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Abstract

Surface functionalisation can be used to modify the interaction between liquids and
solid surfaces which is of importance in many applications such as self-cleaning, anti-
fouling, and anti-fogging. The use of nanocomposite materials also provides a way of
improving particular properties of the film even when small amounts of nano-material
is used. The use of nanocomposite coatings to tailor the wettability, as well as to
incorporate additional properties into surface coatings has been studied in this thesis
for antibacterial, oil-water separation, and optical applications.

Chapter 1 provides an introduction to nanocomposite coatings including a brief
review of how they are prepared and for what applications they are used. Chapter 2
provides information on how surface wettability is measured as well as summarising
the other experimental techniques used throughout this thesis.

Chapter 3 describes the application of polymer—nanoparticle—fluorosurfactant
complex nanocomposite coatings for antibacterial oil-water separation applications.
Porous substrates coated with these polymer—nanoparticle—fluorosurfactant complex
nanocomposite coatings are found to readily separate oil-water mixtures under both
static and continuous flow as well as displaying antibacterial surface properties against
Escherichia coli (Gram-negative bacteria) and Staphylococcus aureus (Gram-positive
bacteria). A key advantage of this approach for coating substrates is its single-step
simplicity. Potential applications include provision of safe drinking water,
environmental pollution clean-up, and anti-fogging.

Chapter 4 utilises a single-step, low temperature, solventless atomised spray
plasma deposition technique for the preparation of antibacterial polymer—
metallosurfactant nanocomposite coatings which are highly active against both
Escherichia coli (Gram-negative bacteria) and Staphylococcus aureus (Gram-positive
bacteria).

Chapter 5 extends the use of the atomised spray plasma deposition technique
into optical applications with the preparation of high refractive index hybrid polymer
and polymer—inorganic nanocomposite coatings. Refractive indices as high as 1.936
at 635 nm wavelength have been obtained for 4-bromostyrene / toluene + TiO2 layers
using very low titania loadings (8% w/v). Thin films with any desired refractive index

up to 1.936 can be easily deposited by varying the precursor mixture composition.
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absorbances associated with the metallosurfactant precursors and ASPD 2-
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Chapter 1

Introduction

1.1 Nanocomposite Coatings

Composites are materials formed by combining two separate components into a single
hybrid system and often have superior properties which are not achieved by either of
the two individual components, resulting in their widespread use in many
applications.? The two components are called the matrix and the filler with the filler
phase being dispersed throughout the matrix phase. The properties of the composite
not only depend on the properties of the two individual phases but also on the
interfacial interactions between the two, in addition to the spatial organisation of the
filler within the matrix.® Both phases can either consist of organic or inorganic material
with the most commonly prepared composites involving an organic polymer matrix and
an inorganic filler. This combines the processability and flexibility of polymer materials
with the hardness and thermal stability of inorganic materials.® Resulting organic—
inorganic composites therefore usually have enhanced mechanical and physical
properties. By careful choice of filler material, further chemical functionality can also
be incorporated resulting in composites with interesting properties. If the filler material
is on the nanoscale (it has at least one dimension which is less than 100 nm), then
such composite materials are called nanocomposites. Similarly, the use of micron-
sized filler particles results in microcomposites. Nanocomposites have shown
enhanced properties compared to equivalent microcomposite materials and have
therefore attracted a great deal of interest in the field of materials chemistry in the past
few decades.*®

Polymer nanocomposites were first developed in the early 1990s by Toyota
research group in Japan.®’ They reported a pronounced improvement in the thermal
and mechanical properties of Nylon-6 upon dispersion of a small amount of nanoclay
throughout the polymer. Such a material can be used as a flame-resistant material due
to the enhanced thermal properties. This composite was referred to as a hybrid
material. The term nanocomposite was introduced just the following year by Lan and
Pinnavaia.? Since then there have been a vast amount of literature reporting the

preparation of hanocomposite materials utilising nanoscale fillers of various shapes
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and sizes. There are three types of filler which are classified by their geometries,
namely nanoparticles, nanorods/nanotubes, and nanosheets.?® These are shown
schematically in Figure 1.1. It has been shown that the size, shape, and aspect ratio
of the filler greatly affects the properties of the resulting nanocomposite. 19!

Figure 1.1: Schematic diagram of the three types of nanoscale filler: (a) nanoparticle; (b)
nanotube; (c) nanosheet.

(b)

Due to the vast range of possible combinations of matrix and filler, both in terms
of choice of materials and size and shape of the filler, the properties of
nanocomposites can be tailored to a wide range of diverse applications. Bulk
nanocomposites have been prepared for use in energy storage,'? in biomedical
applications,® as proton exchange membranes in fuel cells,'* and as flame retardant
materials.®> Another reason for the increased levels of research into the preparation
of nanocomposites is for their use as surface coatings either to add a required
functionality to a substrate, or to provide protection from damage. The uses of these
coatings can range from small scale applications such as in electronic products or
biomedical devices, to much larger scale systems involving coatings on structures,
buildings, and vehicles. Nanocomposite coatings have been shown to provide
protection properties such as anti-corrosion,® anti-wear,” and anti-scratch,!® as well
as being able to add functionality for use in antibacterial,® optical,?° gas sensing,?!
and self-cleaning?? applications. The endless amount of possible matrix and filler
combinations coupled with the continued need to develop new surface coatings for a
wide range of applications has led to continued research efforts into the development

of functional nanocomposite thin films.
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1.2 Theory

As previously mentioned, the properties of composite materials can be very different
than those of the two individual components. This is due to the interactions between
the two components at the phase interface which results in the formation of an
interfacial material in the vicinity of the surface of the filler material.?® This interfacial
layer plays a significant role in determining the properties of the composite. The
properties of this interfacial material are usually different to the bulk properties of each
component due to intermolecular forces between the two phases.?* The nature of
these forces will determine how dramatically different the properties of the interfacial
material are as well as influencing the thickness of the interfacial layer. In addition to
the matrix—particle interactions, the interfacial layer thickness is also affected by the
polymer chain rigidity and molecular weight.?® Although it was initially thought that the
thickness was independent of the size of the filler particles,?® it has recently been
shown to have a small effect when the particles have a radius of below 50 nm.?7:28 The
particle loading concentration however does not influence the thickness.?® The
interfacial layer thickness has been measured to be around 2—10 nm.?":2° The relative
volume of this interfacial material as a fraction of the overall composite will determine
the extent to which the properties of the composite are enhanced or altered with
respect to the bulk matrix. The surface area of the filler therefore plays a crucial role
in affecting the properties.30:31

Even accounting for the very small decrease in interfacial layer thickness with
decreasing particle size below 50 nm, a reduced particle size results in an increase in
the volume of interfacial material due to the increased particle surface area which
when changing the particle dimensions from the micro- to nanoscale increases the
surface-to-volume ratio by three orders of magnitude.3? Therefore, for nanocomposite
materials the much larger surface-to-volume ratio of the nanoscale filler results in a
dramatic increase in the volume fraction of interfacial material present. This results in
the interfacial material, which has different properties to the bulk matrix, becoming a
more dominant factor within the nanocomposite as compared with composites
containing larger filler material, such as microcomposites.33

As an example, consider an inorganic filler material of spherical particles of
diameter 300 nm dispersed in a polymer matrix. If the thickness of the interfacial layer

is taken to be 10 nm,?’ then for a filler loading concentration of 30% by volume the
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interfacial material content is only 3% of the overall composite. If the filler particle size
is decreased to 50 nm, then for the same loading concentration the interfacial material
now represents 22%.24 If the particle size is reduced to 10 nm, then even now that the
interfacial thickness will have decreased to around 4 nm,?’ the volume of interfacial
material increases further to 52%. This example demonstrates just how much of an
impact the size of the filler material has on the volume of interfacial material and
therefore the properties of the resulting composite. Nanocomposite materials therefore
contain a much greater proportion of interfacial material for a given filler loading
concentration as compared to microcomposites. Hence, the presence of filler material
has a much more significant impact on the properties of the composite for
nanocomposites than for microcomposites. As a result, nanocomposites can exhibit
the same level of enhancement in properties at much lower filler loading
concentrations compared to microcomposites, or can show much improved properties
at the same loading concentration.3* By taking advantage of the large volume fraction
of interfacial material in nanocomposites, interesting and unique properties can be
achieved. A similar example to the one above is shown schematically in Figure 1.2
(not to scale) to further demonstrate the effect of filler particle size on volume fraction
of interfacial material.

The use of filler particles on the nanoscale also brings further advantages due
to the unique properties of these materials as a result of their size. Due to their very
large surface-to-volume ratio, nano-sized materials often exhibit different properties
compared to the bulk properties of the same material. This is due to the fact that the
surface atoms represent a much larger percentage of the material at these sizes
compared to much larger particles. Quantum effects can also play a role in determining
their properties. Examples of properties affected include magnetic,® optical,3®
electrochemical,®” and thermodynamic.® These properties will therefore influence the
properties of nanocomposites which incorporate these particles as the filler material

and this provides the opportunity to create nanocomposites with interesting properties.
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Figure 1.2: Schematic illustration showing the difference in the volume of interfacial material
(shown as shaded area around filler particles) for composites with (a) micron-sized particles
and (b) nanoparticles. The area of filler material is approximately the same in both figures.
Adapted from schematic in Reference 23.

1.3 Fabrication Methods

Nanocomposites can be prepared using a variety of different materials which allows
for a vast range of possible functional coatings. Either organic or inorganic material
can be used for both the matrix and the filler resulting in four possible types of
nanocomposite coating (matrix—nanofiller): organic—organic, organic—inorganic,
inorganic—organic, inorganic—inorganic.3® The shape of the filler can also be changed
to tailor the nanocomposite for a certain application. There are three main types of
filler which can be described as zero dimensional (0OD), one dimensional (1D), or two
dimensional (2D). OD nanofillers are nanoparticles and have all three dimensions on
the nanoscale. Examples of nanoparticles which can be used are metal oxides (such
as silica*® and titania*'), metal particles (such as copper* and silver®®), and
semiconductors (such as PbS* and CdS#°). Nanotubes or nanorods which have two
dimensions on the nanoscale are classed as 1D nanofillers. Carbon nanotubes

(CNT)* and cellulose nanocrystals (CNC)#’ represent examples of nanotubes which
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can be incorporated into a matrix to form a composite. Layered nanofillers, for example
nanolayered silicates (such as montmorillonite*®) and graphene?*?, have only one
dimension on the nanoscale and fall into the third category, 2D nanofillers. A wide
range of organic polymers can be used as the matrix whilst inorganic matrices include
metals and metal alloys.

Nanocomposite coating fabrication methods can be split into wet chemical and
vapour phase processes.>® Wet chemical deposition processes generally involve the
preparation of a coating solution which is then applied to the substrate whereas vapour
phase process involve thin film deposition from precursor vapour using either physical
processes (physical vapour deposition) or chemical reactions (chemical vapour
deposition), Figure 1.3. Another deposition method not reviewed here is a method in
which polymer chains are grafted from the surface. Nanocomposite coatings can be
prepared through this method by grafting polymer brushes from an initiator-modified
surface either prior to®! or after®? nanoparticle deposition. Alternatively, a polymer—

nanoparticle mixture can be grafted from the surface in a single step.>®

Wet Chemical Deposition Vapour Phase Deposition
In Situ Physical Vapour Chemical Vapour
Sol-Gel Polymerisation Blending Deposition Deposition
(PVD) (CVD)

Thermal Evaporation
Laser Ablation

v *
Coating Solution * Electron Beam Deposition

» Aerosol-Assisted CVD

cre « Plasma-Enhanced CVD
lon Beam Deposition

Magnetron Sputtering
+ Spin Coating
* Dip Coatmg Substrate Substrate
» Spray Coating
* Electrodeposition
v

NC Coating NC Coating
Substrate Substrate

Figure 1.3: Overview of the main fabrication methods for the preparation of hanocomposite
(NC) coatings.
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In wet chemical deposition processes the matrix component can be introduced
as either a precursor or as a preformed polymer. Similarly, the nanofiller can be
introduced either as a precursor or as preformed nanoparticles. This results in there
being three general methods for preparing the coating solution depending on the form
of the starting materials: sol-gel, blending, and in situ polymerisation. The sol—gel
process involves the hydrolysis and condensation of an inorganic precursor (typically
a metal alkoxide) to generate the nanofiller species and this can be performed either
in the presence of a preformed polymer> or with an inorganic matrix precursor.®
Blending is the most straightforward process and simply involves the mixing of
preformed nanoparticles into a polymer resulting in the coating solution.% In situ
polymerisation involves first mixing preformed nanoparticles with a monomer before
polymerisation is performed by for example emulsion polymerisation.®” Once the
coating solution has been prepared using one of these three processes, it can then be
coated onto various substrates using techniques such as spin coating,®® dip coating,®°
spray coating,®° or electrodeposition.®! In situ polymerisation can also be performed
by performing the polymerisation after having coated the monomer—nanoparticle
mixture onto a substrate using photopolymerisation.®? Similarly, a polymer—inorganic
precursor mixture can be spin coated onto a surface and the inorganic nanopatrticles
generated using a high temperature baking step.®® While these wet chemical
techniques are relatively cheap and simple processes, they generally suffer from the
high agglomeration tendency of nanoparticles which can have a negative impact on
the properties of the resulting nanocomposites.®* In addition, the above techniques
often require high temperature® or lengthy®® post deposition curing steps, multiple
coating steps to ensure homogenous film formation,®” as well as the need to use
crosslinking agents and catalysts in the synthesis of the coating solution.58

Various physical vapour deposition (PVD) processes have been used in the
preparation of nanocomposite coatings. These techniques typically involve the
evaporation of a solid or liquid under vacuum. The vapour produced then condenses
onto a substrate forming a thin film. The evaporation of the source material can be
performed using various methods including thermal evaporation,®® pulsed laser
ablation,”® electron beam deposition,”* and ion beam deposition.”? Thermal
evaporation simply uses high temperatures to evaporate the coating material whilst
pulsed laser ablation, electron beam deposition, and ion beam deposition focus high

energy laser, electron, and ion beams respectively onto the material in order to achieve
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evaporation. Due to the high energy required for vaporisation, the substrates used in
these techniques reach high temperatures and these processes are therefore not
suitable for all substrate materials. Magnetron sputtering represents another PVD
technique which can be used to deposit thin films. This involves the use of a plasma
discharge between the target and the substrate which induces sputtering of the target
material resulting in deposition. This technique can be used to prepare nanocomposite
coatings either by sputtering of a single composite target material”® or by co-sputtering
of two independent targets.”* However, this process still suffers from high substrate
temperatures in addition to relatively slow deposition rates.

In contrast to PVD which uses physical processes to prepare coatings,
chemical vapour deposition (CVD) utilises chemical reactions in the preparation of thin
films. In CVD, heated substrates are exposed to volatile precursors which, due to the
high temperatures, decompose, react and deposit onto the surface. There are various
different types of the CVD technique however the most useful for the preparation of
nanocomposite coatings is aerosol-assisted CVD (AACVD). This technique utilises a
liquid or gas aerosol to deliver some or all of the precursor materials into the reaction
chamber. Nanocomposite coatings can be prepared using AACVD either by using an
aerosol to inject nanopatrticles into the chamber whilst performing CVD of a volatile
precursor,’ or by using an aerosol to deliver a liquid CVD precursor containing pre-
dispersed nanoparticles.”® The latter variation of AACVD offers the ability to deposit
non-volatile precursors however both variations of this technique require the use of
solvents. As with the previously mentioned PVD techniques, AACVD again suffers
from the need for substrates to withstand very high temperatures.

Plasma-enhanced chemical vapour deposition (PECVD) utilises a gas
discharge to provide the energy required for deposition, thereby removing the need
for high substrate temperatures. PECVD can be combined with the previously
mentioned magnetron sputtering to deposit hanocomposite coatings. The matrix is
deposited using PECVD whilst the nanoparticles are incorporated into the coating by
simultaneous sputtering of a metal target.”” Alternatively, PECVD can be performed
using a metal—organic precursor to prepare nanocomposite polymer—metal coatings.’®
The range of possible nanocomposite coatings is however restricted when using these
techniques due to the requirement for the precursor to have a suitably high vapour
pressure. Additionally, the size and shape of the incorporated nanoparticles is limited

due to the fact that they are formed in situ. Another form of PECVD in which an
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atomiser is utilised to deliver the nanoparticles into the reaction chamber whilst
simultaneously depositing the matrix using PECVD permits the use of preformed
nanoparticles.” This technique allows many more types of nanoparticles to be used
however still requires the use of a high vapour pressure precursor and requires the
use of solvents to deliver the nanoparticles into the reaction chamber.

Another form of plasmachemical deposition which uses a dielectric barrier
discharge (DBD) has been reported for the preparation of nanocomposite thin films.8°
This technique utilises an atomiser to deliver a mixture containing preformed
nanoparticles dispersed in a liquid precursor into the DBD reactor. Similarly, atomised
spray plasma deposition (ASPD) utilises an atomiser to deliver a precursor—
nanoparticle dispersion into a gas discharge resulting in the formation of excited
species which react at the substrate surface forming a polymer—nanoparticle
nanocomposite coating.8! Whilst both of these techniques offer the ability to deposit
nanocomposite coatings using non-volatile precursors, the aerosol-assisted DBD
technique requires the use of solvents in addition to an expensive carrier gas in order
to deliver the dispersion into the reaction chamber. The solventless ASPD technique
therefore offers a more environmentally friendly way to prepare nanocomposite thin
films. The ASPD technique is described in more detail in Section 2.2.2.(b) (page 45).

Regardless of the fabrication method used, one of the crucial requirements in
the preparation of nanocomposite coatings is the need to avoid nanoparticle
agglomeration.®2 As previously discussed, the enhanced properties of
nanocomposites are due to the increased matrix—filler interfacial region as a result of
the increased surface-to-volume ratio of nanoparticles compared to larger particles.
This greater surface-to-volume ratio does however strongly increase the tendency of
the nanopatrticles to agglomerate due to attractive van der Waals forces between the
particles which act to reduce the surface energy. Agglomeration therefore results in a
negative enthalpy change and if this outweighs the decrease in entropy upon
nanoparticle agglomeration then the overall negative Gibbs free energy change will
provide a driving force for agglomeration. This will increase the particle size reducing
the surface-to-volume ratio and as a result, the desired properties of the
nanocomposite will not be achieved. Agglomeration can however be prevented by
ensuring good dispersion of the nanoparticles within the matrix. This can be achieved
simply by using physical methods such as a ball-milling process® or ultrasonic

treatment®* to provide energy to overcome the attractive forces between particles and
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to disperse the nanoparticles prior to film deposition. The dispersion using these
physical methods is driven by the increase in entropy. Alternatively, surface
modification of the nanoparticles can improve the interactions between the matrix and
the filler enhancing the compatibility between the two which results in an improved
dispersion. Surface modification can be performed using various techniques such as

chemical absorption,® grafting of polymer,2 and ligand exchange.?’

1.4 Applications

As discussed in Section 1.3 (page 24), there is a vast range of possible matrix—filler
combinations which can be prepared using a wide selection of different fabrication
methods. As a result, the properties of nanocomposite coatings can be tailored
towards a variety of different applications. These properties can be split into those in
which the nanofiller enhances the physical properties of the nanocomposite, those
which enhance the optical properties, and those in which chemical functionality is
incorporated into the coating.

One of the main benefits of incorporating nanoparticles into a thin film is the
resulting enhancement in the physical and mechanical properties. Properties such as
hardness,® tensile strength,® and elastic modulus® have been shown to be greatly
improved even at low nanofiller loading concentrations.®® The enhancement in these
properties is due to the incorporation of hard inorganic nanofiller particles as well as
the strong interactions between the matrix and filler particles which allow an applied
load to be easily transferred to the hard filler particles.®> The improved mechanical
properties also enhance the scratch and abrasion resistance®? of the coatings leading
to their use as wear-resistant films to protect surfaces such as display screens from
damage.®*

Another physical property that is enhanced through nanoparticle incorporation
is the increased barrier properties of nanocomposite thin films which utilise
nanolayered filler particles such as layered silicates® or graphene oxide.®® As well as
increasing the tensile strength and toughness of the coatings, these impermeable
nanolayered patrticles force a tortuous path for diffusion of gas molecules through the
film due to their high aspect ratio. This lengthens the mean diffusion path and as a

result decreases the permeability of gases such as oxygen, nitrogen, and hydrogen.®’
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This has resulted in the use of nanocomposites as barrier films for food packaging
applications to increase the shelf-life of foods.%®

The excellent barrier properties of nanocomposite films have also led to their
use in protecting metallic substrates and their alloys such as iron®® and steel'® from
corrosion. In addition to increasing the mean diffusion path through the coating, the
incorporated nanoparticles have been shown to fill pores present in polymer films
increasing their anti-corrosive properties with respect to the pure polymer film.0t
These barrier properties protect the substrates from oxygen, water, and corrosive ions
such as H* and CI, all of which contribute to the corrosion of metallic substrates.%?
Such anti-corrosive nanocomposite coatings are therefore very useful in for example
aerospace!®® and automotivel%4 applications.

Nanoparticle incorporation into a surface coating can also be used to add
surface roughness. The addition of surface roughness can be used to alter the
wettability of a coating towards different liquids. As discussed in more detail in Section
2.3.1 (page 47), the wettability of a surface depends on both the surface chemistry
and surface roughness. For coatings repellent towards water (hydrophobic) or oils
(oleophobic), the addition of surface roughness upon nanoparticle incorporation into a
polymer coating can result in an increase in the liquid repellency providing
superhydrophobic!®® and superoleophobict® nanocomposite films. Superhydrophobic
surfaces can be used in self-cleaning!®’ or anti-icing'®® applications. If the surface
chemistry is such that water droplets spread on the particle-free surface (hydrophilic)
then nanocomposite formation can increase the droplet wetting ability giving a
superhydrophilic surface which is useful for anti-fogging!®® applications.

Inorganic nanoparticles can also be incorporated into polymer matrices in order
to tune the optical properties of the resulting thin film. For optical applications, the
coating must remain highly transparent and therefore nanoparticle agglomeration must
be avoided in order to avoid scattering of the light which would reduce film clarity. The
ability to tailor the optical properties whilst maintaining the high transparency of
coatings is required for use as passive films in optical devices!'? as well as for optical
planar waveguides.!! Furthermore, coatings which are both highly transparent and
have UV-absorbing properties due to the nanofiller have found use in various UV-
shielding applications.*? High refractive index coatings or coatings tuned to a desired
refractive index are desirable for use as antireflection coatings!'® as well as for use in

light-emitting diodes!!* and photovoltaic cells.1®
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Nanoparticles can also be added into polymer matrices in order to incorporate
chemical properties. Until now all discussion of the properties of nanocomposites has
been due to the incorporation of nanoparticles into the coating as a permanent part of
the film. Another form of nanocomposite coating exists whereby the matrix can be
used as a host for the nanoparticles which can be released from the coating. When
antibacterial nanofiller species such as silver'® and copper'!’ are used then these
nanocomposite films can be used as antibacterial coatings with the released
antibacterial nanoparticles able to inhibit the growth of bacterial species in addition to
preventing biofilm formation. When an anti-fouling polymer is used as the matrix then
it is also possible to prepare dual-function antibacterial and anti-fouling coatings.®
Antibacterial nanocomposite thin films are desirable to prevent biofilm formation on
biomedical devices!!® as well as to functionalise wound dressings'?® and medical

implants.2t

1.5 Thesis Scope

In this thesis, the use of simple spraying fabrication techniques in order to prepare
various functional nanocomposite thin films has been reported. These nanocomposite
coatings have been characterised and tested for their antibacterial, oil-water
separation, and optical properties.

Oil-spill clean-up is still a very important environmental challenge. In addition,
simultaneous oil-water separation and killing of bacteria during filtration is highly
desirable for safe human water consumption. Nanocomposite films which display
opposite wetting behaviour towards water compared to oil have been widely utilised
for oil-water separation. Those which are wet by oils but are repellent towards water
are most common however these coatings suffer from substrate fouling by oil and the
formation of a water layer at the surface, both of which reduce the separation
efficiency. Nanocomposites which are wet by water but repel oils are therefore more
desirable however previously reported coatings of this type require multi-step
fabrication methods or take several minutes to achieve the final wetting state.
Furthermore, multifunctional coatings of this type (wet by water, repellent towards oils)
for antibacterial oil-water separation have yet to be reported. Chapter 3 reports the
fabrication of antibacterial  oleophobic—-hydrophilic  polymer—nanoparticle—

fluorosurfactant nanocomposite surfaces using a simple spray coating or solvent
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casting technique. The incorporation of silica nanopatrticles greatly enhances both the
oleophobicity and hydrophilicity of the nanocomposite in comparison to the parent
polymer—fluorosurfactant complex coating. Addition of nanoparticles is also shown to
enhance the hardness (durability) of the thin films. Such surfaces have been tested
for both oil-water separation and antibacterial applications.

Highly resistant bacterial biofilms on surfaces such as those in healthcare
settings pose a huge threat to human health due to the possible spreading of
infections. As a result, surfaces capable of killing bacteria are highly desirable.
Antibacterial nanocomposite coatings have gained interest for such applications.
These can be fabricated using various different methods however most of these suffer
from the need to use high temperatures and solvents, in addition to being multi-step
or lengthy processes. For other fabrication methods the deposition rate is slow.
Furthermore, the most commonly utilised antibacterial nanofiller material is silver
which has however been shown to be cytotoxic and there is the increasing risk of
silver-resistant bacteria. Nanocomposites which are more easily prepared and which
utilise biocompatible antibacterial agents are therefore more desirable. In Chapter 4,
antibacterial metallosurfactants are incorporated into polymer films resulting in the
preparation of highly antibacterial polymer—metallosurfactant nanocomposite
coatings. These metallosurfactants have previously been shown to be biocompatible.
The plasmachemical deposition technique used, atomised spray plasma deposition,
has many advantages compared to previously reported fabrication techniques such
as being single-step, low temperature, solventless, and can be used to coat substrates
of any material.

Thin films of high refractive index are widely used in optical applications such
as in optical lenses, optical waveguides, and as anti-reflective coatings. Nanoparticles
of materials with a high refractive index have been incorporated into polymer matrices
in order to achieve such high refractive index coatings. It is also possible to retain the
transparency of these nanocomposite thin films due to the fact that the nanoparticles
are much smaller than the wavelength of visible light and the light is therefore not
scattered. These high refractive index coatings can be fabricated using several
different fabrication techniques however they typically require high temperatures and
post-deposition curing steps. Additionally, the nanoparticle loading is often very high.
Therefore, an ambient temperature single-step method for preparing such coatings is

desirable. In Chapter 5, the atomised spray plasma deposition technique is utilised to
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prepare high refractive index polymer—titania nanocomposite thin films. Incorporation
of titania nanopatrticles greatly enhances the refractive index of the nanocomposites
compared to the parent polymer, even at relatively low titania loading concentrations.

Thus, the use of nanocomposite thin films is shown to be very useful for various
different applications. These results are then discussed with respect to future work that

could be undertaken.
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Chapter 2

Experimental Techniques

2.1 Introduction

Throughout this thesis, a range of characterisation techniques are utilised in order to
study various properties of the prepared coatings such as wettability, morphology,
hardness, and chemical structure. This chapter includes a summary of the
experimental techniques used in addition to introducing atomised spray plasma

deposition which is one of the main deposition techniques used.

2.2 Fabrication Techniques

2.2.1 Solvent Casting

Thin surface coatings can be fabricated using various simple, low-cost coating
techniques such as spin coating, dip coating, drop casting (solvent casting), and spray
coating. In each of these coating processes the precursor solution is deposited over
the substrate and the film is formed upon solvent evaporation.!

Spin coating is a technique in which the precursor solution is dropped onto the
centre of a flat substrate which is being rotated at high angular speed by a spin coater.
The substrate is usually held in place by vacuum chuck. Due to centrifugal force, the
solution spreads out evenly over the substrate decreasing the liquid film thickness and
simultaneous solvent evaporation results in the formation of a thin film. It is also
possible to drop the coating solution onto a stationary substrate before then rotating
at high angular speed. Spin coating results in very uniform thin films, the thickness of
which can easily be controlled by changing the angular spinning speed, the solution
concentration, or the solvent used. The main disadvantage of spin coating is that it
can only be used to coat small, smooth substrates. Another downside is that a lot of
the coating solution is wasted due to being cast off of the substrate as a result of the
high centrifugal force.

Drop casting, or solvent casting, is a similar technique to spin coating however
after dropping the precursor solution onto the substrate, the solvent is allowed to

naturally evaporate from the stationary substrate rather than being aided through

42



spinning of the substrate. Given that the substrate remains stationary, the problem of
solution wastage is overcome and so much lower volumes of precursor solution are
required for solvent casting. This technique also does not require any equipment,
unlike spin coating which requires both a spin coater and a vacuum pump. Solvent
casting does however still suffer from the inability to coat anything other than a small,
flat substrate. Furthermore, the solvent drying time is significantly longer than that for
spin coating. Both spin coating and solvent casting are limited to batch processing and
are not suitable as large-scale coating techniques.

An alternative to the previously mentioned batch coating techniques is that of
dip coating which can be performed as a continuous large-scale roll-to-roll process. In
dip coating, the substrate is immersed into the precursor solution for a desired length
of time and upon removal a thin liquid film is deposited on all surfaces of the substrate.
A surface coating is formed following solvent evaporation, the thickness of which
depends on the viscosity and surface tension of the liquid, as well as the substrate
immersion time and withdrawal speed. Dip coating coats all sides of the substrate
simultaneously however this could be a disadvantage if only one side is required to be
coated. It also offers the ability to coat much larger substrates than spin coating or
solvent casting. Furthermore, thin films can be deposited onto substrates with more
complex shapes. Dip coating does however require large volumes of coating solution
in order to fully immerse the substrate and this can result in a large volume of waste
solution being produced.

Spray coating also offers a technique which could be used for large-scale
processing. In spray coating, the precursor solution is loaded into a pressurised spray
gun which is used to spray the solution onto the substrate in the form of a fine mist of
small droplets. The spraying is usually performed using a carrier gas such as nitrogen
and the spray gun is passed over the substrate a few times, moving from side to side
slightly, to ensure even coverage. Quick solvent evaporation results in the formation
of a surface coating. As with dip coating, spray coating can be used to coat substrates
of varying shapes and sizes however spray coating offers the advantage of being able
to selectively coat individual sides of the substrate as desired. Spray coating can also
be performed with lower volumes of precursor solution compared to dip coating,

reducing wastage of coating solution.
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2.2.2 Plasmachemical Deposition

2.2.2.(a) Plasmas

Plasma, often referred to as the fourth state of matter, is used to describe a partially
ionised gas consisting of both charged and neutral species such as ions, electrons,
radicals, atoms, and molecules.? Despite the presence of charged species, the overall
charge within the plasma remains neutral in the absence of external disturbances.?
The plasma, or glow discharge, is formed by transfer of energy from an applied electric
field to free electrons present in the gaseous monomer. These electrons are
accelerated and can then inelastically collide with gas molecules causing excitation,
ionisation, or dissociation of reactant species. lonisation generates more electrons
which are in turn also accelerated undergoing further collisions. This results in a
cascade producing a self-sustaining plasma containing electrons, ions, free radicals,
and molecules in excited states.* The applied electric field can be done so using either
direct current or alternating current however alternating current discharges (such as
radio frequency discharges) are more advantageous due to the ability to sustain the
plasma using external electrodes or coils, thereby reducing contamination of the
plasma with the electrodes.>®

The excited fragments and species present in plasmas are very reactive both
towards each other and towards surfaces in contact with the plasma. A glow discharge
can therefore be used to modify surface properties either through etching of surface
layers, surface modification, or film deposition. In all cases, the surface properties are
modified without affecting the bulk properties of the substrate.® Surface etching and
surface modification result from exposing surfaces to discharges of non-polymerising
gases such as oxygen, nitrogen, or ammonia which can cause physical and chemical
changes to the surface.® Film deposition on the other hand requires a polymerisable
precursor (virtually any organic compound with a sufficiently high vapour pressure)
and results in the formation of a coating at the surface through plasma dissociation
and excitation of the precursor material followed by subsequent polymerisation
(recombination) and deposition. This plasma polymerisation technique is a process for
preparing new types of material rather than a form of polymerisation with the resulting
highly branched and highly cross-linked polymer films found to be quite different
compared to polymers formed by conventional polymerisation.” The structure of the
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plasma-deposited films is influenced by factors such as reactor geometry, power input,
substrate temperature, precursor pressure, and precursor flow rate.®

Continuous wave plasma polymerisation offers a single-step, solventless, low
temperature, substrate-independent technique for depositing highly cross-linked
polymer films with excellent adhesion to substrate materials. Furthermore, due to the
non-equilibrium nature of most plasmas, the reactant species remain close to ambient
temperature and it is therefore possible to coat substrates which lack the thermal
stability required for other high temperature coating processes. The high degree of
crosslinking in the resultant polymers is due to fragmentation of the monomer (and
growing plasma polymer film) during plasma exposure which allows for the deposition
of a wide range of precursor materials, even those which do not contain a
polymerisable double bond. Functional group retention is however difficult to achieve
due to this fragmentation and the polymers often have quite different structures
compared to the precursor monomer used.* Retention of functional groups can more
easily be achieved by using a pulsed plasma polymerisation technique in which the
plasma pulse on-period is on a much shorter timescale than the off-period. This
reduces the fragmentation of the precursor and allows polymerisation to take place
during the off-periods through plasma-induced conventional carbon-carbon double
bond polymerisation mechanisms.8° This however greatly reduces the deposition rate
of the technique as well as limiting the choice of precursor to only those containing a
double bond. Atomised spray plasma deposition (ASPD) offers an alternative way of
providing functional group retention but however does not reduce deposition rate and
does not necessarily require the presence of a double bond in the precursor. ASPD is

discussed further in Section 2.2.2.(b) below.

2.2.2.(b) Atomised Spray Plasma Deposition

Atomised spray plasma deposition is a form of continuous wave plasma deposition
however the precursor monomer is introduced into the plasma chamber as an
atomised liquid rather than a vapour.l® Atomisation of the liquid is performed by
feeding the monomer into an atomiser nozzle which is attached to the plasma chamber
with the substrate to be coated being placed downstream from the nozzle. The
ultrasonic nozzle generates a fine mist of droplets around 20 um in size leading to an
increase in the liquid—plasma interface due to the large surface-to-volume ratio of the

droplets.'! As the droplets travel through the plasma towards the substrate, excited
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species present in the plasma initiate polymerisation at the carbon-carbon double
bond of the precursor molecules within the droplets.? The excited plasma species
also act to activate the surface of the substrate and upon droplet impact with the
surface, polymer chain growth continues resulting in film deposition.*? If the precursor
does not contain a double bond then film growth occurs through fragmentation of the
plasma-excited precursor droplets.'* Atomised spray plasma deposition can be carried
out either at low or atmospheric pressure however the low-pressure approach avoids
the need to use an expensive diluent gas.®®

One major advantage of introducing the precursor into the plasma as an
atomised liquid rather than a vapour is the ability to greatly increase the flow rate of
monomer which raises the precursor density within the reaction chamber.'® This
decreases the average plasma power per reactant molecule which reduces precursor
fragmentation resulting in high levels of structural retention in the polymer coating.”’
A similar strategy could be used in vapour phase plasma processes however the flow
rate is limited by the vapour pressure of the precursor and high vapour pressures can
result in instabilities in the plasma.’® ASPD therefore benefits from the ability to
introduce atomised liquids at relatively fast flow rates and in addition to increasing
structural retention, this also has the added benefit of increasing the deposition rate
by several orders of magnitude.'®* Complex or fragile precursor molecules which would
otherwise be damaged using conventional continuous wave plasma can be deposited
using ASPD. It is also possible to form coatings using precursor molecules which lack
the required vapour pressure to be used as a gas phase monomer. Furthermore,
ASPD offers the ability to dissolve or disperse solids in the precursor liquid which
allows the deposition of organic—inorganic composite coatings which would otherwise
require more complex deposition techniques.

In addition to the advantages mentioned above, atomised spray plasma
deposition still retains the benefits previously mentioned for plasma processes in
Section 2.2.2.(a) (page 44), namely it being a quick (single-step), low temperature,
substrate-independent technique which does not require the use of solvents. ASPD
has been used to prepare coatings with excellent gas barrier,'%15 super-adhesive,'?

protein-resistant,’® and superhydrophobic'4'8 properties.
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2.3 Characterisation Techniques

2.3.1 Contact Angle Analysis

2.3.1.(a) Sessile Drop

The wetting properties of a solid surface, whether it be surfaces that are wet by liquids
or surfaces repellent towards them, is an important parameter for a wide range of
applications including anti-fogging,*® self-cleaning,?° inkjet printing,?! anti-icing,?? drag
reduction,?3 anti-fouling,?* and oil-water separation.?> The behaviour of a liquid droplet
on a surface is determined by both the properties of the liquid and of the solid surface
(both surface chemistry and topography). Consider a liquid droplet placed on a solid
surface. Within the droplet, molecules in the bulk are interacting equally in all directions
with neighbouring liquid molecules resulting in a net force of zero.?® Molecules at the
surface however do not have equal interactions in all directions and therefore a net
force acts on these molecules pulling them inward. This net force acts to reduce the
number of molecules at the surface. This increases the intermolecular distance
between surface molecules which requires energy and as a result there is an energy
difference between the bulk and the surface.?’” This excess energy at the surface is
known as the surface energy which the droplet will try to minimise by contracting to
reduce its surface area. The intermolecular force acting to minimise the surface area
is known as the surface tension. Solid surfaces also have a surface energy, again due
to a difference in energy between the bulk and the surface as a result of the reduced
bonding and hence unbalanced intermolecular forces for surface atoms/molecules.
The wettability of a surface is therefore governed by the respective surface energies
of the liquid droplet and the solid surface and hence by the interfacial energy between
the two.

The wetting properties of a surface by a liquid can be characterised by the
contact angle, Oy, defined as the angle between the solid-liquid and liquid—vapour
interfaces, Figure 2.1.2% This contact angle is dictated by the balance of interfacial
tensions at the three-phase contact line between the solid, liquid, and vapour. On a
smooth surface, the equilibrium contact angle is related to the surface tensions at the
solid—vapour (ysv), solid—liquid (ysL), and liquid—vapour (y.v) interfaces by Young’'s

equation:
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cos Oy = ys“;i (2.1)
LV

Liquids can interact favourably with a surface resulting in spreading of the
droplet to minimise the surface energy. This results in a low contact angle being
measured. If a water droplet spreads on the surface with a contact angle of between
0° and 90° then the surface is said to be hydrophilic. Unfavourable interactions would
lead to the droplet beading up on the surface and hence a high contact angle of greater
than 90° would be measured. Surfaces which show a water contact angle of > 90° are
described as being hydrophobic. In a similar way, surfaces are oleophilic if the contact
angle of an oil droplet is less than 90° and are oleophobic if the angle is greater than
90°.

Figure 2.1: Balance of surface tensions at the solid—vapour (ysv), solid—liquid (ys.), and liquid—
vapour (yLv) interfaces resulting in the contact angle (8v) of a liquid droplet on a solid surface.

Until now, it has been assumed that the contact angle is the equilibrium contact
angle which is measured using a static droplet with the surface horizontal and not tilted
in any way. When the surface is titled, the droplet will move and as a result the contact
angle of the leading edge (advancing contact angle) will be different to that of the
trailing edge (receding contact angle). The advancing and receding contact angles are
the maximum and minimum contact angles respectively for a given droplet on a
surface and are metastable states.?®3° The static equilibrium contact angle value lies
somewhere between these two extremes. The difference between the advancing and
receding angles is known as the contact angle hysteresis and characterises how easily

a droplet moves over the surface. A large hysteresis results in the droplet becoming

48



pinned to the surface even at large tilt angles whereas a low hysteresis indicates that
a droplet will easily roll along the surface, even at low tilt angles. Further to the
definitions above, a surface is described as being superhydrophobic if the water
contact angle is greater than 150° in addition to having a low hysteresis of less than
5°.

Another assumption until now has been that the solid surface is perfectly
smooth. In reality however this is never the case and therefore the surface roughness
must be considered in addition to the previously mentioned surface energies of both
the liquid and the solid surface. Given that it is very difficult to obtain a perfectly smooth
surface, the measured contact angle will often differ from that predicted by Young's
equation (Equation 2.1). When a droplet is placed on a rough surface it can either be
in the Wenzel*! state or the Cassie—Baxter®? state.

The Wenzel state is a fully-wetted state in which the liquid fills the cavities of
the rough surface resulting in a homogeneous solid—liquid interface, Figure 2.2. For a
liquid droplet in the Wenzel state, the Wenzel contact angle for the rough surface (6w)

is given by:

cos By, = 1 cos Oy (2.2)

where By is the Young’s contact angle for the equivalent smooth surface and r is a
roughness factor defined as the ratio between the true surface area of the solid and
its projection onto a horizontal surface. Given that the area of the projection of a
roughened surface will always be greater than the area of the smooth surface, r = 1.
As a result, the Wenzel model predicts that the apparent contact angle of a surface
will decrease if By < 90° and increase if By > 90°. Hence, when in the fully-wetted
Wenzel state, hydrophilic surfaces become more hydrophilic and hydrophobic
surfaces become more hydrophobic. This is intuitive because for a hydrophilic surface
(favourable liquid—solid interactions), roughening the surface increases the real
surface area in contact with the liquid, increasing the extent of favourable interaction
resulting in increased spreading of the droplet. The opposite is true for hydrophobic

surfaces with unfavourable liquid—solid interactions.
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Figure 2.2: Changes in wetting behaviour, and hence contact angle (By), of a liquid droplet on
a solid surface upon surface roughening. Liquid droplets on a roughened surface can either
be in the Wenzel state (liquid fills cavities of rough surface resulting in a homogeneous solid—
liquid interface) or in the Cassie—Baxter state (air pockets become trapped in cavities under
droplet resulting in a composite solid—air—liquid interface).

The Cassie—Baxter state represents another possible wetting state for liquids
on roughened surfaces which occurs when air becomes trapped in the cavities under
the liquid droplet resulting in the formation of air pockets and as a consequence a
composite solid—air-liquid interface, Figure 2.2. For a liquid droplet in the Cassie—

Baxter state, the contact angle (6cs) is given by:

cosOcg = fs, cos g, + fLycos Oy (2.3)

where fs. and fuy are the local area fractions of the solid-liquid and liquid—vapour
interfaces respectively (fsL + fv = 1). BsL and BLv are the Young’s contact angles for
the equivalent smooth surfaces for the solid—liquid and liquid—vapour interfaces
respectively. The air pockets in this state are considered to be perfectly hydrophobic

and so the contact angle on air (BLv) is taken to be 180° and therefore cos 8.y = —-1.
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The solid—liquid fraction is also affected by roughness as described by Wenzel and so

the equation becomes:

cosBOcp = fg rcosbs. — fiv (2.4)

where r is the roughness factor previously described. From Equation 2.4 above it can
be seen that the apparent contact angle 6¢s is always greater than the Young’s contact
angle 6s. due to the fLy term always causing a reduction in cos 8cs. Therefore, Ocs
increases for both hydrophilic and hydrophobic surfaces and the extent to which it
increases depends on the magnitude of fLyv—in other words it depends on how much
air is trapped in the cavities. In fact, it is even possible for a hydrophilic surface to
become hydrophobic upon roughening as f.v approaches 1 (fs. << 1). If there is no air
trapped in the cavities, fuv = 0 and fs. = 1. Therefore, the Cassie—Baxter equation
becomes the Wenzel equation as expected for a droplet which completely wets the
cavities.

The contact angle is experimentally measured using the sessile drop technique.
This involves dispensing a small droplet (typically 1 uL in volume) of probe liquid onto
the surface under study using a motorised syringe. An image of the droplet is then

taken and the static contact angle is measured using drop analysis software.

2.3.1.(b) Captive Bubble

The captive bubble contact angle is alternative measure of the wettability of a surface.
For this technique the surface under study is immersed in the testing liquid and an air
bubble is placed beneath the solid, Figure 2.3. The contact angle between the air
bubble and the surface is then measured in the same way as for the sessile drop
contact angle measurement. The sessile drop contact angle (6) can then be calculated

from the measured captive bubble contact angle (¢) using the following equation33:

6 =180— ¢ (2.5)

The shape of the air bubble therefore depends on the wettability of the surface with
respect to the testing liquid. If testing with water, air bubbles will bead up (¢ > 90°) on

hydrophilic surfaces (68 < 90°) due to a water layer forming on the surface. For
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hydrophobic surfaces (6 > 90°), the air bubble will displace the water and will spread

out in a thin layer on the surface (¢ < 90°).

Air Bubble

Liquid

Figure 2.3: Captive bubble contact angle (¢) measurement of an air bubble on a solid surface
immersed in testing liquid. The sessile drop contact angle (8) of the testing liquid on the solid
surface can be calculated from Equation 2.5.

The captive bubble method has a few advantages over the sessile drop
method.?® Having the sample immersed in the testing liquid minimises contamination
of the solid—vapour interface. It is also easier to study the temperature dependence of
contact angles because the temperature of the testing liquid that the sample is
immersed in is more easily controlled than the temperature of the small droplets used
in the sessile drop method. Furthermore, for superhydrophilic surfaces with a contact
angle close to 0°, it is often difficult to obtain an accurate sessile drop measurement
due to the water droplet being almost completely spread out. With the captive bubble
method however, air bubbles on superhydrophilic surfaces will bead up allowing an
accurate contact angle to be measured. The captive bubble method does however
have the drawback of required much larger volumes of the testing liquid compared to

the sessile drop method and is a much more time-consuming method.
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2.3.2 Scanning Electron Microscopy

Scanning electron microscopy can be used to obtain a high-resolution image of a
surface allowing the study of the surface topography. The resolution achieved is much
greater than that possible with an optical microscope due to the much shorter
wavelength of electrons compared to light.3* Another advantage of the scanning
electron microscope over an optical microscope is the much larger depth of field.

In scanning electron microscopy, a tungsten filament or field emission gun are
used to generate a narrow high energy electron beam (typically 10-40 keV) which is
focussed onto the surface.® The electron beam is of high enough energy to ionise the
atoms on the surface resulting in the emission of low energy secondary electrons.
Importantly, because of their low energies, the secondary electrons can only travel
short distances and so those which are emitted from the sample must originate close
to the surface resulting in a very surface specific technique.3* Using a positively biased
grid, these secondary electrons are accelerated towards a photomultiplier for
detection. Images, or scanning electron micrographs, are created by analysing the
signal produced by the secondary electrons as the electron beam is scanned across
the surface. For non-conducting samples such as ceramics or polymers, excess
electrons can build up on the surface as a result of the high energy of the electron
beam. Consequently, the surface will become negatively charged which then affects
the incident electron beam leading to distorted images. To avoid this, non-conducting
samples are usually coated prior to analysis with a thin (10 nm) conductive layer (e.g.

gold) which helps to prevent surface charging.

2.3.3 Microindentation

The durability of a surface can be characterised by many techniques such as by
measuring abrasion resistance, wear resistance, or scratch resistance. Another way
is to measure the hardness of the surface, which is defined as the resistance to
indentation. Hardness measurements involve forcing an indenter under a known
applied force into a flat surface of the material under study and then measuring the
resultant depth of indentation, Figure 2.4. The harder the material, the smaller the
indentation. There are many different forms of indentation testing such as Rockwell
hardness, Brinell hardness, Knoop hardness, and Vickers hardness all of which
operate in a similar way but use differently shaped indentation tips. Indentation

measurements are characterised as being microindentation if the indent can be
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measured using light microscopy. If the indent is too small to be resolved by an optical
microscope, this is given the term nanoindentation. In this thesis, a Vickers tip is used

to perform microindentation measurements.

Indenter

~

y

Film

—>

Figure 2.4: Microindentation measurements are performed by forcing an indenter tip under a
known applied force into the material under study. The durability, or hardness, is then
measured by determining the size of the indent made.

For Vickers microindentation testing the applied load is relatively low and
therefore this technique is useful for testing thin materials (e.qg. thin films). The Vickers
test uses a square base pyramid shaped diamond indenter with an apex angle of 136°
between opposite faces of the pyramid, Figure 2.5.3¢ The Vickers hardness (HV) is
determined from the applied load (P, units of gram-force (gf)) and the mean diagonal

length of the indentation formed (d, in pm) as given by Equation 2.6.3"

2x103 P sin(g)
HV = = 2 (2.6)

where 0 is the apex angle of the pyramid indenter tip (136°). Therefore Equation 2.6
can be simplified to give Equation 2.7. Vickers hardness numbers can be converted

into megapascals (MPa) by multiplying by 9.807.

HV = 1854.4 x— 2.7)
d
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(b)

Figure 2.5: (a) A Vickers indenter tip; and (b) the indentation formed from a Vickers tip viewed
from directly above the surface.

A typical microindentation test instrument contains the following main features:
a loading unit for applying the load, an indenter tip, an X-Y stage where the sample is
placed and which can be used to manipulate the sample, objective lenses of an optical
microscope, and a measuring mechanism for measuring the diameter of indentation
made. The indenter tip and the objective lenses are usually fitted onto a revolver so
that the tip can easily be switched out for the lens after indentation. This also ensures
that the lens is placed directly over the indentation making it easier to spot the indent.
After an indent has been made, the measuring mechanism requires the user to
measure both diagonals of the indentation. The instrument can then calculate the
hardness using the applied force and an average of these two diagonal distances as

described above.

2.3.4 Infrared Spectroscopy

Infrared spectroscopy is a very useful technique for determining the chemical groups
present in samples in a range of states such as gases, liquids, powders, and films.
The technique utilises the fact that molecules can absorb infrared radiation undergoing
vibrational excitation. Different chemical bonds will absorb at different wavelengths
and therefore chemical groups can be identified by determining which wavelengths
are absorbed after the infrared radiation has either passed through or has been
reflected off of the sample. A given vibrational excitation will only occur if the energy
of the absorbed photon of infrared radiation is exactly equal to the energy gap between
the initial and excited energy levels. In order for a given stretching or bending vibration
to be observed in infrared spectroscopy, the stretch or bend must result in a net

change in the overall electric dipole moment of the molecule. The energy absorbed
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due to the vibrational excitation depends on the spring constant and reduced mass of
the chemical bond in question.

Older infrared spectrometers used a dispersive element to sequentially pass
different wavelengths of light through the sample and therefore spectrum acquisition
time was long. Fourier transform infrared spectroscopy (FTIR) overcomes this problem
by simultaneously analysing the entire wavelength range under study.® This is done
by first passing the infrared radiation through an interferometer which splits the
incident radiation using a beamsplitter. One beam is reflected onto a fixed mirror and
the other transmitted onto a movable mirror and after reflection from the mirrors the
beams recombine to produce an interference spectrum. By adjusting the movable
mirror, the pathlength of one of the beams is changed which alters the interference
spectrum. For each wavelength a different spectrum is generated. The resulting signal,
known as the interferogram, therefore contains information about all wavelengths and
this is then passed through the sample before it finally reaches the detector. The
detected data contains information about the radiation absorbed in the distance
domain (light absorbed as a function of path difference) and so it is then Fourier
transformed to give an absorption spectrum as a function of wavelength (usually
plotted in wavenumbers with units cm™) after being compared to a background or
reference sample. Due to quick data acquisition, FTIR allows for many spectra to be
acquired and averaged resulting in better signal-to-noise ratios.

Infrared spectroscopy is usually performed using transmission methods with
absorption of infrared radiation being determined after passing through the sample.
For samples difficult to analyse in this way, for example thin films, reflectance methods
such as reflection-absorption infrared spectroscopy (RAIRS) or attenuated total
reflectance (ATR) spectroscopy are used. RAIRS requires the thin film under study to
be deposited onto a reflective substrate such as silicon. The incident beam is then
directed towards the surface at grazing angle and is reflected from the substrate
towards a detector after having passed through the film. Some of the infrared radiation
will be absorbed due to vibrational excitation of the coating and by subtracting the
spectrum of the uncoated substrate, the infrared spectrum of the film is obtained. For
films deposited onto non-reflective substrates (or for liquids and powders), ATR
spectroscopy can be used. ATR uses an accessory containing an infrared transparent
crystal of high refractive index (e.g. diamond) which is brought into contact with the

sample. The incident radiation is directed into the crystal where it undergoes total
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internal reflection at the crystal-sample interface producing evanescent waves which
extend into the sample.®® By directing these waves towards a detector after they have
interacted with the sample, and having again subtracted a reference spectrum (in this
case the spectrum of the crystal used), an infrared spectrum of the sample is obtained.

2.3.5 Spectrophotometry

Various properties of thin films including the refractive index (n), absorption coefficient
(k), and film thickness (d) can be determined by spectrophotometry which involves
measuring the reflection and/or transmission properties of the surface as a function of
wavelength of light in the UV-visible region. The refractive index describes how fast
light travels through a medium relative to the speed of light in a vacuum. The
absorption coefficient is a measure of how much light is absorbed by the film and
therefore affects the intensity of light that is reflected. Both of these properties vary
with wavelength of light.

A beam of incident light at an interface of two materials with different refractive
indices can either be reflected, transmitted, or absorbed. For a thin film, the initial
incident beam of light will encounter the air—film interface and the beam transmitted
into the film will encounter the film—substrate interface, Figure 2.6. The beams
reflected from both of these interfaces (I1 and I2) will recombine resulting in ether
constructive or destructive interference depending upon the path difference between
the two reflected beams. The optical path difference is given by Equation 2.8 which
shows that the interference pattern depends upon incident angle (which affects the

angle of transmittance, ), refractive index of the film, and film thickness.

Optical Path Dif ference = 2n,d cos 6, (2.8)
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Figure 2.6: A beam of light (lo) incident at a thin film on a substrate will be partially reflected at
the airfilm interface (l1) and partially transmitted. The transmitted light will reflect at the film—
substrate interface (l2). The reflected beams (1. and I.) will interfere, the nature of which will
depend on the optical path difference of the reflected beams which is dictated by the refractive
index (nz) and thickness (d) of the film.

Measuring the reflectance as a function of wavelength results in an oscillating
spectrum of which the period and amplitude of the oscillations are strongly connected
to the film thickness and refractive index, respectively, Figure 2.7. Hence, by fitting the
resultant reflectance spectrum of a thin film, the refractive index and film thickness can
be determined. Reflectance spectra are fitted by carrying out regression analysis
which involves comparing a calculated theoretical curve with the measured data. How
well these curves match is described by a parameter called chi-squared (x?) and the
calculated curve is iteratively refined until x2 is at its minimum (the smaller x? is the
better the fit). In this thesis, reflectance curves are fitted with a Cauchy model (which
assumes that the absorption coefficient is approximately zero) using a modified
Levenberg-Marquardt (LM) method.4® The LM algorithm performs non-linear curve

fitting by calculating the derivatives of the reflectance curves.
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Figure 2.7: (a) Reflectance as a function of wavelength for a thin film on an opaque substrate;

and (b) regression analysis fitting of the reflectance spectrum yields the refractive index and
thickness of the thin film.

2.3.6 UV-Vis Spectroscopy

UV-vis spectroscopy can be used to study how a material interacts with light usually
by measuring how much light it absorbs. Molecules will absorb light, resulting in the
excitation of electrons to higher energy levels, provided the photons have enough
energy. For some molecules, particularly those containing unsaturated bonds, the
energy required will correspond to UV or visible light. Assuming that there are no other

interactions between the light and the material under study, such as reflection or
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scattering, the amount of light absorbed (A) is defined as the negative log of the

transmitted intensity (1) as a fraction of the incident intensity (lo), Equation 2.9.

A = —logq (i) (2.9)

This can also be expressed in terms of light transmittance with percentage

transmittance (% T) being defined as:

I

T = (1 ) x 100 (2.10)

0

Therefore, absorbance and transmittance are related by Equation 2.11.
A= —log,T (2.11)

Absorbance can also be expressed in terms of concentration (c) and path length (L)
by Equation 2.12 where ¢ is the molar absorption coefficient, a measure of how
strongly a species absorbs light at a certain wavelength under a defined set of

conditions. This is known as the Beer-Lambert law.
A= ecL (2.12)

Most UV-vis spectrophotometers use two lights sources in order to achieve a
broad band of radiation. Typically, a deuterium arc lamp is used to provide UV radiation
and a tungsten-halogen lamp to provide visible light. The light from these sources is
then directed through a dispersion device, such as a prism or grating, to disperse the
light. By using the appropriate slit, particular wavelengths can then be directed to pass
through the sample towards the detector. The intensity of the light reaching the
detector is then measured and the absorbance can be calculated as described above.
Incident intensity is determined by measuring light intensity with a blank substrate or
sample holder (cuvette) in place of the sample under study. More modern

spectrophotometers allow both the blank and the sample to be run at the same time,
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reducing errors associated with lamp drift (changes in lamp intensity) between
measurements. This is done by placing a chopper after the slit which is able to quickly
switch the beam path between the blank sample and the sample under study allowing
them to be studied simultaneously.*!

As mentioned above, when measuring absorbance, assumptions have to be
made with regards to scattering and reflection. When equating the difference between
initial and final intensities to the proportion of light absorbed it is assumed than nothing
is scattered or reflected. Similarly, if the level of transmittance is measured, the
proportion of light not transmitted is not necessarily absorbed, some may have been
scattered or reflected. For a more accurate measurement of absorbance, or for
opague samples, an integrating sphere could be used.*? This collects all reflected or

scattered light and therefore absorbance can be measured much more accurately.

2.3.7 Antibacterial Activity

2.3.7.(a) Bacterial Strains

Escherichia coli BW25113 (CGSC 7636; rrnB3 AlacZ4787 hsdR514 A(araBAD)567
A(rhaBAD)568 rph-1) and Staphylococcus aureus (FDA209P, an MSSA strain; ATCC
6538P) were used in this work as representative Gram-negative and Gram-positive
strains, respectively.

BW25113, a wild-type K-12 strain, was chosen as the Escherichia coli strain
because it is the parent strain used in the Keio collection.*® Therefore, if required, the
mechanism of action of the tested surfaces could easily be explored further by testing
against any of the single-gene knockouts of this strain.

FDA209P was chosen as the Staphylococcus aureus strain as it is a methicillin-
sensitive Staphylococcus aureus (MSSA) strain and is therefore less problematic to
treat in the event that someone doing the antibacterial testing picks up an infection.*4

This strain is also widely used for antibiotic sensitivity testing.

2.3.7.(b) Colony Counting

There are several methods which can be used to assess cell viability such as
colony counting, measuring solution turbidity, fluorescent tagging, and bright-field
microscopy. Colony counting is the simplest method and this was the method chosen

in this work. For this technique, the bacteria are first allowed to interact with the surface
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being tested for a period of time (usually 16 h) under incubation. Appropriate media is
then added to the sample in order to recover the bacteria and further serial dilutions
are made. Drops from these serial dilutions are then placed onto solid nutrient agar
plates followed by incubation at optimal growth temperature (usually for 16 h). After
incubation, visible cell colonies appear on the surface of the agar plates. The number
of colonies visible at each dilution are then counted and from this it is possible to
determine the quantity of bacteria present in the solution after interaction with the
surface, expressed as colony forming units per millilitre (CFU mL™1).

62



2.4 References

[1]

[2]

[3]

[4]

[5]

[6]
[7]
(8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

Schwartz, R. W.; Schneller, T.; Waser, R. Chemical Solution Deposition of Electronic
Oxide Films. C. R. Chim. 2004, 7, 433-461.

Langmuir, I. The Interaction of Electron and Positive lon Space Charges in Cathode
Sheaths. Phys. Rev. 1929, 33, 954.

Bittencourt, J. A. Fundamentals of Plasma Physics, 3™ ed.; Springer-Verlag: New York,
2004.

d'Agostino, R., Ed. Plasma Deposition, Treatment, and Etching of Polymers; Academic
Press, Inc.: London, U.K., 1990.

Chan, C.-M.; Ko, T.-M.; Hiraoka, H. Polymer Surface Modification by Plasmas and
Photons. Surf. Sci. Rep. 1996, 24, 1-54.

Grill, A. Cold Plasma in Materials Fabrication; IEEE Press: New York, 1994.
Yasuda, H. Plasma Polymerization; Academic Press, Inc.: London, U.K., 1985.

Tarducci, C.; Kinmond, E. J.; Brewer, S. A.; Willis, C.; Badyal, J. P. S. Epoxide-
Functionalized Solid Surfaces. Chem. Mater. 2000, 12, 1884—-1889.

Kinmond, E. J.; Coulson, S. R.; Brewer, S. A.; Willis, C.; Badyal, J. P. S. High Structural
Retention During Pulsed Plasma Polymerization of 1H,1H,2H-perfluorododecene: An
NMR and TOF-SIMS Study. Polymer 2005, 46, 6829-6835.

Ward, L. J.; Schofield, W. C. E.; Badyal, J. P. S.; Goodwin, A. J.; Merlin, P. J.
Atmospheric Pressure Plasma Deposition of Structurally Well-Defined Polyacrylic Acid
Films. Chem. Mater. 2003, 15, 1466—-1469.

Chen, Q.; Li, J.; Li, Y. A Review of Plasma-Liquid Interactions for Nanomaterial
Synthesis. J. Phys. D: Appl. Phys. 2015, 48, 424005.

Wood, T. J.; Ward, L. J.; Badyal, J. P. S. Super-Adhesive Polymer—Silica
Nanocomposite Layers. ACS Appl. Mater. Interfaces 2013, 5, 9678—-9683.

Wood, T. J.; Brown, P. S.; Badyal, J. P. S. Atomized Spray Plasma Deposition of
Structurally Well-Defined Bioactive Coatings. Plasma Chem. Plasma Process. 2014,
34, 1019-1031.

Castaneda-Montes, I.; Ritchie, A. W.; Badyal, J. P. S. Atomised Spray Plasma
Deposition of Hierarchical Superhydrophobic Nanocomposite Surfaces. Colloids Surf.,
A 2018, 558, 192-199.

Ward, L. J.; Schofield, W. C. E.; Badyal, J. P. S.; Goodwin, A. J.; Merlin, P. J.
Atmospheric Pressure Glow Discharge Deposition of Polysiloxane and SiOx Films.
Langmuir 2003, 19, 2110-2114.

Wood, T. J.; Badyal, J. P. S. Atomised Spray Plasma Deposition (ASPD) of Structurally
Well-Defined Alkyl Functionalised Layers. Surf. Coat. Technol. 2013, 227, 28-31.

Friedrich, J. Mechanisms of Plasma Polymerization — Reviewed from a Chemical Point
of View. Plasma Process. Polym. 2011, 8, 783-802.

Fanelli, F.; Mastrangelo, A. M.; Fracassi, F. Aerosol-Assisted Atmospheric Cold
Plasma Deposition and Characterization of Superhydrophobic Organic—Inorganic
Nanocomposite Thin Films. Langmuir 2014, 30, 857-865.

Cebeci, F. C.; Wu, Z.; Zhai, L.; Cohen, R. E.; Rubner, M. F. Nanoporosity-Driven
Superhydrophilicity: A Means to Create Multifunctional Antifogging Coatings. Langmuir
2006, 22, 2856—2862.

63



[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]
[29]
[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

Farstner, R.; Barthlott, W.; Neinhuis, C.; Walzel, P. Wetting and Self-Cleaning
Properties of Artificial Superhydrophobic Surfaces. Langmuir 2005, 21, 956-961.

Son, Y.; Kim, C.; Yang, D. H.; Ahn, D. J. Spreading of an Inkjet Droplet on a Solid
Surface with a Controlled Contact Angle at Low Weber and Reynolds Numbers.
Langmuir 2008, 24, 2900—-2907.

Cao, L.; Jones, A. K.; Sikka, V. K.; Wu, J.; Gao, D. Anti-lcing Superhydrophobic
Coatings. Langmuir 2009, 25, 12444-12448.

Truesdell, R.; Mammoli, A.; Vorobieff, P.; van Swol, F.; Brinker, C. J. Drag Reduction
on a Patterned Superhydrophobic Surface. Phys. Rev. Lett. 2006, 97, 044504.

Zhang, H.; Lamb, R.; Lewis, J. Engineering Nanoscale Roughness on Hydrophobic
Surface—Preliminary Assessment of Fouling Behaviour. Sci. Technol. Adv. Mat. 2005,
6, 236-239.

Feng, L.; Zhang, Z.; Mai, Z.; Ma, Y.; Liu, B.; Jiang, L.; Zhu, D. A Super-Hydrophobic
and Super-Oleophilic Coating Mesh Film for the Separation of Oil and Water. Angew.
Chem. Int. Ed. 2004, 43, 2012-2014.

Yaun, Y.; Lee, T. R. In Surface Science Techniques; Bracco, G., Holst, B., Eds.;
Springer: Berlin/Heidelberg, 2013; Vol. 51, pp 3-34.

Kinloch, A. J. Adhesion and Adhesives: Science and Technology; Chapman and Hall:
London, U.K., 1987.

Young, T. An Essay on the Cohesion of Fluids. Phil. Trans. R. Soc. 1805, 95, 65-87.
Blossey, R. Self-Cleaning Surfaces — Virtual Realities. Nat. Mater. 2003, 2, 301-306.

Extrand, C. W. Contact Angles and Hysteresis on Surfaces with Chemically
Heterogeneous Islands. Langmuir 2003, 19, 3793-3796.

Wenzel, R. N. Resistance of Solid Surfaces to Wetting by Water. Ind. Eng. Chem.
1936, 28, 988-994.

Cassie, A. B. D.; Baxter, S. Wettability of Porous Surfaces. Trans. Faraday Soc. 1944,
40, 546-551.

Montes Ruiz-Cabello, F. J.; Rodriguez-Valverde, M. A.; Marmur, A.; Cabrerizo-
Vilchez, M. A. Comparison of Sessile Drop and Captive Bubble Methods on Rough
Homogeneous Surfaces: A Numerical Study. Langmuir 2011, 27, 9638-9643.

Stokes, D. J. Principles and Practice of Variable Pressure/Environmental Scanning
Electron Microscopy (VP-ESEM); John Wiley & Sons Ltd.: Chichester, U.K., 2008.

Goodhew, P. J.; Humphreys, J.; Beanland, R. Electron Microscopy and Analysis, 3™
ed.; Taylor and Francis: London, U.K., 2001.

Balta Calleja, F. J.; Fakirov, S. Microhardness of Polymers; Cambridge University
Press: Cambridge, U.K., 2000.

ASTM Standard E384-11el, Standard Test Method for Knoop and Vickers Hardness
of Materials, ASTM International, West Conshohocken, PA, 2011, DOI:
10.1520/E0384-11E01, www.astm.org.

Stuart, B. Infrared Spectroscopy: Fundamentals and Applications; John Wiley & Sons
Ltd.: Chichester, U.K., 2004.

Vickerman, J. C. Surface Analysis — The Principle Techniques; John Wiley & Sons
Ltd.: Chichester, U.K., 1997.

Lovering, D. NKD-6000 Technical Manual; Aquila Instruments: Cambridge, U.K., 1998.

64



[41]

[42]

[43]

[44]

Owen, T. Fundamentals of Modern UV-Visible Spectroscopy; Agilent Technologies
Inc.: Germany, 2000.

Wilson, M. Functional Catalytic Surfaces for Environmental Sustainability. PhD Thesis,
Durham University, 2018.

Coli Genetic Stock Centre (CGSQ), Strain BW25113.
https://cgsc.biology.yale.edu/Strain.php?ID=64667 (accessed Sep 10, 2020).

Singh, M.; Sasaki, T.; Matsuo, M.; Morimoto, Y.; Aiba, Y.; Hiramatsu, K. Complete
Genome Sequence of the Drug-Naive Classical Staphylococcus aureus Strain
FDA209P. Genome Announc. 2015, 3, e01343-15.

65



Chapter 3

Bioinspired Multifunctional Polymer Nanoparticle
Surfactant Complex Nanocomposite Surfaces for

Antibacterial Oil-Water Separation

Polymer—Fluorosurfactant Complex
Nanoparticle

R A A T > Antibacterial
Oil-Water Separation

3.1 Introduction

Oil-spill clean-up is an important environmental challenge due to the significant long-
term effects such accidents have on oceans and aquatic species.>23456 Absorbent
materials are reported to remove oil from oil-water mixtures—however, these
materials need additional steps to remove the absorbed oil and to regenerate the
material for re-use; and water absorption during oil recovery reduces their efficiency
(unsuitable for continuous oil-water separation processes).”8910.1112.13 Separation
membranes which have opposing wetting properties towards water versus oil can be
utilised for continuous oil-water mixture separation.41516.17.18192021 Dye to the
relative surface energies of typical oils (20-30 mN m™) versus water (72 mN m™),

conventional membranes repel water while allowing oil to pass through.?22324
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However, these oleophilic—hydrophobic materials are easily fouled by oils causing
blockage and a drop in efficiency. Furthermore, the greater density of water compared
to oils can lead to the formation of a surface water layer which blocks the passage of
oil.?> Simply by reversing the wettability, these drawbacks can be overcome
(oleophobic—hydrophilic surfaces repel oil but are wetted by water). Oils are repelled
and so do not easily foul the surface, while the hydrophilic nature of such materials
helps to remove any contaminants in contact with the surface.?® The main
disadvantage of such oleophobic—hydrophilic surfaces has been the complexity of
their preparation and methods of application. One approach for oleophobic—
hydrophilic surfaces has been the use of superhydrophilic surfaces—when
underwater, the water layer formation on the surface helps to repel oils providing an
underwater oleophobic surface.?:222° The major disadvantage of these underwater
oleophobic—hydrophilic systems is that the filter must constantly be kept in a wetted
state (as soon as the filter dries up the oil will pass through).3° They are also easily
contaminated by oils due to their in-air oleophilic properties. Therefore, surfaces which
display both in-air oleophobicity and hydrophilicity are more desirable for oil-water
separation applications. In addition, these are also suitable for other uses such as anti-
fogging?6:31:3233 and self-cleaning.26:3%:32

One way to fabricate oleophobic—hydrophilic surfaces is to utilise polymer—
fluorosurfactant complexes (the fluorosurfactant complexes to the polymer backbone
through electrostatic interaction).343%36.37 These surfaces can be prepared either by a
multi-step layer-by-layer approach383°4% or by direct application of the polymer—
fluorosurfactant complex onto the substrate.*-4243 For both cases, the oil repellency
of the polymer—fluorosurfactant coating stems from the low-surface-energy fluorinated
tail of the fluorosurfactant being orientated towards the air—solid interface.** This
localises the hydrophilic fluorosurfactant head groups in the sub-surface region where
they are complexed to the hydrophilic groups of the polymer. When water molecules
are placed onto the surface, they wick down towards the hydrophilic subsurface
resulting in surface wetting.*® It has been suggested that this happens through defects
in the fluorinated layer, whilst oil molecules are too large to penetrate them.6:47
Another possible mechanism is water-induced surface rearrangement of the
fluorinated chains allowing penetration of the water molecules; whilst in the presence
of oils, this rearrangement does not take place, and so the top-most low-surface-

energy fluorinated chains repel oil.*2
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Early reports of polymer—fluorosurfactant coated surfaces showed little
difference between the oil and water contact angles.3437444% Improvements in
hydrophilicity were subsequently achieved through the utilisation of plasma polymer—
fluorosurfactant coatings leading to larger switching parameters (the difference in the
static hexadecane and water contact angles)—however, this remained a two-step
process.®0:5152 Although single-step processes have been reported, these surfaces
tend to be initially hydrophobic, and it can take several minutes for them to achieve
their final hydrophilic state.*'? One notable exception has been fast-switching
copolymer—fluorosurfactant surfaces where water wets within 10 s whilst oleophobicity
is retained.*® This oil repellency was improved further through the use of solvent-
induced roughening to yield switching parameters in the order of 100°. A comparable
switching parameter (90-95°) has been reported by adding nanoparticles to the
polymer—fluorosurfactant complex solution mixture—however, oil-water separation
experiments take several minutes to allow the water to pass through due to the
requirement for very small aperture meshes (~42 to 60 uym), therefore this system is
not suitable for continuous oil-water separation.*® Although good initial oil repellency
and hydrophilicity have been reported for a layer-by-layer approach where the
polymer, fluorosurfactant, and silica nanoparticles are deposited in sequential steps—
this is a lengthy process and not well suited to industrial scale-up.3?53 Appendix 2,
Section A2.1 (page 185) provides a summary of all previously reported coatings which
are simultaneously oleophobic and hydrophilic. Surface coatings which switch from
being oleophobic—hydrophobic to oleophobic—hydrophilic through time are
summarised in Appendix 2, Section A2.2 (page 191).

In this study, nanocomposite oleophobic—hydrophilic surfaces have been
deposited in a single step by using polymer—nanoparticle—fluorosurfactant complexes
which display a marked enhancement in the switching parameter. Coating of large
aperture (310 um) meshes provides for high efficiency continuous oil-water separation
performance, Scheme 3.1. The incorporation of nanoparticles improves the hardness
(durability) and enhances oleophobicity / hydrophilicity (switching parameter) of the
coatings. The latter is akin to how the roughness of plant leaves can give rise to either
hydrophobicity or hydrophilicity depending upon surface functional groups.>*> The
constituent cationic polymer poly(diallyldimethylammonium) imparts antibacterial
properties. Although polymeric quaternary ammonium-surfactant complexes have
previously been utilised for their antimicrobial properties, they have not been
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developed for oil-water separation to provide multi-functional surfaces.%®5” This
concept is important in relation to real-world scenarios, where the simultaneous oil-
water separation and killing of bacteria during filtration is highly desirable for safe
human water consumption and pollution clean-up. The only previous reports of
antimicrobial surfaces capable of oil-water separation utilise oleophilic—
hydrophobic®8° or hydrophilic-underwater oleophobic® coatings which have many
disadvantages as mentioned above. Furthermore, the antimicrobial properties of these
coatings are relatively poor (<90% killing).52€° Previously reported coatings capable of
antibacterial oil-water separation are summarised in Appendix 2, Section A2.3 (page
199). An oleophobic(in air)—hydrophilic coating with antibacterial properties has never

previously been reported.
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fluorosurfactant complex containing negative surface charged nanoparticles.
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3.2 Experimental

3.2.1 Polymer—Particle-Fluorosurfactant Complex Coatings

Poly(styrene-co-maleic anhydride) (Polyscope Polymers BV, Grade: XIRAN®
SZ26080) was dissolved in acetone (+99.8%, Sigma-Aldrich Ltd.) and aqueous
poly(diallyldimethylammonium chloride) (PDDA; Sigma-Aldrich Ltd., 20 wt % in H20)
was diluted in high-purity water (ISO 3696 grade 2), both at a concentration of 2% wi/v.
The polymer solutions were allowed to shake for 2 h. If particles were to be
incorporated into the coating, then these were ultrasonically dispersed for 1 h in the
polymer solution at various loadings (loadings are percentage weights by volume (%
w/v) of the particle dispersed in the polymer solution). The range of particles
investigated are detailed in Table 3.1.

Table 3.1: Details of the particles used.

Particle Surface Charge | Average Particle Size Supplier
SiO; Negative 7 nm Degussa Aerosil® 300
SiO; Negative 100 pm Crosfield Catalysts
SiOo, 12 nm
methacryloyl Negative (100-200 nm average Degussa Aerosil® R711
functionalised aggregate size)
SiO»,
hexadecylsilane Negative 12 nm Degussa Aerosil® R816
functionalised
Graphene Negative <2 um Strem Chemicals
Al,O3 Positive 13 nm Degussa Aluminiumoxid C
Zn0O Positive <100 nm Sigma-Aldrich Ltd.

Anionic phosphate fluorosurfactant (Capstone FS-63, DuPont Ltd.), amphoteric
betaine fluorosurfactant (Capstone FS-50, DuPont Ltd.) or isostearic acid (Tokyo
Chemical Industry Co., Ltd.) were further diluted in high-purity water at a concentration
of 5% v/v. The fluorosurfactant solution was added dropwise in a 1:4 volume ratio to
the prepared polymer—particle solution whilst stirring leading to the formation of a
polymer—particle—fluorosurfactant complex. The isostearic acid was added in a similar
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manner in a 1:2 volume ratio to prepared polymer—particle solution leading to the
formation of a polymer—particle—surfactant complex. The precipitated solid complex
was collected from the liquid phase and rinsed with high-purity water followed by drying
on a hotplate. The obtained dry solids were dissolved as follows to provide the coating
solutions: poly(styrene-co-maleic anhydride)-amphoteric fluorosurfactant complex
was dissolved at a concentration of 2% w/v in dimethylformamide (=299.5%, Fisher
Scientific UK Ltd.) or a 1:2 v/v dimethylformamide / methanol (>95%, Fisher Scientific
UK Ltd.) mixture; poly(diallyldimethylammonium)—amphoteric fluorosurfactant and
poly(diallyldimethylammonium)—amphoteric ~ fluorosurfactant complexes were
dissolved at a concentration of 1% w/v in ethanol (+99.8 wt %, Fisher Scientific UK
Ltd.); and poly(diallyldimethylammonium)—isostearic acid complex was dissolved at a
concentration of 2% w/v in methanol. Glass microscope slides (Academy Science Ltd.)
and silicon wafers (Silicon Valley Microelectronics Inc.) were used as flat substrates.
These were cleaned prior to coating by sonication in a 50%:50% propan-2-ol (>99.5
wt %, Fisher Scientific UK Ltd.) / cyclohexane (299.7%, Sigma-Aldrich Ltd.) mixture,
followed by UV/ozone treatment (BioForce Nanosciences Inc., model UV.TC.EU.003),
and finally another sonication step in the propan-2-ol / cyclohexane mixture. Coatings
were applied either by dip coating, spin coating using a spincoater (model PRS14E,
Cammax Precima Ltd.), solvent casting (solution was dispensed onto the substrate
and the solvent allowed to evaporate), or by spray coating using a pressurised spray
gun (RG-3L, Anest lwata Inc.). For the oil-water separation experiments, the following
stainless steel meshes were spray coated: #30 (0.20 mm wire diameter, 0.65 mm
aperture, The Mesh Company Ltd.); #40 (0.22 mm wire diameter, 0.41 mm aperture,
The Mesh Company Ltd.); #50 (0.20 mm wire diameter, 0.31 mm aperture, The Mesh
Company Ltd.); #100 (0.10 mm wire diameter, 0.15 mm aperture, The Mesh Company
Ltd.). The stainless steel mesh substrates were cleaned prior to coating by rinsing with
propan-2-ol. For antibacterial testing, pieces of non-woven polypropylene sheet (0.11
mm thickness, 22.7 + 1.1 um fibre diameter, Spunbound, 70 g m~2, Avoca Technical
Ltd, UK) were spray coated. The non-woven polypropylene substrates were cleaned
prior to coating by soaking in ethanol for 15 min before being dried under vacuum.

3.2.2 Sessile Drop Contact Angle

Sessile drop contact angle analysis was carried out on coated glass slide substrates

with a video capture system in combination with a motorised syringe (VCA2500XE,
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AST Products Inc.). 1 uL droplets of ultrahigh-purity water (BS 3978 grade 1) and
hexadecane (99%, Sigma-Aldrich Ltd.) were dispensed for water and oil contact angle
measurements respectively. Following dispensation of the probe liquid onto the coated
substrate, a snapshot of the image was taken and analysed using the VCA-2500
Dynamic/Windows software. The water contact angle (WCA) was measured as soon
as the droplet was placed onto the surface and again after a period of 10 s—this was
done in order to observe any change in the WCA over a short time period due to the
“switching” behaviour of these surfaces (a short time of 10 s was chosen because
coatings required for oil-water separation applications need to switch quickly in order
to attain high efficiencies). The hexadecane contact angle (HCA) was measured as
soon as the droplet was placed onto the surface and it was observed not to vary with
time. The reported contact angle measurements were made after rinsing samples with
water and drying in air. Switching parameters were determined by calculating the

difference between the equilibrium hexadecane and water static contact angles.

3.2.3 Captive Bubble Contact Angle

Captive bubble contact angle analysis was carried out on coated glass slide substrates
with the video capture system in combination with a captive bubble attachment
dispensing approximately 1 uL air bubbles (VCA captive bubble accessory, AST
Products Inc.). Following release of the air bubble onto the coated substrate under
water, the droplet was viewed using the VCA-2500 Dynamic/Windows software.

3.2.4 Scanning Electron Microscopy

Coated silicon wafer substrates were mounted onto carbon disks supported on
aluminium stubs, and then coated with a thin gold layer (5-10 nm, Polaron SEM
Coating Unit, Quorum Technologies Ltd.). Surface morphology images were acquired
using a scanning electron microscope (model Vega 3LMU, Tescan Orsay Holdings
a.s.) operating in secondary electron detection mode, in conjunction with an 8 kV

accelerating voltage, and a working distance of 8—-11 mm.

3.2.5 Microindentation

Hardness values were obtained for coated silicon wafer substrates using a

microhardness tester (model MVK-H2, Mitutoyo Inc.) fitted with a standard Vickers tip.
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The tip force was applied for 10 s. Five microindentation measurements were made

across the surface for each applied force (international standard ASTM E384-11e1).*

3.2.6 Oil-Water Separation

Oil-water separation experiments were carried out using the coated stainless steel
mesh substrates. An agitated mixture of oil and water (high-purity, ISO 3696 grade 2)
was poured over the stainless steel mesh. The following oils were used: hexadecane
(99%, Sigma-Aldrich Ltd.), tetradecane (+99%, Sigma-Aldrich Ltd.), octane (+99%,
Sigma-Aldrich Ltd.), vegetable oil (Tesco PLC), and olive oil (Tesco PLC). The mesh
was either placed horizontally above one beaker or at an incline above two beakers
for batch and continuous separations respectively. In order to enhance the visual
contrast, Oil Red O (=275% dye content, Sigma-Aldrich Ltd.) and Procion Blue MX-R
(35% dye content, Sigma-Aldrich Ltd.) were added to the oil (red) and water (blue)
respectively. Oil-water separation efficiency was calculated from the masses of liquid

collected using the horizontal coated meshes.

3.2.7 Antibacterial Activity

Gram-negative Escherichia coli BW25113 (CGSC 7636; rrnB3 AlacZ4787 hsdR514
A(araBAD)567 A(rhaBAD)568 rph-1) and Gram-positive Staphylococcus aureus
(FDA209P, an MSSA strain; ATCC 6538P) bacterial cultures were prepared using
autoclaved (Autoclave Vario 1528, Dixons Ltd) Luria-Bertani broth (L3022, Sigma-
Aldrich Ltd.) media (2% w/v in Milli-Q water). A 5 mL bacterial culture was grown from
a single colony for 16 h at 37 °C and 50 pL used to inoculate a sterile polystyrene
cuvette (67.742, Sarstedt AG) containing Luria-Bertani broth (1 mL). The cuvette was
covered with Parafilm (Cole-Parmer Ltd) and then placed inside a bacterial incubator
shaker (Stuart Orbital Incubator S1500, Cole-Parmer Ltd) set at 37 °C and 120 rpm.
An optical density ODesonm = 0.4 was verified using a spectrophotometer (BOECO S-
30, Boeckel GmbH) to obtain bacteria at the mid-log phase of growth.

Pieces of non-woven polypropylene sheet (0.11 mm thickness, 22.7 £ 1.1 ym
fiore diameter, Spunbound, 70 g m~2, Avoca Technical Ltd, UK) were spray coated
with either poly(diallyldimethylammonium)—anionic fluorosurfactant complex or
poly(diallyldimethylammonium)—3% w/v silica (7 nm)—anionic fluorosurfactant complex
solutions, and the carrier solvent allowed to evaporate. Uncoated control samples

were washed in absolute ethanol for 15 min and then dried under vacuum in order to
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make sure they were sterile and clean. At least 4 different batches of each type of
coated sample, as well as the control uncoated non-woven polypropylene sheet, were
tested for antimicrobial activity.

Sterile microtubes (1.5 mL, Sarstedt AG) were loaded with the uncoated,
polymer—fluorosurfactant or polymer—nanoparticle—fluorosurfactant coated non-
woven polypropylene sheet. Next, 100 pL of the prepared bacteria solution was placed
onto each sheet (so that the microorganisms could interact with the surface), and left
to incubate (Bacterial Incubator 250, LMS Ltd) at 30 °C for 16 h. Next, autoclaved
Luria-Bertani broth media (900 uyL) was pipetted into each microtube and vortexed
(Vortex-Genie 2, Scientific Industries Inc.) in order to recover the bacteria as a 10-fold
dilution (1071). Further ten-fold serial dilutions were performed to give 1072, 1073, 1074,
107° and 10°® samples. Colony-forming unit (CFU) plate counting was performed by
placing 10 uL drops from each sample onto autoclaved Luria-Bertani solid agar plates
(EZMix™ powder, dust free, fast dissolving fermentation medium, L7533, Sigma-
Aldrich Ltd.) which was incubated (Bacterial Incubator 250, LMS Ltd) at 30 °C for 16
h. The number of colonies visible at each dilution were then counted.

3.3 Results

3.3.1 Sessile Drop Contact Angle

Oleophobic—hydrophilic surfaces were first prepared by spin coating of the
poly(styrene-co-maleic anhydride)-amphoteric fluorosurfactant complex dissolved in
DMF, Figure 3.1. The obtained results are similar to those reported previously using a
cationic fluorosurfactant of similar surface tension to the one used in this work
(Yamphoteric fluorosurfactant = 15.582 MN m™; yecationic fluorosurfactant = 19.8%% mN m™).43 Further
enhancement in the hexadecane contact angle, and therefore switching parameter,
was achieved through solvent-induced roughening of the coating by changing the
casting solution from DMF to a 1:2 v/v DMF / methanol mixture, Figure 3.1. This
solvent-induced roughness arises due to the poor solubility of styrene block segments
in methanol.®4 In all cases, the water contact angle reached equilibrium after a time
period of 10 s, while the hexadecane contact angle did not change with time. Both
uncoated silicon wafer and control poly(styrene-co-maleic anhydride) coated silicon
wafer surfaces showed the opposite wetting behaviour with the WCA being greater
than the HCA.
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Figure 3.1: Water contact angle (WCA) after 10 s (reached equilibrium) and hexadecane
contact angle (HCA) for spin-coated flat silicon wafer substrates. Fluorosurfactant is
abbreviated as FS. Error bars denote the sample standard deviation.

The effect of solvent roughening was not as great as previously reported with
the hexadecane contact angle only increasing from 73° £ 6° to 89° + 2° (compared to
HCA = 112° + 5°4%), This is thought to be due to the change in fluorosurfactant used
for complexation. Another way of introducing roughness into the coating is by mixing
roughening particles into the polymer—fluorosurfactant complex. At this point the
choice of polymer was reconsidered to align with the aim of preparing a coating
capable of antibacterial oil-water separation. The cationic polymer
poly(diallyldimethylammonium chloride) was chosen as this has previously been
reported to have antibacterial properties.®® The choice of a cationic polymer also now
allows for negatively charged silica nanoparticles to be used as the roughening
particles, as these will complex to the oppositely charged polymer upon mixing. The
same amphoteric fluorosurfactant can be used as this will also form a complex with
the positively charged polymer.

Before mixing of any roughening particles, the particle-free
poly(diallyldimethylammonium)—amphoteric  fluorosurfactant complex was first
prepared and oleophobic—hydrophilic surfaces were prepared using various coating

methods (spin-coating, dip-coating, solvent casting, and spray coating) from ethanol
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solvent, Figure 3.2. Both the water and hexadecane contact angles for the
poly(diallyldimethylammonium)—amphoteric fluorosurfactant complex are slightly
greater than those for the poly(styrene-co-maleic anhydride)-amphoteric
fluorosurfactant complex however the overall switching parameter (difference in water
and hexadecane contact angles) is similar. For the poly(diallyldimethylammonium)—
amphoteric fluorosurfactant complex, the use of the solvent casting and spray coating
techniques resulted in slightly larger hexadecane contact angles compared to the spin
and dip coating techniques, Figure 3.2. The solvent casting and spray coating
techniques were therefore used when incorporating roughening nanoparticles. An
anionic fluorosurfactant of similar surface tension to the amphoteric fluorosurfactant

was also tested (Yanionic fluorosurfactant = 19.096 mN m‘l).
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Figure 3.2: Water contact angle (WCA) after 10 s (reached equilibrium) and hexadecane
contact angle (HCA; does not change with time) for poly(diallyldimethylammonium)—
amphoteric fluorosurfactant coated flat glass substrates. Error bars denote the sample
standard deviation.

Oleophobic—hydrophilic surfaces were prepared using either anionic or
amphoteric fluorosurfactants in combination with poly(diallyldimethylammonium
chloride). Nanoparticle incorporation into these coatings led to an enhancement in the
switching parameter (the difference between the equilibrium oil and water static

contact angles) by either decreasing the water contact angle (WCA) or by increasing
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the hexadecane contact angle (HCA)—optimally a combination of both, Figure 3.3.
Eventually, a critical nanopatrticle loading value is reached beyond which the switching
behaviour starts to deteriorate. Prior to a drop in performance, the
poly(diallyldimethylammonium)—anionic fluorosurfactant complex system was found to
accommodate higher loadings of 7 nm silica nanopatrticles (3% w/v) compared to the
poly(diallyldimethylammonium)—amphoteric fluorosurfactant complex system (1.5%
w/v), and therefore the former was chosen for further investigation. At these optimum
nanoparticle loadings, the surface became completely wetting towards water within 10
S, Table 3.2, Table 3.3, Table 3.4, and Table 3.5. Such hydrophilicity is suitable for anti-
fogging applications*3. Similar trends were observed for both spray coating and solvent

casting methods of application.
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A range of other unfunctionalised and functionalised negatively charged nano-
and micron-size particles were also found to enhance the switching parameter, Figure
3.4. On the other hand, positively charged alumina and zinc oxide nanoparticles
performed less well. In the case of alumina nanoparticles, their inclusion at a loading
of 3% w/v gave rise to a detrimental effect on the switching parameter stemming from
a large rise in the water contact angle. Alkyl functionalised silica nanoparticles showed
greater oleophobicity at low loadings (1% w/v) compared to unfunctionalised silica
nanoparticles. At higher loadings (3% w/v), the alkyl functionalisation of nanopatrticles
appeared not to provide any significant advantage, Figure 3.4. Given that the
poly(diallyldimethylammonium)—anionic fluorosurfactant complex system with 3% w/v
loading of 7 nm silica nanoparticles displayed the largest switching parameter, this

was selected for further investigation.
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Figure 3.4: Oleophobic—-hydrophilic switching parameters for flat glass substrates spray
coated with various poly(diallyldimethylammonium)—particle—anionic fluorosurfactant complex
coatings at 3% w/v particle loading in poly(diallyldimethylammonium)—particle precursor
solution. Switching parameters are calculated from the difference between the hexadecane
and water static contact angles (after 10 s). Nanoparticle surface charge is indicated within
brackets as (=) or (+). Error bars denote the sample standard deviation.
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Introducing hierarchical roughness (surface roughness on multiple length
scales) into an oleophobic coating is an effective way of further increasing the oil
repellency.®’ Poly(diallyldimethylammonium)—particle—anionic fluorosurfactant
complexes containing a mixture of differently sized particles (total particle loading kept
constant at optimum loading of 3% w/v) have been prepared in an attempt to increase
the hexadecane contact angle further by introducing hierarchical roughness, Figure
3.5. A combination of nano- and micron-sized silica (1:1 w/w; 3% w/v total loading)
resulted in both an increase in water contact angle and a decrease in hexadecane
contact angle considerably reducing the switching parameter. A similar result was
obtained when using a combination of nano-sized silica and micron-sized graphene
(1:1 w/w; 3% wl/v total loading) although the effect was not as large and therefore the
switching parameter still remained greater than that of the particle-free

poly(diallyldimethylammonium)—anionic fluorosurfactant complex coating.
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Figure 3.5: Water contact angle (WCA) after 10 s (reached equilibrium) and hexadecane
contact angle (HCA; does not change with time) for flat glass substrates spray coated with
poly(diallyldimethylammonium)—anionic fluorosurfactant and various
poly(diallyldimethylammonium)—particle—anionic fluorosurfactant complex coatings at 3% wi/v
total particle loading in poly(diallyldimethylammonium)—particle precursor solution. Error bars
denote the sample standard deviation.
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One drawback of the oleophobic—hydrophilic polymer—particle—fluorosurfactant
coatings reported in this work is the use of a fluorine-containing surfactant to provide
the low surface energy tail groups required for oil repellency. This is because
fluorinated materials are harmful to the environment with recent studies highlighting
the persistence and bioaccumulation of fluorocarbons.6869.70.71.72.73.74 Therefore,
preparation of oleophobic—hydrophilic surfaces using non-fluorinated materials is
more desirable. However, it is difficult to prepare surfaces with sufficiently low surface
energy to render the surface oleophobic without using fluorine. Two previous studies
reporting fluorine-free coatings with HCA (in air) greater than WCA are in fact not
actually oleophobic as evidenced by their low motor oil contact angles of 57°’° and
64.7°76, Other reports of fluorine-free oleophobic—hydrophilic surfaces are actually
only oleophobic when underwater and are therefore easily contaminated by oils and
these oils will even pass through the filter when it dries up.”":787°

Superhydrophobic, fluorine-free surfaces have been reported using highly
branched hydrocarbon chains.?% Although oil repellency has not been reported for
such fluorine-free coatings, it was envisaged that a hyperbranched hydrocarbon chain
(such as isostearic acid®!) could be used as a replacement for the fluorosurfactant in
the oleophobic—hydrophilic polymer—particle—fluorosurfactant coatings reported in this
work. Fluorine-free polymer—surfactant complex coatings were prepared using
isostearic acid in combination with poly(diallyldimethylammonium chloride) and
although these coatings showed a positive switching parameter (HCA is greater than
WCA), the oil repellency is poor resulting in a relatively low switching parameter,
Figure 3.6. Incorporation of silica nanoparticles into these coatings led to a small
enhancement in the switching parameter up to silica nanoparticle loadings of 1.5%
w/v. However, the highest hexadecane contact angle measured was 40 + 5° for dip
coated poly(diallyldimethylammonium)-1.5% w/v silica—isostearic acid which is too

low for these surfaces to be considered oleophobic.
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Figure 3.6: Water contact angle (WCA) after 10 s (reached equilibrium) and hexadecane
contact angle (HCA; does not change with time) for flat glass substrates (a) dip coated and
(b) spin coated with poly(diallyldimethylammonium)—particle—isostearic acid complex coatings
as a function of 7 nm silica nanoparticle loading in poly(diallyldimethylammonium)—particle
precursor solution. Error bars denote the sample standard deviation.

In order to be able to separate oil-water mixtures, this oleophobic—hydrophilic

coating needs to be applied to a porous substrate to allow passage of the water
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through the pores. Sessile drop contact angle analysis of
poly(diallyldimethylammonium)—anionic fluorosurfactant and
poly(diallyldimethylammonium)—-3% w/v silica—anionic fluorosurfactant spray coated
mesh substrates confirmed that the same wettability (oleophobicity and hydrophilicity)
is observed when applied to mesh substrate as compared to the flat glass substrates,
Table 3.6 and Figure 3.7. The poly(diallyldimethylammonium)—anionic fluorosurfactant
coated mesh shows a larger water contact angle than expected however this is thought
to be due to the small droplet size used. In Section 3.3.5 (page 94), it is shown that
water does pass through this poly(diallyldimethylammonium)—anionic fluorosurfactant
coated mesh when the volume of water is greater than the 1 pL droplet used here.
The poly(diallyldimethylammonium)—anionic fluorosurfactant coated mesh also
displays a larger hexadecane contact angle than for the same coating on flat glass
substrate—this is due to the roughness of the mesh. A similar, although smaller, effect
is observed in the HCA for poly(diallyldimethylammonium)—-3% w/v silica—anionic

fluorosurfactant coated mesh compared to flat glass substrate.

Table 3.6: Water contact angle (WCA after 10 s) and hexadecane contact angle (HCA, does
not change with time) for poly(diallyldimethylammonium)—anionic fluorosurfactant and
poly(diallyldimethylammonium)—3% w/v silica—anionic fluorosurfactant spray coated glass and
stainless steel mesh substrates. Error bars denote the sample standard deviation.

Contact Angle/°

Substrate Coating Water -
Hexadecane | Switching
t=10s
Uncoated 25+2 <10 -15+2
Poly(diallyldimethylammonium)—
Glass T 22 +2 90+ 2 68+3
anionic fluorosurfactant
Poly(diallyldimethylammonium)—3%
- o <10 138+5 128 +5
w/v silica—anionic fluorosurfactant
Uncoated 106 + 3 35+3 -71+4

Poly(diallyldimethylammonium)—
Mesh ) 70+5 1112 41+5
anionic fluorosurfactant

Poly(diallyldimethylammonium)—3%
- o <10 143+ 4 133+4
w/v silica—anionic fluorosurfactant
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Figure 3.7: Microlitre water and hexadecane droplets dispensed onto
poly(diallyldimethylammonium)—anionic fluorosurfactant and poly(diallyldimethylammonium)—
3% wi/v silica—anionic fluorosurfactant spray coated glass and stainless steel mesh substrates.
Poly(diallyldimethylammonium) is abbreviated as PDDA.

Further to the coating of stainless steel mesh for oil-water separation
applications, pieces of non-woven polypropylene cloth were required to be coated for
antibacterial testing and so the wettability of the coating on this substrate was also
tested. Sessile drop contact analysis was carried out on both the dimpled and non-
dimpled areas of the coated non-woven polypropylene cloth used.®? Both regions of
the poly(diallyldimethylammonium)—anionic fluorosurfactant and
poly(diallyldimethylammonium)—-3% w/v silica—anionic fluorosurfactant coated cloths
displayed the oleophobic—hydrophilic behaviour expected, Table 3.7 and Figure 3.8.
The oil repellency of the particle-free coating on cloth is much greater than when
coated onto glass and stainless steel mesh substrates—this is due to the roughness
of the non-woven polypropylene substrate. Therefore, when coated onto cloth, the
added roughness due to the incorporation of silica nanoparticles only has a small effect
on the oil repellency with HCA increasing by only a small amount. The water and
hexadecane contact angles of the particle-containing coating on cloth are very similar
to those when coated onto glass or stainless steel mesh, Table 3.6 and Table 3.7. The
dimpled regions of the non-woven polypropylene cloth display lower contact angles
compared to the non-dimpled regions—this is due to the dimples interfering with the

Cassie-Baxter enhancement of oleophobicity.8?

88



Table 3.7: Water contact angle (WCA) after 0 s and 10 s (reached equilibrium) and
hexadecane contact angle (HCA; does not change with time) for
poly(diallyldimethylammonium)-anionic fluorosurfactant and poly(diallyldimethylammonium)—
3% wi/v silica—anionic fluorosurfactant spray coated non-woven polypropylene cloth substrate.
Error bars denote the sample standard deviation.

Contact Angle/°
Substrate Coating Water | Water -
Hexadecane | Switching
t=0s |t=10s
139+
Uncoated 5 139+6 <10 -129+6
Cloth Poly(diallyldimethylammoni
(non- um)—anionic 47+ 4 <10 138+5 128+5
dimpled fluorosurfactant
region) Poly(diallyldimethylammoni
um)—3% w/v silica—anionic | 34 £9 <10 142 +6 132+6
fluorosurfactant
109 +
Uncoated 3 109+ 3 <10 -99+3
Poly(diallyldimethylammoni
Cloth o
] um)—anionic 40+ 6 <10 96 + 10 86 +10
(dimpled
] fluorosurfactant
region) : : :
Poly(diallyldimethylammoni
um)—3% w/v silica—anionic | 18 +4 <10 109 +3 99+3
fluorosurfactant
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Figure 3.8: Water and hexadecane droplets on poly(diallyldimethylammonium)—3% w/v silica—
anionic fluorosurfactant spray coated non-woven polypropylene cloth substrate.

Oleophobic—hydrophilic surfaces have also successfully been prepared using
a two-step process consisting of plasma polymer deposition followed by
fluorosurfactant complexation, Appendix 1. When complexed with an amphoteric
fluorosurfactant, both pulsed plasma maleic anhydride and pulsed plasma 2-
(trifluoromethyl)maleic anhydride coated glass substrates showed oleophobic—
hydrophilic properties with switching parameters of around 70°. Both pulsed plasma
polymer coatings displayed the opposite wetting behaviour prior to fluorosurfactant

complexation.

3.3.2 Captive Bubble Contact Angle

For the superhydrophilic poly(diallyldimethylammonium)—3% w/v silica (7 nm)—anionic
fluorosurfactant and poly(diallyldimethylammonium)-1.5% w/v silica (7 nm)—
amphoteric fluorosurfactant complex coated substrates, it was found that the air
bubble did not release from the needle upon contact with the sample surfaces
(superhydrophilicity®3). Increasing the size of the air bubble until it eventually released
from the needle led to the bubble simply rising towards the sample followed by running
along the coating surface and off the edge, Figure 3.9. Hence, the captive bubble
contact angle value of 180° correlates to the calculated WCA of 0° (at 10 s) from the
sessile drop technique.® This surface hydrophilicity (low water contact angle) can be
attributed to a water layer being present on the surface—the water layer effectively

repels the air bubble preventing it from adhering to the coating surface.®®
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The difference observed between the sessile drop and the captive bubble
methods for measurements made at t = 0 s is because the timescale to “switch” is
about 10 s for the former, whereas the prior immersion of sample into water for the
latter has already caused the surface rearrangement (“switch”)—thereby effectively

making the captive bubble WCA unchanged betweent=0s andt=10s.

2 2

} 1
r-r

2 V|

Figure 3.9: Captive bubble contact angle measurement on a poly(diallyldimethylammonium)—
3% wilv silica (7 nm)—anionic fluorosurfactant spray coated flat glass substrate. Air bubble did
not adhere to coating surface and was observed to run along the surface and off the edge of
the sample. Red arrows show direction of movement of air bubble.
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3.3.3 Scanning Electron Microscopy

Scanning electron microscopy (SEM) showed that in the absence of silica
nanoparticles, the coatings are relatively smooth with any minor roughness features
attributable to the spray coating process, Figure 3.10 and Figure 3.11. The
incorporation of nanoparticles enhances the coating surface roughness for both the
poly(diallyldimethylammonium)—anionic fluorosurfactant and
poly(diallyldimethylammonium)—amphoteric fluorosurfactant systems. The scale of
the surface roughness features is approximately 100-200 nm in size which is
consistent with there being encapsulation of the nanoparticles within the polymer—
fluorosurfactant complex host matrix (rather than due to discrete individual 7 nm silica

nanoparticles).

No Nanoparticles Nanoparticles

Figure 3.10: SEM micrographs of spray coatings with and without nanoparticles on flat silicon
wafer substrates: (a) poly(diallyldimethylammonium)—-anionic fluorosurfactant; and (b)
poly(diallyldimethylammonium)—amphoteric fluorosurfactant. The silica (7 nm) nanoparticle
loadings correspond to the best switching parameters (3% w/v and 1.5% wi/v for (a) and (b)
respectively).
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No Nanoparticles Nanoparticles

Figure 3.11: Higher resolution SEM micrographs of spray coatings with and without
nanoparticles on flat silicon wafer substrates: (a) poly(diallyldimethylammonium)—anionic
fluorosurfactant; and (b) poly(diallyldimethylammonium)—amphoteric fluorosurfactant. The
silica (7 nm) nanoparticle loadings correspond to the best switching parameters (3% w/v and
1.5% wiv for (a) and (b) respectively).

3.3.4 Microindentation

Microindentation measurements showed that for a given indentation force, the
hardness improved with rising silica nanoparticle loading, Figure 3.12. In the absence
of or at low loadings of silica nanopatrticles (1% w/v silica), a large indentation force of
490 mN was sufficient to pierce through the coatings causing the underlying silicon
substrate to crack (i.e. a hardness value could not be measured at this high force). At
low indentation forces (20 mN), the coatings with 2% w/v and 3% w/v nanoparticle
loadings displayed no visible indent (i.e. scratch-resistant). Therefore, a force of 98
mN or 245 mN was employed in order to follow the effect of varying silica loading—
both forces showed that the hardness increases with rising silica loading, Figure 3.12.
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Figure 3.12: Vickers hardness number measured for various applied microindentation forces
as a functon of 7 nm silica nanoparticle loading concentration for
poly(diallyldimethylammonium)-silica—anionic fluorosurfactant spray coated onto silicon wafer
substrates. Error bars denote the sample standard deviation.

3.3.5 Oil-Water Separation

Poly(diallyldimethylammonium)—anionic fluorosurfactant complex and
poly(diallyldimethylammonium)—3% w/v silica (7 nm)—anionic fluorosurfactant coated
horizontal meshes displayed oil-water separation behaviour, Figure 3.13. High-purity
water passed through both uncoated and coated meshes, whilst oil (hexadecane) did
not pass through the coated mesh—thereby demonstrating that the coated mesh can
separate oil from water. Separation of a larger volume of oil-water mixture using a
poly(diallyldimethylammonium)—-3% w/v silica (7 nm)—anionic fluorosurfactant spray

coated mesh is shown in Figure 3.14.
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Uncoated PDDA-anionic PDDA-3% SiO,—

fluorosurfactant anionic
fluorosurfactant

Figure 3.13: Oil (hexadecane)—water separation performance of uncoated mesh (#50 mesh),
poly(diallyldimethylammonium)—anionic fluorosurfactant complex spray coated mesh (#50
mesh), and poly(diallyldimethylammonium)-3% w/v silica (7 nm)—anionic fluorosurfactant
spray coated mesh (#50 mesh). Oil is dyed red and water is dyed blue.
Poly(diallyldimethylammonium) is abbreviated as PDDA.
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Figure 3.14: Separation of an oil (hexadecane)-water mixture wusing a
poly(diallyldimethylammonium)-3% wi/v silica (7 nm)-anionic fluorosurfactant spray coated
mesh (#50 mesh). Oil is dyed red and water is dyed blue.
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Poly(diallyldimethylammonium)—-3% wi/v silica (7 nm)—anionic fluorosurfactant
spray coated horizontal meshes of different aperture sizes were then tested for oil
(tetradecane)—water separation properties, Figure 3.15. A mesh aperture size of 310
pm (#50 mesh) was sufficiently small enough to separate oil from water with 98.87 +
2.26% efficiency. Meshes with a slightly larger aperture size (410 pum, #40 mesh)
showed a small drop in separation efficiency whilst even larger apertures (650 um,
#30 mesh) were not successful in separating the oil-water mixture (% separation =
29.18 + 6.27%). Decreasing the aperture to 150 pum (#100 mesh) resulted in a similar
separation efficiency within the error compared to the #50 mesh. The #50 mesh
however has a higher mechanical strength compared to the #100 mesh and therefore
the #50 mesh was chosen for further separations due to its ability to be held at an

incline for oil-water separations without buckling under the weight of the oil-water

mixture.
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Figure 3.15: oll (tetradecane)—water separation efficiencies of

poly(diallyldimethylammonium)-3% wi/v silica (7 nm)—anionic fluorosurfactant spray coated
meshes of various aperture sizes. Error bars denote the sample standard deviation.
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By inclining the poly(diallyldimethylammonium—-3% w/v silica (7 nm)—anionic
fluorosurfactant coated #50 meshes above two beakers, oil-water mixtures could be
separated into the respective beakers, Figure 3.16. The small amount of water (less
than 5 % vol.) which passes into the oil beaker is due to some of the water being
dragged along by the oil across the mesh as it passes across it, and could be easily

removed by repeating the procedure.

sl e B

| I

Figure 3.16: Separation of an oil (hexadecane)-water mixture using a
poly(diallyldimethylammonium)—-3% wi/v silica (7 nm)—anionic fluorosurfactant spray coated
mesh (#50 mesh). Oil is dyed red and water is dyed blue.

Poly(diallyldimethylammonium)—-3% w/v silica (7 nm)—anionic fluorosurfactant
spray coated horizontal meshes (#50 mesh) were then tested for oil-water separation
properties using various different oils, Figure 3.17. Both long (tetradecane) and short
(octane) chain alkanes can be separated from water with 99.81 + 0.33% and 98.23 *
3.53% separation efficiency respectively. Similar performance was measured for
vegetable cooking oil, Figure 3.17, Figure 3.18. It is also possible to separate olive oll
from water, Figure 3.19.

98



100
90
80
70
60-
50
40
30
20-

10-

.

Separation Efficiency / %

I
Tetradecane Octane Vegetable Oil

Oil Tested

Figure 3.17: Oil-water separation efficiencies of poly(diallyldimethylammonium)—3% w/v silica
(7 nm)—anionic fluorosurfactant spray coated meshes (#50 mesh) tested with tetradecane,
octane, and vegetable oil. Error bars denote the sample standard deviation.

Figure 3.18: Separation of an oil (vegetable cooking oil)-water mixture using a
poly(diallyldimethylammonium)-3% w/v silica (7 nm)—anionic fluorosurfactant spray coated
mesh (#50 mesh). Water is dyed blue.

Figure 3.19: Separation of an oil (olive oil)-water mixture using a
poly(diallyldimethylammonium)-3% w/v silica (7 nm)—anionic fluorosurfactant spray coated
mesh (#50 mesh). Water is dyed blue.

99



The recyclability of the coated mesh was tested by using the same
poly(diallyldimethylammonium)—-3% w/v silica (7 nm)—anionic fluorosurfactant spray
coated horizontal mesh (#50 mesh) for four successive oil (tetradecane)-water
separations. No drop in separation efficiency was observed, Figure 3.20.
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Figure 3.20: Oil (tetradecane)-water separation efficiency of the same
poly(diallyldimethylammonium)-3% w/v silica (7 nm)—anionic fluorosurfactant spray coated
mesh used for four successive separations. Error bars denote the sample standard deviation.

3.3.6 Antibacterial Activity

These polymer—fluorosurfactant complexes were tested for their antibacterial
properties against E. coli bacteria (often found in drinking water supplies®) and S.
aureus bacteria (present in seawater®’) which are both harmful to human health. The
control untreated non-woven polypropylene sheet displayed E. coli and S. aureus
bacterial counts of 2.88 + 0.39 x 10° CFU mL™ at 107® dilution (n = 6, standard
deviation error) and 2.70 + 0.73 x 10° CFU mL™ at 10 dilution (n = 4, standard
deviation error) respectively, Figure 3.21. Both poly(diallyldimethylammonium)—
anionic fluorosurfactant and poly(diallyldimethylammonium)—-3% wi/v silica (7 nm)—
anionic fluorosurfactant complex coated non-woven polypropylene sheets showed
high antibacterial activity against the E. coli and S. aureus bacteria tested. The former
reduced the number of both E. coli and S. aureus bacteria to zero at 107! dilution,
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whilst the latter exceeded +99.99% killing (2.83 + 4.34 x 10* CFU mL™) of E. coli
bacteria at 1072 dilution (n = 6, standard deviation error) and +99.97% killing (6.50 +
6.65 x 10° CFU mL™) of S. aureus bacteria at 1072 dilution (n = 4, standard deviation

error), Figure 3.21.
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Figure 3.21: Antibacterial activity against E. coli (Gram-negative) and S. aureus (Gram-
positive) bacteria: (a) untreated non-woven polypropylene sheet control; (b)
poly(diallyldimethylammonium)—anionic fluorosurfactant complex spray coated non-woven
polypropylene sheet; (c) poly(diallyldimethylammonium)-3% w/v silica (7 nm)-anionic
fluorosurfactant spray coated non-woven polypropylene sheet. Reported values are averaged
over at least 4 different values with standard deviation error. [Antibacterial testing performed
by H. J. Cox, S. N. Barrientos-Palomo, and Dr G. J. Sharples].

3.4 Discussion

Various different polymer—fluorosurfactant complex coatings have been shown to
exhibit fast-switching oleophobic—hydrophilic properties, Figure 3.1, Figure 3.2, and
Figure 3.3. Silica nanoparticle incorporation into two of these complexes with
optimised silica loading concentrations (3% w/v and 1.5% w/v for the polymer—anionic
fluorosurfactant and polymer—amphoteric fluorosurfactant respectively) improves the
surface hydrophilicity and oleophobicity relative to the nanoparticle-free control
samples due to the impact of surface roughening upon Wenzel®® and Wenzel/Cassie-

Baxter®® states of wetting respectively. Furthermore, a range of other nano- and
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micron-sized particles are found to enhance the switching parameter relative to the
particle-free surfaces, Figure 3.4. At a loading of 3% w/v, negatively charged particles
enhance the hydrophilic and oleophobic properties whilst positively charged particles
perform less well—this can be attributed to their ability to complex to the positively
charged polymer backbone. Negatively charged alkyl functionalised silica
nanoparticles improve the switching parameter further at lower loadings due to their
greater oleophobicity compared to complexes containing unfunctionalised silica—this
can be attributed to the presence of the oleophobic alkyl groups on the functionalised
silica nanoparticles. Such incorporation of nanoparticles into coating surfaces mimic
nanoscale roughness widely found on plant surfaces for the enhancement of liquid
wettability®® / repellency?®?.

The oleophobicity of polymer—fluorosurfactant complex surfaces can be
attributed to the fluorinated surfactant tails being orientated towards the air—solid
interface exposing the low surface energy terminal CFs groups.** Consequently, the
hydrophilic ionic surfactant head groups and the complexed polymer counterionic
groups are buried within the subsurface region. When droplet water molecules come
into contact with these polymer—fluorosurfactant surfaces, they are able to diffuse
towards these underlying hydrophilic groups via one of two mechanisms: either the
water molecules wick down towards the hydrophilic subsurface region due to defects
at the air—solid interface,*® or the hydrophilic subsurface is exposed to the water
molecules as a consequence of water-induced molecular rearrangement of the
fluorinated chains.*® Both mechanisms can account for the time-dependent
hydrophilicity of the polymer—fluorosurfactant complex surfaces (it either takes time for
the water molecules to penetrate through the defects, or it takes time for the fluorinated
chains to orientate during the water-induced molecular rearrangement). The
oleophobic behaviour can also be accounted for on the basis of either mechanism. In
the case of the defect mechanism, the much larger oil molecules are unable to
penetrate any film defects, and so only come into contact with the low surface energy
fluorinated tails. Alternatively, if the mechanism involves a water-induced molecular
rearrangement, then the oleophobicity occurs as a result of the fluorinated chains
remaining exposed at the air—solid interface when in contact with oil. Hence, the
polymer—fluorosurfactant complex surfaces display the observed switching
oleophobic—hydrophilic properties (the difference between the static water and olil

contact angles).
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An attempt was made to prepare fluorine-free polymer—surfactant oleophobic—
hydrophilic surfaces using a highly branched hydrocarbon surfactant as a replacement
for the fluorosurfactant. Increasing the level of branching in alkyl chains results in
greater packing of the CHs— and —CH2— groups at the surface which in turn lowers the
surface energy of such coatings down to values comparable to fluorinated
surfactants.®? However, these surfaces were not oleophobic with a maximum HCA of
40 + 5°, Figure 3.6. Nevertheless, given that the switching parameter is positive (HCA
greater than WCA), it is thought that fluorine-free oleophobic—hydrophilic polymer—
surfactant complexes could be possible, potentially through the use of a more highly
branched surfactant.

The nanoparticle-containing polymer—fluorosurfactant coatings display
improved hardness (durability) relative to the particle-free control samples, Figure
3.12. Coating of the polymer—nanoparticle—fluorosurfactant complexes onto stainless
steel mesh provides for oil(hexadecane)—water mixture separation, Figure 3.13, Figure
3.14 and Figure 3.16. It is also possible to separate both shorter chain alkanes
(tetradecane and octane) and vegetable oil from water with >98% efficiency, Figure
3.17. Furthermore, coated stainless steel meshes are also able to separate olive oil
from water Figure 3.19. Although olive oil is considered nonpolar and mostly consists
of triglycerides, it also contains minor polar components such as mono- and
diglycerides as well as phospholipids.®® These minor polar components are large
molecules and so the ability to separate olive oil from water can be attributed to the
fact that these large polar molecules cannot wick down towards the hydrophilic
subsurface region and are therefore repelled by the low surface energy fluorinated
tails of the fluorosurfactant. Repeated use of the same polymer—nanoparticle—
fluorosurfactant coated mesh for oil(tetradecane)—water separation did not result in a
drop in performance demonstrating the recyclability of the coated mesh, Figure 3.20.

Such utilisation of cationic poly(diallyldimethylammonium) polymers for
fluorosurfactant complex formation incorporates the added benefit of antibacterial
poly(diallyldimethylammonium)  quaternary  ammonium  centres.®®%  These
antimicrobial properties arise due to the interactions of the positively charged
ammonium group with the negatively charged head groups of phospholipids in
bacterial membranes which cause disruption of the membrane leading to cell leakage
and eventually cell death.®>%°9" The measured +99.99% (E. coli) and +99.97% (S.
aureus) bacterial kill rate for poly(diallyldimethylammonium)—3% w/v silica (7 nm)—

103



anionic fluorosurfactant complex coated non-woven polypropylene sheets can be
attributed to surface roughness lowering available anchoring points for bacteria
attachment (reduction in available area of contact with the bacteria’s outer surface®).
The small difference in bacteria kill rates between E. coli and S. aureus for
poly(diallyldimethylammonium)—3% w/v silica (7 nm)—anionic fluorosurfactant complex
coated non-woven polypropylene sheets may be due to differences in the outer
surface structures of the two species.®®

Previously reported polymer—fluorosurfactant complex surfaces have tended to
exhibit relatively small switching parameters34:3537:44.4849 (ysyally as a result of poor
oleophobicity) or display long switching times*14? (taking several minutes for the water
droplets to fully wet the surface). Both of these problems are overcome using the
polymer—nanoparticle—fluorosurfactant coating reported here. Furthermore, the
current single-step application methodology is far more straightforward compared to
earlier lengthy layer-by-layer approaches involving multiple steps.3® In addition, the
antimicrobial properties of these coatings allows for simultaneous oil-water separation
and killing of bacteria—the first time this has been reported for an oleophobic(in air)—
hydrophilic coating (previous reports of antibacterial oil-water separation utilise

coatings that are oleophilic in air and are therefore easily fouled by 0ils58:5960),

3.5 Conclusions

Multifunctional fast-switching oleophobic—hydrophilic coatings have been prepared
using polymer—nanoparticle—fluorosurfactant complexes. These can be deposited in a
single step by spraying or solvent-casting. Electrostatic attraction of negatively
charged nanoparticles (silicas and graphene) within cationic
poly(diallyldimethylammonium)—anionic fluorosurfactant complex films introduces
surface roughening which enhances hydrophilicity and oleophobicity as a
consequence of Wenzel and Wenzel/Cassie—Baxter wetting states respectively.
These surfaces provide high-efficiency continuous oil-water separation. Nanoparticle
incorporation also improves coating hardness (durability). The cationic polymer
quaternary ammonium centres present within these polymer—nanoparticle—
fluorosurfactant complex systems impart antibacterial surface properties (including
against water-borne E. coli (Gram-negative) and S. aureus (Gram-positive) bacteria).

Other applications include antibacterial-antifogging surfaces.
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4.1 Introduction

Bacterial colonisation of surfaces (biofilm formation) such as medical devices,*
implants,? and those in a healthcare setting® contribute to the spreading of bacterial
infections posing a huge threat to human health.# Biofilms are significantly more
resistant to antibiotics than planktonic bacteria and so antibacterial surfaces which can
prevent biofilm formation are necessary for limiting the spread of infections.® There are
three main types of antibacterial surface coating: bacteria-repelling, contact-killing,
and biocide-releasing coatings. Bacteria-repelling coatings resist the adsorption of
bacteria preventing biofilm formation and are commonly prepared using for example
poly(ethylene glycol) films.® Contact-killing coatings consist of antimicrobial
compounds, such as those containing cationic quaternary ammonium groups, tethered
to a polymer coating and can kill bacteria upon adsorption onto the surface.’” For both
of these types of antibacterial surface, the antimicrobial action requires close proximity
between the surface and the bacteria. As a consequence, these surfaces are readily

contaminated due to the formation of a layer of dead bacteria which both blocks the
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active antibacterial groups and provides a surface for adsorption of live bacteria,
resulting in the deactivation of such coatings.? The antibacterial action of biocide-
releasing coatings on the other hand is due to the leaching of antibacterial compounds
allowing killing of bacteria both within close proximity and further from the surface.®
These surfaces offer the ability to deliver a high concentration of antibacterial agent
locally however the duration of antibacterial action is ultimately shorter due to the finite
reservoir of antibacterial agent.° The ability to control the release rate of the
antibacterial agent is therefore highly desirable.

Biocide-releasing coatings have been prepared in the past by fabrication
methods including dip coating,'®!%12 spin coating,® solvent casting,'* sol-gel,>16
electrodeposition,'’'® graft polymerisation,’® photo-polymerisation,?® thermal
spraying,?* chemical vapour deposition,?? and self-assembled monolayer formation?3
to incorporate biocides such as metal ions and antibiotics into thin films. However,
these techniques have many drawbacks such as requiring the use of solvents,1516.19.20
high temperatures,'>162122 or specific substrates,?® as well as being multi-
step,10:11,121317.1820 or |engthy!4161° processes. The use of plasma deposition is
therefore attractive as this provides a solventless, low temperature, and substrate-
independent route for depositing thin antibacterial films.242°

Biocide-releasing antibacterial coatings have been prepared by impregnating
plasma polymers with silver ions through immersion however these again suffer from
being multi-step processes.?6:27:28.29.30.31.32 Qther multi-step processes have been
reported where a plasma polymer layer is used as a barrier layer to control the release
rate of biocide agents including Zn ions33 and antibiotics such as ciprofloxacin,3*
vancomycin,® and ampicillin®. A single-step technigue which simultaneously uses
plasma polymerisation and metal-sputtering has been used to incorporate Ag3’38:3° or
Cu? into an organosilicon matrix has been reported however the deposition rate for
this technique is very low3738:39 and the metal content must be high (>38%) to impart
antibacterial properties®®. The same technique has been used to prepare
Ag/hydrocarbon nanocomposites.#*42 A similar technique which deposits Ag-
containing nanocomposites by simultaneous sputtering of polymer and metal from
independent magnetron sources also suffers from slow deposition rates.*34* A single-
step atmospheric pressure plasma chemical vapour deposition (APCVD) technique

using a plasma jet results in much greater deposition rates, however requires much
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greater plasma power,4>4647.48 the use of solvent to inject the metal containing solution
into the plasma,#>:46:47.48.49 or results in poor antibacterial properties for coatings with
high silver content®°. Antibacterial silver-containing hydroxyapatite coatings have also
been prepared using a single-step plasma spray process however the preparation of
the precursor powder is a lengthy process involving the use of solvents and a high
temperature heat treatment step.>* Another disadvantage of the previously mentioned
biocide-releasing coatings is the cytotoxicity of the released antibacterial agent,
especially when metals such as silver are used.®?%3 Furthermore, there is the
increasing risk of silver-resistant® and antibiotic-resistant bacteria.>® Therefore, there
is a need to develop a deposition technique which overcomes the above-mentioned
disadvantages and which can prepare biocompatible biocide-releasing coatings.

A new class of metal-based surfactant materials known as metallosurfactants
have an amphiphilic structure similar to surfactant molecules but however show
interesting additional properties due to having a d or f block metal complexed to the
surfactant.>® In addition to changing the metal used, the ratio of metal to surfactant,’
the length of surfactant alkyl chain,®® and whether the metal is concentrated in the
head group,®° tail group,® or as the counter ion®! of the surfactant can all be tailored
to change the physical and chemical properties of the metallosurfactant. Therefore,
these have a wide range of possible applications including for solubilisation of
dyes, %283 protein binding,%* drug delivery,®® anti-cancer,% CO-releasing for biomedical
applications,® magnetic resonance imaging,®’ bio-imaging,%® templating for
mesostructures,®® nanoparticle synthesis,’®’! catalysis,’”? and light-driven hydrogen
generation’®. Furthermore, the amphiphilic nature of metallosurfactants allows for
different or enhanced interactions with biomolecules compared to non-amphiphilic
metal complexes and therefore they have great potential for biological and medicinal
applications.” One of these biological properties of metallosurfactants is their
antimicrobial activity towards both bacterial and fungal
species.’>76.77,78,79,80,81,82,83,84,85,86,87,88,89.90 \Whilst many surfactant molecules on their
own are antibacterial®:°293, there is a great enhancement in these properties upon
formation of a metallosurfactant.%4:95.96.97.98,99.100 Thjs jncrease in antibacterial activity
is due to the greater hydrophobic character of the metallosurfactant which allows for
easier permeation through, and therefore greater damage of, the lipid layers of

bacterial/fungal cell membranes.1°:192 Increasing the hydrophobicity by extending the
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length of the surfactant alkyl chain'® or by employing double chain systems over
single chain ones'%* are effective ways to improve antibacterial activity. Furthermore,
metallosurfactants have been shown to have low cytotoxicity towards healthy human
cells.% All previous reports of antibacterial metallosurfactants have tested these
properties in solution. Whilst metallosurfactants have been incorporated into coatings
for optoelectronic devices,% ultrathin redox-active surfaces,’®” and corrosion
mitigation surfaces,'®® their antibacterial properties have not yet been exploited for
antibacterial surface coatings.

Atomised spray plasma deposition (ASPD) is a single-step, room temperature,
solventless method for the preparation of functional coatings.% 10 This encompasses
the nebulisation of liquid or slurry droplets into a non-equilibrium electrical discharge.
At low energy inputs, high levels of structural retention (functionality) can be attained.
In this chapter, highly antibacterial biocide-releasing polymer—metallosurfactant
coatings are prepared by ASPD using 2-hydroxyethyl methacrylate and two different
metallosurfactants!!':  bishexadecyltrimethyl ammonium iron(ll) tetrachloride
(Fe:CTAC) and bishexadecyltrimethyl ammonium copper(ll) tetrachloride (Cu:CTAC),
Scheme 4.1. ASPD coated non-woven polypropylene cloth sheets displayed high
antibacterial activity against both the E. coli (Gram-negative) and S. aureus (Gram-

positive) bacterial species tested.
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Scheme 4.1: Atomised spray plasma deposition of antibacterial 2-hydroxyethyl methacrylate—
2% w/v M:CTAC (M denotes Cu or Fe) nanocomposite layers.
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4.2 Experimental

4.2.1 Atomised Spray Plasma Deposition

Precursor materials used were 2-hydroxyethyl methacrylate (HEMA, 97%, Sigma-
Aldrich Ltd.), and metallosurfactants bishexadecyltrimethyl ammonium iron (Il)
tetrachloride (Fe:CTAC (1:2)) and bishexadecyltrimethyl ammonium copper (II)
tetrachloride (Cu:CTAC (1:2)), Structure 4.1. The metallosurfactant powders were
prepared and supplied by P. Garg (Department of Chemistry and Centre of Advanced
Studies in Chemistry, Panjab University, India).''! Metallosurfactant powders were
dissolved at a 2% wi/v loading in liquid monomer and after shaking to dissolve, the
mixtures were loaded into a sealable glass delivery tube. This precursor mixture was
then degassed using several freeze—pump-thaw cycles. Substrates used for
antibacterial testing were pieces of non-woven polypropylene sheet (0.11 mm
thickness, 22.7 + 1.1 um fibre diameter, Spunbound, 70 g m~2, Avoca Technical Ltd,
UK). These pieces were washed prior to coating by soaking in absolute ethanol (+99.8
wt %, Fisher Scientific UK Ltd.) for 15 min and then dried under vacuum in order to
make sure they were sterile and clean. Uncoated control samples were washed in the
same way. At least 4 different batches of each type of coated sample, as well as the
control uncoated non-woven polypropylene sheet, were tested for antimicrobial
activity. Silicon (100) wafers (0.014-0.024 Q cm resistivity, Silicon Valley
Microelectronics Inc.) were also placed at the edges of the polypropylene sheet pieces
to allow for thickness measurements, sessile drop contact angle analysis, and infrared
spectroscopy analysis. These were cleaned prior to coating by sonication in a 1:1 v/v
propan-2-ol (+99.5 wt%, Fisher Scientific Ltd.) / cyclohexane (+99.5%, Fisher
Scientific Ltd.) mixture, followed by UV/ozone treatment (model UV.TC.EU.003,
BioForce Nanosciences Inc.), and a final sonication step in the propan-2-ol /
cyclohexane mixture. After air drying, substrates were placed downstream in line-of-

sight from the ASPD atomiser, Figure 4.1.
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Figure 4.1: Atomised spray plasma deposition (ASPD) chamber.12

Atomised spray plasma deposition (ASPD) was carried out in an electrodeless,
cylindrical, T-shape glass reactor (volume 1195 cm?, base pressure less than 3x1073
mbar, and a leak rate better than 2x107° mol s™%) enclosed in a Faraday cage.''® The
chamber was pumped by a 30 L min~ two-stage rotary pump (model E2M2, Edwards
Vacuum Ltd.) attached to a liquid nitrogen cold trap, and the system pressure

monitored by a thermocouple gauge. An L—C impedance matching network was used
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to minimise the standing wave ratio for power transmitted from a 13.56 MHz radio
frequency (RF) power supply to a copper coil (4 mm diameter, 7 turns, spanning 5.5
cm). The copper coil was located 12.5 cm downstream from the atomiser nozzle (20
um diameter median droplet size, model No. 8700-120, Sono-Tek Corp.1#15), which
was driven by a broadband ultrasonic generator (120 kHz, model No. 06-05108, Sono-
Tek Corp.). Prior to each coating deposition, the chamber was scrubbed with
detergent, rinsed with propan-2-ol and acetone (+99%, Fisher Scientific Ltd.), and
oven dried. Next, a continuous wave air plasma was ignited for 30 min at 0.2 mbar
pressure and 50 W power in order to remove any remaining trace contaminants from
the chamber walls. Ambient temperature deposition was carried out using a 50 W
continuous wave plasma in conjunction with atomisation of the precursor into the
reaction chamber employing an optimised flow rate of 8 + 1 x10™* mL s™. Upon plasma
extinction, the atomiser was switched off and the system was evacuated to base

pressure, followed by venting to atmosphere.

4.2.2 Scanning Electron Microscopy

Electron micrographs of ASPD coated non-woven polypropylene sheet pieces were
acquired as described in Section 3.2.4 (page 72). A working distance of 14—-21 mm
was used. SEM cross-section analysis was also performed on ASPD coated silicon
wafer substrates to determine film thickness. For SEM cross-section analysis, coated
silicon wafer substrates were fractured following freezing in liquid nitrogen, and then

mounted onto carbon disks supported on 45° tilt aluminium stubs.

4.2.3 Infrared Spectroscopy

Fourier transform infrared (FTIR) analysis was carried out using an FTIR spectrometer
(model Spectrum One, Perkin Elmer Inc.) equipped with a liquid nitrogen cooled
mercury cadmium telluride (MCT) detector. The spectra were averaged over 285
scans at a resolution of 4 cm™ across the 450-4000 cm™ range. Reflection—
absorption infrared spectroscopy (RAIRS) of ASPD nanocomposite layer coated
silicon wafers was performed using a variable angle reflection—absorption accessory
(Specac Ltd.) fitted with mirrors aligned at an angle of 66° to the substrate normal
(sampling depth of 0.5-20 pum for RAIRS!). Attenuated—total-reflection (ATR)
spectra of 2-hydroxyethyl methacrylate, Cu:CTAC, Fe:CTAC, and ASPD

nanocomposite layer coated non-woven polypropylene sheet were obtained using a
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single reflection type ll-a diamond brazed into tungsten carbide accessory (model
Golden Gate, Specac Ltd.).

4.2.4 Sessile Drop Contact Angle

Sessile drop contact angle analysis was carried out on coated silicon wafer substrates
with a video capture system in combination with a motorised syringe (VCA2500XE,
AST Products Inc.). 1 pL droplets of ultrahigh-purity water (BS 3978 grade 1) were
dispensed for water contact angle measurements. Following dispensation of the probe
liquid onto the coated substrate, a snapshot of the image was taken using the
Hauppange WiInTV software and analysed using the ImageJ software (using the Low
Bond Axisymmetric Drop Shape Analysis plugin). The water contact angle (WCA) was
observed not to vary with time.

4.2.5 Antibacterial Activity

For antibacterial testing, the non-woven polypropylene sheet samples were cut into
pieces of 0.5 cm x 0.5 cm size. Gram-negative Escherichia coli BW25113 (CGSC
7636; rrB3 Alacz4787 hsdR514 A(araBAD)567 A(rhaBAD)568 rph-1) and Gram-
positive Staphylococcus aureus (FDA209P, an MSSA strain; ATCC 6538P) bacterial
cultures were prepared as described in Section 3.2.7 (page 73).

Sterile 96 well plates (Sarstedt AG) were loaded with the uncoated, ASPD 2-
hydroxyethyl methacrylate or ASPD 2-hydroxyethyl methacrylate—metallosurfactant
coated non-woven polypropylene sheet. Next, 10 uL of the prepared bacteria solution
was placed onto each sheet (so that the microorganisms could interact with the
surface), and left to incubate (Bacterial Incubator 250, LMS Ltd) at 30 °C for 16 h.
Next, autoclaved Luria-Bertani broth media (90 uL) was pipetted into each well and
mixed with the bacteria on the sample surface to recover the bacteria as a 10-fold
dilution (107%). Further ten-fold serial dilutions were performed to give 1072, 1072, 1074,
107% and 10°® samples. Colony-forming unit (CFU) plate counting was performed as

described in Section 3.2.7 (page 73).
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4.3 Results

4.3.1 Deposition Rate

The optimal atomised spray plasma deposition (ASPD) rate for the 2-hydroxyethyl
methacrylate precursor was measured to be 749 + 293 nm min™ at a liquid flow rate
of 8+ 1 x10™* mL s, Table 4.1. This film growth rate is an order of magnitude greater
than that reported for conventional vapour phase plasma deposition of 2-hydroxyethyl
methacrylate (13.4 nm min~ for pulsed plasma deposition, 30 nm min~* for continuous
wave plasma deposition)” and can be attributed to the higher precursor flow rate
which results from the atomisation of liquid droplets.'%°® The optimal atomised spray
plasma deposition rate for the 2-hydroxyethyl methacrylate—metallosurfactant
nanocomposites was measured to be 2507 + 604 nm min~! and 3019 + 888 nm min!
for Fe:CTAC and Cu:CTAC, respectively.

Table 4.1: Thickness measurements made by SEM cross-section analysis of ASPD coated
silicon wafer substrates. Error bars denote the sample standard deviation.

_ Thickness | Deposition Rate
Coating )
/ um /nm min~t

ASPD 2-hydroxyethyl methacrylate 56+3.2 749 £ 293
ASPD 2-hydroxyethyl methacrylate—2% Fe:CTAC | 22.3+5.0 2507 + 604

ASPD 2-hydroxyethyl methacrylate—2% Cu:CTAC | 29.4 + 8.1 3019 + 888

4.3.2 Scanning Electron Microscopy

Scanning electron microscopy (SEM) showed that in the absence of metallosurfactant,
the ASPD poly(2-hydroxyethyl methacrylate) coatings exhibited a smooth
appearance, Figure 4.2. The untreated non-woven polypropylene cloth was shown to
have a very similar appearance. The incorporation of metallosurfactants into the
poly(2-hydroxyethyl methacrylate) coating enhances the surface roughness for both
Fe:CTAC and Cu:CTAC systems. There is no obvious difference in surface roughness
between the Fe:CTAC and Cu:CTAC coatings. The overall structure of the cloth is not

altered due to the coating, only the fibres are coated, Figure 4.3.
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Figure 4.2: SEM micrographs of non-woven polypropylene cloth: (a) untreated; (b) ASPD
poly(2-hydroxyethyl methacrylate); (c) ASPD 2-hydroxyethyl methacrylate—2% wi/v Fe:CTAC;
(d) ASPD 2-hydroxyethyl methacrylate—2% w/v Cu:CTAC.
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Figure 4.3: SEM micrographs of non-woven polypropylene cloth: (a) untreated; (b) ASPD
poly(2-hydroxyethyl methacrylate); (c) ASPD 2-hydroxyethyl methacrylate—2% wi/v Fe:CTAC;
(d) ASPD 2-hydroxyethyl methacrylate—2% w/v Cu:CTAC.

4.3.3 Infrared Spectroscopy

Infrared spectroscopy showed high levels of structural retention for the ASPD poly(2-
hydroxyethyl methacrylate) layers on silicon wafer pieces, Figure 4.4 and Table 4.2.
Characteristic poly(2-hydroxyethyl methacrylate) absorbances include: O-H
stretching (3400 cm™), antisymmetric CHz stretching (2949 cm™), symmetric CHs
stretching (2883 cm™), C=0 stretching (1727 cm™), and C-H stretching (1455
cm™1),109.117.118 Disappearance of the peaks due to the C=C bond associated with the
precursor molecule confirmed polymerisation via the 2-hydroxyethyl methacrylate
C=C group during ASPD: =CH2 twisting (815 cm™), =CH2 wagging (942 cm™), and
C=C stretching (1637 cm™).11811° These peaks are replaced by a peak at 750 cm™
attributed to —CH2— twisting.1%® Similar results were obtained when coated on non-
woven polypropylene cloth substrate, Figure 4.5.

The infrared spectra of the ASPD 2-hydroxyethyl methacrylate—2% wi/v
Fe:CTAC and ASPD 2-hydroxyethyl methacrylate—2% w/v Cu:CTAC layers showed

similar characteristic poly(2-hydroxyethyl methacrylate) absorbances, Figure 4.4 and
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Table 4.2. Metallosurfactant incorporation into the layers is evident due to the
appearance of an absorption band at 2851 cm™ (Fe:CTAC containing layer) and 2852
cm™ (Cu:CTAC containing layer) associated with symmetric CH2 stretching of
metallosurfactant alkyl chains, Figure 4.6. In addition, absorbance bands are also now
observed at 2921 cm™ (Fe:CTAC containing layer) and 2924 cm™ (Cu:CTAC
containing layer) attributed to antisymmetric CH2 stretching of metallosurfactant alkyl
chains, Figure 4.6. The weaker —CH2— rocking and twisting absorbances associated
with the metallosurfactant precursors are not observed in the ASPD layers—this is
probably due to the low (2% w/v) metallosurfactant concentration in the 2-hydroxyethyl

methacrylate precursor mixture.
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Figure 4.4: Infrared spectra: (a) ATR 2-hydroxyethyl methacrylate liquid precursor; (b) RAIRS
ASPD 2-hydroxyethyl methacrylate polymer layer on silicon substrate; (c) ATR Fe:CTAC solid
precursor; (d) ATR Cu:CTAC solid precursor; (e) RAIRS ASPD 2-hydroxyethyl methacrylate—
2% w/v Fe:CTAC layer on silicon substrate; and (f) RAIRS ASPD 2-hydroxyethyl
methacrylate—2% w/v Cu:CTAC layer on silicon substrate across (i) 500—4000 cm™ and (ii)
500-2500 cm™ range. % denotes absorbances associated with the polymerisable C=C double
bond contained in the 2-hydroxyethyl methacrylate precursor. [Infrared spectroscopy data
acquired by I. Castafieda-Montes].
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Figure 4.5: Infrared spectra: (a) ATR 2-hydroxyethyl methacrylate liquid precursor; (b) ATR
ASPD 2-hydroxyethyl methacrylate polymer layer on cloth substrate; (c) ATR Fe:CTAC solid
precursor; (d) ATR Cu:CTAC solid precursor; () ATR ASPD 2-hydroxyethyl methacrylate—2%
w/v Fe:CTAC layer on cloth substrate; and (f) ATR ASPD 2-hydroxyethyl methacrylate—2%
w/v Cu:CTAC layer on cloth substrate. % denotes absorbances associated with the
polymerisable C=C double bond contained in the 2-hydroxyethyl methacrylate precursor.
[Infrared spectroscopy data acquired by |. Castafieda-Montes].
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Figure 4.6: Infrared spectra: (a) ATR 2-hydroxyethyl methacrylate liquid precursor (x5
magnification); (b) RAIRS ASPD 2-hydroxyethyl methacrylate polymer layer on silicon
substrate (x5 magnification); (¢) ATR Fe:CTAC solid precursor; (d) ATR Cu:CTAC solid
precursor; (e) RAIRS ASPD 2-hydroxyethyl methacrylate—2% w/v Fe:CTAC layer on silicon
substrate (x5 magnification); and (f) RAIRS ASPD 2-hydroxyethyl methacrylate—2% w/v

Cu:CTAC layer on silicon substrate (x5 magnification). % and %, denote symmetric CH:
stretching absorbances associated with the metallosurfactant precursors and ASPD 2-
hydroxyethyl methacrylate—2% w/v metallosurfactant layers, respectively. 1 and }. denote
antisymmetric CH; stretching absorbances associated with the metallosurfactant precursors
and ASPD 2-hydroxyethyl methacrylate—2% w/v metallosurfactant layers, respectively.
[Infrared spectroscopy data acquired by |. Castafieda-Montes].

4.3.4 Sessile Drop Contact Angle

Static water contact angle measurements of ASPD 2-hydroxyethyl methacrylate on
silicon wafer showed hydrophilic behaviour with a water contact angle (WCA) of 51 +
3°, Figure 4.7. This is in line with previous reports for the WCA of poly(2-hydroxyethyl
methacrylate) films'20.121.122 or for a poly(2-hydroxyethyl methacrylate) membrane!?3,
Incorporation of metallosurfactant into the coating resulted in even more hydrophilic
surfaces with WCA = 32 £ 5° and 30 + 4° for ASPD 2-hydroxyethyl methacrylate—2%
w/v Fe:CTAC and ASPD 2-hydroxyethyl methacrylate—2% w/v Cu:CTAC surfaces,
respectively. This increase in hydrophilicity (decrease in WCA) upon incorporation of
metallosurfactant is partly due to the added surface roughness as observed in the

scanning electron microscopy images. The roughness however does not completely
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explain the drop in contact angle from 51 + 3° to 32 £ 5° and 30 + 4° upon incorporation
of Fe:CTAC and Cu:CTAC respectively because this would result in a Wenzel
roughness factor (Equation 2.2) of 1.35-1.38 suggesting an approximately 35-38%
increase in surface area. The scanning electron microscopy images do not show such
a large increase in surface area and so the increase in hydrophilicity must also be due
to a change in surface chemistry upon incorporation of metallosurfactant.

The difference in WCA between the metallosurfactant-containing coatings and
the ASPD 2-hydroxyethyl methacrylate coating provides further evidence for the
incorporation of the metallosurfactants into the coatings in addition to the evidence
provided by scanning electron microscopy (added surface roughness) and infrared
spectroscopy (appearance of metallosurfactant symmetric and antisymmetric CH:z
stretching absorbances). Furthermore, the samples are visually different in colour. The
ASPD 2-hydroxyethyl methacrylate coatings appear colourless in colour whereas the
ASPD 2-hydroxyethyl methacrylate—2% w/v Fe:CTAC and ASPD 2-hydroxyethyl
methacrylate—2% w/v Cu:CTAC layers are orange and yellow in colour, respectively.

These colours match the colour of the parent metallosurfactant powder.1?
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Figure 4.7: Water contact angle (WCA) for ASPD 2-hydroxyethyl methacrylate and ASPD 2-
hydroxyethyl methacrylate—metallosurfactant (2% w/v  metallosurfactant loading)
nanocomposite layers on silicon wafer substrates. 2-hydroxyethyl methacrylate is abbreviated
as HEMA. Error bars denote the sample standard deviation.
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4.3.5 Antibacterial Activity

ASPD 2-hydroxyethyl methacrylate—2% w/v Fe:CTAC and ASPD 2-hydroxyethyl
methacrylate—2% w/v Cu:CTAC coated non-woven polypropylene sheets displayed
high antibacterial activity against both the E. coli (Gram-negative) and S. aureus
(Gram-positive) bacterial species tested. Both metallosurfactant-containing coatings
reduced the number of both E. coli and S. aureus bacteria to zero at 107! dilution (n =
4), Figure 4.8. Control untreated non-woven polypropylene sheet displayed E. coli and
S. aureus bacterial counts of 4.20 + 1.47 x 10° CFU mL™ at 107® dilution (n = 7,
standard deviation error) and 2.93 + 0.81 x 10° CFU mL™ at 10°® dilution (n = 3,
standard deviation error) respectively, confirming a lack of antibacterial activity for the
polypropylene substrate used. Testing of ASPD 2-hydroxyethyl methacrylate coated
non-woven polypropylene sheet also confirmed an absence of antibacterial activity for
the poly(2-hydroxyethyl methacrylate) polymer with this control showing E. coli and S.
aureus bacterial counts of 3.88 + 0.62 x 10° CFU mL™ at 107 dilution (n = 4, standard
deviation error) and 9.63 + 3.30 x 108 CFU mL™ at 107 dilution (n = 3, standard
deviation error) respectively. A Student’s T-test analysis of the results indicates that
there is no statistically significant difference between the untreated non-woven
polypropylene sheet and ASPD 2-hydroxyethyl methacrylate coated non-woven
polypropylene sheet with respect to E. coli (t(9) = 0.5, p = 0.69) but that there is a
significant statistical difference between the results when tested against S. aureus (t(4)
=3.9, p =0.017).

ASPD 2-hydroxyethyl methacrylate—Fe:CTAC and ASPD 2-hydroxyethyl
methacrylate—Cu:CTAC coated non-woven polypropylene sheets containing a lower
concentration of metallosurfactant (1% w/v concentration) were not found to be as
effective against E. coli, Figure 4.9. They did however still show signs of some
antibacterial activity when compared with the controls, with E. coli displaying a greater
sensitivity towards the Cu:CTAC coating at this lower metallosurfactant concentration.
A Student’s T-test analysis of the results indicates that there is a significant statistical
difference between the untreated non-woven polypropylene sheet and ASPD 2-
hydroxyethyl methacrylate coated non-woven polypropylene sheet (t(5) = 3.5, p =
0.028). The same analysis also confirms that there is a significant statistical difference

between the results of the ASPD 2-hydroxyethyl methacrylate coated non-woven
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polypropylene sheet and the ASPD 2-hydroxyethyl methacrylate-1% w/v Fe:CTAC
coated non-woven polypropylene sheet (t(5) = 2.7, p = 0.027).
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Figure 4.8: Antibacterial activity against (a) E. coli (Gram-negative) and (b) S. aureus (Gram-
positive) bacteria of untreated non-woven polypropylene sheet control; ASPD 2-hydroxyethyl
methacrylate coated non-woven polypropylene sheet; ASPD 2-hydroxyethyl methacrylate—2%
w/v Fe:CTAC coated non-woven polypropylene sheet; and ASPD 2-hydroxyethyl
methacrylate-2% w/v Cu:CTAC coated non-woven polypropylene sheet. ASPD coatings
containing metallosurfactant killed all bacteria (bacterial concentration = 0 CFU mL™).
Reported values are averaged over at least 4 different values with standard deviation error.
[Antibacterial testing performed by S. N. Barrientos-Palomo and Dr G. J. Sharples].
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Figure 4.9: Antibacterial activity against E. coli (Gram-negative) bacteria of untreated non-
woven polypropylene sheet control; ASPD 2-hydroxyethyl methacrylate coated non-woven
polypropylene sheet; ASPD 2-hydroxyethyl methacrylate—1% w/v Fe:CTAC coated non-
woven polypropylene sheet; and ASPD 2-hydroxyethyl methacrylate-1% w/v Cu:CTAC
coated non-woven polypropylene sheet. Reported values are averaged over at least 3 different
values with standard deviation error. [Antibacterial testing performed by P. Garg, S. N.
Barrientos-Palomo, and Dr G. J. Sharples].

Reducing the number of both E. coli and S. aureus bacteria to zero at 107
dilution results in both ASPD 2-hydroxyethyl methacrylate—2% w/v Fe:CTAC and
ASPD 2-hydroxyethyl methacrylate—2% w/v Cu:CTAC coatings having a Log Kill*?* =
9.6 + 0.1 (>>99.99%), Figure 4.10. Even at the lower metallosurfactant concentration
of 1% wl/v, the ASPD coating containing Cu:CTAC shows good antibacterial activity
with Log Kill = 3.4 £ 0.2 (99.96%) against E. coli, Figure 4.10. At this lower 1% w/v
concentration, the Fe:CTAC coating only has a Log Kill = 0.5 = 0.5 (64.52%) against
E. coli. Control ASPD 2-hydroxyethyl methacrylate coated non-woven polypropylene
sheet has a Log Kill =0.03 £ 0.10 (6.67%) against E. coli.
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Figure 4.10: Log kill (reduction) against E. coli (Gram-negative) bacteria of ASPD 2-
hydroxyethyl methacrylate coated non-woven polypropylene sheet; ASPD 2-hydroxyethyl
methacrylate—Fe:CTAC coated non-woven polypropylene sheet; and ASPD 2-hydroxyethyl
methacrylate—Cu:CTAC coated non-woven polypropylene sheet. Reported values are
averaged over at least 3 different values with standard deviation error. Dashed line (long
dashes) indicates the minimal clinical standard of Log Kill rate (Log Kill > 3) set by the Clinical
and Laboratory Standards Institute (CLSI).1?® [Antibacterial testing performed by P. Garg, S.
N. Barrientos-Palomo, and Dr G. J. Sharples].

4.4 Discussion

Atomised spray plasma deposition (ASPD) provides a single-step, low temperature,
solventless approach for the preparation of functional coatings.109110
Metallosurfactants bishexadecyltrimethyl ammonium iron(ll) tetrachloride (Fe:CTAC)
and bishexadecyltrimethyl ammonium copper(ll) tetrachloride (Cu:CTAC) have been
dissolved into 2-hydroxyethyl methacrylate precursor and through ASPD, polymer—
metallosurfactant nanocomposite coatings have been prepared for the first time.
Scanning electron microscopy (SEM) confirmed incorporation of metallosurfactants
into coatings by revealing an added surface roughness upon addition of
metallosurfactant compared to smooth metallosurfactant-free coatings, Figure 4.2.
Infrared spectroscopy provided further evidence of metallosurfactant incorporation into
the ASPD layers due to the appearance of metallosurfactant symmetric and

antisymmetric CHz stretching absorbances, Figure 4.6 and Table 4.2. Furthermore, a
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lower water contact angle for the metallosurfactant containing coatings also confirmed
their incorporation, with this increase in hydrophilicity being attributed to the impact of
surface roughening upon the Wenzel'?¢ state of wetting, Figure 4.7. The hydrophilicity
of the ASPD 2-hydroxyethyl methacrylate layers is also thought to add anti-fouling
properties to the coating as poly(2-hydroxyethyl methacrylate) surfaces have
previously been shown to resist bacterial adhesion.'?” As a result, the coatings
reported here could be described as being dual-function antibacterial surfaces:
bacteria-repelling and biocide-releasing.?®

The antibacterial activity of metallosurfactants has been shown in solution for
many different combinations of metal and surfactant.’>80.81838438588899495 The
polymer—metallosurfactant nanocomposite coated cloths in the present study display
high levels of antibacterial activity against both Gram-negative E. coli and Gram-
positive S. aureus, Figure 4.8. For both Fe:CTAC and Cu:CTAC metallosurfactants, a
2% wi/v metallosurfactant loading in 2-hydroxyethyl methacrylate precursor yielded a
Log Kill = 9.6 + 0.1 (>>99.99%) against both E. coli and S. aureus, which greatly
exceeds the level of bacterial killing required to meet the minimal clinical standard (Log
Kill > 3 [99.9%]) according to the guidelines of the Clinical Laboratory Standards
Institute (CLSI)*?°, Figure 4.10. Although less active at the lower metallosurfactant
concentration of 1% w/v, the ASPD 2-hydroxyethyl methacrylate—Cu:CTAC coating
also exceeds the Log Kill > 3 criterion with Log Kill = 3.4 + 0.2 (99.96%), Figure 4.10.
It is surprising that the coatings containing 1% w/v metallosurfactant are do not show
higher antibacterial activity given that the minimum inhibitory concentration (MIC) of a
similar metallosurfactant (Ag:CTAB) is 0.5 mg mL™2.8? This MIC is however tested
against different strains of E. coli and S. aureus than the strains used in this work and
so it is possible that the bacterial strains used in this work are less susceptible towards
metallosurfactants, or that the Cu:CTAC and Fe:CTAC metallosurfactants used in this
work are less potent than Ag:CTAB.

Another possible reason for the lack of potency of the 1% wi/v coatings, as well
as an explanation for the large difference in effectiveness between the 1% w/v and the
2% wl/v coatings, could be the release kinetics of the metallosurfactant from the
coating. It has previously been shown that antibiotic species initially release from
poly(2-hydroxyethyl methacrylate) as a burst followed by slower release.'? It has also

been shown that higher loading concentrations result in higher concentrations of
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antibiotic being released from poly(2-hydroxyethyl methacrylate) coatings after a fixed
period of time.'3® This suggests that species release from poly(2-hydroxyethyl
methacrylate) coatings under first order release kinetics. Therefore, during the 16 h of
incubation as part of the antibacterial testing, a greater concentration of
metallosurfactant will have been released from the coatings containing 2% w/v
compared to the 1% w/v coatings. If the amount of metallosurfactant released after 16
h by the 1% w/v coatings is less than the MIC, but for the 2% w/v coatings this is
greater than the MIC, this would explain the large difference in antibacterial activity
and the reduced antibacterial activity of the 1% w/v coatings.

Non-ionic metallosurfactants where the metal forms part of the head group are
known have antibacterial activity due to bacterial cell wall penetration as a result of
their high hydrophobicity®6-°0.101 which arises due to the long surfactant alkyl chains
and which is further increased upon chelation.1%° An increase in hydrophobicity results
in an increased lipophilicity of the overall complex which increases its ability to
permeate through the lipid layers of bacteria.1%? lonic metallosurfactants where a metal
ion forms part of the counter ion to the surfactant also kill bacterial due to alkyl chain
penetration of the bacterial cell wall®” with lipophilicity, and hence permeation ability,
again being increased upon complexation.®”193 The adsorption tendency of the
surfactants towards the bacterial cellular membrane is also increased as a result of
metal complexation.®® These ionic complexes do however also have additional ways
of interacting with and destroying the bacteria. One is through the electrostatic
interaction between the positively charged metal ions and the head group of the
surfactant molecules with the negatively charged bacterial cells’”"887 which disrupts
the integrity of the cell membrane leading to leakage of cellular content.*3! Further to
that, due to the ionic nature of these metallosurfactants, there is the potential for
release of highly potent metal ions’’:"897 which adds another mechanism of attack due
to the generation of reactive oxygen species which can result in oxidative damage of
the bacterial membrane.®?> These additional interactions with the bacteria help to
explain why, for the same surfactant alkyl chain length, ionic metallosurfactants have
been shown to have a much greater antibacterial activity compared to non-ionic
metallosurfactants.””’8 Furthermore, this accounts for the high antibacterial activity
observed in the present study which utilises ionic metallosurfactants consisting of

highly potent Cu(l1)122 and Fe(I1)*34 ions and long hydrophobic surfactant alkyl chains
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(CTAC) as part of a double-chain metallosurfactant system (double-chain systems are
more hydrophobic than single-chain?4).

TEM analysis of a double chain Ag:CTAB metallosurfactant to determine the
mechanism of action against E. coli and S. aureus bacteria proved that the
metallosurfactants initially come into contact with the bacterial cell wall before
penetrating inside resulting in cell death.®? In the case of Gram-negative E. coli, cell
penetration occurs after perturbation of the membrane which removes the flagella
present on the surface of E. coli damaging the outer wall.8? For Gram-positive S.
aureus, contact between bacteria and metallosurfactant results in separation of
plasma membrane from the cell wall allowing penetration of the metallosurfactant.®?
The mechanism of bacterial killing of the Cu:CTAC and Fe:CTAC metallosurfactants
used in this work is thought to be the same due to the similar nature of the
metallosurfactants used. Therefore, the antibacterial activity of the ASPD 2-
hydroxyethyl methacrylate—metallosurfactant cloths reported here is thought to be due
to the leaching of metallosurfactant from the polymer nanocomposite allowing the
metallosurfactants to then penetrate and kill the bacteria using the three modes of
attack discussed above: electrostatic disruption of outer cell membrane, physical
disruption of cell membrane due to surfactant alkyl chains, and metal ion release into
bacteria.

In this present study, it has been observed that at 1% w/v loading of
metallosurfactant in 2-hydroxyethyl methacrylate precursor, Gram-negative E. coli is
more susceptible to killing by coatings containing Cu:CTAC compared to those
containing Fe:CTAC, Figure 4.9. Such higher antibacterial activity for a copper-
containing!® metallosurfactant compared to one containing iron’® has been shown in
the past using hexadecylpyridinium chloride as the surfactant. This increased activity
for copper over iron is thought to be due to several reasons. Firstly, the higher
electronegativity3® of copper (1.90) compared to iron (1.83) results in a lower electron
density on the CTAC surfactant in Cu:CTAC compared to Fe:CTAC.*® Therefore the
Cu:CTAC complex is more hydrophobic than Fe:CTAC and hence can permeate the
bacterial cell wall membrane more easily.®® Moreover, the larger ionic size of copper
results in a greater effective area of the metallosurfactant on the cell membrane
resulting in greater antibacterial activity.®® Finally, copper ions are more potent than

iron ions and so if discharge of metal ions plays a role in the bacterial killing
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mechanism then this greater activity of copper ions results in a greater overall activity

of the copper containing metallosurfactant.36

45 Conclusions

Highly antibacterial polymer—metallosurfactant nanocomposite coatings have been
prepared in a single-step using atomised spray plasma deposition (ASPD). The
fabricated nanocomposite coatings on non-woven polypropylene cloth show high
antibacterial activity against both Gram-negative Escherichia coli (Log Kill > 9) and
Gram-positive Staphylococcus aureus (Log Kill > 9) bacteria. This single-step
approach offers a solventless, low-temperature method for conformally coating any
substrate with highly antibacterial coatings. The simplicity of this approach makes it a

promising route for biomedical applications.
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Chapter 5

Atomised Spray Plasma Deposition of Tunable High

Refractive Index Hybrid and Nanocomposite Coatings
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5.1 Introduction

When light passes through the boundary between two different materials it changes
direction, or refracts, due to a change in speed. The extent to which the light will refract
can be determined by the law of refraction, also known as Snell’'s Law:
nysin 6, = n,sin 6, (5.1)

where 81 and 62 are the angles of incidence and refraction respectively, measured with
respect to the normal line at the interface, and n1 and nz are the refractive indices of
the respective materials, Figure 5.1. The refracted light can either bend towards or
away from the normal depending on the relative refractive indices of the two materials.
If the light passes through a boundary into a medium of higher refractive index it will
refract towards the normal whereas it will refract away from the normal when passing
into a lower refractive index material, Figure 5.1. Furthermore, the larger the difference
in refractive index between the two media, the greater the difference in angles of

incidence and refraction, and hence the greater the extent of refraction.
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Figure 5.1: Schematic showing a beam of light refracting as it passes from a material of
refractive index n; into a material of refractive index n. where n2 > nj.

High refractive index materials attract a great deal of interest because of their
wide ranging applications, including optical lenses,! optical waveguides,?? anti-
reflective coatings,* and as encapsulants for both light-emitting diodes (LEDs)>® and
photovoltaic cells.” Most common polymer materials have a refractive index (n) of
between 1.3-1.7.82 However, more recently, high refractive index polymers (HRIPS)
with refractive indices as high as 1.85 have been reported.®'%!! These HRIPs are
prepared by introducing atoms or substituents of high molar refraction into the polymer
chain. Such substituents include aromatic rings,'? halogens (except for fluorine),*®
sulfur,** phosphorus,*® and silicon.® Although these materials offer the advantages of
being light-weight and easy to process, their preparation requires lengthy and costly
synthetic procedures.'”*® Given that inorganic materials have an inherently high
refractive index, one way to achieve higher refractive index coatings is through the use
of pure inorganic thin films. Coatings of ZnO, ZrO2 and TiO2 are reported to have
refractive indices of 1.87,2° 1.96,%° and 2.28,%' respectively. These coatings also
require multiple-step preparation procedures as well as elevated temperatures
(incompatible with plastic substrates).

Hybrid organic—inorganic composite materials potentially offer high refractive
indices, and can be prepared using a variety of different methods. The most common
is the sol-gel method in which a metal alkoxide precursor is mixed with an organic
material followed by heating during which hydrolysis and condensation of the metal

alkoxide results in the formation of metal oxide domains within the organic matrix to
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yield coatings with refractive index values in the n = 1.7-19
range.2%23:24,25.26,27,28,29,30,31,32.33 gol—gel coatings containing TiO2 have been reported
with refractive index n = 1.92-2.05 values and the inorganic loading is high (49-90
Wt%0).34:35.36.37.38 Other composite coatings contain inorganic materials such as
PbS,3940 Sj 41 and V20s*? to give high refractive index coatings, however these require
the use of H2S gas,3%4°% a complex milling process,*' and the coatings absorb strongly
in the visible range.*? In all of these cases, the inorganic content tends to be high (40—
90 wt%) and the synthesis is lengthy requiring solvents in addition to elevated
temperatures.

Another method that has been used to prepare organic—inorganic composite
coatings is the dispersion of inorganic nanopatrticles into an organic polymer prior to
coating of substrates. A key requirement of this method is to use nanoparticles of <25
nm in size (well below one tenth of the wavelength of visible light) in order to avoid
Rayleigh scattering leading to poor optical transparency.*® As with sol-gel coatings,
high refractive indices in the range 1.7-1.972 have been reported, but again rely upon
high levels of inorganic material loadings (45-97 wt%).444546.47.4849 Carbon black
particles have been used at lower loadings (n = 1.833; 10 wt% content), however
agglomeration can easily occur attenuating the coating transparency.®°

It is also possible to disperse inorganic nanoparticles into monomers prior to
polymerisation.>152:53 The highest refractive index reported for this approach is 1.972
at 50 wt% loading of graphene oxide.>* As with the sol-gel coatings, these
nanoparticle/monomer dispersions, as well as for the nanoparticle/polymer
dispersions, all require high temperature (120-300 °C) or additional UV curing steps
following substrate coating. Therefore, there exists a demand for ambient temperature
single-step methods for fabricating high refractive index coatings with low levels of
inorganic content.

Atomised spray plasma deposition (ASPD) is a single-step, room temperature,
solventless method for the preparation of functional coatings.®>°0 This encompasses
the nebulisation of liquid or slurry droplets into a non-equilibrium electrical discharge.
At low energy inputs, high levels of structural retention (functionality) can be attained.
In this article, high refractive index polymer coatings are prepared by ASPD using 4-
bromostyrene precursor (n = 1.595%). The refractive index is further increased by
mixing the 4-bromostyrene precursor with a higher refractive index solid (9-

vinylcarbazole, n = 1.683%8) or functionalised titania nanoparticles (Nanatase = 2.45; Nrutile
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= 2.70%°) for ASPD, leading to high refractive index hybrid polymer or polymer—titania

nanocomposite coatings respectively, Scheme 5.1.
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Scheme 5.1: Atomised spray plasma deposition of 4-bromostyrene—9-vinylcarbazole hybrid
layers and 4-bromostyrene / toluene + TiO, nanocomposite layers.

5.2 Experimental

5.2.1 Atomised Spray Plasma Deposition

Precursor materials used were 4-bromostyrene (+95%, Apollo Scientific Ltd.), 9-
vinylcarbazole (98%, Sigma-Aldrich Ltd.), and trimethoxyoctylsilane functionalised
titania nanoparticles (21 nm average particle size, Aeroxide T805®, Evonik Industries
AG). For the case of 4-bromostyrene precursor mixed with trimethoxyoctylsilane
functionalised titania nanoparticles, 20% or 40% v/v of toluene (99.99 wt%, Fisher
Scientific Ltd.) was added to improve dispersion.>® Liquid—solid slurry monomer—
nanoparticle mixtures were sonicated for 60 min to fully disperse the nanoparticles
(Clifton ultrasonic bath, Nickel-Electro Ltd.), and then loaded into a sealable glass
delivery tube. This precursor slurry mixture was then degassed using several freeze—
pump-thaw cycles. Substrates used for coating were silicon (100) wafers (0.014—
0.024 Q cm resistivity, Silicon Valley Microelectronics Inc.) and quartz slides (20 mm
x 10 mm x 1 mm, UQG Ltd.). These were cleaned, dried, and placed downstream in
line-of-sight from the ASPD atomiser as described in Section 4.2.1 (page 115).
Atomised spray plasma deposition (ASPD) was performed using the equipment
and procedure as described in Section 4.2.1 (page 115). Ambient temperature
deposition was carried out using a 30 W continuous wave plasma in conjunction with

atomisation of the precursor into the reaction chamber employing an optimised flow
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rate of 15 + 1 x 10 mL s™1. Upon plasma extinction, the atomiser was switched off

and the system was evacuated to base pressure, followed by venting to atmosphere.

5.2.2 Refractive Index

The refractive indices and thicknesses of coated silicon wafer substrates were
determined using a spectrophotometer (model nkd-6000, Aquila Instruments Ltd.).
The obtained transmittance-reflectance curves (350-1000 nm wavelength range and
parallel (p) polarized light source at a 30° incident angle) were fitted to the Cauchy
model for dielectric materials,®® using a modified Levenberg—Marquardt method

(version 2.2 software, Pro-Optix, Aquila Instruments Ltd.).5?

5.2.3 UV-Vis Transmittance Spectroscopy

UV-vis transmittance spectra of coated quartz slides were acquired in the wavelength
range 200—1000 nm using a UV-Vis-NIR spectrophotometer (model Cary 5000 UV-
Vis-NIR, Agilent Technologies Inc.).

5.2.4 Infrared Spectroscopy

Fourier transform infrared (FTIR) analysis was carried out as described in Section
4.2.3 (page 117). Reflection—absorption infrared spectroscopy (RAIRS) was
performed on ASPD hybrid and nanocomposite layer coated silicon wafers.
Attenuated—total-reflection (ATR) spectroscopy was carried out for 4-bromostyrene,

9-vinylcarbazole, toluene, and trimethoxyoctylsilane-TiO2 nanopatrticles.

5.2.5 Scanning Electron Microscopy

Electron micrographs of ASPD coated silicon wafer substrates were acquired as
described in Section 3.2.4 (page 72). A working distance of 12—15 mm was used. SEM
cross-section analysis was performed as described in Section 4.2.2 (page 117) to
cross-check the film thicknesses measured using the spectrophotometer, Table 5.1,
Table 5.2, and Table 5.3.

5.3 Results

5.3.1 Deposition Rate

The optimal atomised spray plasma deposition (ASPD) rate (in terms of quality of
coverage) for the 4-bromostyrene precursor was measured to be 325 + 63 nm min™L.
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This film growth rate is an order of magnitude greater than that reported for
conventional vapour phase plasma deposition of styrene (10-20 nm min™),%2 and can
be attributed to the higher precursor flow rate associated with the atomisation of liquid
droplets.®® Scanning electron microscopy images of the ASPD layers showed that the

surfaces were relatively smooth, Figure 5.2.

Figure 5.2: SEM micrographs of ASPD coatings on flat silicon wafer substrates: (a) 4-
bromostyrene; (b) 4-bromostyrene—9-vinylcarbazole (50% w/v 9-vinylcarbazole); (c) 4-
bromostyrene / toluene (3:2 v/v); and (d) 3:2 v/v 4-bromostyrene / toluene + TiO, (8% w/v).

5.3.2 Refractive Index

The refractive index of the ASPD 4-bromostyrene layer (ness nm = 1.569 + 0.005) was
found to be comparable to the literature value for the 4-bromostyrene precursor (nsso.3
nm = 1.595%7), Figure 5.3 and Table 5.1. Incorporation of the high refractive index solid
compound 9-vinylcarbazole (Npoly(vinyl carbazole) = 1.683%) into the ASPD 4-bromostyrene
layer led to an enhancement in the optical properties yielding refractive indices as high
as ne3s nm = 1.648 + 0.008 for a loading of 50% w/v 9-vinylcarbazole, Figure 5.3 and

Table 5.1. The improvement in refractive index was across the entire measured
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wavelength range. For 9-vinylcarbazole concentrations exceeding 50% wi/v, the
precursor mixture became too viscous to sustain homogeneous atomisation. The
observed rise in refractive index value with increasing 9-vinylcarbazole content
demonstrates how the optical properties of the ASPD 4-bromostyrene coatings can be
easily tuned in order to achieve a desired refractive index by simply varying the 9-

vinylcarbazole loading in the precursor mixture.
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Figure 5.3: (a) Refractive index at 635 nm and averaged over 350—-1000 nm wavelength range
for ASPD 4-bromostyrene—9-vinylcarbazole hybrid layers on flat silicon wafer substrates as a
function of 9-vinylcarbazole concentration in the precursor mixture; and (b) refractive index
variation of ASPD 4-bromostyrene layer and ASPD 4-bromostyrene—9-vinylcarbazole hybrid
layers across the 350-1000 nm wavelength range (lines represent different precursor
compositions, actual measurements were made every 5 nm between 350 nm and 1000 nm—
a symbol every 50 nm makes it easier to distinguish between the lines). 4-bromostyrene and
9-vinylcarbazole have been abbreviated to 4-BS and 9-VC respectively. Error bars denote the
sample standard deviation.
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An even greater enhancement in refractive index values was achieved for the
case of ASPD 4-bromostyrene—titania nanocomposite layers, Figure 5.4 and Table
5.2. This required the addition of some toluene to the 4-bromostyrene carrier in order
to help disperse the hydrophobic trimethoxyoctylsilane-TiO2 nanoparticles within the
precursor mixture. In the absence of nanoparticles, the ASPD 4-bromostyrene /
toluene (4:1 v/v) layer displayed a slightly lower refractive index (ness nm = 1.555 +
0.015) compared to the pure 4-bromostyrene coating (ness nm = 1.569 + 0.005)—which
is expected due to the addition of a lower refractive index liquid into the precursor
mixture (Ne328 nm (oluene) = 1.4939).%% Incorporation of trimethoxyoctylsilane-TiO>
nanoparticles into this host 4-bromostyrene / toluene layer led to a significant increase
in refractive index yielding values as high as nessnm = 1.796 + 0.034 for a precursor
slurry loading of 5% w/v titania nanoparticles dispersed in a 4:1 v/v 4-bromostyrene /
toluene mixture, Figure 5.4 and Table 5.2. The refractive index of these ASPD 4-
bromostyrene / toluene + titania nanocomposite layers is greatly enhanced across the
entire measured wavelength range (350-1000 nm). For the same nanoparticle
loading, the refractive index could be increased further by raising the toluene content
(ne3s nm = 1.836 = 0.022 for 5% wi/v titania nanoparticles dispersed in a 3:2 v/v 4-
bromostyrene / toluene mixture)—this can be attributed to a better dispersion of
nanoparticles in the precursor mixture by using larger amounts of toluene. At this
reduced 3:2 v/v ratio of 4-bromostyrene / toluene, the TiO2 nanoparticle loading could
be extended to beyond 5% wi/v. A precursor slurry loading of 8% w/v titania gave
refractive indices as high as ness nm = 1.936 = 0.015, Figure 5.4 and Table 5.2. Control
experiments with the titania loading kept constant at 5% w/v whilst lowering the 4-
bromostyrene / toluene ratio further did not lead to any additional improvement in the
refractive index beyond this optimal value (5% w/v TiO2 nanopatrticles in a 2:3 v/v 4-
bromostyrene / toluene mixture gave ness nm = 1.819 + 0.015). For TiO2 nanoparticle
concentrations exceeding 8% w/v nanopatrticle loading, the precursor mixture became
too viscous to sustain homogeneous atomisation. The significant enhancement in
refractive index values attained with increasing trimethoxyoctylsilane-TiO2
nanoparticle loading at relatively low concentrations further demonstrates the

capability to fine tune the nanocomposite layer optical properties.
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Figure 5.4: (a) Refractive index at 635 nm and averaged over 350—-1000 nm wavelength range
for ASPD 4-bromostyrene / toluene + titania nanocomposite layers on flat silicon wafer
substrates as a function of trimethoxyoctylsilane functionalised-titania loading concentration;
and (b) refractive index variation of ASPD 4-bromostyrene / toluene (3:2 v/v) layer and ASPD
4-bromostyrene / toluene (3:2 v/v) + x% wi/v trimethoxyoctylsilane-TiO, nanocomposite layers
across the 350-1000 nm wavelength range (lines represent different precursor compositions,
actual measurements were made every 5 nm between 350 nm and 1000 nm—a symbol every
50 nm makes it easier to distinguish between the lines). 4-bromostyrene has been abbreviated
to 4-BS. Error bars denote the sample standard deviation.
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Table 5.3: Comparison of thickness measurements using spectrophotometer and scanning
electron microscopy (SEM) of selected ASPD 4-bromostyrene—9-vinylcarbazole hybrid and 4-
bromostyrene / toluene + titania nanocomposite coated flat silicon wafer samples. Error bars
denote the sample standard deviation.

) Thickness / nm
Coating
Spectrophotometer SEM
4-bromostyrene 2000 1958 + 22
4-bromostyrene—50% wi/v 9-vinylcarbazole 3147 3177 £ 184
3:2 viv 4-bromostyrene / toluene 1998 1887 + 100
3:2 v/v 4-bromostyrene / toluene + 8% w/v TiO> 1940 1900 * 46

5.3.3 UV-Vis Transmittance Spectroscopy

UV-vis transmittance spectra of the ASPD 4-bromostyrene / toluene (3:2 v/v) layers
show that the coatings exhibit good transparency in the wavelength range between
450-1000 nm, Figure 5.5. Upon incorporation of 8% w/v trimethoxyoctylsilane-TiO2
nanoparticles, the UV-vis transmittance dropped, but still remained greater than 50%

between 450-1000 nm, Figure 5.5.
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Figure 5.5: UV-vis transmittance spectra for ASPD 4-bromostyrene / toluene (3:2 v/v) layer
(solid line) and 4-bromostyrene / toluene + 8% w/v TiO; (3:2 v/v) nanocomposite layer (dashed
line) on flat quartz slides. 4-bromostyrene has been abbreviated to 4-BS.
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5.3.4 Infrared Spectroscopy

Infrared spectroscopy showed high levels of structural retention for the ASPD poly(4-
bromostyrene) layers, Figure 5.6 and Table 5.4. Characteristic poly(4-bromostyrene)
ring absorbances include: aromatic C—H stretching (3028 cm™, 3059 cm™, 3084
cm™), para substituted benzene ring C=C stretching (1488 cm™, 1590 cm™), and
aromatic C—Br (para) stretching (1073 cm™).6465 Disappearance of the peaks due to
the vinyl C=C bond associated with the precursor molecule confirmed polymerisation
via the 4-bromostyrene vinyl group during ASPD: =CH> wagging (909 cm™), =CH>
twisting (986 cm™), and C=C stretching (1629 cm™).64.66

The infrared spectrum of the ASPD 4-bromostyrene—50% w/v 9-vinylcarbazole
layer clearly shows incorporation of 9-vinylcarbazole into the hybrid polymer layer due
to the appearance of an absorption band at 1336 cm™ associated with C-N
stretching.®” A characteristic ortho substituted benzene ring absorbance is also now
observed at 1453 cm™ attributed to the extended 9-vinylcarbazole aromatic
structure.®® As with the ASPD 4-bromostyrene layer, disappearance of the
absorbances associated with the vinyl C=C bond present in the 9-vinylcarbazole
precursor is consistent with conventional polymerisation taking place at the vinyl C=C
double bond: =CH2 wagging (851 cm™), =CH> twisting (960 cm™), and C=C stretching
(1637 cm™1),64.66

160



==

S
Q-
S’

% Transmittance

T e e VT
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber / cm™

(ii) @ W{T—\W

(®) TNV T T

% Transmittance

1 ' I N 1 v 1 v | ' 1 ! 1 ! 1 ' I M 1
2400 2200 2000 1800 1600 1400 1200 1000 800 600
Wavenumber /cm™

Figure 5.6: Infrared spectra: (a) ATR 4-bromostyrene liquid precursor; (b) RAIRS ASPD 4-
bromostyrene layer on silicon substrate; (c) ATR 9-vinylcarbazole solid precursor; and (d)
RAIRS ASPD 4-bromostyrene-9-vinylcarbazole hybrid polymer layer (50% w/v 9-
vinylcarbazole) on silicon substrate across (i) 500-4000 cm™ and (ii) 500-2500 cm™ range.
% and f denote absorbances associated with the polymerisable vinyl C=C double bond
contained in the 4-bromostyrene and 9-vinylcarbazole precursors respectively. A denotes C—
N stretching absorbance at 1336 cm™. Assignments are given in Table 5.4. [Infrared
spectroscopy data acquired by I. Castafieda-Montes].
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For the ASPD 4-bromostyrene / toluene + titania nanocomposite layer, TiO2
nanoparticle incorporation throughout the bulk of the layers is evident from the broad
absorption band at around 660 cm™ associated with Ti—O—Ti stretching®®, Figure 5.7
and Table 5.5. Aliphatic C—H stretching absorbances at 2871 cm™ and 2920 cm™ are
indicative of some toluene molecule reactions.®* This incorporation of toluene into the
nanocomposite structure also shifts the characteristic para substituted benzene ring
C=C stretching absorbances of 4-bromostyrene towards higher wavenumbers (1489
cm™, 1601 cm™)—which is consistent with having a mixture of para (para C=C
stretching of 4-bromostyrene precursor: 1486 cm™, 1590 cm™) and mono (mono C=C

stretching of toluene precursor: 1495 cm™, 1605 cm™) substituted benzene rings.%*
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Figure 5.7: Infrared spectra: (a) ATR 4-bromostyrene liquid precursor; (b) ATR toluene liquid
precursor; (¢c) RAIRS ASPD 4-bromostyrene / toluene (3:2 v/v) layer on silicon substrate; (d)
ATR trimethoxyoctylsilane-TiO2 nanoparticles; and (e) RAIRS ASPD 4-bromostyrene / toluene
+ trimethoxyoctylsilane-TiO2 nanocomposite layer (8% w/v nanoparticle concentration, 3:2 viv
4-bromostyrene / toluene) on silicon substrate across (i) 500—-4000 cm™ and (ii) 500-2500
cm range. % denotes absorbances associated with the polymerisable vinyl C=C double bond
contained in the 4-bromostyrene precursor. A denotes Ti—O-Ti stretching absorbance at 660
cm™. Assignments are given in Table 5.5. [Infrared spectroscopy data acquired by I.
Castafieda-Montes].
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5.4 Discussion

The refractive index of a polymer is dependent upon the molar refractions and molar
volumes of both the polymer backbone and the functional groups present.” It can be
predicted by summing the molar refractions of all the polymer substituents, and
therefore high refractive index polymers contain substituents with a high molar
refraction.”* Aromatic rings and halogen atoms (except for fluorine) have a high molar
refraction due to their large polarizability and high electron density.® Hence,
incorporation of these groups into a polymeric coating is an effective way for enhancing
its index of refraction. This accounts for why the refractive index measured for the
ASPD 4-bromostyrene layer is high, Figure 5.3 and Table 5.1. Infrared spectroscopy
of the ASPD 4-bromostyrene layer supports this by confirming the presence of
aromatic groups (aromatic C—H and C=C stretches) and bromine atoms (aromatic C—
Br stretch), Figure 5.6 and Table 5.4.

Further enhancement in refractive index has been achieved through the mixing
of the highly aromatic molecule 9-vinylcarbazole with the 4-bromostyrene precursor,
Figure 5.3 and Table 5.1. This increases the refractive index across the entire
wavelength range measured. The observed enhancement in refractive index (An =
+0.079) at maximum 9-vinylcarbazole loading (50% w/v) is in line with previous reports
which utilise 9-vinylcarbazole to increase n using a blade coating’® or moulding
process’® followed by UV polymerisation. In contrast, greater refractive indices are
achieved in the present study through the use of a host polymer with greater refractive
index. Furthermore, the syntheses of these previously reported polymer systems
require several additives (crosslinking agent, UV starter to initiate polymerisation,
stabiliser) as well as UV irradiation and high temperature baking steps—none of which
are required for the single-step ASPD process.

Higher refractive indices have been reported in the past by incorporating titania
into high refractive index coatings using the sol—gel
meth0d22'24’25'26'27’28'29'30'31'32’33'34'35'36'37'38'74, or by nanoparticle dispersion into
polymers4°:46.47.49.75,76.77 and monomer mixtures®3. These rely upon the inherently high
refractive index of titania (n = 2.45 for anatase; n = 2.70 for rutile).?® This has been
extended to the present study by dispersing low loadings of trimethoxyoctylsilane
functionalised titania nanoparticles (consisting of a mixture of anatase and rutile ®) into

the 4-bromostyrene precursor for ASPD, Figure 5.4 and Table 5.2. Alkyl group surface
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functionalisation of the TiO2 nanoparticles assists dispersion in the 4-bromostyrene
precursor. Toluene addition to the precursor mixture further assists dispersion of the
nanoparticles in 4-bromostyrene.>® The refractive index obtained for the 3:2 v/v 4-
bromostryene / toluene + 8% w/v titania ASPD nanocomposite coating (ness nm = 1.936)
exceeds a previous report where titania is added prior to UV-induced monomer
polymerisation (n = 1.86153). Furthermore, the refractive index reported here exceeds
earlier values for low loading polymer—inorganic nanocomposite coatings (<10 wt%
inorganic material): n = 1.81 (8 wt% HfO2)"® and n = 1.833 (10 wt% carbon black)®°.
Coatings containing titania where the refractive index is slightly greater than the 1.936
value reported in the present study include preparation by nanopatrticle dispersion into
polymers#® 7>, and the sol-gel method3>3637.38 |n all of these cases however, the
titania loading is far greater (30-93.4 wt%) than that employed here, as well as the
requirement for complex synthetic procedures, long times, the use of solvents, high
temperatures, and post deposition curing steps. In contrast, the ASPD technique is a
straightforward single-step, solventless, low temperature technique, and therefore
offers a much simpler approach to depositing high refractive index polymer—titania
nanocomposite coatings. Furthermore, in contrast to conventional spin-coating
processes which require multiple deposition cycles to build up the thickness, the ASPD

method offers both continuous thickness control as well as fast deposition rates.

5.5 Conclusions

High refractive index hybrid polymer and polymer—titania nanocomposite coatings
have been prepared in a single-step using atomised spray plasma deposition (ASPD).
The fabricated polymer—inorganic nanocomposite coatings have very high refractive
indices at low levels of titania loading (8 wt%) compared to previously reported
polymer—titania coatings (which typically have loadings >30 wt%). This single-step
approach offers a solventless, low-temperature method for conformally coating any
substrate with a high refractive index coating or a coating with a desired refractive
index. The simplicity of this approach makes it a promising route for depositing thin

films for optical applications.
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Chapter 6

Conclusions and Further Work

Nanocomposite coatings provide a useful way of tailoring surface properties of solid
materials for various applications. In this thesis, three hanocomposite coatings have
been prepared with the nanofiller material being chosen to either enhance the

properties of, or to add functionality to, the resulting thin films, Figure 6.1.

Antibacterial/Hydrophilic—Oleophobic
Nanocomposite Coating
« Nanoparticle filler adds hardness
Antibacterial/ (durability) and surface roughness
Hydrophilic—Oleophobic (which enhances wettability)
e + First report of antibacterial oil-water
separation using hydrophilic—(in
airjoleophobic surfaces
» Simple one-step spraying fabrication
method

Chapter 3

Antibacterial Nanocomposite Coating
» Metallosurfactant filler adds

: = antibacterial properties

Antibacterial - First report of antibacterial biocide-
Substrate = Chapter 4 -} Substrate releasing coatings utilising
metallosurfactants

Simple one-step ASPD fabrication
method

Chapter 5 High Refractive Index

Nanocomposite Coating
Nanoparticle filler enhances refractive
High Refractive Index |  index (optical properties)

High refractive indices achieved at
Substrate relatively low filler loading
concentrations
» Simple one-step ASPD fabrication
method

Figure 6.1: Summary of the three nanocomposite coatings prepared and characterised in this
thesis.

Chapter 3 demonstrates how nanocomposite coatings can be used to modify
the wetting properties of a substrate. Incorporating low loading concentrations of
nanoparticles into fast-switching oleophobic—hydrophilic polymer—fluorosurfactant
complexes results in nanocomposites of enhanced wettability (greater hydrophilicity
and oleophobicity) due to the added surface roughness. These surfaces provide high-

efficiency continuous oil-water separation for various different oil-water mixtures.
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Nanoparticle incorporation also improves the coating hardness (durability). The use of
a cationic polymer containing quaternary ammonium centres to prepare these
polymer—nanoparticle—fluorosurfactant complexes imparts antibacterial surface
properties against both Gram-negative (Escherichia coli) and Gram-positive
(Staphylococcus aureus) bacteria. As a result, multifunctional fast-switching
oleophobic—hydrophilic nanocomposite coatings are prepared, the first report of
antibacterial oil-water separation using oleophobic—hydrophilic surfaces which are
oleophobic in air (previous reports are only oil repellent underwater). This overcomes
the drawbacks associated with underwater oleophobic surfaces which include the
need for the filter to be constantly in a wetted state otherwise oil will pass through. In
addition to being the first report of antibacterial oleophobic(in air)—hydrophilic surfaces,
the main advantage of these polymer—nanoparticle—fluorosurfactant complexes is that
they can be deposited in a single step by spraying or solvent-casting.

Further to the above polymer—nanoparticle—fluorosurfactant complexes, an
attempt was made in Chapter 3 to prepare oleophobic—hydrophilic polymer—
nanoparticle—surfactant complexes using a non-fluorinated highly branched
hydrocarbon chain as an alternative to the fluorosurfactant. The initial studies
demonstrate that positive switching parameters (oil contact angle greater than water
contact angle) can still be obtained however the oil repellency is too low to consider
these surfaces oleophobic. Therefore, the non-fluorinated polymer—nanoparticle—
surfactant complexes could be developed further with the aim of increasing the oll
repellency. This could possibly be achieved through the use of a more highly branched
surfactant than the one tested in this work. This would be highly desirable due to the
harm fluorinated materials cause to the environment.

The use of nanomaterials to add additional properties to polymers is
demonstrated in Chapter 4 where antibacterial metallosurfactants are incorporated at
low loading concentrations into plasma polymer films rendering the coating highly
antimicrobial (Log Kill > 9) against both Escherichia coli (Gram-negative) and
Staphylococcus aureus (Gram-positive) bacteria. The antibacterial properties of these
metallosurfactants has not previously been utilised in surface coatings. These
polymer—metallosurfactant nanocomposites are prepared in a single-step using an
atomised spray plasma deposition (ASPD) process. This single-step approach offers
a solventless, low-temperature method for conformally coating any substrate with

highly antibacterial coatings and its simplicity makes it a promising route to prepare
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these coatings for biomedical applications. The antibacterial activity of the polymer—
metallosurfactant nanocomposites is thought to be due to leaching of the
metallosurfactant from the film. Although out of the scope of this work, this could be
confirmed by further work. Previous work in the literature has shown that thin plasma
polymer layers deposited on top of antibacterial release-based coatings can control
the rate of release by acting as a barrier layer. Therefore, in addition to investigating
the leaching rate, the ability to control the rate of metallosurfactant release could be
investigated by depositing thin plasma polymer layers of varying thickness on top of
the polymer—metallosurfactant nanocomposite. The ability to control the release rate
of the antibacterial agent would enhance the long-term stability of the coating. Poly(2-
hydroxyethyl methacrylate) coatings have previously been shown to have anti-fouling
properties due to their hydrophilicity. Bacterial adhesion studies could be performed
to test this and to confirm if these nanocomposite coatings can be described as being
dual-function antibacterial surfaces: bacteria-repelling and biocide-releasing.

The atomised spray plasma deposition technique used in Chapter 4 was further
used in Chapter 5 for the deposition of high refractive index nanocomposite coatings.
Titania nanoparticles are incorporated into a polymer at low loading concentrations to
increase the refractive index of the film. The resulting polymer—titania nanocomposite
coatings have refractive indices greater than previously reported polymer—titania
coatings where the titania loading is much greater than that used in this work. The
ASPD technique used overcomes disadvantages associated with alternative methods
for depositing high refractive index coatings where elevated temperatures, solvents,
UV curing steps, and much greater inorganic loadings are necessary. The simplicity
of this approach makes it a promising route for depositing thin films for optical
applications. With the 4-bromostyrene / toluene + titania nanocomposite used here,
thin films with any desired refractive index up to 1.936 can be easily deposited by
varying the precursor mixture composition. Other host polymers could be tested and
may give rise to greater refractive indices if either the host polymer itself is more
refractive or, if as a result of changing the polymer, greater loading concentrations of
titania can be used without compromising the atomisation of the precursor mixture.
Further studies could also test different nanoparticle additives.

Overall, it has been demonstrated throughout this thesis that incorporation of
nanomaterials into polymers allows the properties of surface coatings to be tailored for

various applications. The nanocomposites prepared in this work will be applicable to
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a range of applications including provision of safe drinking water, environmental
pollution clean-up, antibacterial surfaces for biomedical applications, and high

refractive films for optical applications.
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Appendix 1

Oleophobic—Hydrophilic Coatings by Plasma

Polymerisation and Fluorosurfactant Complexation

Al.1 Introduction

In Chapter 3, fast-switching oleophobic—hydrophilic surfaces were prepared in one
step using polymer—fluorosurfactant complexes. Another way of preparing such
surfaces is by using a two-step method where the polymer is first deposited onto the
surface followed by fluorosurfactant complexation.22 Although this adds an extra step
to the process, the use of plasma polymerisation to deposit the polymer allows for pin-
hole free coverage of the substrate as well as the ability to coat a wide range of
materials. It does however remove the possibility of incorporating nanoparticles
(roughness) into the coatings unless further additional steps are performed.* In this
short study, fast-switching oleophobic—hydrophilic plasma polymer—fluorosurfactant
surfaces have been prepared in two steps by complexing both cationic and amphoteric
fluorosurfactants to maleic anhydride and 2-(trifluoromethyl)maleic anhydride plasma

polymer layers.

Al.2 Experimental

Al.2.1 Pulsed Plasma Polymer—Fluorosurfactant Coatings

Precursor materials used were maleic anhydride briquettes (+99%, Sigma-Aldrich
Ltd., ground into a fine powder) and 2-(trifluoromethyl)maleic anhydride (97%, Apollo
Scientific Ltd.). Precursors were loaded into a sealable glass tube and degassed via
several freeze-pump-thaw cycles prior to deposition. Plasmachemical surface
functionalisation was carried out in a cylindrical glass chamber (5 cm diameter, 530
cm? volume) enclosed within a Faraday cage. This was connected to a two-stage
rotary pump via a liquid nitrogen cold trap (base pressure less than 2 x 1073 mbar and
air leak rate better than 6 x 107 mol s™).5> An inductor-capacitor (L-C) impedance
matching network was used to minimise the standing wave ratio (SWR), for the power
transmitted from a 13.56 MHz radio frequency (RF) generator to a copper coil (4 mm
diameter, 9 turns, spanning 8 cm) externally wound around the glass chamber. A
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signal generator (model TG503, Thurlby Thandar Instruments Ltd.) was used to trigger
the RF power supply, and the pulse shape monitored with an oscilloscope (model
V252, Hitachi Ltd.). Prior to each plasma deposition, the reactor was scrubbed with
detergent, rinsed in propan-2-ol (99.5%, Fischer Scientific Ltd.), and further cleaned
using a 50 W air plasma at 0.2 mbar pressure for 30 min. Substrates used for coating
were glass microscope slides (Academy Science Ltd.) These were cleaned by
sonication in a 1:1 v/v propan-2-ol / cyclohexane (+99.5%, Fisher Scientific Ltd.)
mixture, followed by UV/ozone treatment (model UV.TC.EU.003, BioForce
Nanosciences Inc.), and a final sonication step in the propan-2-ol / cyclohexane
mixture. After air drying, substrates were inserted into the centre of the chamber
followed by evacuation to system base pressure. Next, precursor vapour was admitted
into the chamber via a needle control valve at 0.15 mbar pressure, and the electrical
discharge ignited using a pulse duty cycle on-period (ton) of 20 us and an off-period
(tofr) of 1200 ps, in conjunction with 10 W peak power (Pon). Deposition times were 90
min and 30 min for maleic anhydride and 2-(trifluoromethyl)maleic anhydride,
respectively. Upon extinction of the plasma, the precursor vapour was allowed to
continue purging through the chamber for 15 min. Finally, the system was evacuated
to base pressure, and vented to atmosphere.

Plasma polymer coated glass substrates were immediately immersed into a 5%
v/v fluorosurfactant solution in high-purity water (ISO 3696 grade 2) for 60 min followed
by rinsing with high-purity water and drying in air. Fluorosurfactants employed for
complexation with the plasma polymer maleic anhydride and 2-(trifluoromethyl)maleic
anhydride surfaces were a cationic ammonium chloride fluorosurfactant (S-106A,
Chemguard, Inc.) and an amphoteric betaine fluorosurfactant (Capstone FS-50,
DuPont Ltd.).

Al1.2.2 Sessile Drop Contact Angle

Sessile drop contact angle analysis was carried out on coated glass slide substrates
with a video capture system in combination with a motorised syringe (VCA2500XE,
AST Products Inc.). 1 uL droplets of ultrahigh-purity water (BS 3978 grade 1) and
hexadecane (99%, Sigma-Aldrich Ltd.) were dispensed for water and oil contact angle
measurements respectively. Following dispensation of the probe liquid onto the coated

substrate, a snapshot of the image was taken and analysed using the VCA-2500
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Dynamic/Windows software. The water contact angle (WCA) was measured as soon
as the droplet was placed onto the surface and again after a period of 10 s—this was
done in order to observe any change in the WCA over a short time period due to the
“switching” behaviour of these surfaces (a short time of 10 s was chosen because
coatings required for oil-water separation applications need to switch quickly in order
to attain high efficiencies). The hexadecane contact angle (HCA) was measured as
soon as the droplet was placed onto the surface and it was observed not to vary with
time. The reported contact angle measurements were made after rinsing samples with
water and drying in air. Switching parameters were determined by calculating the

difference between the equilibrium hexadecane and water static contact angles.

A1.3 Results

A1.3.1 Sessile Drop Contact Angle

Fluorosurfactant complexed to the pulsed plasma maleic anhydride film displayed
oleophobicity and hydrophilicity in a fashion similar to that observed previously?, Table
Al.1 and Figure Al.1. The maleic anhydride surfaces complexed to the amphoteric
fluorosurfactant showed higher oil repellency (and hence a greater switching
parameter) compared to those complexed with the cationic fluorosurfactant—this is
due to the lower surface tension of the amphoteric fluorosurfactant (yamphoteric
fluorosurfactant = 15.58 MN M™; yeationic fluorosurfactant = 28.6” mN m™). Prior to fluorosurfactant
complexation, the maleic anhydride plasma layer displayed the opposite wetting
behaviour (water contact angle is greater than hexadecane contact angle).

Pulsed plasma 2-(trifluoromethyl)maleic anhydride polymer films complexed
with either cationic or amphoteric fluorosurfactant showed similar wetting properties to
the maleic anhydride polymer—fluorosurfactant films however both the water and
hexadecane contact angles were higher for the coatings containing 2-
(trifluoromethyl)maleic anhydride, Table A1.1 and Figure Al.1. This is due to one of
the CHs groups in maleic anhydride being exchanged for a CFs group in 2-
(trifluoromethyl)maleic anhydride) and as a result the coating is slightly more repellent
towards both test liquids. This is also observed in the 2-(trifluoromethyl)maleic
anhydride polymer films prior to fluorosurfactant complexation. In all cases, the
switching parameters for the 2-(trifluoromethyl)maleic anhydride containing coatings

are similar to the corresponding maleic anhydride surfaces.
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Table Al.1: Water contact angle after 0 s and 10 s (reached equilibrium) and hexadecane
contact angle (does not change with time) for pulsed plasma polymer coated flat glass
substrates and pulsed plasma polymer surfaces complexed with fluorosurfactant.

Contact Angle/°

Coating Water Water

Hexadecane | Switching
t=0s | t=10s

Uncoated glass 25+2 | 252 <10 -15+2
Pulsed plasma maleic anhydride 92+1 | 772 <10 -67+2
Pulsed plasma maleic anhydride—cationic
36+11 <10 66 + 8 56+8
fluorosurfactant
Pulsed plasma maleic anhydride—
_ 18+6 <10 801 70+1
amphoteric fluorosurfactant
Pulsed plasma 2-(trifluoromethyl)maleic
) 95+1 | 902 27+6 -63+6
anhydride
Pulsed plasma 2-(trifluoromethyl)maleic
. o 34+£12 | 31+12 831 52+ 12
anhydride—cationic fluorosurfactant
Pulsed plasma 2-(trifluoromethyl)maleic
18+1 | 13+£3 871 74+3

anhydride—amphoteric fluorosurfactant
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Figure Al.1: Water contact angle (WCA) after 10 s (reached equilibrium) and hexadecane
contact angle (HCA; does not change with time) for pulsed plasma polymer coated flat glass
substrates and pulsed plasma polymer surfaces complexed with fluorosurfactant. Pulsed
plasma polymers are: (a) maleic anhydride (abbreviated as MA); and (b) 2-
(trifluoromethyl)maleic anhydride (abbreviated as CF3-MA). Fluorosurfactant is abbreviated as
FS. [Plasma polymerisation performed by A. Carletto]. Error bars denote the sample standard
deviation.
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Al.4 Discussion

Fast-switching oleophobic—hydrophilic surfaces have been prepared by complexation
of fluorosurfactant with plasma polymer coatings, Table Al1.1 and Figure Al.1. The
fluorosurfactant is able to complex to the polymer backbone through electrostatic
interaction.®® Compared to maleic anhydride plasma polymer, polymer—
fluorosurfactant films prepared using 2-(trifluoromethyl)maleic anhydride showed an
increase in both water and hexadecane contact angles—this can be attributed to the
presence of the oleophobic CFs groups in the 2-(trifluoromethyl)maleic anhydride
plasma polymer. The switching parameters of the polymer—fluorosurfactant coatings
are however similar for both the maleic anhydride and 2-(trifluoromethyl)maleic
anhydride polymers used.

The oil repellency of plasma polymer—fluorosurfactant complex surfaces can be
attributed to the low surface energy terminal CFs groups of the fluorosurfactant being
orientated towards the air—solid interface.'® As a result, the hydrophilic ionic surfactant
head groups are localised in the sub-surface region where they are complexed to the
hydrophilic polymer counterionic groups. Upon contact with the surface, water
molecules are able to diffuse towards these underlying hydrophilic groups either via a
water-induced surface rearrangement of the fluorosurfactant chains allowing
penetration of the water molecules'!, or due to the presence of defects in the
fluorinated layer allowing permeation of the water.*? Oil droplets on the other hand are
unable to penetrate any film defects due to their much larger size® and so are repelled
by the top-most low-surface-energy fluorinated chains.'! Hence, the plasma polymer—
fluorosurfactant complex surfaces display the observed switching oleophobic—
hydrophilic properties (the difference between the static water and oil contact angles).

Previously reported plasma polymer—fluorosurfactant complex surfaces have
shown a similar oil repellency to that observed in this work however the switching
parameters reported here are slightly larger due to the greater hydrophilicity (lower
water contact angle).!? Furthermore, the fast-switching time for the reported maleic
anhydride and 2-(trifluoromethyl)maleic anhydride plasma polymer—fluorosurfactant
coatings (<10 s) is much quicker than that reported for films utilising acrylic acid
plasma polymers (70 s).2 The oil repellency could be enhanced by incorporation of
nanoparticles to add surface roughness however this would add additional steps to

the fabrication process.*
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A1l.5 Conclusions

Fast-switching oleophobic—hydrophilic coatings have been prepared using plasma
polymer—fluorosurfactant complexes. These can be deposited using a two-step
process consisting of plasma polymerisation followed by fluorosurfactant
complexation. Although not tested, it is envisioned that when coated onto porous
substrates (e.g. stainless steel mesh) these surfaces could provide oil-water

separation. Other applications could include antifogging surfaces.
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Appendix 2

Literature Review Tables

A2.1 Simultaneously Oleophobic—Hydrophilic Coatings

Table A2.1: Summary of approaches for the preparation of simultaneously oleophobic-hydrophilic surfaces.

Oil CA
(hexadeca Switchin
. Coating Water CA / ne unless g Applications . Date
Approach Materials Method Substrates o stated Paramete Shown Advantages Disadvantages Published Ref
otherwise) r/°
/ o
. Poor hydrophilicity
Poly(methacrylic _ ’ .
acid) / Hoe L 3658- |  Spin Glass G'y:frg' = 63.0 21.2 - One Sﬁgé’ecs‘;a“”g towardso%'?’cem" 14/08/95 1
L oleophobicity
Poly[(acrylamidopr Glass and Very poor
opy_l)trimethy_lammo Solv_ent aluminium 7541 80+1 5 _ One-step coating hydrophilicity. 07/04/99 5
nium chloride] / casting sheet process Poor
Fluowet SB oleophobicity
Poly[(acrylamidoph
enyldiazosulfonate) Poor
-co-(1-hydroxy-2- ) . S
methylethyl Solvent Glass 52 55 3 - One-step coating | hydrophilicity. 25/08/99 3
casting process Poor
Polymer— methacrylate)-co- oleophobicit
fluorosurfactant (methacrylate)] / p y
Hoe L 3658-1
Very poor
Poly(ethyleneimine Solvent Glass 69 80 1 _ One-step coating hydrophilicity. 1999 4
) / Fluowet SB casting process Poor
oleophobicity
Polystyrene / Poor
FIuorom(_)dlfl(_ed Spin Glass 32+4 58+ 5 26 _ One-step coating hydrophilicity. 18/04/09 5
montmorillonite process Very poor
(FOMMT) oleophobicity
Poly(styrene-co- . . . )
) . . Silicon, Anti-fogging, One-step coating Poor 30/04/18
maleic anhydride) / Spin glass <10 112£5 102 self-cleaning, process. Fast oleophobicity 28/05/15 6.7

DuPont Zonyl FSD
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Poly(styrene-alt- silicon oil-water switching. Good
maleic anhydride) / Spin Iass’ <10 802 70 separation hydrophilicity
DuPont Zonyl FSD 9
Multi-step (4)
. . Self-cleaning, coating process.
Poly(d|a||y|d|methyl Spray anti-smudge, After third step
ammonium - - Good 03/03/15 8,9,
) (layer-by- Glass 10+2 791 69 anti-fogging, o samples must be
chloride) / DuPont . hydrophilicity : . 10/09/15 10
layer) oil-water dried at high
Capstone FS-50 .
separation temperature. Poor
oleophobicity
Pon(dlaIIyId_lmethyI Oil-water
ammonium separation One-step coatin Poor
chloride) / Sodium Dip SS mesh 0 95+ 2 95 P ' g . 05/09/14 11
water soluble process oleophobicity
perfluorooctanoate dve removal
Polymer— 1 SiO, (10-25 nm) Y
fluorosurfactant/ . . : . Multi-step (4)
nanoparticles POIy;?r'fr‘n"gngethyl Spray iﬁggﬁig’gg Excellent coating process.
chloride) / DuPont (layer-by- Glass <5 157 +1 152 anti-fogging, hydrophilicity. After third step 03/03/15 8,9
) Excellent samples must be 10/09/15
Capstone FS-50/ layer) oil-water - ; .
; ) oleophobicity dried at high
SiO; (7 nm) separation
temperature
Plasma Plasma deposition
Acrylic acid plasma | polymeris allows for a wide Two-step coating
polymer / Hoechst ation Glass <20 82+4 62 - range of substrate process. Poor 24/05/00 12
AG, Hoe L 3658-1 followed materials to be oleophobicity
Plasma )
olvmer— by dip used
quoeosyu rfactant Plasma Plasma deposition
Maleic anhydride polymeris allows for a wide Two-step coating
plasma polymer / ation Glass 22+2 79+1 57 - range of substrate process. Poor 17/08/00 13
DuPont Zonyl FSD followed materials to be oleophobicity
by dip used
Spin Two-step coating
Plasma Poly(ethylene followed process. Poor
glycol) diacrylate / by CF,4 Glass 30.7 60.7 30 - - hydrophilicity. 06/11/17 14
treatment
CF4 gas plasma Poor
treatment oleophobicity
Excellent rocedure fo
Glass 15 108 93 . hydrophilicity on p !
Polyethylene glycol Self-cleaning, olvester fabric preparation of
/ Zonyl FSN-100 / Dip oil-water poly Good ’ coating solution. 01/12/16 15
Fluorosurfactant/ T(OBU)4 / SIO; Polyester 0 146 146 separation oleophobicity on Poor.
: fabric : oleophobicity on
(nano)particle polyester fabric lass
composite - g -
. One-step coating One-step coating
Oil-water
Capstone FS-50/ Sprav or Various separation process. Excellent | process becomes
TiO, (5-10 nm) / prey 0 160 160 P ' | hydrophilicity. multi-step if 08/03/18 | 16
: painting substrates controllable oil S
TiO; (21 nm) transportation Excellent durability is
P oleophobicity. required. Coating
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OR
Pentadecafluorooct
anoic
acid (PFOA) / TiO,
(21 nm) / Tetraethyl
orthosilicate

Good durability
when adhesive
particles added to
coating

not transparent
(not anti-fogging)

(TEOS)
Removal of
water from One-step coating Synthesis
oil-water process. Excellent requires high
Capsione £5:50 / Dip Cotton 0 154+ 0.8 154 mixture by hydrophilicity. temp drying of 1104119 | 17
2= absorption, Excellent cotton both before
oil-water oleophobicity and after coating
separation
ZnO tetrapods / Multi-step (3)
Tetraethylorthosilic Spray (x2) Excellent coating process.
ate (TEOS) / Viscous oil Oil-water hydrophilicity. ZnO tetrapod
Potassium fchO\év_ed SS mesh 0 =160+5 160 separation Excellent synthesis requires 28/05/19 18
perfluorooctanesulf y dip oleophobicity extremely high
onate (PFOS) temps (950 °C)
Aluminium
phosphate
Capstone FS-50/ Oil—water hyﬁrc?;r!lﬁz;w synthesis requires
SiO, / Aluminium Spray Glass 0 1543+ 15 154.3 . ' high temp. High 26/08/19 19
separation Excellent A
phosphate . temp curing steps
oleophobicity )
required after
spray coating
Two-step coating
Self-cleaning process. Poor 31/10/07 20,
3- Silicon 30 (Adv) 79 (Adv) 49 anti-fogging’ - hydrophilicity. 06/12/07 21,
isocyanatopropyldi Two step Poor 19/06/08 22
methylchlorosilane graifting oleophob|C|t_y
(ICPDMS) / Zonyl meth_od _ Two-step coating
FSN-100 (2x dip) Glass fiber Oil—water process. Poor
membrane 30 105 75 . - hydrophilicity. 01/10/08 23
discs separation Poor
Fluorinated oleophobicity
polymers/polym 3-
er blends isocyanatopropyldi Twoﬁs_tep Two-step coating
methylchlorosilane grathlng Silicon 15 (Adv) 57 (Adv) 42 Anti-fogging - process. Poor 06/12/07 21
(ICPDMS) / Zony! metho oleophobicity
FSO-100 (2x dip)
f-PEG macromer
(from Poor
Z‘Zﬁ‘;%’:}‘;’f'gg%?? Spin Silicon 40 (Adv) 73 (Adv) 33 Anti-fogging O”e'srtgge‘;‘;a“”g hydrg‘(’)r(‘)':'c'ty' 28/04/11 | 24
Hydroxyethyl oleophobicity

methacrylate
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f-PEG macromer
(from

methacryloylchlorid 41 (Adv) 70 (Adv) 29
e and Zonyl FSN) /
Acrylic acid
Poor
Dip Silicon 419+18 | 707+17 28.8 - One-step coating | hydrophilicity. 0500712 | 25
Zdol process | Pr?otr) .
(perfluoropolyether 9 eogo(c))r icity
(PFPE) polymer) One-step coating hydrophilicity
Dip Silicon 46.5+0.9 70.1+0.9 23.6 Anti-fogging process Poor 25/03/15 26
oleophobicity
Fluorinated 3,4- Very poor
. ; Gold plate .
ethylenedioxythiop EIecFr_ode (working 86 933 73 _ _ hydrophilicity. 12/05/15 27
hene (EDOT) position Poor
electrode) -
monomer oleophobicity
Dip
Z-03 followed Anti-foqgin Excellent Two-step coating
(perfluoropolyether by UV Silicon 0 60.6 + 0.6 60.6 self-clegagning’ hydrophilicity process. Poor 01/06/16 28
(PFPE) polymer) irradiation 9 ydrop oleophobicity
(10 min)
Poor hydrophilicity
Glass 34.5+0.9 70.6 £ 0.3 36.1 on glass. Poor
Ztetraol One-step coating oleophobicity. Oil
. Oil-water process. Excellent does still pass
(perfluoropolyether Dip . g 29/10/18 29
(PFPE) polymer) separation hydrophilicity on through coated
poly G|%SS 0 93.2+12.4 93.2 glass membrane membrane but at
membrane a slower rate than
water
Fluoroalkylated
acrylic acid Spin Complex
Fluoroalkyl end- . oligomer /. follc?wed . synthesis
capped dAZigEZiry}Z{gc;l by light- Cobr:;%?(ss'te 21 75 54 Self-cleaning - prg;::dlégzti'lr'lwo- 10/02/08 30
oligomers ry curing (3 P 9
methyl min) process. Poor
methacrylate / oleophobicity
photo-initiator
Perfluoropolyether 0 One-step coating
Fluoroalkvl end- dicarboxylic acid / Dip Filter paper 0 Do_diggne 109 soe"a\:’vﬁgg process. Excellent oleopt?gl;icit 05/02/15 31
o g d TEOS / SiO, B P hydrophilicity P y
. ppe Perfluoro-3-di-n-
oligomers/inorga - . .
nic butylaminopropiony Dodecane Oil—water One-step coating Poor
nanocomnosites | fluoride / CaCO3 / Dip PET fabric 0 - 105 105 separation process. Excellent oleophobicit 2016 32
P CaF, = P hydrophilicity P y
nanocomposite
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(tridecafluoro-

One-step coating

11.20- Chemical Cotton Self-cleaning, | process. Excellent | Chemical vapour
tetrah’ zjr’cnoct 1) vapour fabric 0 158 +3 158 oil-water hydrophilicity. deposition takes 18/06/14 33
ranydroocty deposition separation Excellent 24 h
triethoxysilane oleophobicity
Fluorosilanizatio Chemical
n (heptadecafluoro- vapour Paper-based Excellent Multi-step (3)
deposition microfluidic PV .
1,1,2,2- Cellulose ) hydrophilicity. coating process 22/06/16 34,
followed ) 0 154 154 devices for S
tetrahydrodecyl) by O filter paper oil—water Excellent (one of which is a 01/09/16 35
trichlorosilane ple)tlsmza separation oleophobicity plasma step)
treatment
1H,1H,2H,2H-
Heptadecafluorode
cyl . .
Spin Two-step coating
gﬁg:rﬁg:ﬁzl followed PDMS Oil-water process. Poor
silsequioxane b>é Izlitprlilced sheet 56 72 16 separation - hydr'c:)’%rg:mty. 12/06/12 36
(Fluorodecyl - -
POSS) / field oleophobicity
Polydimethylsiloxa
ne (PDMS)
Poly(vinylidene Complex
fluoride) (PVDF) / _ synthesis
Additive polymer 26 +2.60 74 £5.92 48 procedure. Poor 19/02/13 37
AP1 (PVDF oleophobicity
backbone with side Dry wet Membrane Anti-foulin
chains containing spinning 9 Complex
hydrophilic internal synthesis
Membranes segments and 26+2 75+3 49 - procedure. Poor 24/04/14 38
oleophobic terminal oleophobicity
segments)
Graphene oxide
ol (g(r:aﬁlgtrj‘litrile- Dry wet Dichloroeth Oil-water sC %?\lzzlseg
poly(acrylor Y W Membrane | 226+25 | ane: 1125 89.9 \ - Y 19/07/16 39
co-maleimide)- spinning +392 separation procedure. Poor
polyethersulfone - oleophobicity.
membrane
Triblock copolymer c;)r;r)lglg?;ker
a%g;tﬁlvﬁy%?,g;am;gg Polyvinylide additive requires
and oleophobic Dry wet ne fluoride 36 72 36 Oil-water - multi-step 03/04/18 40
segments [P(VDF- spinning (PVDF) separation synthesns_._P_oor
membrane hydrophilicity.

co-CTFE)-g-PMAA-
g-fPEG]

Poor
oleophobicity
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Two-step coating

Dip process. Samples
Polycrystalline Titanium followed Excellent must be calcined
anatase TiO, isopropoxide by UV Glass 2 25 23 - hvdrophilici at very high 01/06/00 41
thin films prop illuminatio ydrop ty temperature after
n (48 h) first step. Very
poor oleophobicity
One-step coating
Methyitrimethoxysil Porous Motor oil = e?]r\?ifgr?rsngriltgﬁy Poor
ane (MTMS) /. Dip paper 0 64.7+1.4 64.7 B friendly materials. oleophobicity 12/06/15 42
Hydrochloric acid handsheets
Excellent
Non-fluorinated hydrophilicity
materials One-step coating
. . rocess using
Methyltrimethoxysil . . pro
ane (MTMS) / Dip SS mesh <10 Motor oil = a7 O||—wa_ter e_znvwonmentglly Very poor 09/05/17 43
- . 57 separation friendly materials. oleophobicity
Hydrochloric acid
Good
hydrophilicity
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A2.2 Oleophobic—Hydrophobic to Hydrophilic Switching Coatings

Table A2.2: Summary of approaches for the fabrication of oleophobic-hydrophobic to hydrophilic switching surfaces.

Oil CA
Water CA (hexadec | switchi Date
Approach Materials Coating | Substrate V},’ate_r CA / _(aft_er SW|_tch|ng unless ng Application Advantages Disadvantages Publish Ref
Method S /°(t=0s) | switching time stated Paramet s Shown ed
) ; er/°
otherwise
)/°
Very slow
switching. Poor
hydrophilicity.
Poly(diallyldimet Poor
hylammonium Anti-fouling oleophobicity.
cglon_de) / Spin Glass 97+1 52+2 10 min 72 20 oil-water O_ne-step Plasma 21/12/11 44
odium - coating process treatment
separation
perfluorooctanoa decreases
te switching time
but this limits
possible
applications
Very slow
switching. Very
poor
Chitosan / . . hydrophilicity.
; Anti-fouling, -
Polymer— sodium Spray Glass - 67+2 10 min 134+1 67 oil-water One-step chitosan must | 75314 | 45
fluorosurfactan perfluorooctanoa separation coating process be_ dissolved in
t te acid before use
adding materials
and costs to the
process
Poly(ethylene- Anti-fogging, One-step
alt-maleic - self- coating process.
anhydride) / Spin S"I'CO”' 882 <10 10s 74+1 64 cleaning, | Fast switching. | Pr?otr). . ggﬁggﬁg 6,7
DuPont Zonyl glass oil-water Good oleophobicity
FSD separation hydrophilicity
Very slow
. . switching. Poor
Pr?'y(d'a”y@me‘ hydrophilicity.
ylammonium
chloride) / h 123+ 2 42+9 7 mi +92 a1 Oil-water One-step | Pk?ot';' . 28/01/1 4
Sodium Spray SS mes 3% - min 83+ separation coating process 0 egﬁ) obicity. 8/01/15 6
perfluorooctanoa asma
te treatment
decreases

switching time
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but this limits

possible
applications
Poly(diallyldimet ox2 Multi-step (6
hylammonium 5 h of UV (before layers) coating
chloride) / Glass 110+1 28+1 irradiation and after 47 Excellent rocess. Ve
; . uv . . hydrophilicity on P - Very
Poly(sodium 4- Dip irradiation) Anti-fouling, cotton fabric slow switching
styrene (layer- 150 + 1 oil-water Excellent ' (B huv 17/09/16 a7
suslfgg%tr(;) / by-layer) Cotion 6ot Uy (before separation oleophobicity on ||Ium|;r(1)%t;on).
; 156+ 1 0 A and after 150 cotton fabric -
perfluorooctanoa fabric irradiation UV oleophobicity on
e irradiation) glass
Very slow
Poly(diallyldimet Qne-step Sg;g:shr%nf'
hy(I:?]T;rrri]é)er;u;m Anti-fouling, coagr)l(%éjl:'gr(]:tess. treatment
Sodium Spray Glass 165+ 2 0 9 min 155+1 155 oil-water hydrophilicity decreases 21/12/11 44
perfluorooctanoa separation Excellent SW'tCh.' ng time
. - but this limits
te / SiO, oleophobicity ;
possible
applications
One-step Chitosan must
Chitosan / Anti-foulin coating process. be dissolved in
sodium Spra Glass - 0 20s 157+ 1 157 oil-water Excellent acid before Use | p7,n3/14 | 45
perfluorooctanoa pray - . hydrophilicity. adding materials
te / SiO, (20 nm) separation Excellent and costs to the
oleophobicity process
Polymer— Very slow
fluorosurfactan . . switching.
t/nanoparticles Pon(dlaIIyIQ|met Qne-step Plasma
hylammonium coating process. treatment
chioride) / Spray | SSmesh | 167+1 0 7 min 158+ 1 158 Oil-water Excellent decreases | 28/01/15 | 46
Sodium separation hydrophilicity. switching time
perfluorooctanoa Excellent ing tin
te / SiO, (20 nm) oleophobicity but thls_l|m|ts
possible
applications
One-ste Chitosan must
Removal of coatin rocpess be dissolved in
Chitosan / water from Ul?rgfast ' acid before use
Sodium Melamine oil-water switchin adding materials
perfluorononano Dip - 0 48s 142 £ 2 142 mixture by 9: and costs to the | 19/10/16 48
sponge . Excellent
ate / Fe304 (30 absorption, hvdrophilicit process. Coated
nm) oil-water Y G[())od Y. sponges must
separation . be dried at high
oleophobicity

temperature

192




Poly(diallyldimet

Candle

; soot
hylammonlum coating /
Cglgtrjlict‘;z/ Chemica Oil-water hygi(;srqi%itty Mu_Iti-step (8)
| vapour SS mesh 43 0 60 s 137 137 . ’ coating process. | 07/02/17 49
perfluorooctanoa depositi separation Good Slow switchin
te / Tetraethyl gn / oleophobicity 9
orthosilicate /
Solvent
Carbon soot .
casting
One-step
coating process.
Glass 54+ 17 <10 <10s 138+5 128 Easiepiiyine:
Excellent
Poly(diallyldimet Oil-water hydrophilicity. This
hylammonium separation Good work
chloride) / Spray and oleophobicity. - 11/10/18
Capstone FS-63 antibacteria First reported
/ SiO, (7 nm) | paper showing 50
SS mesh - 0 <10s 143 £ 4 143 an antibacterial
oleophobic(in
air)-hydrophilic
coating
Excellent
hydrophilicity.
Acrylic acid Plasma Plasma Two-step
Plasma . o ;
olymer— plasma _pol_ymer ponmen Filter deposmon_ coating process.
p (from liquid) / sation 119 0 70s 76 76 - allows for awide | Slow switching. | 04/12/13 51
fluorosurfactan paper
t Chemguard S- followed range of Poor
106A by dip substrate oleophobicity
materials to be
used
151if1b0th Removal of coafi)nng;e :‘rtc?cpess
Heptadecafluoro 152 0 (in presence water from Ultrafast Switching
nonanoic acid / Polyester (absence presence and oil-water switching requires
: ; Dip : of of 3s 151 mixture by ) 18/02/15 52
Ti(OBu)4 / SiO, fabric . . absence } Excellent exposure to
ammonia ammonia absorption, P ;
(100-170 nm) of ) hydrophilicity. ammonia vapour
vapour) vapour) ammonia 0||—Wat_er Excellent
FIuorosurfact_a vapour) separation oleophobicity
nt/(nano)partic One-ste Kaolin particles
le composite Perfluorooctanoi - P part
: . coating process. | must be dried at
¢ acid / Kaolin / :
. . Ultrafast high
Diethoxydimethy Solvent Self- switchin temperature for
Isilane (DEDMS) h Glass - 0 2s 151+1 151 ; 9. P 13/12/16 53
/ casting cleaning Excellent 5 h to remove
) hydrophilicity. water before
Tsrille; ::)zﬁq_eEtgl Excellent use. Coated
oleophobicity substrates must
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be dried at high

temperature
SiO,
nanoparticles /
fluorinated alkyl- Ultrafast
polyethylene SO
switching.
glycol phosphate Cotton Excellent Two-ste
(FA-PEG- Dip : >90 0 158s 153 153 Anti-fouling o . p 23/07/18 54
fabric hydrophilicity. coating process
phosphate) / Excellent
LH,1H,2H 2H- oleophobicit
perfluorodecyltri P Y
ethoxysilane
(FAS)
Kaolin particles
Removal of must be dried at
water from high
- One-step
oil-water coating process temperature for
Perfluorooctanoi mixture by gp ' 5 h to remove
: . . Ultrafast
¢ acid / Kaolin / Solvent absorption, switchin water before
bis(3- castin Glass - 0 2s 151+1 151 oil-water Exceller?f use. Coated 11/09/18 55
trimethoxysilylpr g separation, g, substrates must
: hydrophilicity. . )
opyl)amine water- Excellent be dried at high
soluble dye oleophobicity temperature.
removal, Separation
self-cleaning efficiency a little
low (92%)
One-step .
Perfluorooctanoi coating process. Slcz\:\ésnvilrti(;,]hmg
c acid / Kaolin / . Excellent a 9
bis[3- Solvent | 10cs 125 0 (?eftvé;nr:? a 150 150 Oil-water hydrophilicity ;Tf;Teé];;Ld 18/06/19 | 56
(trimethoxysilyl)p | casting separation (after treatment P :
pH >12) substrates must
ropyllethylene at pH >12). ; )
I be dried at high
diamine Excellent
- temperature
oleophobicity
Hydroxy(polyeth
yleneoxy)-
propylether-
terminated Complex
PDMS block synthesis
Fluorinated co%)é};hmeléég_A ) Solvent Oil and dirt F;rl?)t\j\?g\';lvrlfch\(r? i
polymers/poly bi hy | . - 115 34 60 min 60 26 repellent - P 9 26/03/02 57
mer blends _|s(p enylene casting surfaces oor
isocyanate) / hydrophilicity.
1,2-diol Very poor
functional PFPE oleophobicity
12,2,3,3-
tetrafluoro-1,4-
butanediol
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1-(1H,1H,2H,2H-

perfluorodecylox
y)-3-(3,6,9-
et
Spin Glass 48 28 30s 70 42 oil-repellent - 21/07/10 58
acrylate / 2- surfaces procedure. Poor
(N,N- oleophobicity
dimethylamino)e
thyl
methacrylate
Poly(ethylene Rapeseed
glycol) diacrylate SS mesh - 0 100 s oil =125 125
(PEGDA) / 2- (Adv)
hydroxy-2- ) Two-step
methyl Dip Excellent coating process
propiophenone | followed hydrophilicit Slow switching.
(Darocurl 173) / | by UV Oil-water ot e maan) | 28/08/12 | 59,
1H,1H,2H,2H- illuminati Rapeseed separation L ' 22/12/11 60
Polyester L oleophobicity on Very slow
heptadecafluoro on (5 fabric - 0 1400 s oil = 152 152 olvester fabric switching on
decyl polyhedral min) (Adv) poly gon
. ; polyester fabric
oligomeric
silsequioxane
(fluorodecyl
POSS)
Fluorinated 3,4- Unstable sMn(;Eggi]se'i’s
ethylenedioxypyr (CA c};)m lex (9
role (EDOP) Electrod | Gold plate | decreases p
” ; L 79.3— steps). Unknown
monomer / epositio (working until it - - - - - AT 18/07/13 61
L 115.7 switching time
Bis(trifluorometh n electrode) | reaches a :
L and final WCA.
ane)sulfonimide stable P
salts state) oor.
oleophobicity
Monomer
3,4- syntheses are
ethylenedioxythi C())/m lex. Ver
ophene (EDOT)- | Electro- Gold plate 30 min Diiodomet slowpswiichiny
Py*/3,4- codepos (working 155 78 reduction at - hane = 50 - - requirin 9 18/04/14 62
ethylenedioxythi ition electrode) 1Vvs SCE 128 quiring
reduction at -1
ophene (EDOT)-
Fs monomers V. Very poor
8 hydrophilicity
Lengthy (2 day),
Two- complex method
FFS-ZElgO()Zloln )g step Cellulose Oil-water Fast switching. to prepare
. ' grafting - 0 5s 120 120 separation, Excellent cellulose 26/06/17 63
diisocyanatohex sponge . . P
method anti-fouling hydrophilicity. sponge. Two-
ane ) h
(2x dip) step coating
process
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Poly (ethylene
glycol)diacrylate
| 2-carboxyethyl
acrylate / 1H,1H-

perfluoro-n-
decyl- Spray
functionalized followed Fast switching.
pentaerythritol by UV Oil—water Excellent Two-step
tetra(3- . photqpol Glass 57.2 0 9s 155.6 155.6 separation hydrophilicity. coating process 31/08/18 64
mercaptopropion | ymerisat Excellent
ate) ion (5 oleophobicity
(F-PETMP) / min)
SiO, /1 2,2-
dimethoxy-2-
phenylacetophe
none (DMPA)
(photoinitiator)
Fluoroalkylated
trimethoxyvinylsi Dod Excell _Ver:_y SIO\\;V 18/05/
lane- _ Glass 72 0 30 min odecane 60 _ xcellent switching. Very 8/05/96 | 65,
. =60 hydrophilicity poor 16/09/97 66
acryloylmorpholi -
. oleophobicity
ne co-oligomers
Fluoroalkylated
co-oligomer of
N,N-
dimethylacrylami Very slow
Fluoroalkyl de and Dip PMMA film 60 30 30 min D0(_jecane 4 _ C_)ne-step switching. Very 16/11/01 67
end-capped methacrylate =34 coating process poor
oligomers monomer- oleophobicity
bearing
silsequioxane
unit
Fluoroalkylated
N,N- One-step Very slow
dimeth_ylacrylami Solv_ent Polys_tyren 1 0 30 min Dogecane 53 _ coating process. switching. Very 26/12/03 68
de oligomer / casting e film =53 Excellent poor
phthalocyanine hydrophilicity oleophobicity
complex
Fluoroalkylated
N,N- One-step Very slow
Fluoroalkyl d'g“:ﬂ?giﬁ?gf‘/’m Dip Glass 44 0 30 min Doge;;‘“e 42 - coating process: SW'tC*;'gg; Very | 04/01/05 | 69
Qnd—capp_ed SiO, polymer hydrophilicity oleophobicity
ollgqmers/mor hybrid
gan;]c;k;))rci)(ljysmer Fluoroglkyla}ted Anti- One-step _\/ery slow
acrylic acid Dip Glass 25 0 30 min il 57 bacterial process. switching. Very | 4105105 | 70
oligomer / SiO, =57 surfaces Excellent poor
polymer hybrid- hydrophilicity oleophobicity
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hibitane
composite

Fluoroalkylated
2-
methacryloxyeth

. One-step Very slow
annesulfonic Dodecane coating process switching. Ve
acid-N,N- Dip Glass 9 0 5 min c 51 - gp : 9- Ve | 13/04/06 | 71
. . =51 Excellent poor
dimethylacrylami hydrophilicity oleophobicit
de co-oligomer / ydrop P Y
SiO, polymer
hybrid
Fluoroalkylated
vinyltrimethoxysi
lane-SiO,
oligomeric One-step Very slow
nan(_)partlcles / Solv_ent PMMA film 52 0 30 min Dosjecane 33 _ coating process. switching. Very 29/03/16 72
tributyl[3- casting =33 Excellent poor
(trimethoxysilyl)p hydrophilicity oleophobicity
ropyl]phosphoni
um chloride
ionogel
Fluoroglkyle_lted One-step Very slow
acrylic acid Dodecane coating process switching. Ve
oligomer / Dip Glass 27 0 15 min ¢ 58 - gp : 9- Ve | 0g/02/08 | 73
. =58 Excellent poor
hydroxyapatite hydrophilici oleophobicit
nanocomposite ydrop ty P Y
Fluoroalkylated . One-step
acrylic acid Aluminium A few Oleic coating process Very poor
oligomer / SiO, Spray plate - 12 seconds tnglzl%eznde 50 - Ultrafast oleophobicity 18/09/08 | 74
nanocomposite B switching
Fluoroalkylated
vinyltrimethoxysi
Fluoroalky! lane oligomer /
end-capped tri-n-butyl-[(3- One-step Very slow
0I|gomer_s/|nor trimethoxysilyl)pr Dip Glass 10 0 5 min Dogecane 62 _ coating process. switching. Very 04/08/10 75
ganic opyl] =62 Excellent poor
nanoc:smposn phosphonium hydrophilicity oleophobicity
chloride / SiO,
nanocomposite
Fluoroalkylated o
) ; . ne-step
vinyltrimethoxysi Dodecane coating Drocess Very slow
lane oligomer / Dip Glass 129 0 5 min =118 118 - Ex?:gllent ' switching. Poor 13/09/14 76
CasSi, B . oleophobicity
. hydrophilicity
nanocomposite
Perfluoropolyeth Dodecane Oil-water coag)nne_srts(?ess very slow
er dicarboxylic Dip Glass 63 0 10 min = 129 129 separation Ex?:gllent ' switching. Poor | 05/02/15 31
acid / TEOS / = P ent oleophobicity
hydrophilicity

197




SiO,
nanocomposite

Perfluoro-3-di-n-

One-step

propylaminoprop $ - Very slow
ionyl fluoride / Dip Glass 150 5 min Do_decane 117 oil WaFer coating process. switching. Poor 2016 32
=117 separation Excellent .
CaCOs/ CaF; g oleophobicity
. hydrophilicity
nanocomposite
Fluoroalkyl end- Fluorocarbo
capped ) One-step
vinyltrimethoxysi Dodecane n oil- coating process Very slow
] 4 Dip Glass 137 25 min _ 97 hydrocarbon ' switching. Poor | 20/07/17 77
lane oligomeric =97 ol Excellent oleophobicit
silica . hydrophilicity P Y
. separation
nanocomposite
Fluoroalkyl end-
Poor
capped One-step oleophobicity
vinyltrimethoxysi coating process. N
lane oligomeric Solvgnt Glass - 10s Do_decane 107 - Fast switching. Wett_ln_g 1S 2017 78
- casting =107 surprisingly
silica / Excellent opposite on filter
phosphonic acid hydrophilicity pp
) paper
nanocomposite
Poly(methacrylic
acid) (PMAA) / Plasma Complex
sodium 1- induced | Polyvinylid synthesis
dodecanesulfon graft ene Diiodomet Fast switching. procedure. Two-
Membrane ate polymeri fluoride 17 6s hane = 68 65 Anti-fouling Excellent step coating 04/02/19 79
(SDS) / 3- sation (PVDF) - hydrophilicity. process. Very
aminopropyltriet | followed | membrane poor
hoxysilane by dip oleophobicity
(APTS)
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A2.3 Antibacterial Oil-Water Separation

Table A2.3: Summary of approaches for the preparation of surfaces which are antibacterial and can also separate oil and water.

Coating Materials Coating Substrates Water CA /° Hexadecan Switching Antibacterial Applications | Advantages | Disadvantages Eglltigh Ref
Type Method eCA/° Parameter / ° Properties PP 9 9 P ed
Is only
oleophobic
pH-responsive und;rc\)/z)z:ter.
copolymer / . ) )
Poly(ureaform Spra 150 (pH> 7). D|chr2;);021et 155.2 (pH = 1 E. coli Oil-water Ability to rgngg?éc;euilve
aldehyde) pray Cotton fabric | 120->0 (pH = . - (PR =4, (88.67% [pH = separation. switch prop ‘ 14/08/17 80
. coating 155.2 after 15's) ; ; L to change pH to
nanoparticles / 1, after 15 s) d 1]) Antibacterial wettability itch surf
Hexamethylen (underwater) _swnc surface
e diisocyanate (|mm¢rse n pH
solution for 30
min and dry at
80 °C).
Is only
Polydopamine oleophobic
| Silver underwater.
particles / 1- 153|_$d_rolpl7et of E. coli (85% oil Abili Poor
dodecanethiol Dip ) pH = 1-7). [4.5h]) and S I-water lity to antibacterial
' Cotton fabric 0 (droplet of — - ’ ' separation. switch . 01/11/18 81
/11- coating v _ aureus (80% - ; L properties. Have
pH=13,t=25 h Antibacterial wettability h
Hydrophilic— mercaptqunde S) [4.5h]) to change pH to
Underwater canoic switch surface.
ol € h ab‘? acid Multiple step
eophobic method
Is only
Use of oleophobic
Trichloromet S. aureus chitosan, a underwater
Chitosan / . Polyphenyle _ (inhibition Oil-water ' ; .
Dip h hane = ) green and Antibacterial
Glutaraldehyd : ne sulfide 0 152.16 zone separation. . . . 22/01/19 82
e coating membrane 152.16 measurements Antibacterial inexhaustibl properties only
(underwater) ) e resource tested against S.
in nature aureus — no data
though
E. coli (plate
counting — Is only
only images Use of oleophobic
Chitosan / Polypropyle Trichloromet are shown, no Oil-water chitosan, a underwater.
Glutaraldehyd D'P ne 0 hane = 154.1 data) and S. separation. _green an_d Annbe}ctenal , 21/05/19 83
e coating membrane 154.1 aureus Antibacterial inexhaustibl properties don’t
(underwater) (inhibition e resource look to be too
zone in nature excellent — no
measurements data though

)
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Janus
membrane:
E. coliand S. Can h_ydrophlllc side
. . . is underwater
Silver Hydrophilic Hydrophilic aureus . separate .
. . o o o Oil-water oleophobic.
Janus nanoparticles / Dip Cellulose side = 0. side = 0. _ (inhibition separation both water- Lona. multiole 07/08/19 84
membrane Stearic acid coating membrane Hydrophobic | Hydrophobic zone b - in-oil and oil- 9 P
. A, o Antibacterial h step synthesis.
(one side) side = 150.3 side=0 measurements in-water : ;
. Antibacterial
) emulsions - -
properties arise
due to leaching
of Ag NPs
E. coli Undesirable
Thermal ]
Sparse cloth Oil-water reduction of wetting
kills: 40% (8h), separation GO avoids (WCA>HCA).
Reduced Di Cloth 130 (sparse) Not reported 60% (16h), s grse) ol use of toxic Poor
graphene coat?n (sparse and 141 (c?ense)’ but - 75% (24h), aFl;sor tion reducin antibacterial 16/06/16 85
oxide 9 dense) oleophilic Dense cloth p 9 properties.
o (dense). agents and h
kills: 80% (8h), ’ ’ A Multiple
Antibacterial allows in situ : .
95% (16h), reduction heating/drying
98% (24h) steps.
Polydopamine )
| Silver | . Iv(lacti E. coli (98.2% i Membrane Undes!rable
Oleophilic— | nanoparticles / Electrospi Po y(_acnc [6h]) and S Oil-water is wetting
. nning of acid) 158.6+1.2 0 -158.6 . separation. . (WCA>HCA). 20/09/18 86
Hydrophobic | 1H,1H,2H,2H- aureus (99.0% - } biodegradab -
membrane membrane Antibacterial Multiple step
perfluorodeca [6h]) le .
: synthesis.
nethiol
E. coli (log
reduction =
. . . 5.89 (5 min) . ) Undesirable
iyl ol B . aureus | O3S | xcelent | weting
. - - - (log reduction . antibacterial (WCA>HCA). 11/04/19 87
Chloropropyltri | (by freeze- (NCC) ~6.19 (5 mi mixture. : L ltiol
ethoxysilane drying) aerogel =6.19( m_|n). Antibacterial properties ong, mu tlp_e
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