
that there is no enriched surface layer for des-DDAO / hPBd films. Furthermore,
there is little difference in the low frequency fringe near 0.15 A=, Whilst there is
a small increase in the amplitude of the fringe between loadings, there appears to
be no correlation between loading and the fringe amplitude, suggesting that there
is no effect of loading on the buried layer SLD. The lack of any change in fringe
position also appears to confirm that there is little change in the buried layer
thickness either. The thickness of this buried layer (~ 25 A) is comparable to the
thickness of a DDAO monolayer (~ 20 A),159 which suggests that a monolayer is
also present in these films.

Figure 7.9 shows data for 2.5 % d-DDAO in hPBd which has been fitted with
a model containing no surface layer. This suggests that there is either no surface
layer present or it is not possible to resolve with NR. This may mean that there are
domains or droplets of surfactant on the surface as these would not be identified
as a distinct layer in NR. This would be consistent with previous work, where
neutron-invisible (where incomplete coverage leads to no distinct layer detectable
by NR) dy5-Ci9E5 droplets have been identified on the surface of cis-PI.20!

AFM images of the surface of these films have been collected (Figs. 7.10, 7.11,
7.12 and 7.13). These images show a similar crystalline surface structure as the
hPBd surfaces seen in chapter 6. Interestingly, when the roughness parameters are
calculated, Table 7.2, there appears to be no distinct change in surface roughness:

both R, and Rp,ax show no correlation between loading and roughness parameters.
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Furthermore, there is no difference in Rg4 values with DDAO loading despite the
presence of distinct surface features. Therefore, it would be expected that these
surface features would not generate any Cassie-Baxter wetting. This is a wetting
model where air pockets are trapped underneath the droplet between surface
asperities. This leads to a larger contact angle due to the introduction of air-
liquid interface into the contact area. One possible hypothesis for how surfactant
in distributed is that the surfactant accumulates in the troughs in the surface,
producing a mixed layer in NR and yielding a smoother surface. If surfactant
was migrating to the surface, it would be expected that the surface roughness
may decrease with surfactant loading as more of the depressions in the surface are
occupied by the surfactant. This decrease in roughness has also been observed in
polypropylene as an amide slip additive migrates to the surface.?°? As this does

not occur, it is likely that there is little surfactant present at the surface.

It must be noted that each crystalline domain in the surface height maps
appears to have a significant peak. These are present at all loadings and do not
appear to change in abundance with surfactant loading. However, these are not
consistently seen in films without surfactant (Fig. 6.15) or with other surfactants
(Figs. 6.16a and 6.17). This suggests that these peaks are caused by the presence
of DDAO. These surface features have been analysed in Fig. 7.14b and the widths
and heights have been been reported in table 7.3. From these parameters, it can
be seen that the heights of these features range between 26 and 50 nm. The
length of a DDAO molecule has been calculated to be approximately 13 A when
in a lamellar phase,?’® meaning that if the feature is DDAO, it is between 20
and 40 molecules thick. Furthermore, the features are far wider than they are
tall, with widths approximately 20 times greater than the height. This seems to
suggest that the features are dome-like surfactant domains on the surface of each
crystalline domain. These features only cover approximately 5 % of the surface,
which is invariant across all surfactant loadings. It is also worth noting that 5 %
surface coverage with a thickness of 26 nm implies that there is enough surfactant
at the surface to be equal to a layer of pure surfactant that is approximately 1 nm

thick. This is only possible for a 1 % film that has a thickness which is at least
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1000 A. This is in agreement with the NR fit shown in 7.9. This would justify

the absence of a surface-enriched layer in NR: this is too little surface coverage to
produce a recognisable interface in NR and instead may simply appear as a rough
surface.

Dome-like surfactant features have been observed in latex films.2%* Within this
work, the surfactant was shown to evolve over time, progressing from a uniform
layer, to small, flat droplets and finally to hemispherical “blobs”. However, no
evolution is seen within hPBd / DDAO samples. Instead, it is likely that any
evolution of the surfactant structure has occurred before the recording of these
images. Additionally, the droplets observed in the work by Tzitzinou et al.?04
are significantly larger than the features observed in the films in this work, with
droplets having widths on the order of several microns. Latex typically has much
lower degrees of crystallinity than hPBd and so it is expected that the migration
of surfactant within a latex film would be much quicker, allowing larger droplets
to form.

Contact angle data has been collected for DDAO / hPBd films. This is given
in Fig. 7.15. From these results, it can be seen that none of the films show similar
wetting behaviour to Ci2E5 or CipE3 / hPBd films at higher loadings. Instead,
the contact angle remains large, suggesting that there is little effect observed from
any surfactant at the surface. This means that either the features observed are not
distinct surfactant droplets or there is still insufficient surfactant at the surface
to induce a decrease in surface energy.

DDAO has been shown to form moderately enriched surface layers in poly-
mer films, with Fong et al. reporting a 1 — 2 nm layer over a broad range of
concentrations in PVA.'*® However, the PVA matrix in these samples is much
more hydrophilic polymer than hPBd. DDAO has a much smaller head group
than the polyoxyethylene alkyl ether surfactants, and as this means that a larger
proportion of the surfactant molecule is hydrophobic, it is reasonable to infer that
DDAQO is also more compatible in the hydrophobic hPBd film and so little surface
segregation occurs.

As surface energy has previously been considered to be a key driver for surface
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Figure 7.8: Reflectivity profiles of 1 — 10 % da5-DDAO in hPBd at 55 °C. Data

have been plotted without an offset to facilitate easy comparison.

Table 7.2: Roughness parameters of 1 — 10 % DDAO / hPBd films calculated
from the height maps in Figs. 7.10, 7.11, 7.12 and 7.13.

DDAO loading / % wt R, Rmax Rsa

1 9.40 6.00 1.00
2.5 4.61 3.55 1.00
) 8.00 5.62 1.00
10 3.24 1.80 1.00

segregation, the surface tension of the surfactants should be compared. Whilst
there is little work discussing the surface tension of surfactants in polymers, there
is work discussing their CMCs in water. It has been shown that C;3E52% has
a much lower CMC than DDAO,?% indicating that C;5E5 is much more surface
active than DDAQ. Therefore, it would be expected that Ci5E5 would form a more
enriched surface layer than DDAO if surface energy is a key driver for segregation.
No DDAO surface layer is seen in this work, which appears to agree with the

hypothesis that surface activity drives surface segregation in these samples.
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Figure 7.9: Top: SLD profile for 2.5 % DDAO in hPBd with no surface excess
present. A small surfactant layer has been included in this model near the silicon
interface. Bottom: Plot of RQ* vs. @) with the reflectivity profile generated from
the model above in red and the experimental data for 2.5 % DDAO in hPBd
plotted as data points.
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Figure 7.10: AFM height map of 1 % DDAO / hPBd at 20 °C.
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Figure 7.12: AFM height map of 5 % DDAO / hPBd at 20 °C. The same scale
has been applied as the height map in Fig. 7.10.
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Figure 7.13: AFM height map of 10 % DDAO / hPBd at 20 °C. The same scale
has been applied as the height map in Fig. 7.10.

Table 7.3: Height and widths of peaks found in Fig. 7.14a, calculated from the

cross-sections given in Fig. 7.14b

line number height / nm width / nm

1 44 879
2 36 838
3 50 740
4 42 878
5 26 683
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Figure 7.14: (a) 10 pm x 10 pm scan of the same 5 % DDAO / hPBd sample

shown in Fig. 7.12. (b) Cross-sections along lines shown in Fig. 7.14a.
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Figure 7.15: Contact angle measurements of a probe droplet of water for 1 — 10

% DDAO in hPBd. The data are plotted as a function of time, where t=0 is the

time that the probe droplet is placed on the surface.
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7.2.2 Effect of Surfactant Head-Group Size on Surface Prop-

erties of polymer films

The surface properties of spin-cast films of hPBd containing Ci3E5, CioE4 and
C12E3 shall be compared in order to understand how the head-group influences

the distribution of surfactant within amorphous polymers.

The contact angle of a droplet of water on the surface of surfactant / hPBd
films are shown in Figs. 7.16 and 7.17. From these plots, it appears clear that
there is little change in contact angle between 1 and 5 % for Ci3E3 samples. This
is in good agreement with the NR results reported in the section above: there is
little enrichment in surfactant at the surface and correspondingly, the film presents
a hydrophobic surface. It must be noted that the contact angle decreases over
time in all low concentration samples. This is likely to be contact angle hysteresis
caused by the evaporation of the water: as volume of the droplet decreases, the
contact angle decreases as it recedes.?°" In future work, this may be eliminated by
the use of non-volatile liquids. An appropriate substitute for water would be an
ionic liquid, these materials will not evaporate but are still polar. Furthermore,
the use of additional solvents would give the capability of determining the surface

energy of the films.

5 and 10 % loadings show different behaviours for each surfactant. 5 % Ci5E3
films show similar behaviour to 1 and 2.5 % loadings, with no evidence of the
droplet wetting the surface. However, 5 % Ci3E4 shows a moderate decrease in
contact angle over time. This appears to suggest that as the head group size is
made larger, the surfactant is more responsive to the presence of a droplet of water.
This change in surface hydrophilicity is likely caused by either the segregation of
more surfactant to the surface, migration of the surfactant from the surface to
the droplet or that the surfactant at the surface is more hydrophilic in the case of
Ci2E4 than Ci5E3. The second possible mechanism is a consequence of the Young
equation (equation 3.18):2%8 the migration of surfactant into the droplet decreases
vra, leading to an increase in cosf¢c (and thus a decrease in 0¢). Therefore, the

movement of surfactant into the droplet and on to the water / air interface lowers
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the contact angle of the droplet and allows it to spread.

10 % surfactant loadings for each surfactant show quite different behaviours.
C12E4 shows a rapid decrease in contact angle, with the probe droplet wetting the
surface in a few seconds. However, C;3E3 shows a much slower decline, with a
final contact angle of approximately 60° only being achieved at timescales longer
than 200 s. This appears to show some agreement with the NR results reported
above: the surfactant with the longer head group shows more surface enrichment
and so the lowering of the contact angle occurs much more quickly. Ci3E3 must
first migrate to the film surface and can only then lower the surface energy of the
water / surface interface.

DDAO has an even smaller head group than Ci3E3 and this shows even less
hydrophilicity in contact angle results, Fig. 7.15. This is surprising since Kocher-
bitov and séderman?®® have shown that DDAO interacts more strongly with water
than some non-ionic surfactants. Unlike the other surfactants, at no loading mea-
sured is a decrease in contact angle observed. This is also in agreement with the
hypothesis that a smaller head group produces much less surface enrichment and
thus a much lower decrease in contact angle.

Previous work has shown that Ci3E5 and Ci3E3 can form significantly differ-
ent self-assembled structures. Investigations of the surface structure of Ci5E3 in
aqueous solution on a graphite surface revealed that the surfactant forms hemi-
cylindrical micelles at the graphite surface.?'® Above the critical wetting con-
centration, further surfactant formed bilayers above the hemicylindrical micelles.
Contrastingly, CioE5 has been shown to form continuous bilayers above 21 °C on

mica surfaces. 162

This shows that the structure of the surfactant is important in
defining the self-assembled structures at the surfaces as well as in solution. The
difference in behaviour seen in these surfactants is likely caused by the difference
in relative size of the head and tail groups of each surfactant. Ci3E5 has a head
and tail group that are of similar lengths, whereas the tail group is much longer
than the head group in CisEs.

The difference in surface properties is likely caused by the compatibility of the

additive within the matrix. While there is little work discussing how the variation
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in the size of the hydrophilic group of the surfactant affects segregation, there is
some work discussing the effect of the hydrophilicity of the matrix. Squillace et
al. 1% discussed how the segregation of an additive is affected by the degree of
hydrolysis of a poly(vinyl acetate) (PVAc) matrix. As the degree of hydrolysis
increases, the compatibility of a nonpolar additive decreased. Octanoic acid was
shown not to segregate within PVAc with no hydrolysis, but some segregation was
shown within highly hydrolysed PVAc. However, for a more polar additive, the
opposite trend is exhibited. In this article, the matrix hydrophilicity is changed,
which produces a similar change in compatibility to variation of the head group
and thus supports the observation in the present work that increasing head group
size (and thus incompatibility) increases surface segregation.

Whilst in this work the water solvent is replaced with a hPBd matrix, the
previous work infers that the structures formed for the two surfactants at the
polymer surface may be different. 02203 This would rationalise the difference in
surface behaviour: the CixE5 and Cq5E, samples show much more uniform layers
of surfactant, with distinct bilayers at the surface which may reorganise much
quicker to allow surface wetting of the water droplet. The Ci3E3, however, may
instead form similar hemicylindrical micelles, which may have to instead reorgan-
ise to form a uniform layer on the surface upon droplet contact. Furthermore,
this may also justify the absence of a thick layer in NR: if the distribution within
the layer is not uniform, it may be undetectable by NR.
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Figure 7.16: Contact angle measurements of a probe droplet of water for 1 - 10%
Ci2E3 in hPBd. The data are plotted as a function of time, where ¢t = 0 is the

time that the probe droplet is placed on the surface.
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Figure 7.17: Contact angle measurements of a probe droplet of water for 1 - 10%
Ci2E4 in hPBd. The data are plotted as a function of time, where ¢t = 0 is the

time that the probe droplet is placed on the surface.

178



CHAPTER 7. EFFECT OF SURFACTANT HEAD-GROUP SIZE ON
SURFACE PROPERTIES OF POLYMER FILMS

7.3 Chapter Conclusions

The effect of varying the head group size on the behaviour of a surfactant within
a hPBd film has been assessed within this chapter. This work has shown that
Ci2E5 and Cq3E3 show quite different surfactant distributions within the same
matrix, with C5E3 presenting a much smaller degree of surface enrichment. This
has been attributed to the higher compatibility of surfactants with smaller head
groups with hPBd. This greater compatibility has been observed in both rheology
compatibility studies (chapter 4) and is expected on the basis of Flory-Huggins
theory. Higher compatibility means that it is more thermodynamically favourable
for the surfactant to remain mixed within the bulk and so little surface enrichment

occurs for surfactants with smaller head groups.

Contact angle measurements also appeared to confirm that little surfactant was
present at the surface in Ci2E3 / hPBd samples, or what Cj5E3 was at the surface
had little impact on hydrophilicity. These samples showed little hydrophilicity
at loadings lower than 10 %, in agreement with the observations that there is
little surface enrichment. However, it was seen that in at 10 % Ci3E3 samples,
the contact angle showed a decrease over approximately 200 s after the initial
contact of the droplet. This was much slower than the decrease observed in Ci5E5
/ hPBd and C5E, / hPBd films, where the contact angle decreased rapidly upon
placement of the droplet on the surface. This has shown that the arrangement
of CisE3 at the surface in a structure which increases the wetting behaviour of
a water droplet must take longer than that of Ci3E5 and CisEy. Since it would
be expected that Ci3E3 could migrate through hPBd at least as quickly as, and
probably faster than the larger homologues, this could also imply that the more
rapid change in contact angle is due to surfactant that is already at the surface.
The difference in surface behaviour has been related to previous work that has
shown that Ci3Es and Ci3Es3 can form different structures at surfaces. From
these different structures, it has been proposed that the surface structure of Ci5E;3

require a more extensive organisation to allow a reduction in the contact angle.

The distribution of DDAO has also been investigated by NR and it has been
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shown that little surface enrichment can be seen at any surfactant loadings. This
is in reasonable agreement with previous work, where a much smaller degree of
surface enrichment was seen in other films. '*® However, AFM images showed some
possible evidence for surface features of DDAQO. These consist of small surfactant
droplets covering a small proportion of the surface. It must be noted that contact
angle data presents little evidence of this surface enrichment with the contact
angle remaining high and showing no change throughout the duration of exper-
iments. Further work is required to confirm that these droplets are surfactant,
with NRA experiments required to identify DDAO at the surface that does not
form a homogeneous layer.

The lack of evidence for surface enrichment is somewhat surprising when com-
pared to the the other surfactants: DDAO has the lowest surface energy of any
of the surfactants and surface energy has previously been considered to be a key
driver for surface segregation. However, it has instead been proposed that DDAO
is more compatible than CisE3 or Ci3E5 in hPBd and thus there was a weaker

driver for surface segregation.
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Chapter 8

Effect of Shear Forces on

Surfactant Behaviour in Polymer

Melts

8.1 Chapter Introduction

In previous chapters, the behaviour of a surfactant within a solution-cast film
has been studied. However, during manufacture of final products, these polymer
blends are commonly processed in the melt. During this processing, the blend is
put under a wide range of shear forces; whilst much work has been performed to
investigate the distribution of additives under quiescent conditions, a much smaller

body of work has considered the effect of shear on additive segregation.?! 213

Within this chapter, a relatively novel technique shall be used to probe the
distribution of small additive molecules in a polymer under flow, Rheo-NR. This
is a technique involving the depth profiling of samples using neutron reflectivity
whilst applying a controlled shearing force via a rheometer.

The use of a rheometer within a neutron beam is well established, with previous
work demonstrating the use of a Couette cell in small-angle neutron scattering
(SANS) experiments.?!*2?!'5 This work has demonstrated that it is possible to use

neutrons with samples under shear and determine the bulk structure and the effect
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that flow has on this. However, these experiments are performed using a Couette
cell, a sample geometry which cannot be used to study composition versus depth
distribution under flow: a smooth, flat surface is required and a Couette cell only
presents cylindrical interfaces. Instead, a plate geometry is required along with
neutron reflectometry.

Whilst both NR and rheometry are well established techniques, the combina-
tion of the two is a relatively new approach.?!% The use of a rheometer within a
neutron beamline has previously been used to study other forms of soft matter
such as tethered polymers in polymer melts,?!” the adsorption of asphaltenes (high
molecular weight crude oil resins) to surfaces under shear®'® and the crystallisa-
tion of solids within food-based matrices.?'? These experiments, whilst using very
different materials to those used within this work, present strong evidence of the
utility of this promising technique in understanding the phenomena of migration
and segregation within hydrophobic polymers. Specifically, neutrons have good
depth penetration, with an appropriate depth resolution for molecular scale and
can also be used with opaque materials.

Rheo-NR shall be used in this chapter to probe the behaviour of Ci3E5 within
a deuterated hexadecane solution at the oxide interface of a silicon substrate. In
this work, it is necessary to use a hydrogenous surfactant and a deuterated matrix
unlike in previous chapters. This is due to the contrast requirement between the
silicon oxide and any enriched layer at the interface. The neutron beam is brought
up through a silicon block (SLD = 2.06 x 10~ A=2) and is reflected at the interface
between a solution and the silicon block. The solution is sheared by a cone-plate
geometry in which the block is the plate (Fig. 8.1). A deuterated solvent or
polymer matrix is necessary in order to obtain a critical edge in R(Q). As a
deuterated surfactant has a comparable SLD to the silicon oxide, it will not be
possible to isolate each individual layer. However, if a hydrogenous surfactant is
used, a much more significant contrast is obtained and any surface enriched layer
can be identified with more certainty. Therefore, in order to provide contrast
between an enriched layer and the bulk, a deuterated bulk material is required.

It is difficult to either produce or fully deuterate polymers and so these can be
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Figure 8.1: Diagram of the Rheo-NR experiment. The path of the neutron beam is
shown by blue arrows and the rheometer cone is shown in grey. Layer thicknesses

are not to scale.

too difficult to acquire according to the specifications required for the experiment
such as the desired molecular weights or dispersities.??" Instead an analogue, a

deuterated non-polar solvent (d-hexadecane) has been selected.

8.2 Experimental setup and NR Fitting Strat-

egy

There are some key differences between the experiments conducted in this chapter
and those performed in the previous chapters. Firstly, due to the presence of the
rheometer, there is no film / air interface for the neutron beam to be incident
upon. Furthermore, as steel is somewhat opaque to neutrons, the beam cannot be
transmitted through the rheometer plate. Instead, the neutrons are incident upon
the film through the silicon block. This means that the SLD of the “fronting”
is now much larger than in air and with a hydrogenous bulk would result in
no critical edge, rendering fitting much more difficult. Therefore, the use of a
deuterated bulk material is used as this has a higher SLD than the silicon block.

Fig. 8.2 shows the R(Q)Q* for a 1.5 % Ci3E; in d-hexadecane. The peak at

Q ~ 0.01 A~' corresponds to the critical edge in this data representation. As a
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first step to interpreting these data, it is helpful to calculate what the reflectivity
from a homogeneous mixture of the surfactant and the solvent would look like,
shown in red in Fig. 8.2. In fitting the data, the aim is to represent the true
physical composition profile with a minimum number of discreet layers, whose
SLD and thickness dictate the form of R(Q). This profile shows how it is not
possible to fit the data with only an oxide layer. Instead, it is necessary to
introduce layers with a lower SLD between the oxide layer and the bulk. This
lower SLD can only be achieved by introducing hydrogenous material into the
model in the form of Cq3Es.

The presence of a highly-enriched hydrogenated layer is justified in the sim-
ulated profiles shown in Fig. 8.3. The profile with only one layer of low Ci5E;
enriched enrichment shown in blue contains a bulge and depression between 0.02
A=1 and 0.1 A~ that is not present within the experimental reflectivity data.
It is not possible to fit this feature to the data without the introduction of a
layer of lower SLD, implying enrichment in hydrogenous material (Fig. 8.4). Fur-
thermore, inspection of NR profiles from previous chapters show that deuterated
C12E;5 shows enrichment at the silicon oxide interface in hPBd (Fig. 7.5) and thus
it is possible for interfacial segregation to occur within blends containing CioEs.

The model used to fit the experimental data also contains an additional layer
which has an SLD between the bulk and the interfacial layer Fig. 8.5). This is
an additional layer that is enriched in surfactant to a lower degree than at the
interface. Fig. 8.5 illustrates the need for this additional layer. Without this
additional layer of decreased SLD, a peak arises near 0.07 A~' that is not present
in the experimental data. This can only be removed by making the enriched
layer thicker. However, when this is done, the reflectivity becomes too large to fit
the data, with a bulge appearing that prevents the simulated reflectivity profile
matching experimental data. Therefore, it is necessary to include another layer
with an SLD having an intermediate value between the enriched interfacial layer
and the bulk.

Fig. 8.6 shows several simulated reflectivity profiles generated from SLD pro-

files with varying interfacial layer thicknesses. This demonstrates the effect of
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changing this interfacial layer thickness, with the position of the minimum mov-
ing from lower to higher ) as the enriched layer thickness increases. This is
accompanied by the appearance of a bulge at 0.03 A~ as the thickness is in-
creased. Whilst this bulge is not observed in the experimental data, the large
minimum seen in profiles with a thickness of 45 A is also not present. However,
with a thickness between these two values, it is possible to fit the data, reducing

both the minimum and bulge to follow the curve of the data.
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Figure 8.2: (a) NR profile of 1.5 % Ci3E5 in d-hexadecane under a 1 s™! shear.
Simulated reflectivity data are shown as solid lines. These data are simulated
from an SLD profile containing no surfactant-enriched layers and only an oxide

layer and bulk layer. (b) SLD profiles used to simulate reflectivity data above.
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Figure 8.3: NR profiles of 1.5 % C3E5 in d-hexadecane at 20 °C. Samples are

within a cone-plate geometry and are sheared at rates between 0 and 1000 s~
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Figure 8.4: (a) NR profile of 1.5 % Cj2E5 in d-hexadecane under a 1 s~! shear.
Simulated reflectivity data are shown as solid lines. These data are simulated from
two SLD profiles, with one containing two interfacial layers enriched in Ci5Es5 and
the other with only one poorly enriched layer. (b) SLD profiles used to simulate
reflectivity data above. Note that the small peak near depth = 0 is the silicon

oxide layer, which is only visible when the adjacent layer has a lower SLD.

188



CHAPTER 8. EFFECT OF SHEAR FORCES ON SURFACTANT
BEHAVIOUR IN POLYMER MELTS

= 15!
2 layers
1 layer

102 10"
Q/A"
(a)
—— 2 layers
8+ — 1 layer
6 -
S
o<
o
Q4
-
»n
2
T T T T
0 50 100 150
Depth /A
(b)

Figure 8.5: (a) NR profile of 1.5 % C12E5 in d-hexadecane under a 1 s~! shear.
Simulated reflectivity data are shown as solid lines. These data are simulated
from two SLD profiles, the red line showing a fitted profile with two surfactant-
enriched layers and the blue line with a single enriched layer (b) SLD profiles used

to simulate reflectivity data above.
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Figure 8.6: Reflectivity (a) and SLD (b) profiles of 1.5% Ci2E;5 in d-hexadecane

under a 1 s~! shear with a range of enriched layer thicknesses.
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8.3 Results and Discussion

NR reflectivity profiles for 1.5 % C;3E5 in d-hexadecane at shear rates between 0
and 1000 s~! are shown in Figs. 8.3 and 8.7. Initial inspection of these profiles
reveals that there are significant similarities between the reflectivity data collected
under 1 s7! and no shear. However, there are some significant differences at higher

shear rates, indicating that shearing has some effect on the surfactant distribution.

The reflectivity data can be fitted using using models containing a surfactant-
enriched layer structure at the silicon oxide interface. These SLD profiles are pre-
sented in Fig. 8.8. These SLD profiles confirm the observation that the surfactant
distribution at the interface under 1 s™! and 0 s™! shear are very similar. These
profiles show there is a layer with a thickness of approximately 75 A that is 64
% wt. CioEs. Adjacent to the interfacial layer, there is an additional surfactant-
enriched layer that has a lower concentration of surfactant. The surface excess of

these combined layers is 55 A for both shear rates.

At higher shear rates, the surfactant-enriched layers change significantly. At
100 s71, the SLD of the enriched layer decreases further, indicating that the
interfacial layer contains more surfactant than at lower shear rates. However,
whilst this layer becomes more enriched, it also decreases in thickness. The surface
excess does remain the same despite these changes in enrichment. This indicates
that there is a stable interfacial layer which does not appear to remix with the
bulk during shearing, in fact the extent of demixing on a local level increases with

increasing shear rate.

The interfacial layer changes again at even higher shear rates. At 1000 s™!, the
SLD of the most surfactant-enriched layer increases, indicating that the surfactant
loading decreases to 55 %. However, the total surfactant-enriched layer does
become thicker and this leads to a modest increase in the surface excess (table 8.1).
This suggests that larger shear rates provide a motivation for further surfactant
to migrate out of the bulk and to the silicon interface. It is important to note that
these shear rates are comparable to those observed within processing techniques

such as injection moulding and extrusion which can often be as high as several
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thousand g—1,221-223

Fig. 8.9 shows the rheometry data that was measured alongside the NR mea-
surements. It can be seen at low shear rates that the viscosity is quite unstable,
the origin of which is unclear, but may arise from the very low torque and some
problems with instrument mapping. However, it is still clear that the rheology
shows an overall trend of shear thinning with increasing shear rate and that until
the very highest shear rate, the viscosity does not decay with time. This latter
point indicates that the sample remains intact within the geometry. Comparing
the NR data and rheometry data (Fig. 8.3 and Fig. 8.9 respectively), it can be
clearly seen that there is a significant difference in the NR profiles between 100
and 1000 s~! that also correlates to the disappearance of oscillation in the rheom-
etry data. Within the NR data, the 100 s~! profile shows a change in the critical
edge. This would be caused by a decrease in the fronting (silicon) SLD or an
increase in the SLD of the backing (d-hexadecane bulk). It is not possible for the
SLD of the silicon block to change between shear rates and the increase in SLD
of the bulk layer would require a rapid increase in surfactant loading, which is
also not possible between shear rates where the sample is not changed. Therefore,
there must be some change within the sample which occurs at this shear rate,
significantly affecting its rheological properties.

There is previous work which assesses the impact of shear forces on the be-
haviour of similar surfactants in a solvent. Kato et al.?** have probed the be-
haviour of CigE7 in D,O under shear flow. This work reveals that as the shear
rate is varied, a change to the lamellar structure of the surfactant is observed.
However, it is important to note that this may be a different structure to what is
present in the samples in this work: the solvent has a significantly different polar-
ity and many Ci5E, surfactants display lyotropic behaviour, leading to a different
structure at different concentrations. '4??> This may be a similar process to what
has been seen within the present work: the decrease in layer thickness that occurs
at 100 s~! may be caused by a rearrangement of the surfactant layer at the sur-
face in response to the shear which leads to tilting of the molecules. It was also

reported that during the rearrangement, the repeat distance of the structure de-
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Figure 8.7: NR data and fits plotted as a function of R(Q)* at 20 °C. Samples are
within a cone-plate geometry and are sheared at rates between 0 and 1000 s™!.

An offset has been applied to the 0 — 100 s™! data series.
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Figure 8.8: SLD profiles for 1.5 % Ci3E5 in d-hexadecane at 20 °C at shear rates
between 0 and 1000 s~!. SLD profiles are obtained from reflectivity profiles shown
in Fig. 8.7.

194



CHAPTER 8. EFFECT OF SHEAR FORCES ON SURFACTANT
BEHAVIOUR IN POLYMER MELTS

—— Shear Rate
Viscosity
10000-E T T  E—— : 100
I
Il
10004 |
- ] 7}
" i ]
o
E 100 5 ‘ c
@ E 10 >
5 ' -2
2 104 2
n ; S
14
0.1 . . . . 1
10000 20000 30000

Time /s
Figure 8.9: Viscosity and shear rate data collected for 1.5 % C13E5 in d-hexadecane

at 20 °C. This data has been acquired during the NR measurements given in Fig.

8.7.
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224226 which would also agree with the results in this present

creases under shear,
work.

Fig. 8.9 shows how the viscosity and shear rate of 1.5 % C;3E5 in d-hexadecane
during the rheo-NR experiment. It must first be noted that there is a large os-
cillation in the viscosity measurements at shear rates below 1000 s~!. This is
likely due to the torque limit of the instrument: at low shear rates, the shear
stress of the blend is too low to be reliably measured. However, inspection of
this data reveals that as the shear rate is increased, the viscosity of the sample
decreases up to shear rates of 10000 s~!. This is indicative of shear thinning be-

1.227 probing the effect of shear on micellar

haviour. Previous work by Cardiel et a
cetyltrimethylammonium bromide showed similar shear-thinning behaviour. This
has been attributed to alignment of worm-like micelles within the solution, where
under shear the worm-like surfactant micelles become oriented in the direction of
the flow of the medium. Within previous chapters (chapter 5), strand-like struc-
tures have been observed in CisEs-containing polymers films and so it may be
possible that these structures are also present within these CjoEs / hexadecane
samples and that these strands are rearranging upon application of greater shear
rates.

It is also important to consider another possible cause of loss of surfactant:
the ejection of material out of the rheometer gap. This would lead to a decrease
in the SLD of the layers as air is introduced to fill the space. It is also likely that
this would be more common at higher shear rates, where the higher rotational
speeds generate a greater centrifugal force. It is also possible that surfactant
may be preferentially ejected from the rheometer gap, which would decrease the
total surfactant loading within the blend. This can be a consequence of the edge-
fracture phenomenon. 223229 This is a process where cracks appear on a free surface
of a liquid above a critical shear rate. This critical shear rate is where the second
normal stress difference (the difference between the stress in the z-direction and
r-direction as defined in Fig. 8.10) exceeds a value related to the surface tension
of the liquid. As this second normal force increases with shear rate, ejection will

occur more at higher shear rate. However, this selective ejection is unlikely when
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Figure 8.10: Diagram illustrating the directions of the stresses within the second

normal force.

the surface excess is observed to increase at the highest shear rate and thus both
hexadecane and CiyE5 are likely ejected.

Fig. 8.11 shows the rheometry data of the same sample at 150 °C. This data
shows similar behaviour at lower shear rates, with the same oscillation occurring
in the viscosity data, confirming that the oscillation returns to the data after
the sample is sheared at higher rates. Furthermore, at 10000 s—!, the sample
appears to show thixotropic behaviour, with the viscosity decreasing over time
at constant shear rate. However, this is likely caused by the ejection of material
from the rheometer. The absence of this apparent thixotropic behaviour in 20 °C

data confirms that this ejection of material does not occur.
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Table 8.1: Surface excesses calculated from SLD profiles of Ci3E5 in d-hexadecane

under different shear rates. Data collected at 20 °C and 150 °C.

Temperature /A
/ °C 0st 1st 10s7t 100s~t 1000 st
20 54 55 - 5} 62
150 57 - 57 20 62

8.4 Surfactant Distribution Under Shear at El-

evated Temperatures

Most polymer blends are processed in the melt, requiring high temperatures during
extrusion. It is therefore of great interest to investigate how the surfactant behaves

in blends when sheared at higher temperatures.

Fig. 8.12 shows the SLD profiles obtained by fitting NR data collected at
150 °C (Fig. 8.13). Unlike at lower temperatures, these depth profiles look re-
markably similar to each other, with a similar SLD (and thus surfactant loading)
in both the interfacial layer and second enriched layer. This appears to suggest
that at higher temperatures, shear forces have less effect on the surfactant struc-

ture within these enriched layers.

If the SLD profiles are compared between temperatures, Fig. 8.14, it can
be seen that the SLD of the interfacial layer decreases at all shear rates as the
temperature increases. This indicates that the surfactant adsorption is enthalpi-
cally driven rather than entropically driven as might have been the case in an
aqueous solution. However, the total thickness of the surfactant-enriched layers
appear to remain similar. In chapter 6, the decrease in surface excess with in-
creasing temperature was attributed to evaporation. In the confined geometry of
the rheometer, this evaporation is impossible: the gap between the plates is 1 mm
at the edge of the cone-plate geometry and the exposed surface area per volume of
the sample is much lower than for much thinner films (several hundred nm thick,

with a surface area of approximately 10 cm?). Therefore, the temperature depen-
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dence of the surface excess is more clearly dependent on the thermodynamics of
adsorption within these samples.

Comparing the surface excesses at each loading, table 8.1, it appears that
again at low shear rates, there is little change in surface excess, similar to at
20 °C. However, there is more change at higher shear rates, with a decrease at
100 s before increasing to 62 A at 1000 s~'. This provides some evidence that
the quantity of surfactant at the interface is more unstable with respect to shear
at higher temperatures.

Whilst the matrix within this sample is hexadecane, not a polymer, some com-
parisons can be drawn to previous work within polymer blends. Sako et al.?!? have
studied segregation in blends of polycarbonate (PC) and poly(methyl methacry-
late) (PMMA) during injection moulding. Under these conditions, PMMA was
observed to become more abundant at the surface of the injection moulded prod-
uct than in the bulk. This was despite the demonstrated miscibility of the two
polymers. The driver for segregation here was attributed to shear-induced phase
separation. There was also some evidence that the segregation of the lower vis-
cosity PMMA led to improved flow during the injection moulding and that the
difference in shear viscosity played a key role in this segregation.

This segregation under shear has also been seen in polymer blends containing
smaller additive molecules. Murase??" et al. investigated the behaviour of ultra-
high molecular weight polyethylene in paraffin wax under shear. These blends
demonstrated both shear-induced phase separation and shear-induced crystallisa-
tion. This crystallisation was found above the melting temperature of the poly-
mer, indicating that without the shear force, this crystallisation would not occur.
This experiment demonstrates that the shear forces can cause a change in the
structure and orientation of components within a blend, which may be similar to
the observations seen in the work reported here, with a significant rearrangement
occurring as evidenced by the change in rheological properties and surface excess.

This work can now be translated to the systems used in commercial applica-
tions, polymers with low molecular weight amphiphilic additives. It appears that

the shear forces applied to the blend during processing may have some impact on
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Figure 8.11: Viscosity and shear rate data collected for 1.5 % Ci3E5 in d-
hexadecane at 150°C. This data has been acquired during the NR measurements

given in Fig. 8.13.

the enrichment of surfactant at the interfaces of the blend. It was also shown that
the processing temperature does not seem to induce a significant change in surface
enrichment and so appears to be of less importance during processing. However,
it must be noted that further work is required to determine whether these changes
in surface enrichment remain after the shear forces are removed or, in the case of

a polymer, after it has cooled to ambient temperatures.
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Figure 8.12: SLD profiles for 1.5 % C3E5 in d-hexadecane at 150 °C at shear

rates between 0 and 1000 s~!. SLD profiles are obtained from reflectivity profiles
shown in Fig. 8.13.

201



CHAPTER 8. EFFECT OF SHEAR FORCES ON SURFACTANT
BEHAVIOUR IN POLYMER MELTS

= 150°COs = 150°C10s™
= 150°C100s’ = 150°C1000s™

Q/A"

Figure 8.13: NR data and fits plotted as a function of R(Q)* at 150 °C. Samples
are within a cone-plate geometry and are sheared at rates between 0 and 1000

s71. An offset has been applied to the 0 — 100 s~! data series.
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Figure 8.14: Comparison of SLD depth profiles of 1.5 % Ci3E5 in d-hexadecane
at 20 °C and 150 °C at various shear rates.
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8.5 Chapter Conclusions

This chapter has explored the effect of shear forces on the surfactant distribution
at the liquid-solid interface in d-hexadecane. This has been achieved by using the

novel technique of rheo-NR.

This work has shown that under shear, an enriched layer is still found at the
silicon oxide interface. This layer has a high surfactant fraction, but is not a pure
surfactant layer. However, the surface excess is approximately 55 A, several times

thicker than the molecular length of a C3E5; molecule.

The enriched layer appeared to be stable relative to varying shear rates at
lower shear rates, with little change in the surface excess between 0 and 100
s~!. However, at 1000 s~ a slight increase in surface excess is seen from 55 A
to 62 A. This change also appeared to correspond to a change in the rheological
behaviour, where below this shear rate, an oscillation was observed in the viscosity
data which is not present above this shear rate. It has been postulated that the
change in rheological behaviour is related to the change in surfactant distribution.
However, the present work does not allow further investigation of this relationship,

with additional experiments required to understand the structure and orientation

of the surfactant molecules within the enriched interfacial layer.

Samples were also heated to 150 °C whilst under shear in order to assess how
the temperature will affect the surfactant distribution during processing. This
work revealed that at high temperatures, similar behaviour was seen compared
to at 20 °C, with a small increase in surface excess at 1000 s=!. Unlike at 20 °C,
some evidence of ejection of material from the rheometer at high shear rates is
observed in the rheometry data, with the viscosity decreasing over time at 1000
s~1. However, this appears to have little effect on the NR measurements, with

a reflectivity profile collected at these shear rates for which a suitable fit can be

found.

From these observations, it is possible to conclude that during polymer pro-
cessing, a higher applied shear rate will yield a larger degree of surface enrichment.

This may be more beneficial for commercial applications where increased surface
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wettability is required. This work has also showed that the processing tempera-
ture has less effect on the surfactant distribution and so may not be a key factor
in inducing further surface enrichment during processing. However, this work
has not assessed whether this surface enrichment remains after the shear force
is removed, simulating the conditions after extrusion or similar processing. This
further work will be necessary to ensure that the enriched layer is still present in
finished products and to understand the stability of the structures formed under

shear.
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Chapter 9

Conclusions and Future

Directions

9.1 Conclusion

The objective of this thesis was to probe the behaviour of amphiphilic molecules
within hydrophobic polymer films with the intention of gaining further under-
standing of the motivations of surface segregation. This required assessment of the
compatibility of the amphiphile in order to consider the thermodynamic drivers
for this segregation. Whilst previous techniques used for measuring compatibility
were not feasible with the blends examined, DSC and rheometry were probed as
more viable techniques. These techniques were used to probe the effect of head
group size on compatibility. DSC examined two different thermal transitions for

the two different polymers (LDPE and cis-PI). These were T;. and T, respectively.

DSC showed that the compatibility of Ci5E3 was greater with both cis-PI and
LDPE than Ci5E5. This was attributed to the shorter hydrophilic head group that
produces unfavourable interactions with the hydrophobic polymers. Rheometry
was also investigated as a technique to probe compatibility, with both Han plots
and van Gurp-Palmen (vGP) plots produced. Whilst Han plots were more difficult
to interpret, vGP plots showed strong evidence to support DSC observations that

the Ci3E5 surfactant was less compatible than Ci9E3, with less overlap of data
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series at different temperatures.

There were, however, key limitations with using DSC to determine compati-
bility. As the procedure involves the examination of a thermal transition, it only
gives the compatibility at the temperature of the specific transition probed. This
means that whilst it is useful for probing how different surfactants or loadings
behave compared to each other, it is not useful in the construction of a phase
diagram where temperature is a variable. This would be of great use in the pro-
cessing of polymer / additive blends and so further work is needed to identify a
technique which will allow this to be obtained.

C12E5 was shown to produce a surface excess on the surface of blended films
comprising the surfactant and cis-PI. However, there was significant discrepancy
between the surface layer thicknesses seen using NR and NRA, with NRA showing
much more surface enrichment. This was attributed to an enriched layer which was
invisible to neutrons above the detected layer. The surfactant-enriched layer also
demonstrated surprising temperature resistance, with similar surface thicknesses
seen at high temperatures. Water exposure also gave interesting results, with only
a small decrease in surface excess thickness after rinsing (measured by NR) but
with a hydrophilic-hydrophobic switch observed. This has been attributed to the
neutron-invisible layer either undergoing a rearrangement or loss from the film.

These observations were not seen in hPBd films, instead much smaller surface
excesses were seen and these did not remain after heating. This suggested that
surface enrichment was much poorer in films with greater crystallinity. The surface
excesses were far less resistant to heating, with surface excesses decreasing greatly
after heating to above the melting point of the polymer. This has shown that
crystallinity induces a significant change in segregation behaviour, although this
present work cannot identify the mechanism by which this occurs. It is possible
that whilst the surface layer is lost upon heating, the greater crystallinity impairs
replenishment of the surface layer from the bulk. Furthermore, it has also been
observed that strands are present on the film surfaces which are not influenced
by temperature elevation, seemingly demonstrating that there is surfactant that

is again present on the surface which is unaffected by ambient conditions. This
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cannot be detected by neutron reflection because it lacks sufficient coherent area.

There have also been investigations conducted into the effect of head group size
on segregation behaviour. It was revealed that Ci3E3 showed much less surface
enrichment than C;5E5 in hPBd films. This presented strong evidence that, when
compared alongside the results found from DSC and rheometry, compatibility
may be an important driver for surface segregation. It was also shown that the
evolution of the contact angle was much slower upon water droplet contact for
Ci12E3 than Ci3E5, suggesting that surface energy differences may play a role in
directing surface segregation, with the lower surface energy difference of CioE;

making surfactant segregation slower and less distinct.

Preliminary work has also been conducted to probe how amphiphilic molecules
behave within a hydrophobic matrix under shear. Rheo-NR has been shown to
be a promising technique for the investigation of segregation during flow. CioEs
was shown to produce enriched layers at the silicon oxide interface and this layer
appeared to be unaffected by a range of shear rates comparable to those exerted
during extrusion. This work also revealed that processing temperature had little
effect on the surface enrichment under flow, suggesting that within industrial
processing methods, temperature may be a less important factor when producing

products with surfactant-enriched layers upon extrusion.

This work shows that in order to achieve the desired surface enrichment in
surfactants within industrial applications, product formulation is the most im-
portant factor. It has been shown that both temperature and shear rate, two
of the more easily controlled variables during product manufacture have much
less effect on surfactant distribution than the choice of surfactants to incorporate
into the blend. Therefore, it is necessary in future work to further develop models
which will elucidate the interactions of the surfactant and polymer matrix to move

towards formulation based on predicted behaviour.
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9.2 Future Directions

Whilst this thesis has probed the segregation behaviour of non-ionic surfactants
within hydrophobic polymers, and has revealed some insight into the drivers for

this phenomena, there is still a range of further drivers which need to be studied.

Ion beam analysis has proved to be an invaluable tool to probe surfactant
distributions within polymer films. Further IBA measurements are required in
order to investigate the NR invisible surfactant layer that has been seen on both
hPBd and cis-PI films. These experiments should be conducted before and after
both heating and rinsing the films with water. This will show the effect of these
ambient conditions on the total surface excess and will elucidate whether the

surfactant is removed upon rinsing or the whole surface layer is water-resistant.

Whilst the surface layer thickness and enrichment has been probed, there has
been little attempt within this work to probe the structure of the surfactant-
enriched layer. Small-angle neutron scattering (SANS) would be a useful tech-
nique for this. SANS would provide valuable data that would be required to
identify if there is any ordering within the surface layer. Furthermore, it would
also be possible to identify the periodicity of any features present in the surface
layer. It would also be possible from this technique to identify if any surfactant
remaining within the bulk forms larger scale structures such as micelles. How-
ever, SANS would be difficult to apply to the crystalline materials but could be
used for molten film samples and these results would complement further rheo-NR
experiments.

The technique for film preparation within this work, spin-casting, is very differ-
ent to the process used to prepare films within industrial manufacturing. Extru-
sion does not require solvent during processing and so it would be of great interest
to compare the behaviour seen within these films to the spin-cast films studied in
this work. It has been proposed that the presence of a low surface energy solvent
may influence surface segregation and thus elimination of this component would

grant the opportunity to study this influence.

The thermodynamic motivations for migration have been probed in the exper-
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iments conducted in this thesis. However, there has been no investigation of the
dynamics of segregation except for time-dependent contact angle analysis. This
may be studied by probing the contact angle evolution of films. If a polymer
film (containing no surfactant) of defined thickness is spin-cast over a surfactant-
enriched film, the time required for the surfactant to migrate to the surface (and
lower the contact angle of the water droplet) can be measured. This can be used
to understand how crystallinity impedes the movement of surfactant through the
film.

The observations made within this work will be of greatest benefit if they can
be further used in predicting surface segregation of other systems. This would
require computational and theoretical work to understand how the drivers pro-
posed for segregation in both this and other work affect the segregation. The
work performed here will be of great use in corroborating simulated surfactant
distributions produced by computational models. However, these computational
models first require detailed parametrisation of the molecules used.

Whilst this work has shown that there is evolution of surface structures on the
surface of the films upon rinsing, it is unclear how this evolution occurs. AFM
can be used on surfaces under fluids and so it may be of significant interest to
immerse the films in water and probe how the surface structures change in real
time during water exposure.

The films produced and studied within this thesis only contain 2 components, a
surfactant and polymer. However, commercial products often contain a wide range
of additives. It is therefore necessary to examine the distribution of surfactant
within polymers with an additional small molecule additive. Other work has
shown that there can be significant interactions between segregated surfactants
and small molecules and so it is important to consider how interactions may affect
both the degree of segregation and the water and heat resistance of the enriched
layer.

Finally, the use of Rheo-NR has been shown to be a promising technique in
the investigation of surface segregation during processing. It will therefore be an

interesting avenue of investigation to probe the behaviour of surfactants within
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polymers. This work has probed the surfactant distribution within a hydrophobic
solvent, but the use of a deuterated polymer instead of a solvent would be more
similar to commercially relevant formulations. It would then be possible to couple
these depth profiles with the compatibility observations made in the rheometry
data presented in this thesis to identify any correlations between compatibility

and surfactant segregation.
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