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Abstract

Rational design of biomaterials is hindered by the lack of
quantitative structure-activity relationships (QSAR). Here we
report the use of a QSAR to guide experimentation into a new
chemical space; we predict and synthesize molecular structures
for novel monomers that will reduce biofilm formation, and so
identifying the lowest biofilm attachment polymer discovered to
date. Cyclododecyl methacrylate was shown to reduce the
formation of P. aeruginosa and P. mirabilis biofilms by up to 96
% and 97 % respectively compared to commercially available
catheters. We believe that this is the first instance of a
biomaterials screening program extending beyond the domain
covered by the initial screen to predict a novel chemical entity
with improved properties. This validates the QSAR approach for
identifying polymers that resist biofilm formation beyond its
chemical training domain.

High throughput discovery of the non-commercially available
material space is hindered by the ability to synthesize large
numbers of materials in a controlled reaction process to keep
up with supply demands. In this thesis we also present the
production of a microwave single-well reactor capable of
synthesizing novel methacrylate monomers wusing a
transesterification process, where the design of the reactor has
shown to outperform both conventional and standard
microwave heating techniques. Powers as low as 40 W have
been used to achieve reaction temperatures of 160 °C, showing
great scale-out potential. With the approach of using QSAR for
identifying potential biomaterials, monomer libraries can be

judiciously chosen and then synthesised to enable high



throughput discovery programs to have unprecedented access

to the non-commercially available space.
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1 Introduction

The concept of a post-antibiotic era, where patients contract
bacterial infections that are resistant to the last line of antibiotic
defence due to the development of antimicrobial resistance
(AMR) and a lack of new antibiotics is becoming a reality.1.?
Therefore, the prevention of bacterial infections has become an
utmost priority in order to reduce mortality and morbidity in
clinical settings. Medical devices have been shown to cause an
unacceptably high amount of bacterial infections as they
provide sites for the formation of bacterial biofilms in the body.3
Materials scientists and medical device engineers have
suggested various means to reduce device-associated infection,
including killing methods such as the incorporation of antibiotics
and non-killing methodologies including using polymer coatings
to prevent bacterial adhesion to the surface.#> The discovery of
anti-attachment polymer coatings utilised a materials discovery
program which often make use of a non-biased material library
to screen a wide chemical space. However, the development of
quantitative structure-activity relationships (QSAR) has
enabled a more systematic exploration of available materials to
enable material libraries to be judiciously chosen.® A large
chemical space has largely been left unexplored with non-
commercially available materials, but this can be changed by
using QSAR to systematically select non-commercially available
materials that can then be synthesised with confidence of
obtaining a material that can reduce attachment of bacteria to
surfaces. Current library synthesis methods involve the non-
specific heating of individual reactions by placing a multi-well
vessel either into an incubator or heating block, resulting in
poor reaction control.”®# Microwaves have been shown to

selectively heat reactions to give higher reaction and make use
1



of volumetric heating to rapidly increase reaction
temperatures.? The heating of  multiple reactions
simultaneously (combinatorial synthesis) using microwaves has
currently been limited to either using a multi-mode source to
irradiate samples simultaneously, but with poor reaction
control, or to use a single mode source to heat an individual
reaction with high control, but this vastly reduces the
throughput when attempting to synthesis an entire materials

library.10

The work described in this thesis utilises current QSAR
computational models to develop a monomer library from which
polymers can be formed in a microarray for high throughput
assessment of biofilm formation. These monomers will be
assessed to find a polymer that can reduce bacterial adhesion
to medical devices. Simultaneously, a microwave reactor
capable of synthesising novel methacrylate monomers will be
designed and produced to develop a system which can
efficiently produce novel monomers for high throughput
discovery programs. This will require a reactor capable of
synthesising monomers with a low power input (< 100 W) to
make a combinatorial synthesis reactor feasible when scaled up
such that a low total power is required to heat multiple vessels

simultaneously.



1.1 Aims and Objectives

Aims outlined for the work herein can be shown below with
corresponding objectives:

1. Develop monomer library based upon QSAR to identify
polymers for medical devices with reduced bacterial
adhesion and biofilm formation

a. Use a current QSAR computational model to
identify possible hit materials

b. Synthesise materials that are not commercially
available

c. Print monomer library and photocure to form a
polymer microarray with which to test predictive
QSAR model

d. Scale up hit materials identified to coat sections
of silicone catheter for in vitro studies

2. Produce working single-mode microwave reactor for
development of high throughput combinatorial
synthesis system capable of producing novel
methacrylate monomers

a. Perform finite-difference time domain (FDTD)
simulations to identify optimum reactor design
with high power density distribution and ensure
design operate within current exposure limits

b. Manufacture designed microwave reactor and
perform commissioning experiments to ensure
design is safe

c. Use developed microwave reactor to synthesise
novel methacrylate monomers

d. Perform viability studies to test whether
produced microwave reactor can be scaled to

work in high throughput



Literature Review
1.2 Medical device associated bacterial infections

Medical devices such as catheters and endotracheal tubes have
revolutionised modern medicine and allowed for increased
patient care throughout current healthcare systems. Commonly
used devices such as catheters provide a range of essential
tasks from carrying patient waste to providing ports to facilitate
breathing/ventilation of unconscious patients, administer
medicine, nutrition, and sample blood. However, despite
providing a lifeline to patients throughout hospitals, medical
devices have been shown to be susceptible to complications
including bacterial infections (biofilms) and blood clots.!1-13 A
report by O’Neill has also suggested that healthcare associated
bacterial infections (HAIs) will cause more deaths than cancer
by 2050.14

1.2.1 Biofilm formation on medical devices

Despite being a crucial part of healthcare, medical devices often
cause complications which most prevalently include infections.
Research that investigated the frequency and cost per infection
in the US is shown in Table 1.1.



Table 1.1: Bacterial infection rates in hospital with associated
costs and fatalities in intensive-care units across the US. 1°

Infection Type Annual Mean hospital Mean
Infection cost per deaths per
(n) infection year

(US$)

Surgical-site 290,485 25,546 13,088

infection

Ventilator- 250,205 9,966 35,967

associated

pneumonia

Central-line 248,678 36,441 30,655

associated

bloodstream

infection

Catheter-associated 561,677 1,006 8,205

urinary tract

infection




Table 1.1 shows not only the associated cost per infection but
the high mortality rates that are associated to medical-device
associated bacterial infections, with in some cases fatality rates

exceeding 10 % of initial infection rates.

Biofilm formation in clinical settings usually originate from the
patient themselves or a healthcare professional and can migrate
from the surface of skin to a catheter port which then infect the
device.'® The common microorganisms that cause bacterial
infections include  gram-positive bacteria such as
Staphylococcus aureus and Staphylococcus epidermidis as well
as gram-negative bacteria such as Pseudomonas aeruginosa,
Proteus mirabilis and Escherichia coli.1®17 Microorganisms can
form biofilms on a wide range of surfaces including medical
devices, living tissues and water system piping.!® Biofilm
formation is a multi-stage process and can be divided into the
following steps: (1) Reversible attachment of planktonic
bacterial species to the surface with weak interactions such as
Van der Waals. (2) Irreversible attachment of planktonic
bacteria to the surface with interactions to deposited proteins
on the surface, or with pili from the surface of the bacteria. Pili
are hair-like extensions from the surface of the bacteria which
can interact with surfaces. (3) Cell to cell adhesion and
proliferation of bacterial colonies on the surface. (4) Maturation
of the bacteria colonies into biofilms containing a extracellular
polymeric substance (EPS) which protects the bacteria from
surrounding environment.!® (5) Detachment of bacteria cells
from biofilm which go on to colonise further areas of the
surface. 2021 The biofilm formation process can be shown in

Figure 1.1. Biofilms have been shown to be particularly resistant



to treatment through use of antibiotics, even in the absence of

antibiotic resistance genes.22-24

Attachment Growth Detachment Y

Figure 1.1: Biofilm formation depicted on substrate. Process
shows progress from first contact of planktonic bacteria through
a maturation process before dispersing more planktonic bacteria
to repeat the process and form a layer of biofilm?2°

1.2.2Current strategies for reducing medical-device
associated bacterial infections

There is currently no widely accepted method to prevent the
adhesion of bacteria to medical devices to prevent bacterial
infections. The costly and painful procedure of replacing
infected devices is the only way to effectively treat infected
medical devices.2® There are numerous preventative measures
in place to try and stop bacterial infections which include the
use of best hygiene practice, antibiotics and device coatings
such as silver oxides/alloys,*27:28 however these have failed to
prevent high infection rates as shown previously in Table 1.1.

A key preventative measure currently used to prevent surgical
site infections is the implementation of good hand hygiene
practices.?? Despite this being of crucial importance,
observational studies have shown that whilst pre-procedure
hand hygiene is overall high (95 %), postoperative hand
hygiene is not as routinely followed with only 80 % of nurses

following correct hand hygiene procedure.?’” This shows that
7



despite best hygiene practice, health-care associated infections
(HAIs) can be caused by human error, and hence an alternative

solution is required to prevent infections in clinical settings.

Another widely used preventative measure includes the use of
antibiotics to treat infections, which as well as combating blood
infections such as sepsis, 30 have been used to combat medical
device infections by using antibiotic lock solutions.3! Antibiotic
lock therapy involves using highly concentrated antibiotic
solutions in the lumen of catheters to treat catheter-related
bloodstream infections to avoid the need to remove and replace
the existing catheter.?832 A key parameter of using lock-
solutions is to ensure an appropriate antibiotic is used, and
numerous different solutions have been successfully
applied,33:34 however the use has been restricted due to the

rapid increase in antibiotic resistance.

Antibiotics have begun to also be incorporated into medical
device coatings to prevent biofilm formation. Rifampicin,
Trimethoprim and Triclosan have been used by Bayston et al
when dissolved in chloroform to form a antimicrobial coating on
peritoneal catheters®. Tests were performed to examine the
activity of the antimicrobial, which showed up to 50 days
protective ability?. The time taken to kill 100 % of bacteria by
counting remaining bacteria was observed after 72 hours. It
was discovered that a >98.9% reduction was achieved
compared to controls with a multi-antimicrobial agent coating?.
Studies showed that bacterial strains became resistant when
exposed to a single antimicrobial agent coating. Again, a large
concern with using anti-microbial coatings is that the antibiotic

resistance of bacteria could be increased and cause the need



for further antibiotics to be developed. Another problem occurs
when highly resistant microbes attach to a catheter with
antibiotics, as the coating would be rendered inert by the

resistance of the new microbes.

Another approach that was utilised by Heard et al was the use
of chlorhexidine and silver sulfadiazine as coatings for central
venous catheters.3> This was shown to be successful in reducing
the colonisation of Staphylococcus aureus over a 25 day time
period in vitro, but the coating was only able to prevent
colonisation of Enterococcus for 4 days in vitro. However, no
difference in efficacy was observed in human trials, were 151
patients were inserted with a coated catheter and 157 were
inserted with a triple-lumen catheter. An additional problem to
this approach other than the potential to increase antibiotic
resistance in bacteria is the use of both chlorohexidine and
silver sulfadiazine, which can cause anaphylactic shock and

hence cannot be widely applied to every patient.36:37

A current strategy employed to reduce the medical device
associated bacterial infects is the coating of medical devices
with silver oxides and alloys to reduce biofilm formation. Silver
oxide coatings were shown to not statistically reduce the
formation of biofilms in clinical settings,3 however the
incorporation of silver alloys into coatings has shown to
potentially reduce bacterial adhesion though the findings of

these products have been largely inconclusive.39:40

Despite best efforts, current strategies to prevent biofilm
attachment to medical devices are not currently working.

Furthermore, the increased overuse of antibiotic treatments

9



that these solutions offer would only work short-term until
bacteria become resistant to the antibiotics used. Hence a new
outlook on the prevention of biofilm is required, ideally one that
avoids the use of antibiotics and that prevents the build-up of
antibiotic resistance.
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1.3 Production of novel biomaterials using high

throughput experimentation

High throughput methodologies have been used to advance the
field of materials discovery through a combinatorial approach
that enables thousands of experiments to be performed in a
single iterative process. This approach originates from Thomas
Edison in 1878, who realized there was a limitation to his own
predictions and hence increased the amount of experiments
performed, testing over 3000 materials for the use as filament
in an incandescent lamp.4 Similarly, the interaction of
biological systems with materials is a poorly understood process
and would benefit from non-biased high throughput
screening.*? High throughput methodologies have developed a
way to circumvent this knowledge gap by allowing novel
materials to be discovered through the screening of thousands
of materials, an area which was previously lacking for the
discovery of novel biomaterials.#3> High throughput
methodologies have had a large amount of success in the form
of polymer microarrays by the groups of Anderson,**
Alexander#> and Bradley.*® Polymer microarrays are formed by
the deposition of a range of monomer solutions onto a
substrate, which are then UV-polymerised. This then leaves in
place thousands of polymer spots, which can be screened to
analyse biological, chemical and physical properties in a high

throughput regime.4’
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Figure 1.2: Formation of polymer microarrays; where monomer
solutions can be transferred by either contact or ink-jet printing
pins and UV polymerised. 48:4°

1.3.1 Rational design of biomaterials

Medical devices have been shown to increase patient welfare in
clinical settings by offering treatment that otherwise would not
be possible such as carrying patient waste, providing nutrition
and facilitate breathing for unconscious patients. Current
medical devices have been manufactured using biomaterials
such as silicone that are retrofitted from previous applications
due to beneficial mechanical properties and inert nature.>°
Whilst these properties are useful for a vast range of
applications, the tendency to promote biofilm formation was not
considered when used for medical devices and have been shown

to be wholly inadequate when regarding bacterial adhesion.38:51

Research into polymethacrylates as biomaterials can be traced
to an observation made when pilots of warplanes sustained eye
injuries containing plastic from the plane canopy. It was noted

that these shards remained inert within body tissue.>2 This led

12



to the development of intraocular lenses that have improved
the quality of life of millions of cataract suffering patients
worldwide. This early pioneering led to large multi-disciplinary
collaborations to formalise design principles for novel
biomaterials, particularly of the idea that leeching of toxic
material from biomaterials will adversely affect healing. This
started the understanding of biocompatibility of different

materials within the human body.>3

The design of biomaterials has led to a gathering of
fundamental physico-chemical knowledge surrounding the cell-
surface interaction. Decuzzi et al. developed a theoretical model
that investigated the binding of a thin biolayer across a surface
where receptor and ligand molecules were distributed across
the surface of the substrate and biolayer respectively.>* The
surface energy was theoretically calculated by summing the
contributions of chemical energy, the elastic energy and the
energy associated with the generation of non-specific interfacial
interactions, which could be altered to give surfaces with small,
intermediate and high surface energies.>* It was discovered that
for small surface energies, an increase in surface roughness was
detrimental to cellular adhesion, for an intermediate surface
energy surface roughness was found not to effect cellular
attachment and for high surface energies, an optimal roughness
can be identified to maximise cellular adhesion. It is also widely
accepted that surface chemistry impacts upon both cellular
adhesion and proliferation with examples of research showing
how surface chemistry effects mesenchymal cell adhesion and

differentiation.>>:°6
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The knowledge of bacteria-surface interactions is more poorly
understood.>’” Studies have shown that bacterial adhesion is
strongly affected by physico-chemical properties of both the
bacteria and surface including interactions with bacteria
structural features such as flagella and pili.>”>® An interesting
report by Mitik-Dineva et al demonstrated that a smooth glass
surface had higher bacterial adhesion for 3 bacterial species
(E.Coli, Pseudomonas aeruginosa and Staphylococcus aureus)
compared to a nano-rough glass surface.>® This demonstrated
a dependence on bacterial adhesion on surface topography. The
interaction between pili and flagella and the surface has also
been reported to be heavily dependent on surface chemistry,

either promoting or preventing bacterial adhesion.

A large amount of publications have gathered information
regarding either cell or bacterial interactions with surfaces, but
it has rarely been used in conjunction with one another.
However, it has been reported that the use of nanostructures
can be used to promote attachment of osteoblasts whilst
reducing attachment of Staphylococcus epidermidis or E.coli, by
Colon et al and Ploux et al respectively.®9.61 This shows the
useful application of both cell and bacteria-surface knowledge
to develop a system which could promote the attachment of
cells whilst reducing the chance of bacterial infections for bone

implant fabrication processes.

Despite progress, the development of novel biomaterials
through rational design is still difficult, as cell-surface
relationships (such as bacterial attachment and biofilm
formation) are often poorly defined.”® An alternate solution is

required to allow for more relationships and observations to be

14



made for surface-cell/bacteria relationships such as using high

throughput material discovery methodologies.

1.3.2Discovery of novel biomaterials using polymer

microarrays

High throughput discovery programmes (HTDP) have allowed
for an alternative to rational design of materials when processes
such as the bacteria-surface interaction are poorly
understood.>® HTDP offer an opportunity to screen a wide
diverse of materials to discover potential new hit biomaterials.
One such HTDP platform is the use of polymer microarrays to
gain information of cellular adhesion to polymeric surfaces. A
polymer microarray is an array where a large monomer library
has been deposited onto a substrate, (usually pHEMA), and

polymerised on slide to form an array containing hundreds of

polymers on a single slide (Figure 1.3).
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Figure 1.3: Polymer microarray containing 576 materials printed
in triplicate used for identifying key materials for reducing
biofilm formation®?

This provides a platform for high throughput experimentation

and characterisation to take place. This technology was first
demonstrated by Anderson et al to observe adhesion of stem
cells to polymeric surfaces.*® Polymer microarrays were seeded
with human mesenchymal stem cells (hMSC) and stained with
a green fluorescent stain (Alexa 488) 48 hours after seeding so
that cell attachment can be measured by observing

fluorescence intensity (Figure 1.4).44

u
>

Figure 1.4: hMSC cells grown on a polymer microarray
(comprised of 24 different polymers mixed pairwise at ratios of
1:0,9:1 and 7:3 to give 1152 combinations) with a fluorescent
stain to characterise cell adhesion to polymeric surfaces*4

The screening process of a large polymer library allowed for an
unbiased screen of a large range of chemistries, effectively
performing hundreds of experiments with a single iterative
process. It was identified that most of the polymers that were
tested promoted attachment of hMSC cells, however polymers
with a large amount of poly(ethylene glycol) (PEG) inhibited cell
attachment. This showed how a high throughput programme

has developed understanding of a poorly understood process by
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identifying key chemical moieties that prevent attachment of
hMSC cells.

Polymer microarrays have been used to observe the interaction
between polymeric surfaces and bacteria. This process
discovered novel biomaterials which reduce biofilm formation to
medical devices, to prevent bacterial infections in patients.
Polymers were identified by Hook et al. to reduce biofilm
formation on urinary catheters through the use of polymer
microarrays as a high throughput materials discovery
platform.®2 Polymer microarrays were used to analyse the
surface chemistry of polymer spots wusing surface
characterisation techniques such as time of flight secondary ion
mass spectrometry (ToF-SIMS). This enabled key ions to be
identified for controlling cellular response.®3 This process was
repeated multiple times to screen large amounts of polymers to
discover hit materials that could be scaled up and coat silicone
catheters.#> This led to the discovery of a material that reduced
the attachment of Pseudomonas aeruginosa, Staphylococcus
aureus and Escherichia coli by approximately an order of
magnitude compared to current clinically used urinary
catheters.#*> The mechanism of preventing bacteria adhering to
the surface was shown to not be bactericidal, and hence this
process will not contribute to the increase of antibiotic
resistance, which has proven to be a major obstacle for other

suggested solutions.

HTPD such as polymer microarrays have demonstrated the
versatility for screening for hit materials for a range of
applications in a large chemical space. However, for maximum

discovery flexibility, the monomer building blocks for these
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screening campaigns must be cheap and readily accessible (i.e.
not requiring bespoke synthesis). This typically restricts
researchers to monomers that are commercially available for
which there are approximately 300
(meth)acrylates/(meth)acrylamides, thereby Ilimiting the
chemical diversity that can be screened. However, the number
of monomers that can be synthesised is immeasurable, and
hence HTDP are missing a vast range of materials in non-
commercially available materials. A larger, more diverse
monomer library will enable HTDP to make subtle changes to
polymer functionalities to investigate specific surface-cell
relationships. Equally, a more diverse library will enable a larger
diversity of functionalities to be screened, increasing the

likelihood of discovering a hit material.

The ability to create a ‘super’ library of potential hit target
polymers would require computational models that could
predict material properties prior to experimental investigation.
This would allow bespoke libraries to be created and tailored to

the targeted application.
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1.4 Quantitative structure activity relationship

models for targeted library development

Previous polymer microarray experimentation involved using a
non-biased materials library to screen as wide a chemical space
as possible. This is primarily due to the large knowledge-gap
surrounding the bacteria-surface interaction.4?2 To overcome
this problem, quantitative structure activity relationship (QSAR)
models have been developed with the capability to predict

biomaterials with favourable properties.®:64

Anti-microbial and anti-fungal paint has been developed by
Hoque et al and also preliminary structure-activity relationships
were discussed.®> A library of polymers with different
structures, molecular weight and hydrophobicity based upon
polyethylenimine was used to develop an anti-microbial
surface. The surfaces were shown to be bactericidal, as the
author intended, and was discovered that linear polymers were

found to have a higher killing rate than branched polymers. 6>

Further QSAR work developed by Sanni et al showed a
correlation between molecular descriptors and bacterial
adhesion which showed that weakly amphiphilic rigid monomers
resist bacterial adhesion.® The number of rotatable bonds
(nROTB) and the calculated partition coefficient (cLogP) was
used to develop a model to predict the biofilm formation of
monomers which can be shown in Equation 1 and was described
as the alpha parameter °.

a = 0.44nRoTB — cLogP

Equation 1: Alpha parameter showing how bacterial adhesion of
hydrocarbon polymers is related to the hydrophobicity and rigidity
of material®

19



The parameter was developed by initially observing the
adhesion of P. aeruginosa to a polymer microarray consisting of
24 copolymers made from tert-butyl cyclohexyl acrylate
(tBCHA), cyclohexyl acrylate (CHMA), 4-tert-butyl acrylate
(tBA) and 3,3,5-trimethylhexyl acrylate (TMHA).® The proposed
alpha parameter showed a correlation of R? = 0.83, suggesting
that low bacterial adhesion is seen on nonpolar rigid materials.
To test the robustness of the model, the model was applied to
previously acquired data which initially included fluorocarbon,
amines, multiple glycol units and di/tri acrylates.® This showed
a poor correlation due to the large amount of materials
represented out of the original data set used to calculate alpha.
However it was shown to be applied to a subset of 37
poly(meth)acrylates with hydrocarbon pendant groups and a
correlation was seen between 32 of these materials showing
that the model could be applied to 86% of the materials that
were tested. ® This research suggests that an effective materials
discovery feedback loop can be formed by predicting the
performance of materials before testing, and then using the
results from resulting experiments of novel materials to make

more accurate and robust computational models (Figure 1.5).
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Figure 1.5: Flow diagram showing work flow to find suitable
materials for preventing biofilm formation to medical devices. The
results from previous assessments of bacteria-material
interactions can be used to predict and then synthesise novel
monomers. The newly produced materials can be tested to further
refine the model, leading to the discovery of the next generation
of biomaterials.

Furthermore, by being able to predict material performance, the
large unexplored non-commercially available material space
can be explored by predicting materials that can be synthesised
to provide a library to either probe specific bacteria-structure
relationships or to be judiciously chosen to increase the
likelihood of obtaining a hit material fit for purpose. However,
polymer microarrays can contain thousands of materials on a
single glass slide,*” and hence non-commercially available
materials need to be able to be provided quickly enough to keep
up with microarray production to make the exploration of non-
commercially available materials a viable option. Hence, having
access to a reactor capable of synthesising a range of different
novel monomers in a single batch process would enable the
largely unexplored non-commercially to be accessible for high

throughput screening experiments.
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1.5 Review of current material library synthesis

A major limitation of HTDP is the use of commercial materials
to form a materials library for experimentation. This restricts
the ability to search for novel hit materials for a targeted
application. Combinatorial chemistry offers a solution to be able
to synthesise a library with a wide range of diversity and there
have been numerous combinatorial chemistry methods that
have been used in previous publications.”.¢6-6° An example of
combinatorial chemistry to synthesise a wide range of polymers
was demonstrated by Anderson et al where 2350 polymers were
synthesised from a library consisting of 119 commercial
monomers.’% Monomers were transferred into a 96-well plate
and incubated for 5 days at 56 °C with 1 ml of dimethyl
sulfoxide (DMSO). Resulting polymers were then used to find
hit materials for the transfection of the luciferase expressing
plasmid, pCMV-luc into a monkey kidney fibroblast cell-line
COS-7.79 The top 50 polymers from the initial screen were then
individually optimised for the transfection assay to ensure a
correct polymer:DNA ratio was used. This shows how a
combinatorial chemistry approach was used to choose a small
subsection of a large library to take forward for further
optimisation experiments and proves how essential
combinatorial chemistry could be for HTDP. However, a few
drawbacks of this approach are that there is a distinct lack of
synthesis control by leaving a well plate in an incubator for 5
days. Each material will have different thermal conductivities
and will heat unevenly, and so the temperature of each reaction
is unlikely to be the same. Furthermore, the reaction time took
5 days to complete, which adds considerable time to an already

long high throughput experimental process.
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Another approach to combinatorial chemistry is to use
microwaves to be able to synthesis a wide range of materials in
a single batch process. This has been used extensively using
domestic microwave ovens to heat a library of materials in a
container such as a well plate to heat each individual
reactions.’72 A common problem with utilising multi-mode
microwaves is the change in temperature heating deriving from
the distribution of microwaves within the cavity. This was
demonstrated by Glass et al where a difference of 20 °C was
observed in a 96-Well plate between the outside and centre of
the plate for the formation of an 880 member compound library

using solid-phase synthesis(Figure 1.6).73
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Figure 1.6: Inhomogeneity of heating shown by use of a
polypropylene 96-Well plate in domestic multi-mode microwave
oven’3

Another example of a library synthesiser was described by
Murray et al where a multimode microwave source was utilised
to synthesise a peptide library in a 96-well plate system that
was placed inside the microwave cavity. It was observed that
whilst acceptable levels of purity were obtained, that levels of
purity of the same material depended on where on the 96-well
plate it was positioned, with purities ranging from 50 to 80 %
depending on position.”! This was described as an issue with
agitation of the peptide mixture, but could also have arisen from

the uneven heating distribution of multi-mode microwaves.
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Another issue was that despite the authors being able to use a
probe to measure temperature of a single reaction, largely the
reaction temperatures were unmonitored and hence definitive
conclusions on heating distribution cannot be answered but
demonstrates a distinct lack of control of reaction conditions.

A final proposed system which has been suggested is to use a
single-mode cavity to synthesise novel materials and link
multiple systems together to provide a working microwave
synthesiser capable of monitoring each reaction independently
of one another. This has been used as a proof of concept design
for the amplification of DNA for polymerase reactions.
Kempitiya et al produced a single well working prototype to
perform amplification of water for polymerase chain reactions
which raised temperatures to 72 °C using only 400 mW of
power in 6 minutes.’4 This was achieved by being able to ensure
all microwave power was able to couple with the load material.
An issue could arise from only using water as a model, as
components such as phosphates and sugars could cause
microwave specific heating which could be detrimental to
impedance matching which would cause a reduction in
microwave absorption. This would cause a change in reaction
temperature and therefore polymerase activity. Temperature
measurements were done using a fibre optic cable which offered
a low uncertainty of measurements of 0.3 °C. The microfluidic
microwave chamber also comprised of a ground plate with a
small hole in which water was inserted, which prevented excess
evaporation of water, showing in effect poor mass transfer
ability. However, this was done for a very small reaction volume
of 4.1 pL but demonstrates the ability to design an efficient

mono-mode microwave reactor with large scale out potential.
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1.6 Benefits of using microwaves for organic

synthesis

Microwave assisted organic synthesis (MAOS) has gained
traction since the reported use of microwaves to accelerate
organic reactions. The first reported use of microwaves to heat
organic chemical reactions in 1986 by Gedye et al and Giguere
et al.”>7% The development of MAOS has progressed from using
domestic microwave ovens to dedicated optimised reactors with
matched impedances. Microwaves are electromagnetic waves in
the frequency range of 0.3 to 300 GHz. Industrial, scientific and
medical (ISM) bands are radio bands specifically reserved for
industrial, scientific and medical purposes such that they do not
interfere with any telecommunication frequencies.”” A large
amount of microwave applicators are used at 2.45 GHz which is
a worldwide acknowledged ISM allocation. Microwaves have
been used to heat chemical reactions because they can transfer
energy to polar materials without breaking chemical bonds,
therefore the microwave irradiation itself cannot initiate
chemical reactions.”’-7° However, the transfer of energy has
shown to be incredibly effective at increasing reaction yields
whilst reducing reaction times from hours to minutes per
reaction. A comparison of microwave vs conventional heating
methods is shown in Table 1.2, where crucially microwaves are
shown to be a volumetric heating method compared to
conventional conduction heating which is a superficial heating
technique, and this leads to rapid heating times with greater
control of reaction temperature compared to conventional

methods.
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Table 1.2: Characteristics of microwave and conventional heating?®°®

Microwave Heating Conventional Heating
Energetic coupling Conduction/Convection
Volumetric Heating Superficial heating
Selective Non-Selective

Dependent on material Less dependent
properties

Rapid heating Slow heating

This has led to a surge of publications using MAOS to optimise
reactions that were previously time consuming and resulted in
low yields.8! Another benefit of microwaves is through green
chemistry, where many publications have been able to
synthesise novel materials using solvent-free chemistry using a
reduced power input compared to conventional methods with

minimal wastage.82-84

1.6.1 Thermal and non-thermal effects of microwave

irradiation

The use of microwaves for organic synthesis has been shown to
reduce reaction times from hours to minutes, reduce side
reactions and increase reaction yields.? Microwave irradiation
has been reported to induce a combination of thermal and
alleged non-thermal effects in reaction mixtures.8> A key
thermal effect of microwave heating is dielectric heating, where
polar molecules are rapidly heated by microwave irradiation,
however non-polar molecules are incapable of absorbing
microwave radiation and hence are not heated by
microwaves.86.87 This process is described in further detail in

2.1.4. Numerous alleged non-thermal effects have also been
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described in literature including: 1) the superheating of solvents
showing in some cases up to 20 °C increase in boiling
temperature compared to conventional heating methods.8” 2)
The selective heating of highly microwave absorbent metal
catalysts in a less polar reaction medium.8889 3) formation of
microwave induced hot-spots in homogenously mixed reaction
mixture due to the coupling of microwaves to specific
reagents.®® 4) Elimination of wall effects caused by inverted
temperature gradient, which also leads to quick initial heat-up
times (Figure 1.7).°! It is important to note that, whilst in
literature these effects are termed non-purely thermal effects,
in reality, these effects are still thermal effects (i.e. a rate
enhancement is observed due to a temperature change),
though experimentally these temperature changes cannot be

measured.®

a b

m O =L
R

Figure 1.7: Efficiency of microwave heating demonstrated by
showing (a) how microwaves directly heat reaction contents
compared to (b) conventional conduction heating which initially
heats vessel walls prior to reaction contents

A more controversial area of microwave heating is the effects
of non-thermal or athermal effects. Historically this term was
used to describe outcomes of microwave synthesis experiments
that differed from conventional heating methods. Non-thermal
effects have been described using Arrhenius’ equation which

shows the dependence of the rate constant of a reaction on the
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absolute temperature, a pre-exponential factor and the

activation energy for the reaction (Equation 2).

—Eq
k = Ae RT

Equation 2: Arrhenius's equation showing dependence of reaction
rate constant on the pre-exponential factor A, activation energy Ea
and the temperature T

The pre-exponential factor, A, represents the probability of
favourable molecular impacts, and has been postulated by
Binner et al to be affected by microwave irradiation by
increasing molecular vibrations, which would increase the
reaction rate, k.22 Another effect has been proposed that arises
from a reduction in the activation energy Eq, from the increase
in change of entropy caused by uniform oscillation of polar
molecules within an oscillating electric field, which was
suggested by Lewis et al for imidization reactions using
microwave irradiation.®3 This would suggest an increase in
reaction rate that is not related to the temperature. These
concepts have never been experimentally proved, only
suggested as to reasons at which reactions have been
accelerated. However, as previously mentioned, localized
temperatures may be a lot higher than the bulk temperature
and hence that reported chemical reactions could in fact be
occurring at a higher temperature rather than microwave
effecting the activation energy of reactions as these reports

have suggested.

1.6.2Single mode vs multi-mode cavities

Previous literature covers a wide range of MAOS applications
ranging from transitional-metal catalysis to medicinal
chemistry/drug discovery as well as experiments to investigate
combinatorial and parallel processing through to industrial scale

up processes.’?%4 However the method of which microwaves
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are used in these applications varies. There are two main
categories of microwave cavities, monomode and multimode
cavities (Figure 1.8). A multimode applicator inputs radiation
created by a magnetron directly into a cavity, where it is
dispersed and forms multiple standing waves within the cavity,
which then causes irregular power density distributions.”®
Multimode applicators benefit from being able to irradiate
multiple samples simultaneously as multimode applicators can
heat larger areas.®> However a major limitation arises from the
heating pattern caused by multiple modes within the cavity.
This highly reduces the control over reactions due to high

variations in microwave exposure from one area to another.

However, a monomode or single mode applicator will use a
power source (magnetron or solid-state), to input a single mode
of microwave radiation into a cavity. The radiation forms a
singular standing wave pattern within the cavity with nodes and
anti-nodes of microwave energy intensity.?® The field uniformity
allows for a high rate of heating and greater control over
reaction conditions. However the design of these cavities mean
that only small volumes can be processed at a time due to the
size of the cavities, causing a large drawback when considering
high throughput systems.® A major advantage of single mode
cavities is the ability to match the input signal to the load,
enabling majority if not all of the input power to be able to be

absorbed by the load material.?’
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Figure 1.8: (a) Schematic of single mode cavity utilising (i)
microwave power source which uses fine stub tuners (ii) and a
coarse plate tuner (iv) to couple microwaves to the sample (iii).
(b) Shows a diagram of a multimode cavity with irregular electric
field patterns due to propagation of multiple electromagnetic
modes®?®

The design of a microwave reactor ultimately depends on the
application, and the choice of using a multi-mode or mono-
mode is critical in how a reactor will perform. Additional critical
design choices include reactor geometry and matching the input

power to load material using antennas.

1.6.3Use of monopole antennas to focus microwave
irradiation
To operate a microwave cavity safely, chokes are often
implemented to ensure that the system is working below the
cut-off frequency and hence attenuate microwaves such that
microwaves are not leaked into the laboratory and causing a
safety issue. However, in some applications, microwaves need
to be controlled in an open environment for a specific
application such as tumour ablation or drill processing which
requires microwaves to penetrate outside of a cavity.9°/100
Monopole antennas can be used to couple microwaves to
material loads to offer a directionality to microwave heating.
Hence by using antennas, it is possible to focus energy into a

specific area that requires heating.
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Different modifications can be made to antennas to make them
fit for purpose, such as using a metal reflector to ensure
microwaves only penetrate in one direction as used by
McWilliams et a/*?, The antenna was first simulated and then
tested on porcine tissue with the aim of ablating tissues next to
critical structures such as nerves and organs. This
demonstrated a simple and easy way to manipulate microwave

energy to only irradiate a chosen area.

However, work carried out by Jerby et al works at changing the
antenna geometry to also control the heating effects of
microwaves. It was shown theoreticallyl?! and experimentally
that by changing the antenna to a cone shape, it is possible to
focus the microwave energy into a point in front of the antenna
which allowed the author to perform dust-free drilling2. This
shows that antennas can be designed to couple microwave
energy to deliver microwaves to a desired load, which has been
shown to be applied to the design of microwave reactor capable

of monomer synthesis described within this work.

It has been shown how MAOS benefits chemical reactions by
offering volumetric heating that can rapidly increase reaction
temperatures with greater control compared to conventional
heating methods. Monopole antenna cavity designs have then
shown how a microwave source can be manipulated to heat
specific areas for a range of different uses. However, most
microwave applications require thorough theoretical model
designs before experimental work can commence. The design
of microwave reactors are too complex to be designed using
numerical methods and therefore computational models that

use approximations such as finite difference time domain

31



(FDTD) simulations are required to fully understand how
electromagnetic waves will propagate through a proposed
microwave reactor. This thesis focuses on the use of FDTD over
other methodologies such as finite elements methods due to the
decreased computational power associated with FDTD

simulations.
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1.7 Developing microwave cavities using FDTD

simulations

Finite difference time domain (FDTD) simulations have been
extensively used to effectively design electromagnetic
applications before manufacture to reduce trial and error
failures. The FDTD algorithm allows for designs to be divided
into regular mesh-grids and simulates the time evolution of
Maxwell’s equations.103.104 This process was used during this
project to design and simulate geometrical designs such that
designs would not only perform as required, but also be safe to

operate.

1.7.1 Optimising simulation conditions

A critical design aspect of microwave reactor designs is ensuring
the design is safe for laboratory users, and using the cut off
frequency (Equation 3) allows for a reactor to be safely

designed before being manufactured.0>

P nm
fcnm =

2ma~/ue

Equation 3: Cut off frequency for circular waveguide where a =
radius, p'’nm = wave mode constant, g = magnetic permeability and
€ = relative permittivity10>

After geometrical design, a regular mesh is applied so FDTD
simulations can be performed. This mesh is applied such that
Maxwell’s equations can be calculated over each individual cell
and summed together to illustrate how electromagnetic
radiation varies over time.1%3 A common problem with meshing
in FDTD is staircasing.196:107 Staircasing is where the cell units
poorly fit the geometrical design, causing a breakdown of the
FDTD algorithm due to a change in electromagnetic field over a
cell. A simple solution to this is to increase the mesh size, which

will improve simulation precision, but at the cost of increasing
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simulation time. However, a reported solution involved using
non-orthogonal meshing at curved boundaries between
material interfaces. The reported method allows for higher
precision simulations, but maintaining short simulation times by

using orthogonal meshing for the bulk of the simulation.19”

In order to compare different geometrical designs, it is
important to consider the matching of each reactor, which
allows for like for like comparison between different designs and
also enables an efficient reactor to be designed that couples

majority of input power to the material load.1%8

1.7.2 Applications of FDTD simulations

FDTD simulations have shown to be a powerful tool to create,
efficient microwave reactors capable of a range of applications
including biotelemetry, ablation therapies and dust-free
drilling.®2:108,109 Jerby et al demonstrate the use of FDTD
simulations to theoretically analyse desirable thermal-runaway
effects within a material to allow for dust free drilling.10!
Theoretical analysis of the thermal runaway effect in mullite was
able to show temperature rises of up to 1300 K in seconds and
able to confine the microwaves to a 4 mm width hot spot.
Biotelemetry offers useful in-situ feedback for medical
applications and has used FDTD simulations to simulate short-

range biomedical devices including pacemakers.109

An alternative application for FDTD has been reported by Zhao
et al for the modelling of switched gradients of human bodies in
MRI.110 This has been used with the development of the FDTD
method to be able to include the simulation of low frequencies,
which historically has not been possible, which can now be

applied to complex bioelectromagnetic problems.
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A more direct medical application for FDTD simulations is used
for microwave imaging, where a simulation is performed after
acquiring MRI data of a patient who has suspected to have
breast cancer. This is possible due to the contrast in dielectric
properties between normal breast tissue and malignant
tumours.1! This technique been used to successfully identify
breast cancer within patients using backscattered waveforms
from an MRI scan, which could lead to the reduction of health

checks required to successfully diagnose patients. 112

FDTD simulations offer the opportunity to develop a microwave
reactor in a thorough investigative manner, to explore the effect
that a range of different parameters has on the power density
distribution observed within the load material. This enables a
first-time prototype to be designed with a high chance of
functioning for the designed purpose, saving both time and

costs.

35



2 Materials and Methods

2.1 Chemical Synthesis

2.1.1 Materials

Methyl methacrylate (MMA), butyl methacrylate and titanium
butoxide used for all transesterification experiments were
obtained from Sigma Aldrich and used as-received. A range of
alcohols were wused to synthesise novel methacrylate
monomers: cyclododecanol, cetyl alcohol, 4-nitrobenzyl alcohol
and 3-phenyl-2-propen-1-ol from VWR international and used
as received. Further alcohols: dodecanol, I-menthol, geraniol,
2-methyl-3-butyn-2-ol, 4-methyl-2-pentanol and 2-ethyl-1-
hexanol were purchased Sigma Aldrich and used as received.
Finally, alcohols: 2 chlorobenzyl alcohol, 4 methylbenzyl
alcohol, 4-isopropylbenzyl alcohol and piperonyl alcohol, were
purchased from Fisher Scientific and used as received. 4-
Methoxyphenol was purchased from Sigma Aldrich to be used
as an inhibitor and was used as received. All alcohols used can
be found in Figure 2.1. 2,2'-azobis(2-methylpropionitrile)
(AIBN), a thermal free-radical initiator, was wused for

polymerisation experiments and acquired from Sigma-Aldrich.
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Piperonyl Alcohol 2-Methyl-3-butyn-2-ol
Figure 2.1: Figure showing alcohols wused for synthesis
experiments performed in this project

2.1.2 Transesterification Reactions

Transesterification experiments have been performed in the
past for a range of applications including lipid synthesis and
manufacture of biofuels.13.114 The simplicity and reaction speed
offered by transesterification mechanisms allow for a degree of
flexibility to synthesise a vast range of novel methacrylate

monomers. The reaction sequence can be shown in Figure 2.2.

160 °C
O\/\/ R-OH - O\R \/\/OH
o TNBT o

Figure 2.2: Reaction sequence showing general reaction
conditions used for transesterification experiments
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The reaction mechanism for transesterification reactions can be
found in Figure 2.3. The mechanism shows how a fundamental
ester can have the functionality changed by simply changing

the alcohol used during the experiment.

LA _
0 LA
VR gk o
j\ LA —_ R< OR <= 4\OR'
0
' Se no TN
R” "OR _o. R OH
R""H

. LA

o o)

T * U
R71~0O” R”I"0
°4

Rl
R” “OR" o O J

Figure 2.3:Reaction mechanism for transesterification reactions,
showing how functionalised alcohol group (R’) can replace
functionality of an ester group (R’") where LA is lewis-acid which
typically was titanium butoxide

Rll/

As shown in Figure 2.2, the transesterification mechanism is a
reversible process. Therefore, by using Le Chatelier’s principle,
adding an excess of one of the starting reagents will push the
reaction towards the products and aid in the production of novel
methacrylates to a higher conversion.'’> Therefore, for a
majority of reactions a starting molar ratio of 7:5 was used of
butyl methacrylate: alcohol respectively. All synthesis reactions
used 1 % (molar ratio) catalyst which was titanium butoxide.
Two reaction vessels were used which were either short or long
neck vessels to either optimise reaction conditions or mimic
microwave experiments respectively (Figure 2.4). Long neck-
vessels had to be used for microwave reactions due to a metal
choke used to prevent microwave leakage. Reactions were

sampled and quenched in the freezer for analysis using NMR.
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Figure 2.4: Schematic showing different glassware used for
synthesis experiments (a) 50 ml long necked vessel used with
microwave reactions to comply with safety choke design and also
used for conventional experiments for direct comparison to
microwave experiments (neck length 145 mm) (b) standard 50
ml flask used for optimised conventional reactions (neck length
43 mm)

2.1.3 Nitrogen gas sparging

Nitrogen gas sparging was used during this project and is a
technique utilized to improve reaction yields.116:117 Gas sparging
involves blowing in gas directly into a reaction, which is then
dispersed into the reaction media to take up a large surface
area. Nitrogen gas sparging has been used before to aid the
distillation of products or by-products to separate materials
from liquid mixtures.!!® This was a desirable aspect of using gas
sparging to help remove butanol by-products made by
transesterification experiments in order to achieve higher
conversions. The reaction yield of chemical reactions has been
shown to be improved by two common mechanisms, one is that
the inclusion of gas bubbles increases the surface area of the
reaction.!1® Also, the implementation of gas sparging allowed
for the removal of the by-product and aid to shift the dynamic
equilibrium towards reaction completion.112.120 Reactions that
required gas sparging were connected to a gas manifold and
sparging was commenced after 45 minutes. This was to allow

for a build-up of butanol that required to be removed.
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2.1.4 Microwave Reactions

Microwave-assisted chemistry has been shown to enhance
reaction yields due to the ability of exciting molecular bonds,
but not sufficient energy to be able to break bonds.””-7°
Microwaves are able to utilise volumetric heating to heat up an
entire reaction mixture unlike conventional heating methods
that heat via conduction of a hot plate or oil bath, and this
allows for a rapid heat-up time and greater control of internal

reaction temperatures?®

Previous reports have described how microwaves selectively
heat some materials more than others and this phenomenon is
known as dielectric heating. Microwaves form part of the
electromagnetic spectrum between 300 MHz and 300 GHz.1?!
Electromagnetic waves can be can be separated into an electric
and magnetic field component.t22 The electric field component
has been shown to be responsible for dielectric heating and can
be separated into two main heating mechanisms. The first
heating mechanism can be described by the dipolar polarization
experienced by molecules under exposure of microwaves.!23 For
a material to be heated by microwaves, it is essential that a
dielectric is present which in turn will try and align with an
external electric field (Figure 2.5). A dielectric is a material that
does not have a permanent magnetic dipole but can be
polarized under an electromagnetic wave such that molecules

align with an applied field.
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Figure 2.5: (a) Alignment of molecules with dipoles in static
external electric field (b) alignment of molecules in an oscillating
external magnetic field

However, when an oscillating external electric is applied, as is
the case in the irradiation of microwaves, the dielectric will
oscillate with the electric field. When the frequency is very small
(<300 MHz) the dielectric will oscillate in time with the external
field and little heating will occur. Likewise, if the frequency is
too high (>300 GHz) the dielectric will not be able to respond
quickly enough to the applied field and therefore no heating
would occur.®® When the frequency is between these limits, (in
the microwave range), the dipoles rotate, but do not fully align
with the electric field and this causes a phase mismatch
between the dipoles and the external electric field, resulting in

heat loss into the reaction mixture.124

This would suggest that the more polar a material, the larger
the heating effects experienced due to the exposure of
microwave irradiation. But it has been shown that this is not the
case and that the dielectric constant can be split into a real and
imaginary component (Equation 4).12°
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e= ¢ —ie"

Equation 4: Absolute permittivity equation showing relationship
between the dielectric constant €’ and dielectric loss g
components

Despite some materials having the same polarity it has been
shown that €' only quantifies the ability of a material to store
electrical potential energy under the influence of an electric
field.”” €" defines a materials ability to convert the stored
energy into heat.”” A more appropriate parameter to define a
materials ability to transfer energy into heat is the loss factor

which is defined as described in Equation 5.126

tand = —
€

Equation 5: Relationship between dielectric loss and dielectric
constant showing materials ability to transfer energy into heat

This can be demonstrated in Table 2.1, where Lidstrom et al’’
showed a range of solvents with associated dielectric constant
and loss tangent values. It was noted that solvents with high
dielectric constant values did not scale with high loss tangent

values.
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Table 2.1: Dielectric constants and loss tangents for a range of
different solvents””’

Solvent Dielectric Constant Loss tangent (tan
(€s) 3)
Acetic acid 6.1 0.091
Ethyl acetate 6.2 0.174
THF 7.6 0.059
Methylene chloride 9.1 0.047
Acetone 20.6 0.042
Ethanol 24.6 0.054
Methanol 32.7 0.941
Acetonitrile 36 0.659
Dimethylformamide 36.7 0.062
DMSO 47 0.161
Formic acid 58 0.722
Water 80.4 0.123

Another thermal heating effect from microwaves arises through
the thermal conduction of selectively heated materials. An
example of this is through heating of pure water and tap water.
Due to the presence of ions in tap water solution, these ions are
selectively heated by microwaves and cause a reaction mixture
to heat up due to an increase in high kinetic collisions.’” This
is an effect that could cause more efficient heating of
transesterification experiments from the ionisation of initial

alcohol from the reaction.

2.1.5Free-radical polymerisation reactions

To coat sections of catheters with identified hit polymers, a
scale-up reaction was performed to provide enough polymer to
coat small catheter sections. This was done by using a 1:1 (v/v

%) ratio of monomer: toluene with a 1 % 2,2’-azobis(2-
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methylpropionitrile) (AIBN) thermal initiator. The reaction

mechanism for AIBN can be shown in Figure 2.6.

Nx A
S(NQNJ%N - N 2N}<

Figure 2.6: Free-radical polymerisation mechanism showing the
use of AIBN to polymerise functionalised methacrylate monomers

Free-radical polymerisations are then terminated by two radical
species reacting together to prevent the radical from

propagating further through the chain.
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2.2 NMR

Nuclear magnetic resonance spectroscopy is a commonly used
technique for the analysis of the structure of organic molecules.
A magnetic isotope is required to analyse a sample using NMR
such as H, 13C, and '°F.127 A magnetic field applied such that
majority of the magnetic isotopes are aligned in the ‘alpha’
orientation (aligned with magnetic field), with few isotopes
aligned in the ‘beta’ positon (aligned against the magnetic
field). A nuclear magnetic resonance spectrometer then pumps
the isotopes into the higher energy beta position using
electromagnetic radiation. When this radiation is removed, the
isotopes relax back into their ground energy ‘alpha’ position.
This fluctuation of magnetic field associated with the relaxation
process can be detected and converted into peaks seen on NMR
spectra.?® Throughout this project, 1H NMR was used to
calculate conversion levels for transesterification experiments
and 13C NMR was used in conjunction with 1H NMR to
characterise purified monomer. The main use of NMR was to
determine the conversion of alcohol to the desired product. This
was determined by comparing the shift in chemical environment
experienced by one or more protons from the alcohol to the
product. Separate NMR for individual reactants was performed
to observe which peaks represented which reagent, and then

the conversion was calculated as shown below in Figure 2.7.
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Figure 2.7: Figure showing calculation of conversion of product
from alcohol by comparing shift of the same proton in different
chemical environment

This process was used for a range of different experiments with
different alcohols to assess how successful the synthesis
experiment was, with a higher conversion in a shorter time

being considered more successful.
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2.3 Polymer microarray Printing

2.3.1 Materials

The commercially available monomers used throughout this
project were purchased from Sigma Aldrich and used as
received. All solvents used were acquired from fisher-scientific
and used as received. Figure 2.8 shows the range of monomers
used in conjunction with materials that were synthesised using

the transesterification method.
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Figure 2.8: Commercial monomers used throughout this project

2.3.2 Printing substrate preparation

To successfully print a polymer microarray, a substrate that
prevents spreading of monomer spots is essential to be able to
distinguish individual polymers. pHEMA was chosen as a
substrate which not only prevents spreading, but is also
antifouling.'?® A 6 % w/v poly(2-hydroxyethyl methacrylate)
(pHEMA) in 95%/5% v/v ethanol/water solution was used to

coat functionalised glass slides. This was done using an
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automated dip coater (Holmarc, India) to maintain control of
insertion and extraction speeds. A relationship between
retraction speed and coating thickness has been previously
reported, and by using an automated dip-coater allows for
greater control of coating thickness over a manual-dip

method.130

2.3.3 Microarray Printing

Production of polymer microarrays has been previously
performed using both contact*?:131 and non-contact®3.132,133
printing methodologies. Non-contact printing can be
categorized into two main methodologies, piezoelectric inkjet
printing and thermal inkjet printing.®3:134 Piezoelectric inkjet
printing utilises a piezoelectric diaphragm which contracts and
expands depending on an applied potential difference, which
causes a pressure change to eject a droplet onto the
substrate.34135 However contact printing, which was used
throughout this project, utilised metal pins to transfer material
from a source plate onto a printing substrate (Figure 2.9). An
advantage of using quilled metal pins is the ability to store
material within the pin to print multiple microarray slides in a
single iteration, however a disadvantage is that these quills can

become blocked if a material is too viscous.
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Figure 2.9: Schematic of pins typically used during contact
microarray printing showing a solid pin and a quilled pin with
reservoir for printing multiple microarrays in a single application

A typical printing process would wash and dry the pins before
collecting monomer solution from the source plate, where the
monomer mixture is uptaken through capillary action into
quilled pins. The pins were then blotted onto glass slides to
prevent spreading of excess monomer solution on the pHEMA
substrate. The pins then transferred the monomer solution onto
the microarray slides, where they were printed in triplicate on
each slide before progressing to the next slide. This then
allowed for 3 technical repeats of each material on a single slide,
and then biological repeats could be obtaining by using multiple
slides in an experiment. At the end of each iteration, the pins
were washed and dried whilst a UV lamp was turned on to photo
polymerise the monomer spots to fix them into place. At the
end of the run, the UV lamp was turned on for an additional 10
minutes whilst under argon to ensure all monomers had been
photo-polymerised. The slides were then removed and placed

under high vacuum at ambient temperatures to remove any
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excess solvent or unpolymerised material for 7 days. This

process can be shown in Figure 2.10.

Figure 2.10: Schematic showing process of printing polymer
microarray from (a) uptake of monomer solution from source
plate using 946MP6B Arrayit quilled metal pins (b) transfer of
monomer solution to pHEMA substrate surface where each spot
was printed in triplicate (c) photopolymerisation of monomer
solution under UV light (d) completed polymer microarray after
7 day drying period under high vacuum

After the drying process, the microarray was characterised
using techniques including bright field microscopy and ToF-
SIMS. Slides were then incubated with bacterial strains
including Pseudomonas aeruginosa and Proteus Mirabilis to
observe differences between bacterial adhesion on different

polymeric surfaces.
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2.4 ToF-SIMS

Time of flight secondary ion mass spectrometry (ToF-SIMS) is
a surface sensitive mass spectrometry technique used to obtain
detailed molecular information from the uppermost molecular
layers of a sample.136 In the case of polymer microarrays this
enabled an automated surface chemistry analysis of a large
polymer library. A schematic showing how a ToF-SIMS

instrument functions is shown in Figure 2.11.
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Figure 2.11: Schematic showing operation of ToF-SIMS
instrument from primary ion dosing to production of mass
spectrum through flight path.!3”

A primary ion beam (Bis*) was used to bombard the sample
with pulsed high energy, usually between 10 and 40 keV.
Kinetic energy from the primary ion beam is transferred to the
sample causing bond breakage and fragmentation of the
surface chemistry leading to the emission of uncharged and
charged fragment species from the sample surface (Figure
2.12). Only a small fraction of the ejected fragments are ionised
(<1%). These ions can be mass analysed by being extracted

into an analyser by a high voltage potential and mass is
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determined by the time taken to travel from the sample to the
detector.138 Both negative and positive ions are present from
the bombardment of primary ions, the instrument collects both
negative and positive mode to obtain all possible data from
samples. To account for the range of different kinetic energy on
emission, an ion mirror as depicted in Figure 2.11 is used to
correct them such that ions with higher energies travel further,
and hence still arrive at the detector with ions of the same

mass.

b A A A A A A

Sample Bulk Sample Bulk

Figure 2.12: Illustration of primary ion beam bombarding sample
surface. Ionised and non-ionised fragments are ejected from
sample surface

As SIMS is inherently a destructive analytical technique, the
primary ion dose is kept to less than 103 ions/cm? such that
the likelihood of primary ions bombarding sample already
impacted and therefore damaged is minimal.13%.140 This involved
using a pulsed primary ion source such that the sample is not
continuously bombarded by the primary ion beam. To prevent
the build-up of charge accumulating on the sample surface, an
electron flood gun is used to neutralise the surface charge, as
this can otherwise interfere with the dispersion of ions from the

sample surface.
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In addition to obtaining mass spectra, ToF-SIMS allows for the
formation of chemical maps to assess chemical distribution of
molecules of interest. Each individual pixel scanned in a ToF-
SIMS image contains a full mass-spectra, hence the large
visualisation of an entire data set can be used as a powerful
analytical tool. However, ToF-SIMS has a few limitations in such
that it is a vacuum-based technique, so any volatile materials
cannot be analysed. Also, SIMS is a destructive technique, so
samples used during ToF-SIMS analysis cannot be used for

further characterisation or biological studies.
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2.5 Bacterial Strains

P. aeruginosa and P. mirabilis strains used in this project are
listed in Table 2.2.

Table 2.2: Description of bacterial strains used throughout this
project
Bacterial Strain Description Origin

P. aeruginosa Nottingham strain with Hollway BW

PAO1-N plasmid (1955) J Gen
pME6032AlacIQ::mCherry Microbiol
Tc resistant for 13:572-581

constitutive expression of

mCherry fluorescent tag

P. mirabilis Nottingham strain with Dr. Jean
plasmid miniTn7- Dubern’s
dsRedexpress laboratory

collection

Bacterial strains were transformed using plasmids described in
Table 2.2 such that the fluorescence plasmids are amplified and
expressed by the bacteria. This then allowed for the
measurement of fluorescence intensity as a measure of

bacterial adhesion to polymer surfaces.
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2.6 Fluorescence imaging

To quantify bacterial adhesion to the surface of polymeric
materials, bacteria were tagged with fluorescence genes such
that by using fluorescence microscopy techniques, a light

intensity can be measured and associated to bacterial adhesion.

2.6.1 Fluorescence microscopy

The measured fluorescence intensity of polymer microarrays
was obtained using a Genepix 4000L, which enabled high
throughput analysis using a laser scanning technique to
measure the entire microarray in one iterative process.
Fluorescence microscopy functions by exciting electrons into an
excited energy state and measuring the emission frequency as
the excited electrons return to the ground energy state.
Electrons undergo internal conversion and/or vibrational
relaxation before emitting fluorescence, which leads to differing
peak excitation and emission frequencies. This process can be

demonstrated in Figure 2.13.
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|
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Figure 2.13: Excitation of electrons into higher energy states
(blue) which then undergo vibrational or internal conversion
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emission (green) before emitted fluorescence to return to ground
energy state (red)

2.6.2 Confocal microscopy

When it is required to obtain fluorescence measurements from
a 3D object, a confocal microscope was used to obtain bacterial
fluorescence data, which allowed for multiple 2D images to be
acquired over a specified z-range. A confocal microscope
functions fundamentally in the same way as other fluorescence
microscopy techniques but uses a dichroic mirror and confocal
pin holes to only detect fluorescence from an image within the

focal plane of an objective lens (Figure 2.14).

Photomultiplier
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: acoustic optical
R beam splitter (AOBS)

\ Scanning

i mirrors
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: Returning
> Objective light (laser and
flourescent)
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planes
— In-focus light
Specimen e Out-of-focus light

Figure 2.14: Schematic of confocal microscope showing how
different planes are brought into focus to allow for fluorescence
imaging over a 3D object.!4!
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By adjusting the z-position of the objective lens or sample
stage, it is possible to image different parts of the sample
surface as each section comes into focus and passes
fluorescence light through the confocal pinholes into the

detector.

57



2.7 Finite difference time domain simulations

To prevent the need for an expensive trial and error system,
FDTD simulations were performed in Vector Fields Concerto®
to observe the propagation of microwaves through a range of
different geometries. The optimised geometries were then used
to produce a microwave reactor capable of synthesising novel
methacrylate monomers. FDTD simulations were first proposed
by Yee in 1966 by replacing differentials in Maxwell’s equations
with finite differences.1%3 FDTD simulations start by observing

the Maxwell’'s time dependent equations which are shown in

Equation 6.

V x H 65+*

X H= —
ot /
, 9B
VXE=—-—-M

ot

V.ﬁzpe

V.E)=pm

Equation 6: Maxwell’s time dependent equations where E is the
electric field strength (Vm™1!), D is the electric displacement (Cm-
2), H is the magnetic field strength (Am-!), B is the magnetic flux
density (Wbm<2), J is the electric current density (Am-2), M is the
magnetic current density (Vm-2), pe is the electric charge density
(Cm=3) and pm is the magnetic charge density (Wbm~-3)

For the development of FDTD simulations, only the first two
Maxwell equations are required. By using alternative definitions
for the electric displacement (D = €E) and magnetic flux density
(B = pH), these equations can be rewritten to only depend on

electromagnetic fields E and H as shown in Equation 7.
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Equation 7: Alternative Maxwell’s curl equations including
definitions for the summed electric current density and summed
magnetic current density

Both the electrical and magnetic current densities (J + M) are
the sum of the conduction and impressed densities (J = Jc + Ji
and M = M¢ + M; where Jc = 0°E and Mc = 0™E). These equations
contain constitutive relationships that allow for the input of
properties for any linear isotropic material. These vector
equations can then be broken down into 6 separate scalar
equations associated to each direction (Ex, Ey, Ez, Hx, Hy and H)
(Equation 8).142

9t &,
08, _ 1 (o,
dat &

F)
0E, 1 <6Hy oH,

0E, 1 (0H, OH
()

ot &z
oty _ Mg(%_ aaiy — oFH, - Mix>

Equation 8: Scalar Maxwell equations with constitutive parameters
used for defining electric and magnetic fields used in FDTD
simulations

These differential equations are then approximated by using
finite differences to approximate the differential equations
expressed in Equation 8. This can then be used to simulate the
electrical and magnetic fields over a structure containing

different isotropic materials over a defined time.
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FDTD simulations were used within this project to design a
microwave reactor capable of coupling of microwaves at a
frequency of 2.45 GHz to heat a reaction mixture which utilised
a transesterification process to develop novel methacrylate

monomers.
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2.8 Micro-well fabrication and experimentation

2.8.1 Materials

For the manufacture of the prototype, aluminium was used for
the reactor and antenna, as it offered a cheap material that
allowed the reactor to act as a cavity due to high reflectance
properties of metals. For the dielectric and protective sheath
components, Ertacetal® C was supplied by

theplasticshop.co.uk and used as received.

2.8.2 Microwave Safety

Microwaves are a large health concern if exposed to a
sufficiently high dosage, and hence a microwave dosage limit
for microwave ovens has been determined as 5 mW/cm? at a
range of 5 cm from the radiation source.!43 Human tissue has
been shown to be particularly receptive to microwave
irradiation, in the form of rapid heating.144 It was then of critical
importance that the microwave dosage limit was not exceeded
by any reactor that is designed and built during this project.
This was achieved primarily by using FDTD simulations as
mentioned previously to simulate and measure microwave
leakage, however once the reactor was built a HAZOP meeting
and subsequent risk assessment were conducted to ensure a

safe operation of the reactor.

2.8.3Impedance matching

The inclusion of a Microlab/FXR SF-31N sliding tuner enabled
power to be coupled between the microwave source and the
material. The sliding tuner, which can be shown in Figure 2.15,
operates by the movement of the reflective component, often

referred to as a slug, to change the impedance of the tuner.

61



Matched
signal out

Unmatched
signalin

Figure 2.15: Schematic demonstrating how a slug-tuner works,
by manual movement of the two slugs up and down the length
of the tuner, impedance of the tuner changes and allows for
matching between power source and material load

When the impedance of the tuner and the load material are
matched, the coupling of microwaves to the material are at a

maximum, allowing for efficient heating of the reaction mixture.
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3 Synthesis of Novel Methacrylate
Monomers Using Microwaves and

Nitrogen Sparging

3.1 Introduction
The overall concept for this section of the study was to develop
a high throughput synthesis route to novel methacrylate
monomers, such that novel methacrylate monomer libraries
could be efficiently synthesised to keep up with the demands
from high throughput discovery programmes (HTDP). The
strategy adopted involved the use of a simple one-step
synthesis protocol that could be broadly applied to significant
numbers of monomers to standardise the synthetic process.
HTDP require the development of ready access to large diverse
material libraries to increase the likelihood of discovering a hit
material with desirable properties. Thus, it is typical that
commercially available materials are frequently utilised to fill
this requirement for a large material library at the outset of a
study. However, only approximately 300 commercially available
(meth)acrylates and acrylamides are currently available, which
inherently restricts the materials that can be assessed within a
materials library.
Transesterification is a chemical transformation that has been
commonly been used for the production of biodiesel, 4146 put
have also been utilised for a one-step synthesis process to
develop a range of ester materials including; different classes
of lipids, higher (meth)acrylates and the cyclisation of
oligocholates.113:.147-149 However, whilst this technique shows a
high degree of freedom to create a range of different materials,
a common limitation of transesterification experiments is that it
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is difficult to obtain high conversions due to the mass transfer
limit defined by Le Chatelier’s principle.1’> Gas sparging has
shown to improve mass transfer characteristics of reactions,
enabling in the distillation of low-boiling materials that can then
aid in reaction progression.1>% Hence, gas sparging has been
used in conjunction with the transesterification process within

this chapter to synthesis a novel monomer library.

A second important consideration for this section of the study
is to develop an apparatus which can successfully synthesise
materials in a high throughput process at the 10 - 30 ml scale.
Conventional heating is not ideal for heating multiple reaction
vessels simultaneously at these types of volumes. This is
because typically in conventional methods of library synthesis,
heat is applied to a range of different materials using an oven
or by the heating of a large metal block.”0:151-153 These
strategies can lead to poor heating distribution and so differing
reaction temperatures/profiles being experienced by different
reactions within the apparatus. These variations can be related
to; (a) different thermal properties for each reaction mixture,
(b) a mixtures position within the apparatus and/or (c) with
time and hence can lead to differing and unpredicted reaction
outcomes. Therefore, as well as confirming that the
transesterification mechanism represents a viable option by
which to synthesis a range of target monomers structures,
microwave heating was used to volumetrically heat these
transesterification reactions and the results compared to
conventionally heated reactions which transfer heat via
conduction/convection. Microwave heating has gained a large
amount of interest in recent decades for organic/polymer

synthesis due to the potential to achieve volumetric heating
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(i.e. heat transfer directly to individual molecular species within
the reaction mixture, and hence gives a much greater control
over reaction temperature compared to conventional
heating.81.20.117 This chapter discusses the method development
of a transesterification process to develop a range of novel
methacrylate monomers and also how microwave heating,
achieved by the application of the apparatus design discussed
in Chapter 5, compares to conventional heating methods for the
development purposes of a microwave reactor capable of

synthesising novel methacrylate monomers.
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3.1.1 Aims and Objectives

The aim of this chapter was to develop a one-step synthesis
protocol that could be applied to develop a diverse monomer
library for HTDP. The viability of applying this protocol to
microwave irradiation was also examined to provide the basis
of microwave reactor design which is later described in Chapter
5. This aim was achieved by completing the following
objectives:

1. Obtaining a suitable fundamental monomer for
transesterification experiments with an optimised starting
ratio.

2. Optimising the synthesis protocol to obtain high
conversions by overcoming mass transfer effects using
nitrogen sparging.

3. Utilising the optimised method to develop a monomer
library for wuse in subsequent downstream high
throughput experimentation.

4. Comparing conventional and microwave heating methods
to check feasibility of developing a high throughput

synthesis reactor utilising by microwave energy.
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3.2 Experimental methods

3.2.1Conventional heating
Transesterification experiments were performed to synthesise
novel methacrylate monomers using a condensation glassware

set-up as shown in (Figure 3.1).

Figure 3.1:Conventional heating set-up showing condensation
equipment with water used as a coolant. Stopper is placed in top
of distillation head and thermocouple was used to monitor
internal temperature. Stirring was applied at 250 rpm to ensure
a homogeneous mix was obtained.

Reactions were typically prepared in a molar ratio of 7:5 of
monomer:alcohol with 1 % molar ratio titanium butoxide
(TNBT) catalyst. Reaction mixtures were heated to either
100/160 °C depending on if the monomer used was either
MMA/Butyl methacrylate (BMA) respectively. Temperatures
were measured using a thermocouple such that the internal
reaction mixture temperature was measured and not that of the
hot oil. Reaction equations for the transesterification process
utilised during this project can be shown in Figure 3.2. A typical
conventionally heated reaction contained 14.0 g of BMA (98.5
mmol), 12.9 g cyclododecanol (70.0 mmol) and 0.380 g of

titanium butoxide catalyst (1.11 mmol).
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Figure 3.2: Schematic showing transesterification reaction
conditions for using (a) methyl methacrylate and (b) butyl
methacrylate

All reactions were performed in water-cooled distillation
glassware to remove the by-product (methanol/butanol) from
the reaction. Reactions were performed for a range of times
from 2.5 to 48 hours. During the reactions at set times aliquots
were taken and immediately quenched in a freezer to observe

reaction kinetics using NMR.

3.2.2 Microwave heating

A series of transesterification experiments were performed
using a Miniflow 200SS microwave reactor operating at 2.45
GHz which utilises a solid-state power generator. In a typical
reaction, a sample reaction mixture was placed inside the
microwave cavity and a metal choke was fitted to prevent
microwave leakage to the surroundings. Prior to applying large
powers to the test medium, the reaction integrity of the
apparatus construction for each experiment was tested with an
ETS-Lindgren EMF measurement detector. Reduced microwave
power inputs (10 W) were applied to ensure that there was no
any microwave leakage. Furthermore, whilst under Ilow
microwave powers, the input microwave power was also
coupled to the load material by adjusting the cavity length and
shape to reduce the reflected power to a minimum and hence
improve coupling between the source and the load material.

This was achieved by adjusting a sliding short that reduced the
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length of the cavity and a fine stub tuner that pushed metal
rods in and out of the cavity, where changing the cavity
geometry is a common technique for matching the input power
to the load material.?’:1>4 This procedure ensured that a single
mode, standing wave was created within the cavity, so
maximising the potential to deliver even energy transfer
throughout the sample and so give the best opportunity to
achieve volumetric heating of the bulk. After this procedure was
complete, larger power inputs (>100 W) could be safely used.
Reaction mixtures were heated to 100/160 °C depending on
whether either MMA or BMA was the monomer reagent. The
temperatures of the bulk mixtures were directly measured and
recorded using a fibre-optic cable which was connected the
Miniflow 200SS power source. As in the conventional case,
aliquots were taken at fixed time periods and quenched to
observe reaction kinetics. A diagram of an example of the
experimental apparatus used is shown in Figure 3.3. A typical
microwave heated reaction contained 14 g of BMA (98 mmol),
12.90 g cyclododecanol (70 mmol) and 0.38 g of titanium

butoxide catalyst (1 mmol).

Figure 3.3: Schematic showing set-up of Miniflow 200SS with
waveguide for transesterification experiments showing (a)
Miniflow 200SS solid state generator (b) fine stub tuner (¢) metal
choke to prevent microwave leakage and (d) course sliding tuner
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3.2.3 Nitrogen sparging

Nitrogen gas sparging was used with both microwave and
conventional heating methods to observe the effect of flushing
inert gas through the reaction mixture on the level of mass
transfer achieved within the reaction system. The reaction set-

up can be shown in Figure 3.4.

Figure 3.4: Reaction set-up of reaction utilising sparging
technique. N2 gas was passed through a 2 ml pipette, which was
put through a stopper at the top of the distillation head.
Thermocouple/fibre optic cable was also placed through the top
of the distillation head for conventional/microwave heating
respectively. Stirring was performed at 250 rpm to ensure a
homogeneous mix was obtained.

The nitrogen gas was introduced via 2 ml glass pipette during
the reaction, this method was chosen because it allowed the
same 2ml glass pipette to be used in both the microwave and
conventional heating method reaction. Sparging of the reaction
mixture was started 15 minutes into the reaction. This was to
prevent any loss of reagent alcohols, which were a solid
(powdered) physical form, from the reaction medium which
would alter the reaction stoichiometry. Typically, application of
too stringent sparging too early was found to result in these
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alcohols adhering to the sides of the reaction vessel above the

reaction bulk.

3.2.4 Nuclear magnetic resonance imaging

To analyse progress of chemical reactions, a NMR 400 MHz
Bruker machine was used. Samples were prepared using
deuterated chloroform at an approximate ratio of 2 mg/ml for
1H spectra and approximately 10 mg/ml for 13C spectra. Spectra
were then analysed using MestReNova software as described in
Chapter 2.2.
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3.3 Results

3.3.1Choice of fundamental reagent monomer

As a starting point for performing these transesterification
experiments, methyl methacrylate (MMA) was initially chosen
as the starting monomer because this has successfully been
used to manufacture functional methacrylates on an industrial
basis.14? Introducing different functional alcohols (i.e.
containing the functional group of interest), novel methacrylate
monomers can be synthesised at the multi-tonne scale. As the
boiling point of MMA is 100 °C, the reaction temperature was
kept at this temperature to prevent the excessive loss of the
starting material by evaporation. Furthermore, an excess of
methyl methacrylate was used such that the starting ratio of
monomer: alcohol was a 7:5 molar ratio. This rationale was
adopted for two reasons; (a) it would allow for some
evaporative losses on MMA and (b) to shift the equilibrium of
the reaction towards completion as defined by Le Chatelier's

principle as described in Chapter 2.1.2.

Following this strategy, a series of conventionally heated
transesterification experiments using cyclododecanol as the
functional alcohol were performed to test the viability of using
MMA as the fundamental monomer for the synthesis of a large
monomer library. Cyclododecanol was chosen as the test
alcohol, as it had a high boiling temperature which allowed for
high reaction temperatures without distilling the reagent
alcohol. Cyclododecyl methacrylate was also identified as a
potential hit material for reducing the attachment of bacteria to
surfaces, which is described in more detail in Chapter 4. Figure
3.5 shows the reaction conversion from MMA to cyclododecyl
methacrylate over 48 hours.
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Figure 3.5:Reaction kinetics showing difference between using
BMA at 160 °C and MMA at 100 °C, where both methods were
limited to 50 % conversion by mass transfer effects.

Conversion was shown to reach a ceiling of 50 % after 48 hours
of heating with MMA. This suggested that the reaction was
mass transfer limited, i.e. the by-product condensate (methanol
in the case of MMA) which needs to be removed to allow higher
conversions to be reached as defined by Le Chatelier's principle
was remaining in the medium. Due to this an alternative
reaction solution was investigated in which BMA instead of MMA,
which allowed for an increase of reaction temperature from 100
‘C to 160 °C as a result in the change in boiling points of the
respective monomers. It was proposed that this increase in
temperature may improve the mass transfer within the system
as it means that the medium is well above the boiling point of
condensate in this system (in case of BMA butanol with a boiling
point of 117 °C). This resulted in achieving 50 % conversion
after 2 hours, a 24-fold increase in reaction rate compared to
using MMA as the fundamental monomer as shown in Figure
3.5. However again conversion ceiling of 50% was observed.
Another issue that was encountered during experiments
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performed with MMA was the onset of polymerisation. Despite
the addition of 4-methoxyphenol (MEHQ) as a radical inhibitor,
polymerisation was often observed during experiments
involving MMA. The presence of polymer in the final reaction

mixture was observed by NMR analysis (Figure 3.6).
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Figure 3.6: Transesterification experiment using MMA at 100 °C,
showing a 12 % polymerisation of MMA by observing the peak
broadening of the methyl group adjacent to the ester group
(assignment B). Conversion of the experiment was shown to be
38 % comparing change in chemical environment of protons
adjacent to the alcohol (A) to the product (A")

Meanwhile, no polymerisation was observed in the BMA
experiments. This observation was attributed to either the lower
reactivity of the BMA monomer because of steric effects
introduced by the bulkier functional group and/or the much-
reduced reaction time. For these reasons, BMA was chosen as
the fundamental monomer for further transesterification
experiments, this was because; (a) it allowed for comparable

conversions in @ much-reduced reaction time, (b) resulted in
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no/minimal polymerisatioeing observed and (c) is low cost and

readily available commercially.

3.3.2Effect of apparatus/glassware design on
conversion
When using the Miniflow 200SS for microwave heated
experiments, it was a requirement to use a long-neck reaction
vessel be used i.e. there was a significant length of glass
between the top of the reactor and the distillation head (see
Figure 3.7a). This was due to a metal choke which was placed
on the condenser exit of the cavity to prevent the leaking of

microwaves into the laboratory.

Figure 3.7: Different 50-ml reaction vessels used throughout this
project where (a) had to be used for microwave experiments due
to safety restrictions (neck length of 145 mm) and (b) reaction
vessel used for conventional heating experiments (neck length
of 43 mm)

Therefore, the investigation of the use of the application of a
long and short neck design using only conventional heating
methods was conducted (as a short neck vessel was not
possible with microwave heating due to the large choke). The
data from these experiments, (see Figure 3.8), demonstrated
that by using a longer necked vessel, the mass-transfer

properties of the system are altered in the later stages of the
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reaction such that lower conversions were obtains from the long

neck design.
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Figure 3.8: Difference in conversion by changing from short-
necked reaction vessel to a long-necked reaction vessel

As shown by Figure 3.8, using a short-necked reaction vessel
allowed for higher conversions to be obtained. This is due to the
reduced headspace that any condensate must travel for the
shorter reaction vessel. Hence, for fair comparison, microwave
experiments were also conducted and compared to
conventional heating experiments with a long-necked reaction
vessel. However, this data showed the advantages of using a
shorter vessel, and the research in Chapter 5 discusses the
design of a microwave reactor vessel with a smaller headspace

to improve mass-transfer properties.

3.3.3 Comparison of conventional and microwave heating

methods

Having confirmed that the same glassware must be used for fair

comparison of methods, comparisons between microwave and
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conventional heating methods were performed in tall glassware
(due to the inability to used short glassware in the microwave
reactor for microwave leakage issues). Microwaves allow for
reaction mixtures to be heated volumetrically, which offers
more control over reaction temperatures compared to
conventional heating methods.81°0 Control over reaction
temperature and the ability to easily control reactions
independently is a large attraction for high throughout library
synthesis, and this can be obtained by using microwave heating
to volumetrically heat batch reactions in parallel. Prior to
engaging in the design and build of a novel microwave reactor,
the efficiency of microwaves to conduct the target
transesterification were investigated and compared to
conventional methods to define that the use of microwave
heating was a feasible/desirable choice for heating
transesterification reactions. Initial experiments were again
performed with cyclododecanol, with the reaction scheme

shown in Figure 3.9.
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160 °C )J\H/
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Figure 3.9: Reaction scheme showing the synthesis protocol for
cyclododecyl methacrylate

Both conventional and microwave experiments were heated to
160 C and aliquots were taken to observe the change in
conversion from cyclododecanol to cyclododecyl methacrylate

with this data shown in Figure 3.10.
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Figure 3.10: Graph showing the change in conversion over-time
for cyclododecyl methacrylate for both conventional and
microwave heating methods

This data showed that microwaves could achieve a 50 %
conversion marginally more quickly than conventional heating
(~75 mins for microwave heating (MWH) compared to 120 mins
for conventional heating (CH)). However, it was also noted that
for both heating mechanisms that: (a) neither could get past 50
% conversion and that (b) microwave heating obtained higher
conversions after short time scales (15 minutes). This latter
observation suggest that microwave volumetric heating may
have it greatest effect in initially heating a chemical reaction
and obtaining the desired reaction temperature in a shorter

time scale.

This experimental procedure was then repeated with I-menthol,
4-methyl-2-pentanol and 3-phenyl-2-propen-1-ol (see reaction
schemes in Figure 3.11) to observe the transesterification

results obtained for different alcohols.
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Figure 3.11: Reaction scheme showing the synthesis protocol for
5-methyl-2-(1-methylethyl) cyclohexyl methacrylate (LMMA), 4-
methyl-2-pentyl methacrylate and 3-phenyl-2-propenyl
methacrylate (CiMA) respectively

The reactions to synthesise LMMA and CiMA were performed at
160 °C, whilst MpMA was synthesised at a lower temperature of
140 °C due to a lower boiling point of the alcohol compared to
the other alcohols used. The data from these experiments in

shown in Figure 3.12.
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Figure 3.12: Series of graphs showing comparison of
conventional and microwave heating methods for (a) 5-methyl-
2-(1-methylethyl) cyclohexyl methacrylate (LMMA) (b) 4-
methyl-2-pentyl methacrylate (MpMA) (c) 3-phenyl-2-propenyl
methacrylate (CiMA)

Figure 3.12a and Figure 3.12b shows how microwave heating
methods increased the reaction kinetics of the

transesterification of LMMA and MpMA respectively, but also
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demonstrated how these methods were limited to 50 %. This
observation was confirmed by the lack of any condensate
retrieved from reactions which indicated that these systems we
highly likely to be mass transfer limited. However, the synthesis
of CiMA, showed in Figure 3.12c, demonstrated that
conventional heating obtained a higher conversion after 150

minutes compared to the microwave heating method.

3.3.4 Use of nitrogen sparging to overcome mass transfer
limitations
To overcome the 50 % conversion barrier that has been shown
to be a ceiling the reactions conducted up to this point, a
nitrogen gas sparge was applied to reaction mixtures to aid in
removing butanol condensate which was formed as a by-
product of the transesterification reaction. Initially, nitrogen
was applied to reaction mixtures after 15 minutes after heating
was commenced, to allow for powdered alcohols to melt and
create a homogeneous mix with other starting reagents. A
conventionally heated transesterification experiment with
cyclododecanol was the first reaction performed to observe how
sparging effected the overall reaction conversion and compared
to those of a standard, non-sparged conventionally heated

experiment (see Figure 3.13).
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Figure 3.13: Graph showing the comparison between
conventional heating and conventional heating with nitrogen
sparging applied after 15 minutes of heating for cyclododecyl
methacrylate. Reactions were heated to 160 °C

The data in Figure 3.13 showed that by the application of a
nitrogen sparge, the reaction reached 80 % conversion in about
120 mins, and hence application of the gas overcoming previous
mass transfer limitations. However, upon further examination,
it was also discovered that the applied nitrogen sparge was also
removing butyl methacrylate from the reaction mixture. This
was detected from the NMR analysis, where an example
spectrum shown in Figure 3.14, defined that the remaining BMA
peak had dropped to 7 % of the total remaining reagent alcohol,
(therefore the total net product was calculated to be 79 %).
This meant that the reaction stoichiometry was changed as the

reaction progressed.
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Figure 3.14: 'H Spectra of conventionally synthesised
cyclododecyl methacrylate with nitrogen sparging after 4 hours
of heating at 160 "C. BMA content has dropped to 7 % of the
remaining cyclododecanol content, shown by the reduction of
protons next to ester group assigned B compared to the distinct
alcohol peak assigned A. Conversion was shown to be 80 % by
comparing change of chemical environment from A to A'.

This observation was supported by the analysis of the retrieved
condensate from the reaction. It was shown in Figure 3.15 that
the condensate mixture contained 57 % butanol and 43 % BMA.
It was therefore concluded that, to obtain higher reaction
conversions, this process loss of reagent methacrylate needed
to be minimalised to leave as much BMA in the reaction vessel

as possible.
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Figure 3.15: 'H spectrum of reaction condensate showing

mixture of 57 % butanol and 43 % BMA after a 4 hour nitrogen
sparging experiment.

To prevent the evaporation of BMA from causing an overall
reduction in potential end conversion, two options were
explored to prevent this from happening. The starting ratio of
BMA: alcohol was changed from 7:5 to 8:5 whilst keeping
sparging start time at 15 minutes. Additionally, the starting
ratio was kept at 7:5, but the sparging was delayed until 45
minutes during the reaction was also investigated to prevent
the large removal of BMA. The data from these experiments is
detailed in Figure 3.16.
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Figure 3.16: Figure showing the difference in conversion when
the starting ratio of BMA: alcohol is altered from 7:5 (blue
circles) to 8:5 (green triangles) and compared against a 7:5 ratio
with delayed sparging (red circles)

Figure 3.16 showed that both methods of increasing BMA
retention, i.e. including a larger amount of starting BMA and by
delaying the start point of sparging, successfully enabled the
reaction conversion to reach comparable final conversion levels.
Additionally, delaying the onset of sparging also was noted to
result in an extension of the reaction cycle time to reach this
final conversion by an approximate factor of three. However, it
was also observed that an increase in the BMA content also
resulted in an increase in polymerisation. Therefore, the
approach of delaying the sparge time was adopted as the
optimised method for this project. The delaying of the sparging
point decreased the apparent reaction rate that is associated to
sparging experiments, but also allowed for the retention of BMA
at later time points which can be shown in Table 3.1 by
comparing the leftover reagent alcohol to the amount of

remaining BMA.
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Table 3.1: Table showing the remaining amount of BMA left in
reaction vessel at comparable conversions of approximately 80 %
when comparing to amount of reagent alcohol left in vessel.
Reactions were carried out wusing butyl methacrylate and
cyclododecanol at either a 7:5 or 8:5 ratio. Titanium butoxide was
used as a catalyst at 1 % molecular weight and reactions were
carried out at 160 °C.

Heating Method Percentage of BMA remaining
(%)

Conventional sparge 7

(15mins)

Conventional sparge (45 150

mins)

8:5 Starting Ratio 115

With an optimised method for the synthesis of cyclododecyl
methacrylate, a comparison was made with microwave and
conventional heating to see how the use of nitrogen gas
sparging effected the conversion of cyclododecyl methacrylate,

this comparison data is shown in Figure 3.17.
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Figure 3.17: Comparison between conventional sparging
technique and microwave sparging technique when sparging has
been delayed by 45 minutes. Microwave power was set to 150 W
input power.

Figure 3.17 shows how the use of microwave sparging enabled

reaction conversions of more than 90 %. However, due to the
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vessel required being a long-necked vessel, the nitrogen gas
sparge required to remove the butanol by-product was
introduced as a higher pressure. This change was also found in
this experiment to cause the onset of some polymerisation

during the reaction, which can be shown in Figure 3.18.
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Figure 3.18:'H NMR spectrum of CyDMA synthesised using
microwaves under N2 sparging. Enlarged section of spectrum
shows polymerisation in red circles that occurred during the
reaction

However, the use of high microwave powers has also been
identified to promote selective heating of radicals which could
have caused small amounts of polymerisation at high
temperatures.!>> Due to the slight polymerisation within the
reaction mixture when microwave polymerisation was applied
with sparging, the optimised method for creating a material
library for HTDP was performed using conventional heating with
sparging commencing after 45 minutes of heating with a short
vessel. This process offered the best balance between obtaining

high conversions and minimal polymerisation. A microwave
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reactor is later developed using a method that promoted mass
transfer, reduced the level of power required to drive the
transesterification and removed the need of using nitrogen
sparging, where the former is to promote cycle time reduction
whilst the latter are to prevent polymerisation occurring. This

reactor design work is discussed in Chapter 5.

3.3.5 Synthesis of novel methacrylate library

The optimised synthesis protocol allowed the synthesis of a
monomer library which had a range of different moieties
including linear, branched, aromatic and cyclic functionalities to
be conducted. Alcohols with different chemistries, i.e.
containing differing functional groups, for example the
synthesis of nitrobenzyl methacrylate and chlorobenzyl
methacrylate were able to be investigated. Table 3.2 shows the

monomers that were synthesised during this study.
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Table 3.2: Table showing monomers synthesised using the
optimised conventionally heated sparging method.

Monomer Conversion (%)
Cyclododecyl Methacrylate (CyDMA) 83
Dodecyl Methacrylate (DdMA) 90

5-methyl-2-(1-methylethyl) cyclohexyl 69
Methacrylate (LMMA)

4-Methyl-2-pentyl Methacrylate (MpMA) 94

trans-3,7-Dimethyl-2,6-octadienyl 84
Methacrylate (GeMA)

3-phenyl-2-propenyl Methacrylate 55
(CiMA)

3,4-(Methylenedioxy)benzyl 82
Methacrylate (PiMA)

2-Ethylhexyl Methacrylate (2EhMA) 81
Hexadecyl Methacrylate (CMA) 87
4-Isopropylbenzyl Methacrylate (IpbMA) 80
4-Methylbenzyl Methacrylate (MbMA) 93
2,6,6-Trimethylbicycloheptyl 81
Methacrylate (apMA)

4-Nitrobenzyl Methacrylate (NibMA) 81
2-Chlorobenzyl Methacrylate (CIbMA) 75
5-Isopropyl-2-methylphenyl 10

Methacrylate (CaMA)

All reactions were performed at a ratio of (7:5) of butyl
methacrylate:alcohol with a 1 % molecular weight of catalyst which
was titanium butoxide. Reactions were left to progress for 45
minutes before nitrogen sparging was used to remove butanol by-
product. All reactions were performed at 160 °C except for 4-
methyl-2-pentyl methacrylate which was performed at 140 °C.

The associated structures for the monomers in Table 3.2 can be
found in Figure 3.19. NMRs of these materials can be found in
Appendices A - N. The target for reaction conversions was set

to be 80 % based upon preliminary data which suggested that
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polymers with up to 80 % conversion were shown to not affect
the growth of P. aeruginosa and this is discussed Chapter 4.
Hence by aiming for an 80 % conversion, the effect of BMA on

the bacterial adhesion should be negligible.
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Figure 3.19: Structures of synthesised monomers using

optimised conventionally heated sparging method

A high conversion (>80 %) was observed for most of the
monomers synthesised apart from most notably: LMMA, CiMA
and CaMA. Despite a poor conversion, it was noted that LMMA
had a much higher conversion compared to CaMA despite
having similar structures. However, CaMA was noted to contain
an aromatic functionality as opposed to a cyclic aliphatic

structure that is present in LMMA. This this may have some
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bearing on either the electronic or steric environment of the
reactive double bond and this result in differing conversion
levels. To achieve a higher conversion for LMMA, a conventional
heating experiment was performed with a vacuum which was
applied after 24 hours to further extract butanol, however this
was only able to achieve a conversion of 69 %, as shown in
Figure 3.20. However, this procedure was not able to obtain

high conversion for CaMA.
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Figure 3.20: Conversion of LMMA shown of a 50-hour period.
Reaction conditions carried out at 150 °C and vacuum pump
applied at 300 mbar for 30 minutes after 24 hours.

Hence a higher conversion of LMMA was obtained for further
use as a monomer in the material library for high throughput
screening (discussed in Chapter 4), albeit without using the
optimised synthesis method used to synthesise the rest of the
methacrylate monomers as described in 3.3.4. The conversion
of CiMA was later improved using the designed synthesis
reactor described later in Chapter 5. Another monomer was
attempted to be synthesised which was 2-methyl-3-butyn-2-
methacrylate (Figure 3.21). However, the associated alcohol to
this monomer has a boiling point of 104 °C, and hence using an

optimised sparging method of 160 °C caused the alcohol to be
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distilled, and by reducing the reaction temperature no

conversion was observed.

)J\H/o\/\/ \{/OH )J\f(oﬁ/// o
ol

(@)

Figure 3.21: Reaction sequence showing the attempted synthesis
of 2-methyl-3-butyn-2-methacrylate. Reaction was performed at

160 °C, 140 °C and 100 °C
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3.4 Discussion

3.4.1Effect of reaction stability using both methyl and
butyl methacrylate

The synthesis of a wide-ranging library of novel methacrylate
monomers requires a synthesis protocol that is cheap, simple,
and most importantly capable of synthesising a large quantity
of diverse novel monomers with differing monomer structures.
This meant that a fundamental monomer that can be
functionalised using simple chemical reaction type was
required. Initially MMA was used, as it is a cheap and readily
available material and by using the transesterification process
a diverse library can be, theoretically, synthesised by accessing
the vast number of commercially available alcohols to provide
the desired molecular functionality to the monomer structure.
Transesterifications form a by-product molecule which will be
produced on an equimolar basis as the monomer is
manufactured. This secondary product must be removed from
such equilibrium-based process to achieve high yields of the
desired molecule. The by-product of transesterification
reactions using MMA was methanol, which has a boiling point of
64.7 °C.1°% This means that by having a reaction temperature
of 100 °C, the temperature difference between processing
temperature and the boiling point would be 35.3 °C, and so
methanol should be able to be distilled from the reaction
mixture by the use of condensation equipment. However, what
was observed was that the removal of methanol from the
reaction mixture proved difficult and the reaction was mass
transfer limited and only achieve a maximum of 50%
conversion. This led to the change of the choice of starting
monomer to butyl methacrylate. An advantage of using butyl
methacrylate was the higher boiling point (162 °C).1>’ This led
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to using a higher reaction temperature of 160 °C which ensured
faster reaction kinetics for all experiments, which was shown in
Figure 3.5, where BMA was able to achieve a mass-transfer
limited conversion of 50 % at a 24-fold rate increase compared
to MMA. As the by-product of reactions with BMA was butanol,
which has a boiling point of 117.7 °C,158 the mass transfer
properties of the system were improved due to a higher
temperature difference between reaction temperature and
boiling point of butanol (42.3 °C). However, neither the MMA
nor BMA based reactions were able to achieve higher than 50
% conversion when sparging was not applied due to the lack of
condensate removal achieved and so the reaction was

concluded to be mass transfer limited.

Furthermore, despite the addition of MEHQ as a radical
inhibitor, MMA was noted to readily polymerise during reaction
procedures as shown in Figure 3.6, whereas polymerisation was
minimal when investigating experiments involving butyl
methacrylate. This is likely due to increased steric effects
introduced by the longer carbon chain associated with butyl
methacrylate. Polymerisation during a reaction was even more
prevalent when attempting to perform sparging experiments
with MMA. This processing techniques was introduced to try to
improve the mass transfer achieved in the reaction system,
because sparging has been reported to improve reaction

surface area which leads to higher reaction kinetics.12°

The added benefits of being able to use BMA at higher reaction
temperatures to increase the rate of reaction with also reduced
observations of polymerisation made BMA the suitable

fundamental monomer of choice for further transesterification
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experiments with different alcohols to develop a range of novel

methacrylate monomers.

3.4.2Effect of glassware on reaction mass-transfer
properties
To conduct fair comparisons between heating methods, an
initial test was performed to observe the differences in mass-
transfer properties between different glassware configurations
typically used in each reaction type. Figure 3.8 showed the
difference between using a tall and short reaction vessel for the
synthesis of cyclododecyl methacrylate using conventional
heating. This showed that by using a shorter reaction vessel,
the conversion could be increased, showing that butanol had
been removed from the reaction vessel more efficiently. For this
reason, both conventional and microwave experiments were
performed in long-necked vessels for comparison of the heating
modes with this apparatus. The long neck apparatus had to be
used for this comparison due to the need to use a choke in the
microwave system on safety grounds. This highlighted a flaw in
the design of the microwave system that due to the size
requirement of the glassware, the mass transfer properties of
the system were reduced. Thus, in the greater part of the
project the latter techniques were used due to the benefit with
mass-transfer whilst minimising any spurious polymerisation.
This part of the study also highlighted the potential benefit that
could be achieved by designing a novel microwave reactor
concept that could use much less power to maximise the mass
transfer benefits by using a much smaller choke but negate the
onset of spurious polymerisation. This design study is described

in Chapter 5.
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3.4.3 Comparison of conventional and microwave heating
methods

Microwaves throughout this project were primarily used due to

the ease of controlling reaction conditions compared to

conventional heating.?” This would mean that for a high

throughput synthesis reactor that the reaction temperature

could be monitored and altered independently alongside other

reactions in the same “batch” or array.

However, it was important to observe if using microwaves
energy was a feasible option for driving the transesterification
experiments when comparing to conventional heating. Since
initial reports in 1986 of the first use of microwave-assisted
organic synthesis (MAOS)’>, numerous publications have
reported reduced reaction times and enhanced product
purities.52:160  Injtial comparisons were made with the
transesterification  of cyclododecanol to cyclododecyl
methacrylate and Figure 3.10 showed a small increase in
reaction kinetics for the synthesis of CyDMA using microwaves
compared to conventional heating methods. One possible
reasons for this slight increase is due to volumetric heating. As
also noted by Figure 3.10, the difference in conversion at 15
minutes is quite large, and this is likely due to the difference in
heat-up times between the two methods. As microwave heating
directly couples energy to the reaction mixture, samples that
were irradiated using microwaves were able to reach the
desired reaction temperatures much quicker than conventional
heating methods, which could therefore explain the ability of
microwaves to obtain a 50 % conversion quicker than

conventional heating for the synthesis of CyDMA.
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Figure 3.12a showed a larger difference between microwave
and conventional heating methods, with microwave heating
showing a much larger apparent reaction rate for the synthesis
of LMMA. The synthesis of LMMA for both heating methods was
shown to be a slow process, and this has been attributed to the
steric hindrance associated to I-menthol, the corresponding
alcohol for the transesterification reaction. It was shown again
at short time period an increase in conversion using the
microwave heating method compared to conventional heating
which can be attributed to the fact that microwave heating is a
volumetric heating effect whereas conventional heating relies
on heat conduction for heating. The increase in reaction rate
observed could also be associated to non-thermal effects by the
increase of favourable collisions experienced under an
oscillating electric field, which has also been previously
reported, but not fundamentally proven.®8” For the MpMA
simulation shown in Figure 3.12b, microwaves were also able
to obtain a 50 % conversion quicker than conventional heating.
Dielectric assessment of both MpMA and CiMA could offer
further analysis potential for the reason microwave heating
gave a higher conversion compared to conventional heating
methods. However, Figure 3.12c showed the comparison of
heating methods for the synthesis of CiMA. Whilst the final
conversion was much lower albeit over a shorter reaction time
compared to LMMA, the results suggested for this synthesis that
conventional heating may be preferential over microwave
heating. Very low conversions were observed for both
conventional and microwave heating for CiMA, suggesting that
conjugated materials do not allow for efficient reaction
processes, which could be considered a limitation for the

transesterification process.
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A key feature for these reactions however is that by using both
microwave and conventional condensation experiments, no
experiment was observed to achieve more than a 50 %
conversion, and this was confirmed when no condensate was

collected from the receiving flask after the reaction process.

3.4.3.1 Effect of nitrogen sparging on synthesis of CyDMA
Due to the overall poor conversion observed for both
conventional and microwave experiments, an addition nitrogen
gas sparging step was added, and this was shown to remove
butanol from the reaction vessel and hence drive the reaction
towards completion. Figure 3.13 demonstrated the difference
by utilising nitrogen gas sparging and showed an increase in
conversion from 50 % to 80 %. This showed that by including
a nitrogen sparge, the previously encountered conversion
ceiling of 50 % was surpassed due to the increase mass transfer
characteristics provided by the nitrogen sparging technique,

which is a well-documented effect.117.120

Upon further analysis of the H-NMR spectrum of the nitrogen
sparged reaction, it was observed that the reason a higher
conversion than 80 % was not obtained was because BMA as
well as butanol had been removed from the reaction vessel and
therefore preventing any further product from being formed,
and this was confirmed by subsequent analysis of received
condensate shown in Figure 3.15. The removal of BMA is due to
the reaction temperature being close to the boiling point of
BMA, and therefore the volatile BMA with the increased mass
transfer characteristics from the sparged system causes a
distillation of BMA.
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Hence, to prevent the loss of BMA, further method development
was required to enable a reliable synthesis method that could
make a range of methacrylate monomers to a high conversion.
First the starting ratio of BMA: alcohol was changed from a 7:5
molar ratio to 8:5 molar ratio. This enabled an equally high
reaction rate, as the sparging was applied at the same time
point of 15 minutes, however polymerisation was observed
from this reaction process. The additional BMA increased the
likelihood of generating free-radicals which caused

polymerisation of the reagent methacrylate material.

A second variation to the method was to wait until 45 minutes
instead of 15 minutes before starting with nitrogen sparging to
remove butanol from the reaction. Whilst increasing the time
for reactions to obtain a high conversion, it reduced the risk of
distilling significant amounts of BMA. By delaying the starting
point of sparging, the reaction progressed to 40 % before
sparging was commenced, which then prevented the loss of any
material (butanol or BMA) being removed from the reaction
vessel in the first 45 minutes. Then by starting the sparging
after 45 minutes, the mass transfer characteristics were
improved with then removed butanol from the reaction vessel

which allowed high conversions to be achieved.

The delayed sparging approach was then used to compare both
microwave and conventional heating methods. Microwaves
were able to achieve a higher conversion in a shorter time
period (see Figure 3.17) where microwaves achieved a 90%
conversion after 120 minutes compared to 60 % shown in
conventional heating. However, with microwave heating a small

amount of polymerisation was observed, which is possible due
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to the application of nitrogen gas being too rigorous, and a
balance must be achieved to distil the butanol by-product to
obtain high purity materials and achieve minimal

polymerisation.

However, this onset in observed polymerisation may not be
because of the sparging pressure, it has been reported in that
microwave heating can accelerate polymerisation by promoting
propagation. Adlington et.al. have defined that a high
temperature microwave polymerisation can result in 40%
conversion within 3 minutes of commencing the reaction
compared to only 4 % in a conventional equivalent over the
same time.!>> This was also shown to result from the application
of large power levels i.e.300 Watts and was attributed to the
selective heating of the radical within the reaction medium.
Thus, the BMA free radical polymerisation observed here may
be because of this microwave selectively heating any radical
that is formed at the high temperature and promoting

polymerisation.

3.4.4Library synthesis of novel methacrylate monomers

Non-commercially available materials offer a huge potential for
HTMD programmes to discover a range of novel biomaterials
that have largely been neglected due to excessive processing
and costs required. Therefore, a key development throughout
this study was to develop a simple synthesis protocol with the
capability to develop a novel monomer library with a range of
different chemical and structural moieties. This novel monomer
synthesis was guided by quantitative structure activity

relationship models which are discussed in Chapter 4, allowing
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for guided synthesis into the non-commercially available

chemical space.

A monomer library was synthesised using an optimised
transesterification process with nitrogen gas sparging was
shown in Figure 3.19. The nitrogen gas sparging was used to
increase the mass transfer characteristics of the system to
remove the by-product (butanol) from the system as explained
in 3.4.3.1. Conventional sparging was used as a methodology
due to the ability to use a short reaction vessel, whereas in the
microwave system a tall reaction vessel is required due to the
choke used to prevent microwave leakage. A large range of
hydrocarbon structures were synthesised including linear,
branched, aromatic and cyclic moieties. Chemical diversity was
also incorporated into the monomer library with the synthesis
of CIbMA, PIiMA and NibMA. Isometric materials were
synthesised including DdMA and CyDMA which were used to
probe structure-activity relationships in Chapter 4. This showed
the ability of using the transesterification mechanism to be able
to produce a diverse range of materials, which has already been
previously reported in literature with the range of lipids,

methacrylates and oligocholates produced!13:147-149,

Table 3.2 shows how the transesterification mechanism was
able to synthesise the diverse monomer library to a high
conversion, which majority of materials showing higher than 80
% conversion. However, a few reactions were shown not to be
suitable for the general reaction conditions (160 °C, 1 % molar
ratio catalyst and nitrogen sparging). Some alcohols such as 2-
methyl-3-butyn-2-ol which have a low boiling point (104 °C)61

cannot be used in high temperature sparging experiments as it
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causes a large amount of the reactant alcohol to be distilled
under higher temperatures with sparging. This pushes the
dynamic equilibrium of Le Chatelier’s principle towards the
reagents and prevents the reaction from progressing towards
completion. One alternative was to reduce the reaction
temperature to 100 °C such that the reagent alcohol was no
longer being distilled, however it was noted that no conversion
was obtained, despite rectifying Le Chatelier’s principle so the
reaction could progress in the forward direction. This is likely
due to the use of BMA as the monomer reagent material, as
BMA is more sterically hindered compared to other potential
monomer reagents such as methyl methacrylate, and hence the
temperature required to initiate the reaction for BMA could be
higher than the reaction temperature required to retain the
reagent alcohol. However, the synthesis of 4-methyl-2-
pentanol into 4-methyl-2-pentyl methacrylate (MpMA) was
performed at 140 °C and achieved a conversion of 94 % despite
4-methyl-2-pentanol having a lower boiling point of 132 °C.162
This suggested that whilst a temperature of 100 °C was too
little for 2-methyl-3-butyn-2-ol, 140 °C was enough to initiate
a transesterification reaction and obtain MpMA with a high

conversion.

Another limitation was with sterically hindered alcohols such as
I-menthol and carvacrol which produced LMMA and CaMA at a
relatively low conversion of 43 %/ 10 % respectively whilst

using the sparging methodology.

The result of this study has shown that despite a few limitations,
the transesterification mechanism has been shown to be a

versatile process to develop a range of novel methacrylate
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monomers in a single step process. For the further realisation
of being useful for HTMD programmes, a reliable library
synthesis reactor is required which is capable of simultaneously
monitoring reaction conditions of different batch-process

reactions, and this is discussed in detail in Chapter 5.
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3.5 Conclusion

BMA was chosen as the fundamental monomer for all
transesterification experiments for this project, as higher
temperatures allowed for quicker reaction rates and
reduced polymerisation compared to MMA.

Effect of reaction glassware was observed showing that
vessels used for microwave reactions reduced the mass-
transfer characteristics of system. Therefore, for fair
comparison, microwave and conventional experiments
were both performed in long-necked reaction vessels.
Comparisons using CyDMA, LMMA, MpMA and CiMA
reactions were used to show that microwaves for majority
of cases either improved the reaction rate or showed
comparable reaction rates to conventional methods,
showing the suitability of using microwaves to synthesise
monomers in this way.

Nitrogen gas sparging was shown to increase the mass-
transfer characteristics of transesterification experiments
through the removal of the by-product butanol.

By delaying the start point of nitrogen sparging, showed
how not all BMA was distilled from the reaction showing
potential to increase the overall conversion of reactions.
Using the optimised synthesis protocol, 11 novel
methacrylate monomers were produced with an overall

conversion more than 80 %.
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4 Identification of materials resistant to
biofilm formation using high throughput

screening and computational models

4.1 Introduction

The concept of a post antibiotic era is fast becoming a reality,
with patients contracting bacterial infections that are becoming
resistant to the last line of antibiotic treatments, whilst the
development of antibiotics has stalled in the last decade and
hence providing no alternative antibiotics for clinical use.12 A
report by the UK government (Lord Jim O’Neiil), has suggested
that antimicrobial resistance will cause more fatalities than the
current fatality rate of cancer by 2050.'4 Therefore, the
prevention of bacterial infections in clinical settings has become
an utmost priority to reduce mortality and morbidity. Medical
device related infections have shown to occur due to the
adhesion of planktonic bacteria to the device surface, which
then produces a biofilm, which have shown to have increased
resistance to antibiotic treatments.341® These infections have
largely been associated to the poor biological performance of
material, usually silicone, which has desirable physical
properties, but has been shown to promote the adhesion of
planktonic bacteria.®® A poor understanding of the surface-
bacteria interaction has led to the utilization of high throughput
material discovery (HTMD) campaigns in the search to
discovery  materials  suitable for  reducing biofilm
formation.>47:.134 Consequently, novel polymer coatings that
reduce the adhesion of bacteria to surfaces have been
discovered by HTMD methodologies, and this has been shown

to be successful in in-vitro studies and pre-clinical animal
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models.*> Polymers discovered by Hook et al were shown to
reduce biofilm formation on urinary catheters using polymer
microarrays as a platform for high throughput screening.6?
HTMD programmes have so far been largely successful by using
non-biased screening of large material libraries. This has
allowed for polymer hit materials to be identified for a range of
biological applications including the reduction of biofilm
formation to medical devices, the expansion of pluripotent stem

cells and providing bio-instructive implant materials.>131,163-165

The non-commercially available material space is vast and
therefore the number of possible polymers that can be
synthesised is innumerable. Therefore, unguided material
synthesis is not considered an effective use of time and
resources compared to using commercially available materials.
Utilising quantitative structure-activity relationships (QSAR)
allows for the synthesis of novel materials to be directed to aid
material discovery programmes. HTMD allow for rapid
assessment of a large monomer library for discovery of a
potential hit material for a desired application. For this reason,
the monomers for the materials library must be readily
accessible and relatively cheap, which traditionally limits
research to commercially available monomers. Results shown
in Chapter 3 have shown that a large chemical space can be
accessed with a simple and repeatable synthesis protocol able
to produce a range of different methacrylate monomers. Weakly
amphiphilic monomers with reduced molecular flexibility have
shown to produce polymers capable of resisting biofilm
formation, and an analytical expression, alpha, has been

derived which links the log of the calculated partition coefficient
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(clogP) and the number of rotatable bonds (nRotB) to bacterial

adhesion which can be shown in the equation below.

a = 0.44nRoTB — cLogP

Equation 9: Alpha parameter showing how bacterial adhesion of
hydrocarbon polymers is related to the hydrophobicity and rigidity
of material®

Hence alpha can be used to predict novel anti-bacterial
attachment polymers for use in medical devices such as
catheters. Therefore, with the simple transesterification process
outlined in Chapter 3, an unprecedented access to non-
commercially available monomers was used to develop
polymeric surfaces that were predicted to reduce bacterial
adhesion. The enabled the development of a feedback loop
system that by using predicted materials to observe a biological
response, which could then be used to improve the robustness
of further computational models, which can therefore predict

further materials to resist biofilm formation (Figure 4.1).

Computational Predictions Monomer Synthesis Polymer Microarrays

Validate Predictions Bacterial Incubation l

I--LL - - o

Hit Materials

Figure 4.1: Flow diagram showing work flow to find suitable
materials for preventing biofilm formation to medical devices.
The results from previous assessments of bacteria-material
interactions can be used to predict and then synthesise novel
monomers. The newly produced materials can be tested to
further refine the model, leading to the discovery of the next
generation of biomaterials.
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Synthesised monomers were compared against commercially
available monomers in a polymer microarray, and the material
that was predicted to have the lowest bacterial attachment,
cyclododecyl methacrylate (CyDMA), was then also shown to
have the lowest bacterial attachment experimentally for both
Pseudomonas aeruginosa and Proteus mirabilis. CyDMA was
then purified and scaled-up to coat sections of urinary catheter
and compared to clinically used materials (Silicone and Bardex®
I.C. Aquafil with a hydrogel and silver alloy coated catheter) as
well as materials discovered within the group to already resist
bacterial adhesion (EGDPEA:DEGMA (Ethylene glycol
dicyclopentenyl acrylate: Di(ethylene glycol methyl ether
methacrylate) and iBnA:triEGMA  (Isobornyl acrylate:
Tri(ethylene glycol methyl ether methacrylate)). This is the first
instance of a biomaterials screening program extending beyond
the domain covered by the initial screen to predict a novel
chemical entity with improved properties. This validates the
QSAR approach for identifying polymers that resist biofilm

formation beyond its chemical training domain.
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4.1.1 Aims and Objectives

The aim of this chapter was to use alpha to predict a range of

novel methacrylate monomers predicted to reduce biofilm

formation. These materials were then screened in a bacterial

assay and hit materials were scaled up for coating sections of

urinary catheter. This was achieved by the completing the

following objectives:

1.

Identify monomers predicted to resist attachment of

bacteria using the alpha parameter.

. Incorporate non-commercially available materials (as

synthesised in Chapter 3) onto a polymer microarray for
anti-bacterial attachment assays.

Analyse surface of polymer microarray to confirm
copolymer mixing ratios for assessing copolymer material
data.

. Confirm the approach of using alpha parameter to predict

biofilm formation for both P. aeruginosa and P. mirabilis

. Scale-up of hit materials for coating sections of urinary

catheter to test in vitro for reducing bacterial adhesion to

medical devices.
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4.2 Experimental Methods

4.2.1 Computational Predictions

A computational model published by Sanni et al was used to
predict polymer materials that resist the attachment of
Pseudomonas aeruginosa. The alpha value (a = 0.44nRoTB -
clogP) was calculated using the clogP value and the number of
rotatable bonds determined from the monomer structures.® For
copolymer series a linearity was assumed between the two
materials such that the alpha value for a 1:1 comprised of an
average of the two-individual monomer alpha values. The alpha
values were then plotted against subsequently obtained
bacterial data to observe how the model performed with alpha
values outside the published boundaries. The boundaries of the
model were extrapolated by using materials with alpha values
lower than the published limit, with the aim of identifying low
attachment materials. The model was also extrapolated by
observing the attachment of Proteus mirabilis, a bacteria

species not covered by the initial model.
4.2.2 Polymer Microarray Production

4.2.2.1 Microarray Slide Preparation

To produce polymer microarrays, standard 75 x 25 mm glass
slides coated with poly(2-hydroxyethyl methacrylate) (pHEMA)
were used for the deposition of monomer solutions, which were
then UV cured to form polymer microarrays. Epoxy silanised
glass slides were used as the substrate for applying pHEMA,
with the epoxy silane on the slide allowing for strong
intermolecular interactions between the silane surface and the
pHEMA. A 6 % w/v pHEMA in 95%/5% v/v ethanol/water
solution was used to coat the functionalised glass slides using

an automated dip-coating process. pHEMA was used as a
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printing substrate as printed polymer spots have shown to
adhere to the surface and not detach under culture conditions.
Also, pHEMA is an example of a material which prevents biofilm
formation, which allows for clear definition of spots when
analysed.!%® This was done using an automated dip coater
(Holmarc, India) to maintain control of insertion and extraction
speeds (Figure 4.2). An insertion speed of 9 mm/s was used
and an extraction speed of 1 mm/s, each slide was dipped 4
times, allowing for the solution to dry for 5 minutes before
starting the next dip procedure. The slides were then left
overnight at ambient conditions before being placed into a
vacuum oven (0.325 mbar, room temperature (RT)) for 7 days

before printing.

Figure 4.2: Holmarc dip coating unit used for coating epoxy
coated slides with pHEMA solution

4.2.2.2 Array composition

Monomer solutions were prepared in a 50:50 % (v/v) mixture
with a solvent which was comprised of a 50:50 (v/v) mixture of
dimethylformamide (DMF) and toluene to account for the
solubility of all polymers. A total of 4 synthesised monomers

and 8 commercially available monomers were used for the
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printing of the first polymer microarray (Al), leading to 61
polymers by sequential mixing of 9 monomers with tBCHA at
ratios of 1:0, 5:1, 2:1 and 1:1 and 3 monomers were mixed
with tBCHA at 1:0 and 1:1 only. Napthyl methacrylate (NpMA),
benzyl methacrylate (BnhMA) and [2-
methacryloylamino)propyl)dimethyl[3-sulfopropyl)ammonium

hydroxide (MEdMSPNH) were mixed sequentially with tBCHA at
ratios of 1:0 and 1:1. CyDMA, trans-3,7-Dimethyl-2,6-
octadienyl methacrylate (GeMA), 5-methyl-2-(1-methylethyl)
cyclohexyl methacrylate (LMMA), dodecyl methacrylate
(DdMA), ethylene glycol phenyl ether acrylate (EGPhEA),
cyclohexyl methacrylate (CHMA), phenyl methacrylate (PhMA)
and 2-hydroxy-3-phenoxypropyl acrylate (HPhOPA) were mixed
sequentially with tBCHA at ratios of 1:0, 5:1, 2:1 and 1:1. A
second polymer microarray (A2) included 13 synthesised
monomers and 8 commercially available materials where 16
materials were mixed sequentially together to form a series of
monomers mixed at either 1:0,2:1,1:2 or 0:1 ratios. The 16
monomers were then also combined with a further 5
commercial monomers in v/v ratios of 1:0, 3:1, 1:1,1:3 and
0:1. For each generation array a 384-well polypropylene source
plate was prepared by filling each well with 18 pL of monomer
mixture and 6 pL of a 4 % (w/v) solution of photoinitiator(2,2-
Dimethoxy-2-phenylacetophenone (DMAP)):DMF. Due to
printing errors and contaminations, A2 was not assessed with
bacterial adhesion studies as shown by Appendix O and

Appendix P.

4.2.2.3 Polymer Microarray Printing
Polymer microarrays were prepared on a XYZ3200 Biodot

workstation. Quilled metal (946MP6B, Arrayit) pins were used
112



to produce polymer microarrays, where the quilled pins allowed
up to 100 replicate prints of the same solution within one print
cycle. The pins were cleaned in a sonicator water bath with
toluene, methanol and DCM prior to being loaded into the
printing workstation. The completed source plate and pHEMA
coated slides were then loaded into the workstation which was
then sealed and degassed with argon such that the O: levels
were below 0.2 %, and a humidifier was used to maintain
humidity at 30 %. Once these conditions were met, the printing
script was started. A typical printing sequence began with a
thorough cleaning of the pins, where pins were cleaned in a
wash bath solution comprised of DMF and toluene in a 50:50
(v/v) ratio. After rinsing in the wash solution, the pins were
transferred to a vacuum station to dry the pins. The washing
and drying process was repeated twice before going to the
source plate to collect monomer solution. After collection of the
monomer solution, the pins transferred to a blotting stage
where the pins were blotted to remove excess solution to
prevent spreading of the monomer solution on the microarray
substrate. Blotted steps were arranged with sufficient spacing
such that no section of the blotting slide was blotted on twice
with a separate material, to prevent any cross-contamination.
After blotting, the pins were transferred to the pHEMA slides for
printing. Each material was printed in triplicate on a single slide
and a total of 10 slides were printed in total. After each
iteration, the pins were transferred to the wash and vacuum
stations to be rinsed and dried before collecting the next
material and repeating the process. Whilst the pins were
cleaning between iterations, a UV light source was turned on to
initiate photopolymerising the monomer solution and fix it into

place, as to prevent excess spreading of the monomer
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solutions. At the end of the printing algorithm the UV light
source was turned on for a further 10 minutes to fully
polymerise the deposited monomer solutions. After the final UV
polymerisation step, polymer microarrays were removed from
the XYZ workstation and placed into a vacuum oven (0.325
mbar, RT) for 7 days to remove any excess monomer and

solvent entrapped within the polymer spots.

4.2.3 Bright Field Microscopy

Prepared polymer microarrays were imaged using an Olympus
IX51inverted automated (IMSTAR) microscope to obtain phase
contrast and bright field images (x4 objective NA = 0.13) of the
polymer microarrays. This gave an initial assessment of the
printing process to see if the process was successful. The focal
plane of the array was interpolated from 8 marker positions set

manually prior to imaging.

4.2.4ToF-SIMS

Acknowledgments are made to Dr Andrew Hook for acquiring
ToF-SIMS data. To fully confirm that the polymer spots were
printed successfully and not spreading across the pHEMA
substrate, ToF-SIMS analysis was performed to observe the
surface chemistry of the polymer microarray. A ToF-SIMS 1V
(IONTOF GmbH, Milnster, Germany) instrument was used to
acquire a 500 x 500 ym scan area in raster mode. A primary
ion beam consisting of 25keV Biz* was used to generate ions
from the sample surface which were analysed in the mass
analyser. As the samples were non-conducting, charge
compensation was applied with a low energy (20 eV) electron

floodgun.1®’ Negative spectra were calibrated using O, OH-,
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C2H", C2HO", C3H30™ and C3H302" peaks whilst positive spectra

were calibrated using CH>*, CoHs™, C3He* and C4Hs™ peaks.

4.2.5Bacterial Attachment Studies on Polymer
Microarray

Acknowledgements are made to Olutoba Sanni, who performed

bacterial culture experiments on polymer microarrays and

measured using fluorescence imaging

4.2.5.1 Polymer Microarray Incubation

Bacterial strains (mCherry tagged-Pseudomonas aeruginosa
PAO1-Nottingham (587/610 excitation/emission) and Proteus
mirabilis DZM226637 DSRed (Nottingham collection) (587/610
excitation/emission) were streaked onto LB agar plates for the
formation of colonies for bacterial culture experiments.>!
Overnight cultures were prepared by adding a single colony of
bacteria using a sterile plastic loop to 10 ml of LB media, which
was then placed in an incubator at 37 °C at 200 rpm overnight
for approximately 18 hours. After the overnight culture, the
culture was centrifuged at 10,000 rpm for 10 minutes and this
was then resuspended in 10 ml of RPMI-1640 media, and this
process was repeated to ensure all LB media had been removed
from the culture. The optical density (OD) at 600 nm of the
bacterial culture was determined by measuring 1 ml of pure
RPMI-1640 as a blank against 100 uL of bacterial culture in 900
ML of RPMI-1640 media. The amount of bacterial culture to
include in the polymer microarray incubation was determined
by the optical density such that the concentration in a total of
15 ml of RPMI-1640 media was an ODeoo of 0.01. Before adding
the culture, the petri dish and polymer microarray were UV

sterilised for 10 minutes to prevent external contamination
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effecting the experiment. The 10-ml culture at an ODeoo of 0.01
was then added to a petri dish which contained a single polymer
microarray. In addition to the slide which contained bacteria, a
control slide was also incubated which only contained 15 ml of
RPMI-1640 media. The petri dishes were then sealed with
parafilm and then incubated for 72 hours at 37 °C on a moving

platform rotated at 60 rpm.

4.2.5.2 Washing Protocol

After 72 hours of incubation, the polymer microarrays were
removed from the incubator and rinsed to remove any non-
attached bacteria from the surface and to remove salts that
may have been deposited on the surface. The polymer
microarrays were first placed into individual petri dishes with 15
ml of water and placed on a rocker platform at 30 rpm for 5
minutes. This was repeated a further time with distilled water
and then a final time with Phosphate buffered saline (PBS). Both
the control slide and the bacteria-incubated slide were washed
with the same protocol for consistency. After the final rinse the
slides were blotted on a piece of blue roll to remove as much

moisture from the slide surface as possible.

4.2.5.3 Fluorescence Imaging

The slides were then placed into a Genepix 4000L which enabled
high throughput scanning of the polymer microarrays. For the
mcherry tagged P. aeruginosa, a 594 nm laser was used for
exciting the fluorophore such that bacterial attachment could
be measured, and a 594 nm laser was also used for DSred
tagged P. Mirabilis. Once an image had been acquired, the data
could be extracted using the Genepix Pro 6 software and

analysed in Microsoft Excel.
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4.2.6 Toxicity Studies of Polymers and Contaminations

The toxicity of polymerised materials and from any unreacted
reagents present from the transesterification experiments were
assessed. Bacterial cultures were prepared in the same way as
described in Chapter 4.2.5.1 by preparing an overnight culture
and resuspending in RPMI-1640 media. Acknowledgements are
made to Olutoba Sanni who prepared and measured optical

density of wells containing contaminants over a 24-hour period.

4.2.6.1 Polymer Toxicity Testing

For testing the toxicity of synthesised polymers, a black 96-well
was filled with 20 pL of monomer with 1 % w/v photoinitiator
(DMAP) to cover the bottom of the well-plate. Each monomer
was deposited into three individual wells to give bacterial
repeats. The source plate was then placed directly under a UV
light source for 45 minutes in an argon environment to
polymerise the deposited monomer. The well-plate was then
placed into a vacuum oven for 7 days to simulate the same
process as performed with polymer microarrays. After 7 days,
the wells were filled with 200 pL of RPMI-1640 media that had
been inoculated with P. aeruginosa which had been made to a
concentration of ODsoo = 0.01. Two controls were included
during the experiment which included wells that only contained
the bacteria in RPMI media as a positive control and wells that
had only RPMI media as a negative control. The well-plate was
then placed into a TECAN plate reader for 24 hours, where the
optical density was measured every 30 minutes to monitor the
growth of bacteria over a 24-hour period. Analysis of the data
was performed in Microsoft Excel, where the average and
standard deviation was plotted over the 24-hours and compared

to the controls placed in the well-plate.
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4.2.6.2 Toxicity of Transesterification Reagents

More toxicity experiments were performed to investigate the
effect of any residual alcohol/methacrylate leftover from the
synthesis process. Concentrations were determined based upon
the concentrations that could be seen in an incubation of a
polymer microarrays. As each polymer spot deposited was
approximately 1 nL in volume, and a polymer microarray can
consist of 2000 spots, assuming 0 % conversion, the
concentration of the total incubated solution can be calculated
to be 0.1 pL/ml, as each polymer microarray is incubated in 20
ml of RPMI-1640 media. The concentrations chosen were
therefore 1 pL/ml, 0.5 yL/ml, 0.1 pL/ml, 0.05 pL/ml and 0.01
ML/ml. This allowed for the assessment of an order of
magnitude above and below the worst-case scenario for
monomer conversion. Each well was filled such that 200 pL of
liquid was contained within the well, and each well was
inoculated with P. aeruginosa (PA01) such that the ODeoo was
measured to be 0.01. Two controls were included during the
experiment which included wells that only contained the
bacteria in RPMI media as a positive control and wells that had
only RPMI media as a negative control. The 96-well plate was
then placed into the TECAN plate reader to measure the optical
density at 600 nm every 30 minutes over a 24-hour period.
Analysis of the data was performed in Microsoft Excel, where
the average and standard deviation was plotted over the 24-

hours and compared to the controls placed in the well-plate.

4.2.7 CyDMA Work up and polymerisation

After CyDMA had been identified on the polymer microarrays as
a potential hit material, the monomer was purified using column
chromatography, where a solvent system of 60:1 (hexane:

ethyl acetate) was used to remove fractions. The fractions were
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monitored using TLC (thin-layer chromatography) and fractions
with pure CyDMA were collected and characterised using NMR
spectroscopy. Once the monomer had been separated, a free-
radical polymerisation was used by adding 500 mg of CyDMA
and 500 pl of toluene with 1 % (w/v) AIBN as a thermal
initiator. Prior to heating the reaction was degassed under
argon for 30 minutes. The reaction was performed at 80 °C for
4 hours, at which point the reaction was removed from heat and
quenched in a freezer and the conversion of the reaction
determined by NMR from the crude product by comparing the
monomer and polymer peak integrals. The polymer was
precipitated by dropwise addition to cold methanol. The
molecular weight of the polymer was determined using a
Polymer Laboratories GPC 50 instrument (gel-permeation
chromatography). A calibration curve was made using
polystyrene standards with a range of 443 000- 132 g mol-! and

data was analysed using Polymer Labs Cirrus 3.0 software.

4.2.8 Catheter Dip-Coating

Sections of silicone catheters were manually dipped into a
silicone primer which was used to coat the surface of the
catheter such that polymer solutions would adhere to the
surface. After drying for 1 minute, the catheters were manually
dipped into a 30 % w/v polymer solution in dichloromethane
(DCM). The catheter sections were left to dry for 5 minutes
before being dipped a further 2 times using the same drying
protocol in-between dips. After the final drying procedure,
catheters were left to dry at ambient conditions for 24 hours
before placing into a vacuum oven (0.325 mbar,RT) to dry for
a further 7 days before bacterial incubations were performed.
Catheters were prepared with coatings of CyDMA,
EGDPEA:DEGMA and iBnA:triEGMA using this manual dip-
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coating procedure. Both iBnA and EGDPEA have been previously
identified as hit materials for reducing bacterial attachment to

urinary catheters.®:4>

4.2.9 Bacterial Attachment Studies on Catheter Sections
Acknowledgements are made to Olutoba Sanni, who performed
bacterial culture experiments on catheter sections and

measured bacteria adhesion using confocal microscopy.

4.2.9.1 Bacterial incubation of catheter sections

Sections of CyDMA, EGDPEA:DEGMA, iBnA:triEGMA, Bardex®
I.C. Aquafil with a hydrogel and silver alloy coated catheter and
silicone catheters were incubated to observe the bacterial
attachment of P. aeruginosa and P. mirabilis. For incubating the
catheters in a bacterial culture of either P. aeruginosa or P.
mirabilis, the same protocol was used as described in 4.2.5.1.
However, the catheter sections were incorporated in the same
petri dish for comparing between samples. Two biological

repeats were performed for both P. aeruginosa and P. mirabilis.

4.2.9.2 Washing Protocol
The washing of the catheters was performed using the same

methodology for the polymer microarrays outlined in 4.2.5.2.

4.2.9.3 Confocal microscopy of catheter samples

After the washing of the catheter sections, the samples were
immediately imaged using a Zeiss AxioObserver Z1 confocal
microscope. Samples were imaged using a x10 objective (NA =
0.3) with the wavelength of the Ar/Kr laser set at 555 nm. A
laser power of 1 mW was used with a gain of 800 for imaging
both mcherry-tagged P. aeruginosa and DSRed tagged P.
mirabilis. The aperture size was defined as 1 AU which equates
to 34.1 um. Images were then processed through ZEN 2009

software, were the maximum intensity z-project images were
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selected. Images were then processed in Imagel were a
threshold was used to remove sources of noise from the image.
The percentage coverage was then calculated from these
images and used as a measure to determine bacterial

attachment to the catheter surface.
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4.3 Results

4.3.1 Alpha Predictions of Monomers Resistant to

Bacterial Attachment

4.3.1.1

Alpha model Predictions

A total of 4 synthesised monomers and 8 commercially available

monomers were used for the printing of the alpha microarray,

leading to 61 polymers by sequential mixing of 9 monomers
with tBCHA at ratios of 1:0, 5:1, 2:1 and 1:1 and 3 monomers
were mixed with tBCHA at 1:0 and 1:1 only.
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Figure 4.3: a) Conversion rates of synthesised monomers and

predictive bacterial adhesion value based upon alpha-predictive
value. (*) Signifies commercially obtained monomer. b)
Reaction scheme for the transesterification reaction at 160 °C
with titanium butoxide (TNBT) catalyst. c) Library of 12 materials
used, with linear, cylcic aromatic, zwitterionic and cyclic pendant
groups. NpMA and MEdMSPNH were mixed with tBCHA at ratios
of 1:0 and 1:1, whilst nine other materials were mixed
sequentially with tBCHA at ratios 1:0, 5:1, 2:1 and 1:1.

The alpha values of the monomers used and their associated

chemical structures are shown in Figure 4.3. The monomers
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were chosen to include a large range of alpha values that should
give a large range of bacterial performances. HPhOPA had the
largest alpha value of 1.1 whilst the lowest alpha value was -
5.47 for CyDMA, which was synthesised using the
transesterification process shown in Figure 4.3b and described
in detail in Chapter 3. This meant that the range of bacterial
attachment data was predicted to have the largest attachment
on HPhOPA and the smallest attachment on CyDMA, with a large

range of materials inbetween.

4.3.2 Production of Polymer Microarrays (IMSTAR + ToF-
SIMS)

An initial imaging of polymer microarrays was performed to

observe the polymer spots under bright field microscopy prior

to being dried for 7 days. This allowed an initial check to

observe if any obvious signs of misprinting/spreading occurred.
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Figure 4.4: Phase contrast microscopy image of polymer
microarray, used to identify if polymer spots have been
successfully deposited onto the pHEMA surface

No obvious signs of polymer solutions spreading into one
another were observed however there was signs of inconsistent
printing by the varying size of the polymer spots Figure 4.4, but
to confirm any possible spreading issues, a polymer microarray
was placed into the ToF-SIMS, where characteristic ions could
be detected to determine the surface chemistry of the polymer
spots. Figure 4.5 shows a characteristic ion (45.04 u, CoHsO%)
associated to the pHEMA substrate material, which shows dark

areas where the polymer spots were situated. In all cases
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polymer spots were entirely surrounding by regions high in

intensity for the ion CoHsO™*. This confirmed that polymer spots

did not spread and remained distinct from each other.

Figure 4.5: Ion map image showing the C2HsO* ion associated to
pHEMA, the substrate material upon which the polymers are
printed.
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Following this, characteristic ions for each monomer was
identified and used to compare the monomer feed ratio to the
actual ratio of the monomer combination at the surface of the
polymer. The ions used for identifying monomers are listed in
Table 4.1.

Material Unique Unique tBCHA tBCHA
Ion Ion (R2) Ion Ion (R2)
CyDMA:tBCHA Ci2H230" 0.98 CasHot 0.85
HPhOPA:tBCHA CeHs0O" 0.85 CsHo* 0.89
PhMA:tBCHA CsHsO* 0.96 CsHot 0.74
EGPhEA:tBCHA CeHsO" 0.52 CsHo™ 0.74
LMMA:tBCHA CsHo* 0.92
GeMA:tBCHA CsHo* 0.63
BnMA:tBCHA C7H70" 0.78 CsHot 0.94
DdMA:tBCHA Ci2H230- 0.91 CsHo*  0.79
DdMA- Ci2H230-  0.77 CsHot 0.74
Commercial:tBCH
A
CHMA:tBCHA CsHo* 0.8
NpMA:tBCHA CioH;0-  0.92 CsHo* 0.93

Table 4.1: Table of ions identified by ToF-SIMS for associated
monomer materials to identify how the feed ratios compared to the
actual monomer ratios

Using these ions, it was then possible to look at the linearity of
the ion concentration with increase monomer feed ratio as

shown in Figure 4.6.
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d) EGPhEA e) LMMA f) GeMA g) DdMA h) CHMA i) BnMA or j)

127



NpMA. Copolymer series which had poor mixing were not
compared with alpha in copolymer data

Each copolymer series was analysed to observe the correlation
between the feed monomer ratios and the observed monomer
ratios under ToF-SIMS (Figure 4.6). Materials than had an
average R?less than 0.8 (EGPhEA and GeMA) were excluded
from co-polymer analysis for the alpha parameter. The lower R2
values could be explained due to the matrix effect,16® but as the
chemical matrix is very similar and comprised of hydrocarbon
chemical species, it is unlikely that the change of ion
concentration across the copolymer series is entirely because of
matrix effects. For this reason, a high R? threshold was used to
slightly account for any possible matrix effects that could affect
ion concentration being collected in the mass analyser. Due to
the increased size of polymer microarray A2, there were
problems with the printing runs where polymer arrays were not
successfully printed (Appendix O) and also after ToF-SIMS
analysis of a successfully printed array, there was a large source

of fluorine contamination (Appendix P).

4.3.3 Primary screening of novel methacrylate monomers
After characterising the surface chemistry of the polymer
microarrays, the slides were incubated in both P. aeruginosa
and P. mirabilis and screened using the Genepix 4000L to
determine the bacterial attachment to the polymer spots by
observing the fluorescence associated with bacterial
attachment and biofilm formation. Initial analysis involved
observing the trend of the homopolymer library and seeing how

they correlated with the alpha parameter (Figure 4.7).
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Figure 4.7: Bacterial fluorescence relationship for a) P.
aeruginosa homopolymer relationship (R? = 0.62), b) P. mirabilis
relationship (R?2 = 0.45) c¢) P. aeruginosa homopolymer
relationship (R%? = 0.64) with an exponential growth fit and d) P.
mirabilis relationship (R? = 0.46) with an exponential growth fit.
All experiments were conducted with N = 3 technical repeats

A linear correlation between the alpha parameter and bacterial
adhesion was shown to be R? = 0.62 and R? = 0.45 for both P.
aeruginosa and P. mirabilis respectively. The datasets were also
analysed using an exponential growth fit (R2 = 0.64 for P.
aeruginosa and R? = 0.46 for P. mirabilis respectively), and this
better represents the bacterial adhesion at lower alpha values,
as it is impossible to obtain negative attachment as the linear
model would suggest. The average coefficient of variance was
calculated to be 27 %/39 % for each bacterial species data set
respectively, suggesting that both models performed well
considering the bacterial variance within the data. The
correlation for P. aeruginosa identified a positive trend for
alpha, with CyDMA being identified as a low attachment

material. CyDMA was further identified as a hit material for
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reducing the bacterial attachment of P. mirabilis, however the
trend between bacterial adhesion and alpha was weaker, but
still successfully identified materials that promoted/reduced
bacterial attachment. To further test the alpha parameter, the

copolymer bacterial data was analysed, shown in Figure 4.8.
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Figure 4.8: Copolymer data showing correlation between alpha
and (a) Copolymers incubated in P aeruginosa and (b)
Copolymers incubated in P. mirabilis. P. aeruginosa data shows
a strong trend (R? = 0.80) over the reported range of alpha as
reported by Sanni et al. ¢c) P. aeruginosa copolymer relationship
(R2 = 0.78) with an exponential growth fit across whole dataset
and d) P. mirabilis copolymer relationship (R? = 0.18) with an
exponential growth fit across the whole dataset. All experiments
were conducted with N = 3 technical repeats

A correlation of the known limits of the alpha parameter were
included (from between -3 and 1.1 as reported by Sanni et al®),
and the correlation shown for P. aeruginosa was shown to have
good correlation with an R? = 0.80. Once the alpha value
exceeded this point, the bacterial attachment plateaued, which
could be either due to reaching the limit of detection of the

experiment, or that no bacteria are now adhering to the sample
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surface. A high correlation was shown with an exponential
growth fit curve (R%2 = 0.78) between alpha and the adhesion of
P. aeruginosa across the whole data set, which suggests that
the bacterial fluorescence becomes non-linear as the
fluorescence values approach zero. The screen for P. mirabilis
however was shown to have no correlation across the same
range with an R2 = 0.04, and this was only marginally improved
when using the exponential growth model (R2 = 0.18). This
suggests that alpha has a limit in not being able to successfully

predict bacterial adhesion for P. mirabilis.

4.3.4 Bacterial Growth Studies of Synthesis Polymers
To test the toxicity of synthesised materials, materials were
polymerised to the bottom of 96-well plates and the growth of

P. aeruginosa was measured over 24 hours in LB media.
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Figure 4.9: Use of TECAN plate reader to monitor the growth of
P. aeruginosa through measuring the optical density. Range of
different synthesised polymers were observed along with
commercially available materials and controls which included
only LB media and LB media with bacteria but no polymer.
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Figure 4.9 showed how most of the polymers allowed for the
growth on P. aeruginosa at the same rate as the control that
included no polymer, as majority of materials were shown to be
not significant when observing the growth after 24 hours using
a l-way ANOVA at the 95% confidence interval. The only
exception to this was LMMA, which showed a slight decrease
over time compared to the rest of the polymers, and this gave
a p-value of 0.0003 when a t-test compared the bacteria control
and LMMA after 24 hours showing a statistical difference. An
example of purified CyDMA was also used and compared to the
crude synthesised mixture which was used on the polymer

microarray, and no effect to the bacteria was observed.

4.3.5Bacterial Growth Studies of Transesterification
Synthesis Reagents
A further test was conducted to observe the effects of possible
contaminants arising from the transesterification synthesis
protocol. A range of different reagents were tested including
BMA (butyl methacrylate), BuOH (n-butanol), DdOH
(Dodecanol) and LMA (lauryl methacrylate). The monomers
were included in their unpolymerized form to test if any leftover

residual monomers would influence the growth of the bacteria.
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Figure 4.10: Figures showing the growth of P. aeruginosa with
the presence of contaminations found from transesterification
experiments at varying concentrations. (a) Butyl methacrylate
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(b) n-butanol (c) dodecanol (d) lauryl methacrylate. Each result
was comprised of N = 3 samples

As shown in Figure 4.10, the concentrations of unreacted
reagents likely to be found in the incubation of polymer
microarrays (0.1 upl/ml) was shown to not influence the growth
of P. aeruginosa. The effect of DAOH (1 ul/ml) on bacterial
growth showed the Ilargest variance over the 24 hour
incubation, but no statistical difference was found compared to

the positive control with only bacteria (p-value = 0.8).

4.3.6 Scale up of CyDMA hit material for coating medical
devices

To test CyDMA, which was identified as a hit material with the

polymer microarray screen, the monomer was purified using

column chromatography and analysed using NMR. Both 'H and

13C NMR was performed to identify the total number of protons

within the monomer as well as making sure that the correct

amount of CH and CHs peaks were observed.
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Figure 4.11: 'H NMR of purified CyDMA. Summation of peaks
totals a proton number of 28, corresponding to CyDMA structure
expected. Assignment of peaks showing the (A) protons
associated to C=C bond in methacrylate group (B) proton
adjacent to ester group in ring structure (C) methyl group
adjacent to acrylate group and (D,E,F) protons associated to
carbons within the ring structure.

The NMR spectra identified protons in the expected areas of the
spectrum, with methylene peaks and proton next to the ester
group at high shifts with a large amount of smaller shifted
protons. Figure 4.11 showed that the humber of protons within
the structure to be 28, which corresponds to the expected
proton number from the structure of CyDMA. To further
characterise the synthesised monomer, DEPT 45,90 and 135
spectrums were obtained to check that the expected carbon

peaks were observed.
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Figure 4.12: DEPT 135 spectrum showing assigned carbon
numbers to CyDMA structure. Only two peaks for CH and CHs
were observed, which correspond to the carbon next to the ester
group in the cyclic ring structure (B) and the end methyl group
(D). CH2 peaks were identified which were associated to the C=C
bond in the methacrylate group (A) and protons associated to
the large ring structure (C)

The DEPT 135 spectrum (Figure 4.12) was obtained. Only one
CH and one CH3 group were detected (shown in the positive y-
axis), which corresponds to the carbon next to the ester group
in the cyclic structure and the end methyl group. The carbon
next to the ether group in the cyclic structure would be expected
to have a larger chemical shift compared to the CH3 group and
this was confirmed using a DEPT 90 spectra shown in Figure
4.13, with a peak at 72 ppm detected.
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Figure 4.13: DEPT 90 NMR spectra showing the single CH peak
in the CyDMA structure, which refers to the carbon next to the
ester group in the cyclic structure, which is also the carbon that
changes the chemical environment under transesterification
synthesis experiments.

This was evidence that CyDMA had been successfully purified,
as all peaks identified with the CyDMA structure and no
unexplained peaks were found. After purifying CyDMA, the
material was thermally polymerised using a free-radical
polymerisation protocol and the crude mixture was again tested
using NMR to identify the conversion of the synthesis process
(Figure 4.14)
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Figure 4.14: NMR of crude polymerisation mixture of CyDMA,
showing a conversion of 60 %

The peak broadening associated to the polymerisation of
CyDMA showed that the conversion of the polymerisation was
60 % when compared to the remaining unreacted monomer,
and this mixture was then precipitated twice in cold methanol
to separate the polymer from remaining monomer. GPC was
used to characterise the polymer which was shown to have a
Mn = 318 kDa and a polydispersity of 1.473. After drying in a
vacuum oven, a 30 % polymer solution in DCM was made to

coat catheter sections.

4.3.7 Bacterial Attachment of CyDMA to Urinary
Catheters

Catheter sections were dip-coated with CyDMA and incubated

in P. aeruginosa and P. mirabilis to observe the bacterial

adhesion to the polymer coatings at a larger scale and

compared against EGDPEA:DEGMA, iBnA:triEGMA, Bardex® I.C.
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Aquafil with a hydrogel and silver alloy coated catheter and

silicone catheter sections (Figure 4.15).
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Figure 4.15: Confocal microscopy data of attachment of P.
aeruginosa and P. mirabilis to sections of coated catheters.
CyDMA showed to reduce attachment of both bacterial species
compared to other identified hit materials and commercial
controls. Each measurement was comprised of N = 6
measurements with 2 biological repeats

After incubation, the catheter sections were imaged using
confocal microscopy. To allow comparison between different
biological repeats the results were normalized against the
Bardex® I.C. Aquafil with a hydrogel and silver alloy coated
catheter control sample. The Bardex Aquafil section catheter
showed high adhesion of both bacterial species. EGDPEA:
DEGMA showed a normalized attachment of 0.04 £ 0.03, which
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was the same as CyDMA for the attachment of P. aeruginosa,
however CyDMA showed a high efficacy for also reducing the
attachment of P. mirabilis (0.03 + 0.03), which was comparable
to silicone (0.04 £ 0.02) and iBnA:triEGMA (0.03 *+ 0.03).
Therefore, CyDMA was the only material that showed a high
efficacy for reducing bacterial adhesion of both bacterial species

to medical devices.
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4.4 Discussion

4.4.1 Monomers predicted to reduce bacterial attachment
A key aspect of this project was to investigate the non-
commercially available chemical space. As this is a vast space,
a certain direction was required to be able to search for
potential hit materials for reducing bacterial attachment in a
productive manner. This was done by using the reported
quantitative structure-activity relationship reported by Sanni et
al, which correlated the molecular flexibility and hydrophobicity
of a monomer to the ability of bacteria to adhere to the surface
of the polymer using the parameter alpha. The bacterial
attachment to a virtual library of polymers could then be
predicted by calculating alpha from their structures, identifying
candidate materials that experimental time and effort should be
invested in. In this study, this approach was tested by first using
alpha to select materials predicted to have a range of bacterial
attachment performances (Figure 4.3). These materials were
synthesised as described in Chapter 3. CyDMA was shown to be
the material predicted to resist the attachment the most with
an alpha value of -5.47, whereas HPhOPA (a commercial
material), was shown to have an alpha value of 1.1 and
therefore the material predicted to cause the highest
attachment of bacteria. The simplicity of the alpha value
allowed for a predictive hit material library to quickly be
assembled. This promotes the approach of biased screening
where specific materials can be tested for an application with

confidence that a successful hit material will be discovered.

141



4.4.2 Printing of polymer microarray and
characterisation of surface chemistry
Confirmation of successful microarray printing was performed
in @ couple of ways. An initial quick test was to use bright field
microscopy to view that spots could be physically seen on the
surface of the microarray and this was shown in Figure 4.4.
However, it was not possible to see how well the spots formed
and if the spots spread across the surface, as the microscopy
image gives no chemical information of the surface. For this, it
was necessary to use a technique which has chemical sensitivity
to see if the materials have formed discrete spot formation
instead of a mixture of materials on the surface of the
microarray, and this was shown in Figure 4.5 by using ToF-
SIMS. Figure 4.5 showed an ion map of the positive ion Co2HsO*
which is a characteristic ion of pHEMA which is the substrate
material,6® and not present in any of the other monomers used.
This then showed how the dark regions of the microarray were
contained into discrete areas and not overlapping with each
other, showing how they were separated with regions of pHEMA
and hence not spreading across the substrate surface. It was
also seen that the spots were forming with different sizes
relative to one another, which is likely due to the different
hydrophobicity and viscosity properties of each polymer. This
would cause materials to spread differently compared to one
another and hence producing a range of diameter spots. The
ToF-SIMS spectra were then used to identify key characteristic
ions for each material which can be used to produce graphs to
observe how the ratio of monomers over a co-polymer series
varied when compared to the feed ratio. Due to effects such as
phase separation!’? it was possible to observe some copolymer

series where a non-linear trend was observed between the ion
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intensities and the feed ratio, suggesting that one material was
preferentially segregated to the surface compared to the other
copolymer component. This would give us misleading results
when observing the bacterial adhesion to the surface and
correlating this to alpha, as the surface was no longer
representative of the initial feed ratio. However, this non-linear
relationship could be explained by matrix effects, however as
the copolymer matrix was comprised of similar hydrocarbon
structures, 168 it is unlikely that the ion concentration would be
largely deviated because of this. Therefore, copolymers with an
average R? value less than 0.8 were excluded from subsequent

copolymer analysis, and this was shown in Figure 4.6.

4.4.3 Extrapolating alpha parameter to discover novel hit
materials
The previous report by Sanni et al, which described the alpha
parameter, described a parameter which worked for a range of
materials from an alpha value of -3.5 and 1.1. Also, this was
only performed for the bacterial attachment of P. aeruginosa.
By using the model to predict materials that could prevent the
attachment of P. aeruginosa, the range of the previous report
could be extrapolated, which was done with the synthesis of
CyDMA which had an alpha value of -5.47. The model was also
extrapolated by incubating in P. mirabilis as well as P.
aeruginosa. Figure 4.7 showed the attachment of both P.
aeruginosa and P. mirabilis for the homopolymer materials on
the microarray. A correlation between the alpha value and the
fluorescence intensity for P. aeruginosa was observed, where
the largest alpha value, HPhOPA, was also observed to show
the highest fluorescence value and CyDMA, which had the
lowest alpha value was shown to have the lowest fluorescence

value. The R? of the correlation between P. aeruginosa
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attachment and alpha graph was 0.62, suggesting that the
alpha value was able to capture 62% of the variance within this
data set. The average coefficient of variance was calculated to
be 27 % and therefore the alpha model was shown to be
working well when considering bacterial variance within the
data. This is consistent with the previous work presented by
Sanni et al.® Analysing the copolymer data for P. aeruginosa
showed a poorer trend (R? = 0.57) across the entire range of
data when correlating with alpha. However, when observing the
data between -3 and 1.1, which was the range observed by
Sanni et al®, the correlation of the series increased to give an
R2 of 0.80, showing very good agreement with the structure-
activity relationship. The plateauing of the bacterial adhesion at
lower values of alpha could be explained by reaching an
experimental sensitivity threshold. As the bacterial adhesion
reduces, the sensitivity of the experiment will determine the
minimum threshold that can be detected and trivially, the
bacterial fluorescence cannot become negative, and therefore
it is likely that the bacterial adhesion would tail off with
decreasing alpha value, which is what can be shown by Figure
4.8a. Therefore, an exponential growth curve fit was applied to
the data, and this was shown by Figure 4.8c and an R2 = 0.78
was shown across the entire data set, showing that the alpha
linear model is not suitable at lower bacterial fluorescence
values. In a similar situation, if larger alpha values were to be
included within the polymer microarray it would be expected an
upper threshold would be reached at which point the polymer
microarray spot was saturated with bacteria and further
bacteria cannot physically adhere to the polymer surface. This
would suggest that rather than a linear relationship between

alpha and the attachment of P. aeruginosa would possibly be
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better represented by a sigmoidal relationship, however this

would need to be proven with further experimentation.

Further bacterial culture experiments were performed to
investigate if alpha could be used to correlate bacterial
attachment of a different bacterial species, P. mirabilis. The
homopolymer correlation was shown to be less compared to the
relationship between P. mirabilis with an R? = 0.45. However,
taking the extremes of the graph, CyDMA was again shown to
have high efficacy for reducing the adhesion of P. Mirabilis
whilst HPhOPA again was shown to have one of the largest
fluorescence values, and therefore alpha was shown to be able
to have some predictive capability for a different bacterial
species albeit with a reduction in the model robustness. The
bacterial data set with P. mirabilis also had a much larger source
of bacteria variance with an average coefficient of variance =
0.39, which could explain why the trend with alpha was lower
than P. aeruginosa. Further repeats could help to clarify this,
however both CyDMA and HPhOPA were observed to have
relatively low percentage errors compared to other
homopolymers and were both successful identified as low and
high attachment respectively. When observing the P. Mirabilis
attachment to the copolymer library, the model completely
breaks down, with no feasible trend observed for either the full
set of data or the restricted parameters defined by Sanni et al,
suggesting that for the copolymer data that alpha poorly
represents the attachment of P. Mirabilis. A reason for this could
be due to the different properties of the bacterial species, with
P. mirabilis containing much more flagella than P. aeruginosa,
which could lend to differing attachment characteristics of the

two different bacteria, despite both being examples of gram
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negative bacterial species. This suggest that whilst alpha was
used to successfully discover CyDMA as a material that prevents
the attachment of P. mirabilis, the model is not robust enough
to reliably predict novel polymers capable of preventing the

attachment of P. mirabilis.

4.4.4Performance of hit materials to resist bacterial
adhesion to medical devices

After being identified by polymer microarray screenings as a
potential hit material, CyDMA was scaled up to coat sections of
urinary catheter for scale up bacterial adhesion experiments.
CyDMA was compared against clinically used materials (silicone
and Bardex® I.C. Aquafil with a hydrogel and silver alloy coated
catheter) and was also compared against previously identified
hit materials (EGDPEA:DEGMA and iBnA:triEGMA).4>

The performance of these materials was first tested against P.
aeruginosa and Figure 4.15 showed how CyDMA and
EGDPEA:DEGMA showed the lowest bacterial adhesion (both
0.04 £ 0.03 AU) whilst the commercial controls (silicone and
Bardex® I.C. Aquafil) were both significantly higher at 1 + 0.05
and 1.04 £ 0.01 AU respectively. This demonstrated the
significant advantage of novel polymer coatings over
commercially available urinary catheters. The performance of
the materials was then tested against P.mirabilis and again
CyDMA was shown to be amongst the lowest attachment
materials (0.03 =+ 0.03 AU) along with silicone and
iBnA:triEGMA (0.04 = 0.02 and 0.03 £ 0.03 AU respectively).
Silicone is still considered a healthcare risk as despite having
comparable adhesion properties compared to the hit materials,
silicone was still shown to support the attachment of P.

aeruginosa. The Bardex® I.C. Aquafil catheter section was again
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shown to be the worst performing material (1.00 £ 0 AU),
highlighting the inappropriate use of this material as an anti-

bacterial attachment medical device.

This process has demonstrated how a non-commercially
available monomer was highlighted by a computational model
and then again identified by a high throughput platform
technology (polymer microarrays). CyDMA was then shown to
outperform commercial and previously identified materials,
showing how powerful a tool the combination of computational
models and high throughput technologies can be to streamline
material libraries for an application such as reducing bacterial
adhesion. This work has the potential to pave the way for
researchers to have access to the non-commercially available
space by using computational models to allow a biased material

selection process and to find materials that are fit for purpose.
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4.4.5 Effect of contaminants of bacterial growth

To increase the throughput and feasibility of high throughput
synthesis, synthesised materials were placed directly onto the
polymer microarray screening platform without any purification
steps. However, it was then important that any possible
unreacted reagents were tested for bacterial toxicity to be
confident that the polymer materials were not causing any
bacterial growth/bactericidal effects that could give misleading
results. Firstly, synthesised monomers were placed into a well-
plate and UV polymerised to form a polymer film covering the
entire of the base of the well, and then P. aeruginosa was
incubated with LB media to observe how bacteria grew when
exposed to impure polymers. Figure 4.9 showed that for many
different polymers tested, the growth of the bacteria over 24
hours compared to a control with bacteria grown just in LB
media with no polymer was unaltered. However, the bacteria
were affected by LMMA, showing a reduction in the bacterial
growth compared to the control. This suggested that a
contamination/unreacted reagent present within LMMA could
cause a reduction in bacterial growth and hence was a reason
LMMA was not taken forward for further catheter coating

experiments described in 4.3.7.

Further toxicity experiments involved using unreacted reagents
at likely concentrations expected with the amount of polymer
spots on a polymer microarray within the incubation volume
used (2000 nL in 20 ml). Butanol, dodecanol, dodecyl
methacrylate and butyl methacrylate were tested in
concentrations ranging from 0.01 pL/ml to 1 pL/ml. Results
were compared against a negative control to show that bacterial

growth could be measured by using the optical density. All
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variations of concentrations were shown to promote bacterial
growth comparably to the positive control which contained no
unreacted reagents and only P. aeruginosa, and this was proven
with a 1-way ANOVA at the 95% confidence interval which
showed no significance between data after 24 hours. This
showed that in a worst-case scenario, when the monomer fails
to cure during the photopolymerisation reaction, the unreacted
products will not cause a reduction in bacterial growth rates and
would therefore not be at a sufficient level to be toxic to the
cells. This result provides confidence in the use of using non-
purified monomer solutions whereby any residual alcohols or
acrylates are unlikely to influence the bacterial attachment and

biofilm formation on a given material.
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4.5 Conclusion

e Previously published computational model (alpha) was
used to identify potential hit materials able to reduce the
attachment of P. aeruginosa where materials were
synthesised as described in Chapter 3.

e Polymer microarrays were produced and incubated in
both P. aeruginosa and P. Mirabilis to observe trends
between alpha and bacterial adhesion.

e The surface chemistry of the polymer microarrays was
characterised by ToF-SIMS to observe the monomer
mixing ratios for copolymer series to see if they correlated
to the feed ratios.

e Alpha was shown to correlate well with data obtained for
P.aeruginosa, however the trend was poor for P. Mirabilis,
but incubations identified CyDMA (a = -5.47) as a hit
material and HPhOPA (a = 1.1) as a material that
promoted bacterial attachment for both bacterial species.

e Scale-up and coating of catheter sections showed that
CyDMA was identified as the material with the lowest
bacterial attachment for both bacterial species, with a 96
%/97 % reduction when compared to the Bardex Aquafil
catheter for P. aeruginosa and P. mirabilis respectively.

e The alpha model was used to predict materials, and
materials outside commercially available space (CyDMA)
was synthesised (Chapter 3) and shown to reduce
bacterial adhesion of multiple bacterial species, showing
the value of using computational models to explore the
large unexplored non-commercially available chemical

space.
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5 Design, Manufacture and Testing of

Multi-Platform Microwave Reactor

5.1 Introduction

Combinatorial synthesis has allowed for the development of
large material libraries using a repetitive synthesis procedure
which is applied to multiple reaction vessels in a single batch
process.1’1:172 This has been used to develop material libraries
for a range of applications including anti-cancer drugs,!’3
photosensitizers,1’4 peptide synthesis,’> solid-phasel’® and
polymer synthesis!’” to name just a few. High throughput
materials discovery (HTMD) programmes have been used to
accelerate the identification of novel materials for specific
applications, and these programs often wuse platform
technologies such as polymer microarrays to screen thousands
of materials in single iterative process. Polymer microarrays
have been used to develop materials that reduce bacterial
attachment to medical devices, expand pluripotent stem cells,
increasing the maturity of cardiomyocytes and providing bio
instructive implant materials.4>163-165 HTMD programs typically
require a large amount of different materials to be able to draw
any significant conclusions and hence, commercially available
materials are used to create a diverse chemical library as they
offer a convenient source of a diverse range of materials. This
can lead to two main issues: a) a large quantity of chemistries
is left unexplored due to inability to access the wide chemical
space available with non-commercially available materials b) by
using commercial materials, it becomes difficult to probe finite
changes in chemical moieties to assess specific structure-
activity relationships. These problems can be resolved by using
synthesised monomers in conjunction with predictive models to
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produce a monomer library to probe designed scientific
questions. However, a key issue that prevents the use of
synthesised materials is the time required to synthesis a large
amount of new chemical derivatives. Therefore, development of
a system that allows reliable high throughput synthesis of novel
monomers is essential to enable HTMD programs to utilize

unprecedented access to a large chemical space.

Publications have reported instances of performing library
synthesis reactions at room temperature where no heating is
required and hence individual reaction temperature over each
reaction mixture is not necessary. However, a large concern
with these approaches arises when heating is required for the
reaction to occur. Often processes utilise conventional heating
methods whether that be in a temperature controlled oven or
by using a large block-array arrangement where the heat
delivered to all reaction mixtures is delivered by conduction of
a container.®”.70 The lack of reaction control in these instances
caused by using a single heating source can cause temperature
gradients between reaction mixtures due to differing thermal

properties.

Previous work by Kappe et al have discussed and developed
microwave technologies to heat reactions for combinatorial
library synthesis.10.72:178,179 Work in this area currently utilises
either multi-mode microwave ovens which can deliver
microwaves to all reaction vessels however, like conventional
heating this often leads to varying reaction temperatures due
to the uneven distribution of microwaves throughout the
microwave cavity.’3 Current library synthesisers also utilise

single-mode microwave technology, by using robotics to
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transport individual reaction vessels to a microwave cavity one
at a time to exposure the reaction to a controlled single-mode
microwave cavity.178-180 Reaction temperature can then be
monitored and controlled for each reaction mixture, but a cost
of being able to heat reactions mixtures simultaneously as each
reaction is transported to a microwave reactor, heated and then
replaced with the next reaction. However, the inclusion of a
single-mode microwave reactor capable of controlling and
heating multiple reaction vessels has always proved difficult due
the need to adjust impedance matching to each vessel to ensure
adequate microwave coupling between load materials and
microwave source. However, to start the development of a
multiple vessel single mode synthesis reactor, this chapter
focuses on the development of a single-well reactor which can
be produced in larger numbers to work together in a modular

format.

To prevent the requirement for vast and expensive trial and
error experiments, computational simulations are often used to
test a microwave reactor design before physical
experimentation, and this results in a large saving of time and
costings. A common methodology and the method used within
this chapter is the use of finite-difference time domain
simulations, were a range of applications have been designed
through this method including biotelemetry, tissue ablation
therapies and dust-free drilling.102.108,109 FDTD simulations are
quicker to perform compared to other methods such as finite
elements methods, however FDTD simulations cannot perform
simulations on finely detailed structures, and can often struggle
with boundary conditions with curved boundaries. Work within

this chapter concentrates on designing and developing a
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microwave reactor using FDTD simulations with the view to
develop a single-mode microwave reactor capable of
synthesising novel methacrylate monomers for use within
HTMD programmes as described in chapter 4. This reactor was
then tested to ensure that it can be used in a safe working
environment and then used to synthesise novel methacrylate

monomers used the same process described in chapter 2.
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5.1.1 Aims and objectives

The aim of this chapter was to design and develop a working
single-well microwave reactor capable of synthesising novel
methacrylate monomers in a safe working environment. This
was achieved by the completing the following objectives:

1. Perform a range of FDTD experiments to create an
optimised reactor geometry but observing changes in the
reactor radius as well as the antenna shape and size

2. Perform FDTD simulations with optimised geometry to
check if microwaves would leak from system by having
external port to measure microwave leakage

3. Manufacture and perform preliminary tests of the reactor
to check electrical connection between connectors and
the antenna and that no significant leaks would occur
(both physical and electromagnetic)

4. Perform experiments using the designed ‘micro-well’
reactor to synthesise novel methacrylate monomers using
the same transesterification process as outlined in

chapter 2
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5.2 Experimental Methods

5.2.1 FDTD Simulations

Previously FDTD simulations have been used to develop a range
of different antenna designs for applications such as dust-free
drilling, tumour ablation and medical imaging.?2:100.181 A]|
simulations were executed on a Lenovo ThinkPad (Intel core i5-
4200U 1.6GHz processor and 8GB RAM) and performed in
Vector Fields Concerto 7.5R3 software. Simulations were
separated into two main objectives: achieving an optimised
reactor geometry that can provide a high and uniform power
density and then also testing the optimised geometry to ensure
that there is no microwave leakage coming from the reactor

that could pose a health risk for any laboratory users.

5.2.1.1 Optimising Microwave Reactor Design

The design of the Micro-well microwave reactor required
optimising the reactor and antenna shape and size, applying
material properties to relevant structures within the design. To
simulate a power input, a coaxial cable was simulated as the
power input source, with the electromagnetic wave travelling
through the PTFE dielectric of the cable, and the design of this
coaxial can be found in Figure 5.1. The coaxial cable had 3
parts, the inner and outer conductor which were simulated to
be a perfect electrical conductor and the dielectric which was
sandwiched between the inner and outer conductor which was
set to be PTFE. The inner conductor had a radius of 1.5 mm and
the radius of the dielectric was 3.5 mm such that the coaxial

cable was a common commercially available cable when the
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Micro-well was eventually fabricated. The inner conductor of the
antenna was then extended into the microwave reactor to act

as an antenna.

Quter Conductor
(Aluminium)
Inner Conductor
(Aluminium)

‘-

A

Dielectric
(PTFE)

A

Figure 5.1: Coaxial cable simulated during FDTD simulations
showing aluminium outer conductor (r = 4 mm), PTFE dielectric
(r = 3.5 mm) and aluminium inner conductor (r = 1.5 mm).
Electromagnetic wave travels through the dielectric material and
is then propagated into differing reactor designs

Differing well radius were used including 8.13 mm (to simulate
a 24-well plate), 15 mm and 40 mm. The design of the well was
always kept cylindrical, and this was to maintain the TEM mode
through the load material to try and obtain as uniform heating
distribution as possible. The antenna was then modified in
length (from 0 mm to 20 mm) and varied in shape including a
pointed antenna, cylindrical antenna, inverted-cone antenna
and a tapered antenna, to try and observe optimal conditions
to achieve high power density distribution whilst maintaining
field uniformity. Designs were simulated heating methanol such
that large power densities could be observed which would

potentially pose a problem with microwave leakage issues.

Once a geometry had been designed, an appropriate mesh
network was applied. A large enough mesh ranging from
200,000 to 1.8 million cells (depending on the structure size)

was applied such that there was no overlap between material
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boundaries, as this would cause a poor modelling of microwaves
within the geometry. This was done by increasing the number
of cells such that the software could not identify any boundary
issues where two materials were present in the same cell. An
example of geometry with an applied mesh can be shown in

Figure 5.2.

Liid AL
FENEWASRESRE TS

Figure 5.2: FDTD reactor design after applying mesh-grid format
for simulations. Each individual cell is then calculated

individually and summed across the entire structure to visualise
the propagation of electromagnetic waves through a structure.

A limitation of simulations is primarily down to the capability of
the computer used for the simulations, with a more powerful
computer able to perform simulations with a finer mesh in a
quicker time. However, the development of optimised
simulation software has also allowed for meshing that accounts
for curved boundaries, which can be used to achieve better

mesh matching.10”

The first simulations performed were reflected power (Si1)
simulations which determine the matching between the power

source and the material load. A swept frequency between 2 - 5
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GHz was applied to determine the coupling over a frequency
range that included the frequency of the Miniflow 200SS (2.45
GHz). A power input of 1 W was simulated to determine the
matching between the material and the load. These simulations
were done such that designs could be fairly compared against
each other by ensuring that the same amount of microwave
power was transmitted into the microwave reactor. Simulations
could then be performed at single frequency 2.45 GHz at an
input power such that 10 W of power is transmitted into the
reaction mixture. Simulations were then performed with a mesh
grid of approximately 850,000 cells for 50,000 iterations to
observe the power density distribution from a range of different
geometries. Geometries were then analysed using MATLAB to
observe the power density distribution at the same point in XY
(10 mm) and XZ (2.6 mm) directions. The objective of the
simulations was to find a geometry that had as large a power
density distribution as possible whilst maintaining a uniform

distribution.

5.2.1.2 Safe Design of Microwave Reactor

Once an optimised microwave reactor geometry had been
designed, it was important to check the safety aspect of the
design before manufacturing the reactor. A separate interface
was created outside the top of the reactor and set as an output
port such that any microwaves of the fundamental TEi1 mode
were observed to leak out of the designed system. The

simulation set-up can be shown in Figure 5.3.
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Figure 5.3: Structure showing exterior air interface with a port
on the outside (red) face. Leaked microwaves could then be
measured at this interface and compared against the microwave
dosage limit

The simulated system was then exposed to 10 W of microwave
energy, where the leaked microwaves were then compared
against the microwave dosage limit to determine whether the

reactor was deemed as safe and ready to be manufactured.

5.2.2 Micro-well Manufacture

The materials chosen for the micro-well prototype were
aluminium and PTFE, due to the availability of the materials and
the ability to work as a cavity wall and dielectric material
respectively. The microwave reactor was assembled and
soldered/welded together and connected to an N-type
connector which was used to connect the reactor to a coaxial
cable which was connected the Miniflow 200SS power source.

To solder the aluminium antenna to the aluminium connector,
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Multicore RA10 solder paste was used to connect the two pieces
of aluminium together and maintain an electrical contact. A
PTFE sheath was also placed over the antenna within the well
and this was to protect the antenna from chemical erosion over
time. An additional protective PTFE layer was added to the walls
of the reactor to help prevent physical leaks. The finished

prototype design can be shown in Figure 5.4.

Figure 5.4: Manufactured Micro-well reactor showing (a) whole
reactor including 40 mm coaxial section and 50 mm cylindrical
reaction vessel (b) N-type connector used for connecting to high-
power coaxial cable (c) top-view showing protruding antenna and
PTFE sheath covering inside of the reactor

5.2.3 Safety Experiments

Once the Micro-well reactor had been received, a range of
safety experiments were performed to commission the Micro-
well before it could be used experimentally. Preliminary tests
involved swell tests using PTFE to check that the integrity of the
Micro-well will not be compromised over time. Swell tests
involved measuring PTFE before and after a range of exposure
tests with ambient and hot (160°C) BMA and room temperature

acetone.
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Further safety tests involved both physical and electromagnetic
tests to check that laboratory users will not suffer any exposure
to hazardous materials or electromagnetic radiation. Physical
leak tests involved filling the Micro-well with water and BMA
separately and left for up to 5 hours to check no physical leak
was observed. Before microwave power could be used with the
Micro-well, the electric connections were tested using a
multimeter, to ensure that microwaves could travel through the
Micro-well reactor. Before large microwave powers were
introduced into the reactor a Rohde & Schwarz ZVL Network
analyser was used to observe the coupling of microwaves into
different material loads. Before operation the analyser was
calibrated using known responses including an air
measurement, a short-circuited measurement and a 50 Q
impedance standard, all being measured at 2450 + 50 MHz.
After calibration, the network analyser was used to observe the
Si11 parameter showing the percentage power reflection from
the load material. Electromagnetic leak tests were performed
by inserting a lossy material, methanol, into the microwave and
inserting microwave power in gradual steps and to attempt to
measure any microwave leakage using an ETS-Lindgren EMF
measurement kit. After no microwaves were observed to leak
with methanol (above the allowed dosage limit of 5 mw/cm?),
the main reactant BMA was used to observe if any leaks could
be observed with increasing microwave power. After this range
of experiments the equipment was then declared fit for

experimental use in a ventilated cupboard.

5.2.4 Transesterification Experiments
In addition to using the waveguide cavity, the Miniflow 200SS

was also used in conjunction with the Micro-well design to
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synthesise novel methacrylate monomers. The same safety
procedure was followed for this protocol by testing for
microwave leakages prior to using full power inputs using the
ETS-Lindgren EMF measurement kit. However, to tune the
cavity, a sliding cavity tuner (microlab SF-31N) was used and
can be shown in the experimental set up in Figure 5.5. To tune
the cavity, the stubs were moved up and down the tuner to
couple the power source to the material load. Due to the
experiment containing an open vessel, clamp-stands were used
to secure the tuner and reactor vessel. An additional stamp was
used to clamp to the already used clamp stand to provide

additional stability.

Figure 5.5: Experimental set-up of Micro-well showing (a)
Miniflow 200SS (b) Coaxial cable (c) Sliding coaxial tuner and
(d) Micro-well reactor

After the Micro-well was declared safe and an appropriate risk
assessment had been completed, the Micro-well was tested to
see if the design was fit for purpose. Initial tests included
gradually increasing the input power to reach the desired

reaction temperature of 160 °C, which was the desired reaction
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temperature outlined in Chapter 2. Reactions were performed
in the same way as outlined in Chapter 2, were a 1 % molar
quantity of TNBT catalyst was used with a monomer:alcohol
mixture which was in a 7:5 molar ratio. Reaction conversion
was obtained by taking an aliquot from the final reaction
mixture and using 'H NMR to determine the conversion from

the starting alcohol to final product.
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5.3 Results
5.3.10ptimised design of Micro-well reactor

5.3.1.1 Effect of reactor vessel radius on power density
distribution
As a starting point for designing the microwave reactor
geometry, the reactor size radius was optimised to achieve a
uniform power density distribution whilst aiming for a high-
power density as possible. Initial ideas including making a 24-
well design with a reactor radius to match a single vessel from
a 24-well reactor (r = 8.13 mm). This design was then
compared against larger designs with a radius of 15 mm and a

radius of 20 mm, and this can be shown in Figure 5.6.
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Figure 5.6: Effect of changing the reactor size on power density
distribution with a, b and ¢ showing the XY = 10 mm power
density for reactor sizes of 8.13, 15 and 20 mm respectively.
Figures d, e and f show the XZ = 2.8 mm power density
distribution for reactor sizes of 8.13, 15 and 20 mm respectively.
All geometries were performed with a cylindrical antenna with
length equal to 10 mm. For the 8.13 mm radius well, geometry
comprised of 200,000 cells, the 15 mm radius geometry
contained 650,000 cells and the 15 mm radius geometry
contained 1.8 million cells. All geometries were performed for
30,000 iterations.

As shown by Figure 5.6, as the reactor radius increases, the
average power density distribution decreases. Specifically, as
the radius increases the power density observed in the outer

extremities of the design decreases.
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5.3.1.2 Effect of antenna shape on power density
distribution
After the size of the reactor had been optimised to 15 mm, the
next parameter that was changed was the antenna shape,
which included a flat cylindrical antenna, a pointed antenna, an
inverted cone antenna and a tapered cylindrical antenna design,
all of which are shown in Figure 5.7. The cylindrical antenna
was chosen as an example of a simple geometry, whereas the
pointed antenna seen in Figure 5.7b was chosen as an example
of an antenna that could potentially achieve high power
densities, but into a focused area as shown by Jerby et al for
dust-free drilling.?® The tapered and inverted cone antennas
were used to observe how the change in width effected the

observed power density distribution.

Figure 5.7: Range of antennas shapes simulated during the
project showing (a) cylindrical antenna (b) pointed antenna (c)
inverted cone antenna and (d) tapered cylindrical antenna.

These designs were then simulated such that 10 W of power
was transmitted into the load material (methanol) to be able to
compare the antenna shape designs fairly. The power density

distributions can be shown in Figure 5.8.
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Figure 5.8: Power density distributions for antenna designs
showing an XY slice at 10 mm on the left (figures a, b, c and d)
and an XZ slice at 2.6 mm on the right (figures e, f, g and h).
Designs shown in figure a and e represent simulations performed
with a cylindrical antenna. Designs shown in figure b and f
represent simulations performed with a pointed antenna. Designs
shown in figures c and g represent simulations performed with
an inverted cone antenna. Designs shown in figures d and h
represent simulations performed with a tapered cylindrical
antenna design. Simulations were performed with a mesh
containing 650,000 cells and performed for 30,000 iterations.
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As shown above in Figure 5.8, the power density distribution
pattern for each design showed little difference between one
another. Both the cylindrical design and the inverted cone
design showed marginally better penetration compared to the
tapered and the pointed conductors. All designs show the
typical high coupling of microwaves to the antenna shown in
red, and this dissipates further into the reaction mixture to
lower power densities shown in blue. All simulations performed
were done with a mesh grid containing 650,000 cells and
performed for 30,000 iterations and displayed images show the
power density distribution from 0 W/mm?3 shown in black to 10°

W/mm3 shown in red.

5.3.1.3 Effect of antenna Ilength of power density
distribution
A study was also performed to assess the effect of antenna
length on the coupling capabilities of microwaves to the load
material. This process along with the optimisation of reactor
radius and antenna shape, allowed for the overall optimisation
of a microwave reactor that can achieve as high, uniform power
distributions as possible. This involved comparing cylindrical
antennas in a 15 mm radius well at lengths of 0, 5, 10 and 20

mm. These comparisons can be found in Figure 5.9.
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Figure 5.9: Power density distributions for different length
antenna designs showing an XY slice at 10 mm on the left
(figures a, b, c and d) and an XZ slice at 2.6 mm on the right
(figures e, f, g and h). Designs shown in figure a and e represent
simulations performed with no antenna. Designs shown in figure
b and f represent simulations performed with a cylindrical
antenna of length 5 mm. Designs shown in figures ¢ and g
represent simulations performed with a cylindrical antenna of
length 10 mm. Designs shown in figures d and h represent
simulations performed with a cylindrical antenna of length 15
mm. Simulations were performed with a mesh containing
650,000 cells and performed for 30,000 iterations.
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Figure 5.9 shows how with increasing antenna length, the
microwave coupling to the antenna also increases up to the limit
of the load material. However, with longer antennas, the power
density distribution is strongly coupled higher up in the reaction
mixture, leaving areas of lower power density distribution
beneath. All simulations performed were done with a mesh grid
containing 650,000 cells and performed for 30,000 iterations
and displayed images show the power density distribution from

0 W/mm?3 shown in black to 10® W/mm?3 shown in red.

5.3.2Safety simulations of optimised reactor
Initial safety design was created by analysing the cut-off
frequency of the designed system. The cut-off frequency can be
shown in Equation 10.

P'nm
2ma/ue

Equation 10: Cut off frequency for circular waveguide where a =
radius, p'’nm = wave mode constant, y = magnetic permeability and
€ = relative permittivity10>

fcnm =

Equation 10 describes that as the radius of the reactor
decreases, the cut off frequency increases. Table 5.1 shows the
cut-off frequency which was calculated for different reactor

sizes and different load materials.

Table 5.1: Table showing the cut-off frequency of the TEi1 mode
for air, BMA and butanol at different reactor sizes

Radius (m) Air fc (GHz) BMA fc (GHz) Butanol fe

(GHz)
0.008 36.6 16.3 8.7
0.015 19.5 8.7 4.7
0.02 14.6 6.5 3.5

As shown in Table 5.1, the operating frequency of the Micro-

well (2.45 GHz) was below the cut-off frequency for all different
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materials and radii of designs, and therefore leading to the
prediction that these designs would not propagate microwaves

without the use of an antenna to aid microwave coupling.

After an optimised microwave reactor had been designed, a
simulation to observe the microwave leakage from the system
was performed to ensure the reactor would be safe to use. An
external interface was used to observe the coupling between an
air interface at 5 mm from the reactor surface and the power
source as shown in Figure 5.3. This lead to the observation of
microwave leakage over a frequency range of 2 — 5 GHz which

can be shown in Figure 5.10.
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Figure 5.10: Graph showing the leaking of microwaves from
optimised Micro-well reactor, showing a peak in power density
around 2.6 GHz, however this power density is still negligible
compared to current microwave reactor standards

Figure 5.10 shows the microwave leakage from the optimised
Micro-well reactor, which shows a peak at 2.6 GHz, however
due to operating below the cut-off frequency and having a large
amount of head-space, the measured microwave leakage was

shown to be well below the 5 mW/cm? limit for current
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microwave reactors over the entire range of frequencies
between 2 and 5 GHz.

5.3.3 Micro-well commissioning

To commission the Micro-well into the lab, the electrical contact
was tested and confirmed to be intact by using a multimeter
between the N-type connector and the aluminium antenna.
Physical leak tests showed small leaking by using BMA and
water at both room temperature and 160 °C, though consistent
exposure to high temperature was not performed due to the
inability to conventionally heat material inside the Micro-well.
This was corrected by the addition of a sheath that ran around
the circumference of the micro-well reactor which can be seen

in Figure 5.11.

Figure 5.11: Micro-well reactor vessel shown with additional
PTFE sheath around the circumference of the reactor wall.

The physical leaking of material was largely stopped by this
addition, though small residues were still found after

experimentation.

Swelling experiments were performed to check there was no

compatibility issues between the PTFE sheath and chemicals
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which were used for both synthesising new monomers and
cleaning the Micro-well reactor. No effect was shown by leaving
sections of PTFE for 3 hours in water, acetone and BMA at
ambient temperature respectively. When the PTFE was exposed
to BMA at reaction temperatures of 160 °C, no effect either was
seen in swelling, however the material became much more

pliable at higher temperatures, which was expected.

To test the coupling capabilities of the Micro-well reactor, a
Rohde & Schwarz ZVL Network analyser was used to observe
the coupling between the power source and different material
loads including methanol and BMA. These results were then
compared against the same materials but when using a
microlab SF-31N sliding tuner, and this can be shown in Figure
5.12.
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Figure 5.12: Figure showing the comparison of coupling between
unmatched and matched BMA and methanol. Measurements were
made using a Rohde & Schwarz ZVL network analyser

Figure 5.12 shows difference of being able to couple majority of
input power to the load material by using a sliding tuner

compared to having no tuning of the Micro-well reactor.
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After showing that the input power could be successfully
coupled to the load material, initial heating using microwaves
was started at 5 W and incrementally increase in 5 W steps and
checked using an ETS-Lindgren EMF measurement kit, but no
microwave power was detected up to an input power of 150 W

for a system containing either methanol or BMA.

5.3.4 Effect of input power on reaction temperature

An investigation into the required power that is needed to
successfully heat a transesterification experiment to the desired
reaction temperature of 160 °C was carried out, and this can

be shown in Figure 5.13.
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Figure 5.13: Graph showing the heating times of different input
powers. Observed that at 20 W it was not possible to achieve
heat up times within the time period of the reaction

As shown by Figure 5.13, as expected, the more input power
put into the reaction mixture, the quicker the reaction heats to
the desired reaction temperature. However, it was noted that

20 W was not enough power to obtain the desired reaction
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temperature at all, whilst 40 W obtained the target temperature

after 50 minutes and 60 W achieved it in 5 minutes.

5.3.5Synthesis of novel methacrylate monomers using

micro-well reactor

To show that the Micro-well reactor was capable of synthesising
novel methacrylate monomers, 4 monomers with different
chemical structures were synthesised and can be shown in
Figure 5.14. Each reaction was performed at 60 W and heated
to 160 °C (except from methyl-2-pentyl methacrylate which
was heated to 140 °C. Each reaction contained 1 % molar ratio
of titanium butoxide (TNBT) and contained starting reagents of
butyl methacrylate (BMA) and alcohol at a 7:5 molar ratio and
each reaction was performed for 150 minutes. A typical reaction
of the synthesis of cyclododecyl methacrylate contained 7.5 g
of butyl methacrylate (53 mmol) and 7.0 g of cyclododecanol
(38 mmol) and 0.2 g titanium butoxide (0.5 mmol).

(0] (0] (o) .
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Figure 5.14: Monomers synthesised using the Micro-well reactor
using 60 W input power over 150 minutes

This demonstrated the ability of the micro-well reactor to
synthesise a range of monomers with cyclic, aromatic and
linear-branched moieties. This was then compared to
conventional and microwave heating methods to assess how
the micro-well performed against other methodologies which

can be shown in Table 5.2.
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Table 5.2: Transesterification synthesis comparison using
conventional, microwave and micro-well prototype methodologies.
Materials synthesised include [a] Cyclodododecyl Methacrylate
(CyDMA), [b] 3-phenyl-2-propenyl Methacrylate (CiMA), [c] 4-
Methyl-2-pentyl methacrylate (MpMA) and [d] 5-methyl-2-(1-
methylethyl) cyclohexyl methacrylate

CyDMA[?]  CiMAD!I  MpMAIT | MMALd]

Conventional 50 41 45 22
[%]
Microwave 52 15 48 38
[%]
Micro-well [%] 77 80 73 14

Table 5.2 shows how the Micro-well largely improved reaction
kinetics for a range of different experiments, apart from with
LMMA were the reaction kinetics were significantly reduced
(NMR spectra can be found in appendices Q-BB). It was
observed that a reason the reactions were only obtaining a
conversion of around 80 % could be due to the increased mass
transfer properties offered by the Micro-well, and this can be
observed in the synthesis of CyDMA were the amount of BMA
remaining compared to cyclododecanol is only 31 %, despite
starting in an excess of 7:5 (BMA: cyclododecanol), and this can

be shown in the NMR spectra shown in Figure 5.15.
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Figure 5.15: 'H Spectra showing the reduction of BMA compared
to cyclododecanol after 150 minutes of heating in the Micro-well
reactor. NMR showed reaction mixture only containing 31 % BMA
compared to the remaining cyclododecanol, with an overall
conversion of 78 %

To overcome these issues, it was proposed to change the
starting ratio of BMA:alcohol from 7:5 to 8:5 to allow for higher
conversions to be obtained using the Micro-well reactor. The
same experiment with cyclododecanol at 160 °C was
performed, but with a starting ratio of 8:5 instead of 7:5 and

the 'H proton NMR spectra can be shown in Figure 5.16.
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Figure 5.16: 'H proton spectra showing synthesis of CyDMA in
Micro-well in an 8:5 starting ratio of BMA: Cyclododecanol,
showing an improved conversion of 81 % with 116% BMA leftover

compared to the remaining cyclododecanol

Figure 5.16 shows that starting with a higher excess of BMA
enabled the reaction to achieve a higher overall conversion of
81 % and had more leftover BMA suggesting that further
conversion could be achieved with an increase in reaction time.
This shows that by adding additional starting reagents, the
mass-transfer properties can be manipulated to benefit the

forward transesterification reaction.
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5.4 Discussion

5.4.1Effect of reactor radius on power density
distribution
As part of the optimisation process, the radius of the micro-well
reactor had to be optimised to achieve a design that allowed
high uniform power density distribution that also produced
enough material to perform numerous experiments. The sizes
chosen to be investigated were 8.13, 15 and 20 mm radius
reactors. As shown in Figure 5.6, as the radius of the reactor
increased the overall power density decreased. For all designs
the power density decreases as distance radially increases from
the centre of the well and for this reason the 20 mm design was
discarded due to low power density at the outer edges of the
design. This can be explained by the inverse square law that

the electric field decreases by a factor of r?2 as shown below.

0

Amreyr?

Equation 11: Electric field inverse square law showing the decay
of an electric field the further from the source as a ratio of 1/r2.

For the smaller reactor design, the average power density
within the well is higher than the 15 mm design, however the
well can only contain approximately 3 ml of reaction mixture,
which is a small quantity with the large amount of
characterisation tests that can be performed with the
production of a novel monomer library. For that reason, the 15
mm radius well was taken forward as the reactor size, as it
offers good power density distribution and can contain a larger
volume of 10 ml. All desighs that were tried used a reactor

vessel height of 50 mm, this was to a) prevent microwave
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leakage from the system b) prevent chemical leakage from the

system being overfilled.

5.4.2Effect of antenna shape on power density
distribution
The next aspect of design involved changing the shape of the
antenna to observe any changes in the observed power density
distribution. The varied designs shown in Figure 5.7
incorporated a range of designs all formed from the extension
of the inner conductor from coaxial cables. The basic design was
the straight extension of the inner conductor to form a
cylindrical antenna, and then changes to this geometry were
made to create the other geometries. The pointed antenna was
chosen due to previous reports of using a similar design to
dramatically increase the power density distribution albeit,
focused into a small focal point above the antenna.l®! This
design has been previously used for dust-free drilling of
ceramics and minerals.?® The inverted cone design and tapered
cylindrical design were produced to observe the effect of the

power density distribution on antenna design.

All the designs were shown to successfully couple microwaves
to couple microwaves with the methanol further into the
reaction vessel, which allowed for a more uniform distribution
of the microwaves with the reactor, which is important as the
device was designed to work without any stirring to the reaction
mixture. However, there was limited benefit to changing the
cylindrical antenna geometry as shown by Figure 5.8. The
tapered design was chosen to see if the power density
distribution could be widened to increase the uniformity in the
centre of the reaction vessel, but no change in the power

density distribution was observed compared to the basic
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cylindrical design and so the tapered design shown in Figure
5.7d and h was excluded. The inverted cone design was shown
to slightly improve the coupling of the microwaves deeper into
the methanol, but at the cost of reducing coupling to the
reaction mixture in the centre of the well as shown by the XZ
images in Figure 5.8g. The inverted cone design would also
make it difficult to machine, and the added PTFE sheath that
was used to protect the antenna would also be difficult to
produce, and so the design was discarded due to insufficient
advantages over the basic cylindrical design. Finally, the
pointed conductor (Figure 5.8b and f) was observed to
penetrate slightly less into the methanol than the cylindrical
design, and as previously reported this is likely due to the high
localised power density that would be observed in a small area
directly above the antenna,'°! though the simulations did not
directly show this large increase. In summary, the cylindrical
design offered either comparable or slightly improved
characteristics compared to the other antenna designs, and
with the increased advantage of being simple to manufacture,
the cylindrical antenna design was taken forward in the design

optimisation process.

5.4.3 Effect of antenna length on observed power density
distribution
The final part of the design optimisation process involved
determining the optimum length of the antenna to achieve the
most uniform power distribution over the entire simulated
methanol. This involved observing the power density
distribution over differing cylindrical antenna lengths including
0, 5, 10 and 15 mm. Figure 5.9a demonstrated the large effect
that using an antenna has on the power density distribution.

With no antenna, poor penetration into the reaction mixture
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was observed, and Figure 5.9 showed how when the antenna is
increased in length, the coupling between the microwaves and
antenna allowed further penetration into the simulated
methanol. This occurs due to mode conversion of the
electromagnetic wave. When there is an antenna present, the
geometry is the same as it is for a coaxial cable, except the
PTFE dielectric is replaced with the reaction mixture and
therefore the TEM mode is propagated. The higher dielectric
properties of the reaction mixture compared to PTFE results in
volumetric heating of the reaction. However, when there is no
antenna present, the electromagnetic wave converts to the
fundamental TM mode, which then fails to propagate due to

operating below the cut-off frequency of the system.

Furthermore, when the antenna is extended to 15 mm,
corresponding to the height of simulated methanol in the
simulation (shown in Figure 5.9d), the coupling between the
antenna and power source starts to spread, causing areas of
low power density distribution to arise in the centre of the
simulated design. The optimum height for the antenna was
shown to be 2 thirds of the height of the simulated load
material, (10 mm), and this design offered a compromise
between power density distribution uniformity and larger
penetration depth of microwaves into the load material. The
design also offers practical uses, as if the reaction mixture
height is not quite at 15 mm, Figure 5.9 demonstrates that a
high-power density will still be delivered into the Micro-well, and

hence allow for high reaction temperatures to be reached.
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5.4.4Safe design of microwave reactors to prevent
exposure to microwaves
The safe design of the microwave reactor underpins the whole
design process, as it is important to meet the criteria of a
system that enables high power density distribution, but also a
system that does not leak microwaves and can be
experimentally used in a laboratory. Initial design included
considering the cut-off frequency to observe if, theoretically,
the proposed designs would leak microwaves. As shown by
Table 5.1, all the cut-off frequencies from differing radii and
load materials were larger than the operating frequency used
for the system of 2.45 GHz. The cut-off frequency describes a
frequency at which when operated below, microwaves will
attenuate and therefore with a suitably sized headspace, would

not leak microwaves into the working environment.

After an optimised reactor design was obtained with the 10-mm
cylindrical antenna in a cylindrical reactor vessel of radius 15
mm, further simulations were performed to check that
microwaves would not leak from the reactor. This was done to
prevent any need to adjust and compromise the design of the
reactor retrospectively after it had been fabricated. Figure 5.3
shows how an additional interface was added to the exterior of
the reactor design to observe the coupling between the input
microwaves and the exterior interface. The distance between
the reactor surface and the exterior interface was 5 mm. This
was to compare the results against the regulations of
microwave designs that state the power density must be below
5 mW/cm? at 5 cm from the surface of the microwave
reactor.143 Figure 5.10 showed an increase in the microwave

leakage power density around 2.6 GHz compared to the rest of
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the leakage data in the range from 2 - 5 GHz although this is
only measured at approximately 2x10° mW/cm?2, which is
negligible when compared to the target set by the regulations
for microwave reactors/ovens. This has shown that an effective
microwave reactor has been designed which not only can reach
high power densities but can also operate in a safe working
environment and minimalize the exposure of operators to non-
ionizing radiation. An additional benefit of having such a low
leakage of microwaves come into the parallelisation of
microwave reactors to produce a high throughput synthesis
reactor. The combination of several reactors is still going to be

negligible compared to the advised microwave dosage limit.

5.4.5Commissioning of Micro-well reactor for safe
working practice
Commissioning experiments were performed to ensure that
minimal risks were taken when experimentally using the Micro-
well reactor. Initial tests involved physical leak tests including
room temperature and pre-heated boiling water to test the
integrity of the reactor vessel. The integrity was also tested with
room temperature BMA and BMA that was pre-heated to 160
°C. Small leaks were found by observing liquid residues within
the coaxial section of the reactor. The design change shown in
Figure 5.11 was added when these residues were detected, by
added a PTFE sheath around the circumference of the reactor,
which pushed against the PTFE protective cover on the base of
the reactor, which largely removed physical leaks, but evidence
after experiments still suggested small leaks. This could be
avoided entirely by making a protective coating in a single piece

of PTFE, such that there are no gaps for leaks to occur.

185



Swelling experiments were performed to check that no adverse
effects would occur during experimentation or cleaning due to
chemical incompatibilities. No effect using water, BMA or
acetone was observed at ambient temperatures. However,
when reaction temperatures were mimicked using conventional
heating, it was observed that PTFE became more pliable.
Despite being more pliable, no visible swelling was observed at
elevated temperatures and so this was deemed to be a suitable

inert material to improve the longevity of the Micro-well reactor.

5.4.5.1 Effective use of tuners to match microwave power
source to load material
Before full microwave power could be used within the reactor,
the VNA network analyser was used to observe the coupling
between the microwave power source and the load material
within the reactor vessel. Figure 5.12 shows the large effect of
using a coaxial tuner has on the absorbed microwaves into the
load material. As the Micro-well reactor was simulated with
methanol to simulate a worst-case scenario of having large
coupling of microwaves which could lead to microwave leakage,
the coupling of microwaves to methanol without a tuner was
much higher than the coupling to BMA without a tuner.
However, using the tuner it was shown that comparable
matching was obtained for both BMA and methanol such that
over 95 % of the microwaves were absorbed by the load
material. Following from this result, the Miniflow 200SS power
source was attached to the Micro-well reactor and the
microwave power was slowly increased and microwave leakage
was measured at each increment. No microwave leakage was
observed up to 150 W from any of the possible leaking sites
from the reactor with both methanol and BMA, and hence was

deemed safe to use for transesterification experiments.
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5.4.6 Feasibility of creating multi-well microwave reactor
For creating a high throughput synthesis reactor, the power
requirement for each well needed to be assessed to check if
system with multiple wells would be a feasible option. Figure
5.13 showed how 20, 40 and 60 W input powers were used to
observe how quickly a reaction mixture containing
cyclododecanol heated up to the reaction temperature of 160
°C. As expected, the more power that was put into the reactor,
the quicker the reaction mixture heated up to the desired
reaction temperature. However, it was shown that by using 20
W, the reaction temperature could not be obtained within the
reaction period of 150 minutes. However, by using 40 W, the
reaction temperature was obtained in 50 minutes and by
increasing the power to 60 W the desired reaction temperature
was obtained within only 5 minutes. This suggests that a 24-
Well system could be feasibly made with a power source of only
960 W if each well only received 40 W. Another possibility would
be to start off the reaction by using 60 W of power and then
reducing the power to 40 W to maintain the reaction
temperature. This would then allow the benefit of quick heat up
times and low power requirements, as each individual reaction
could be started 5 minutes apart to reduce power requirements
of the potential system. The ability to heat a reaction with such
low powers shows how efficient the micro-well system can
couple microwaves to the load material and increase the
reaction temperature, a property that cannot be matched by

using conventional heating techniques.
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5.4.7 Comparison of Micro-well, conventional and

microwave heating methods on reaction conversion
To test the efficiency of the Micro-well reactor, several reactions
were performed to synthesise novel methacrylate monomers
with different chemical structures to test the ability of the
reactor to produce a diverse range of materials. Table 5.2
showed how conventional and microwave methods were limited
by the mass-transfer effect, with reactions being limited to
around 50 % conversion. There was however a large difference
between the conventional and microwave synthesis of CiMA,
with the conventional experiment being able to achieve 41 %
after 150 minutes, whilst the microwave synthesis only
achieved 15 %. This however had the largest change when
performed in the micro-well reactor, where a conversion of 80
% was achieved. The synthesis of CyDMA and MpMA were also
improved by using the Micro-well and showed improved mass-
transfer characteristics by achieving 77 and 73 % respectively.
The open-vessel of the reactor allows for the evaporation of
butanol from the reaction mixture which therefore aids the
reaction kinetics and allow the reaction to obtain conversions
more than 50 %. A major benefit of this system compared to
the synthesis protocol discussed in Chapter 3.3.4 is that no
nitrogen gas sparging was applied to the reactions in the micro-
well reactor. This shows how comparable conversions have
been able to be obtained with the novel microwave reactor, but
without the need for additional processing steps to obtain high
conversion materials. This is due to the open-vessel nature of
the novel reactor, which allows materials with high volatility
such as butanol to evaporate and allow for the reaction to be
shifted towards the products as described by Le Chatelier’s

principle.
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However, with LMMA the obtained conversion was shown to be
much lower for both the microwave and conventional heating
methods with conversions of 22 and 38 % respectively. This is
expected due to the steric hindrance from L-menthol which
slows down the reaction compared to other transesterification
experiments. This then has a negative impact when
synthesising in the Micro-well reactor, which a conversion of
just 14 %. Due to the increased mass-transfer characteristics
of the reactor, caused by a reduction in the size of the choke
compared to other synthesis set-ups, this also appeared to
increase the evaporation of BMA as well as butanol. Therefore,
with slower reactions such as LMMA, the evaporation of BMA
causes the dynamic equilibrium to be shifted back towards the
starting reagents as defined by Le Chatelier’s principle.!1> This
property of the reactor was investigated further by adjusting
the starting ratio of BMA:cyclododecanol to see if an increase in
BMA would allow for larger conversions to be achieved in the
same reaction period. Figure 5.15 showed how after 150
minutes with a starting ratio of 7:5, the BMA content had
dropped to 31 % of the remaining alcohol, showing a vastly
reduced content compared to the starting ratio. However, when
this ratio was changed from 7:5 to 8:5 more than BMA, the
remaining BMA content increased to 116 % of the remaining
alcohol, which still shows some evaporation, but a much-
reduced amount compared to the standard starting ratio of 7:5.
This also led to a slight increased conversion of 81 % compared
to 77 % showing the benefits of increasing the starting content

of BMA compared to the alcohol.
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The evaporation of chemicals from the reaction mixture has
shown to affect the obtained conversion compared to
conventional and microwave heating methods. However, it is
important that these chemicals should be distilled to prevent
unnecessary release of chemicals, which could pose a bigger

problem on a larger system with multiple wells.
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5.5 Conclusion

e An optimum reactor geometry was obtained using FDTD
simulations, which gave a 15-mm radius reactor vessel
with a cylindrical 10 mm antenna protruding from the
base of the reaction vessel.

e Simulated Micro-well reactor was shown to leak a
negligible power density of microwaves by observing
coupled microwaves from the power source to an
interface outside the reactor geometry.

e The microwave reactor was tested for both physical and
electromagnetic leaks and commissioned for full
experimental use to produce methacrylate monomers.

e By using a stub tuner, microwaves were successfully
coupled between the source and load material, enabling
maximum delivery of microwave power.

e The minimum input power required to reach desired
reaction temperatures of 160 °C was shown to be 40 W.

e Micro-well reactor was shown to overcome mass-transfer
effects experienced by conventional and heating methods
which lead to the increase of conversion for 3 out of 4

tested chemistries.
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6 Conclusions

6.1 Summary

The aim of this thesis has been to develop a method for the
high throughput synthesis of methacrylate monomers for the
use in biological cell screening experiments. This began by
outlining a suitable chemical mechanism for synthesising a
diverse range of methacrylate monomers which was described
in Chapter 3 using a transesterification mechanism which
utilised a common monomer, butyl methacrylate, with a range
of commercially available alcohols to produce novel
methacrylate monomers. It was observed that an additional
sparging process was required to obtain high reaction
conversions which allowed for the efficient removal of the by-
product of the reaction which was butanol. This allowed the
reaction to progress to higher conversions. Reaction kinetics
and conversions were compared for both conventional heating
and microwave heating methodologies. Minor improvements
were observed by using microwaves for synthesis, which was
largely attributed to the volumetric heating effect allowing for
reactions to reach target reaction temperatures quicker than
conventional heating. Although by using nitrogen sparging both
methods were able to achieve more than 80 % for a range of
different reactions. Microwaves were chosen as a suitable
method for high throughput synthesis methods since it offers a
much higher level of control on reaction conditions in
individually powering reaction vessels compared to

conventional methods.
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The chemical space of acrylate and methacrylate monomers
outside those commercially available is vast, and therefore the
need for computational models to guide material selection is
essential. The alpha paper published by Sanni et al was used to
decide which materials should be synthesised to reduce the
attachment of P. aeruginosa to polymeric surfaces. Chapter 4
initially discussed how a range of materials were synthesised to
give an alpha value range between -5.47 and 1.1, where
cyclododecyl methacrylate (CyDMA) was predicted to resist
attachment the most with an alpha value of -5.47 and 2-
hydroxy-3-phenoxypropyl acrylate (HPhOPA) which was a
commercial material had the highest alpha value hence
predicted the highest bacterial attachment at alpha = 1.1. A
material library comprising of 61 synthesised and commercial
copolymers with diverse hydrocarbon structures were then
printed onto a polymer microarray format and the adhesion of
P. aeruginosa and P. mirabilis was observed. The attachment of
P. aeruginosa was shown to have good agreement with the
alpha parameter for the homopolymer array. The copolymer
array also had very good agreement with the model, but only
when restricted to the range defined by Sanni et a/ (-3 to 1.1),
which suggested that as the value of alpha decreases, the trend
may become non-linear as the bacterial adhesion reached a
non-detectable limit. The attachment of P. mirabilis to the
polymer microarrays showed to agree with the alpha model but
to a lesser extent compared to P. aeruginosa, however it was
still able to successfully predict that CyDMA was good at
reducing attachment and HPhOPA promoted the attachment of
P. mirabilis. However, the copolymer data showed no

correlation between bacterial adhesion and the alpha parameter
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which suggested that the mechanism of preventing biofilm

adhesion between P. aeruginosa and P. mirabilis is different.

Further investigations were performed to observe how CyDMA,
which was identified as a hit material for both P. aeruginosa and
P. mirabilis, performs as an anti-biofilm formation coating. This
was done by scaling up CyDMA and using it to coat sections of
urinary catheter and then comparing bacterial culture
experiments with clinically used materials and previously
identified hit materials. CyDMA-coated sections of catheter
were shown to reduce the attachment of P. aeruginosa on
silicone and Bardex® I.C. Aquafil with a hydrogel and silver alloy
coated catheter by 92/96 % respectively, showing a dramatic
reduction in attachment to the section of urinary catheter. Again
with P. mirabilis CyDMA was shown to reduce attachment
compared Bardex® I.C. Aquafil catheter by 97 %, again showing
an improvement compared to clinically used materials. CyYDMA
also showed to perform well compared to previously identified
hit materials, proving that the alpha parameter was successfully
used to identify a non-commercially available material which
has then been proven experimentally to reduce attachment of

both P. aeruginosa and P. mirabilis.

The combination of Chapter 3 and 4 showed the effectiveness
of synthesising materials predicted to perform better than
current standards for an application. Therefore, work in Chapter
5 included the development of a single-well microwave reactor
capable of synthesising novel methacrylate monomers.
Computer simulations were performed to identify a reactor
which would be successful in achieving high reaction

temperatures. After changing reactor size and antenna shape
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and size, a 15-mm radius cylinder was chosen as the reactor
with a cylindrical 1.5mm radius antenna which protruded 10
mm into the well. This enabled 10 ml of reaction mixture to be
heated within the well which was determined to be enough
material for characterisation and biological screening
experiments. The design was then manufactured, and rigorous
safety tests were performed before full experimental use. Once
deemed safe, the Micro-well reactor was shown to overcome
the mass-transfer barrier and be able to achieve high
conversions without the need of the sparging process discussed
in Chapter 3, showing a benefit of using the Micro-well system
over standard microwave and conventional heating methods.
The design was shown also to only require 40 W of power to
achieve a reaction temperature of 160 °C, which meant that a
24 well system could work with a power source of total power
of around 1 kW, which is feasible to be able to obtain a multi-
well high throughput synthesis system. Synthesis experiments
showed that the Micro-well was also capable of producing a
range of different monomer structures as were produced in
Chapter 2. The work in this chapter has laid foundations to
produce a multi-well system capable to produce diverse
monomer libraries giving unprecedented access to a range of

materials for materials discovery experiments.

6.2 Recommendations for future work

The work throughout this thesis is multidisciplinary and
therefore the different views on the project could take a range
of different paths to build upon the work produced within this
work. The main area where future work would increase the

applicability of this work is to produce a multi-well synthesis
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system capable of producing novel material libraries in a single
batch process. This could be performed in a couple of different
ways; either by using a single large (1 kW) power source and
splitting the power into individual wells. Another option is to use
voltage-controlled oscillators (VCO) which feed nominal power
inputs into amplifiers which can produce in the range of 50 W,
which can then be used to power each well individually.
However, this would likely increase costs and could also be
problematic if higher powers are required for a reaction as the
power input to each well would be limited. Another problem
would be ensuring that all the systems are successfully
matching the input microwaves to the load material, and this
could be solved by using automatic matching networks for each

well, but this would increase the cost for each Micro-well unit.

Another aspect of this work that could be investigated further
is the characterisation of the novel materials that are produced.
Previous work by Kamaruddin et a/'®? has shown it is possible
to monitors reactions in situ by observing the dielectric
properties of the material. Therefore, it would be of interest to
perform dielectric measurement experiments to see if it is
possible to determine a threshold at which after a significant
change in the dielectric properties could signify when the
reaction has come to completion. This could then be
incorporated into the multi-well system to prevent unnecessary
heating of reactions that have already gone to completion.
Another improvement could be testing other reaction
mechanisms to see the variety of materials that can be
synthesised within the Micro-well such as attempting to

synthesise new polymers.
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Further work could also be performed with the bacterial work
investigated during this project. For example, using the full
synthesised material library to create a much larger polymer
microarray where the relationship between alpha and bacterial
attachment can be investigated with a larger sample size.
Despite this project testing the model by using two different
bacteria (P. aeruginosa and P. mirabilis) it could also be possible
to test the materials against further bacterial species to see if
the alpha parameter has any trends with other bacterial
species. The alpha parameter could also be investigated further
be expanding the range of materials such that lower and higher
alpha values are tested, as it is hypothesised that this trend will

not be linear at the extremities of these alpha values.

A final aspect that could be investigated is to test the discovered
hit material, CyDMA, to observe if it shows resistance to
attachment from further bacterial species. If shown to resist
attachment for further bacterial species, CyDMA would have to
mechanically tested to see if it would be suitable for a durable,

long lasting coating.

6.3 Concluding Remarks

Throughout this thesis we have been able to show:

1. A transesterification synthesis with nitrogen sparging
protocol is a suitable method for obtaining a diverse range
of novel methacrylate monomers with high levels of
conversion.

2. Quantitative structure-analysis relationships can be used
to guide materials discovery programmes into the non-

commercially available space by predicting materials
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capable of resisting attachment of multiple bacterial
pathogens.

3. A single mode (2.45 GHz) microwave reactor was
designed and produced capable of producing novel
methacrylate monomers using a transesterification
mechanism without the requirement of sparging, and with
powers as low as 40 W showing promise for development
of a multi-well system for large batch process

combinatorial chemistry reactions.
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Appendices

Appendices A-N relate to the conversion for the synthesised
monomer library, were majority of the monomers were
synthesised with an optimised sparging method described in
Chapter 3
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Appendix A: Conventional sparging synthesis of dodecyl
methacrylate (DDMA) at 160 °C showing a conversion of 90 %
after 90 minutes by comparing change of chemical environment
of protons next to ester group from alcohol to methacrylate
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Appendix B: Conventional sparging synthesis of 3,4-
(Methylenedioxy)benzyl methacrylate (PiMA) at 160 °C showing
a conversion of 81 % after 90 minutes by comparing change of
chemical environment of protons next to ester group from

alcohol to novel methacrylate monomer
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Appendix C: Conventional sparging synthesis of 3-phenyl-2-
propenyl methacrylate (CiMA) at 160 °C showing a conversion of
55 % after 180 minutes by comparing change of chemical
environment of protons next to ester group from alcohol to novel
methacrylate monomer
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Appendix D: Conventional sparging synthesis of 2-ethylhexyl
methacrylate (EhMA) at 160 °C showing a conversion of 81 %
after 90 minutes by comparing change of chemical environment

of protons next to ester group from alcohol to methacrylate
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Appendix E: Conventional heating synthesis of 5-methyl-2-(1-
methylethyl) cyclohexyl methacrylate (LMMA) at 160 °C showing
a conversion of 69 % after 50 hours with application of vacuum
pump to extract by-products. Conversion was calculated by
comparing change of chemical environment of protons next to
ester group from alcohol to novel methacrylate monomer
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Appendix F: Conventional sparging synthesis of trans-3,7-
Dimethyl-2,6-octadienyl methacrylate (GeMA) at 160 °C showing
a conversion of 85 % after 105 minutes by comparing change of
chemical environment of protons next to ester group from
alcohol to novel methacrylate monomer. Overlap of geraniol
alcohol peak would cause large source of error in this
measurement
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sparging synthesis of hexadecyl
methacrylate (CMA) at 160 °C showing a conversion of 87 %
after 120 minutes by comparing change of chemical environment
of protons next to ester group from alcohol to novel methacrylate
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Appendix H: Conventional sparging synthesis of Isopropyl-benzyl
methacrylate (IpbMA) at 160 °C showing a conversion of 80 %
after 270 minutes by comparing change of chemical environment
of protons next to ester group from alcohol to novel methacrylate

monomer
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Appendix I: Conventional sparging synthesis of 4-methyl-3-
pentyl methacrylate (MpMA) at 140 °C showing a conversion of
94 9% after 90 minutes by comparing change of chemical
environment of protons next to ester group from alcohol to novel

methacrylate monomer
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Appendix J: Conventional sparging synthesis of 4-Methylbenzyl
methacrylate (MbMA) at 160 °C showing a conversion of 92 %
after 120 minutes by comparing change of chemical environment
of protons next to ester group from alcohol to novel methacrylate

monomer
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Appendix K: Conventional sparging synthesis of 4-Nitrobenzyl
methacrylate(NibMA) at 160 °C showing a conversion of 81 %
after 120 minutes by comparing change of chemical environment
of protons next to ester group from alcohol to novel methacrylate

monomer
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Appendix L: Conventional sparging synthesis of 2-Chlorobenzyl
methacrylate (CIbMA) at 160 °C showing a conversion of 75 %
after 120 minutes by comparing change of chemical environment
of protons next to ester group from alcohol to novel methacrylate
monomer
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Appendix M: Conventional sparging synthesis of 5-Isopropyl-2-
methylphenyl methacrylate (CaMA) at 160 °C showing a
conversion of 10 % after 150 minutes by comparing change of
chemical environment of protons closest to ester group from
alcohol to novel methacrylate monomer
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Appendix N: Conventional sparging synthesis of 2,6,6-
Trimethylbicycloheptyl Methacrylate (apMA) at 160 °C showing
a conversion of 81 % after 300 minutes by comparing change of
chemical environment of protons closest to ester group from
alcohol to novel methacrylate monomer
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Appendices O and P show the difficulty experienced when trying
to produce large copolymer microarray, with misprinting of
monomer material as well as contaminations identified by using
ToF-SIMS.
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Appendix O: Phase contrast image showing problem when
attempting to print large copolymer array with consistency of pin
printing, where pins were shown to start off producing uniform
spots, but decline over time.
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Appendix P: Phase contrast image showing successfully printed
A2 polymer microarray, but then also showing the contamination
of microarray with fluorine ions identified by ToF-SIMS

Appendices Q-BB are associated to the comparison studies of
the novel micro-well reactor and corresponding standard

microwave and conventional heating techniques.
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Appendix Q: Conventional synthesis of cyclododecyl
methacrylate (CyDMA) at 160 °C showing a conversion of 50 %
after 150 minutes by comparing change of chemical environment
of protons next to ester group from alcohol to novel methacrylate
monomer
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Appendix R: Microwave synthesis of cyclododecyl methacrylate
(CyDMA) at 160 °C showing a conversion of 52 % after 150
minutes by comparing change of chemical environment of
protons next to ester group from alcohol to novel methacrylate
monomer
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Appendix S: Microwell microwave synthesis of cyclododecyl
methacrylate (CyDMA) at 160 °C showing a conversion of 78 %
after 150 minutes by comparing change of chemical environment

of protons next to ester group from alcohol to novel methacrylate
monomer
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Appendix T: Conventional synthesis of 3-phenyl-2-propenyl
Methacrylate (CiMA) at 160 °C showing a conversion of 41 %
after 150 minutes by comparing change of chemical environment
of protons next to ester group from alcohol to novel methacrylate
monomer
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Appendix U: Microwave synthesis of 3-phenyl-2-propenyl
Methacrylate (CiMA) at 160 °C showing a conversion of 15 %
after 150 minutes by comparing change of chemical environment
of protons next to ester group from alcohol to novel methacrylate

monomer

o
38000
"'ZK\T)J\ s
36000
CH, MO I, 34000
|‘ 32000
30000
‘ [ 28000
J J

[-26000
[-24000
|- 22000
20000
|- 18000
[~ 16000
{14000
12000
- 10000

8000

[-6000

1000

2000

. I L__u
g ' 'g_ ! 2000
7‘.5 7‘.0 6'.5 EI.D 5‘.5 5‘.0 4‘.5 4‘.0 3‘,5 3‘,0 2‘.5 2‘.0 lIAS ll‘ﬂ

f1 (ppm)

Appendix V: Microwell microwave synthesis of 3-phenyl-2-
propenyl Methacrylate (CiMA) at 160 °C showing a conversion of
80 % after 150 minutes by comparing change of chemical
environment of protons next to ester group from alcohol to novel
methacrylate monomer
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Appendix W: Conventional synthesis of 4-methylpentyl
methacrylate (MpMA) at 140 °C showing a conversion of 45 %
after 150 minutes by comparing change of chemical environment
of protons next to ester group from alcohol to novel methacrylate

monomer
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Appendix X: Microwave synthesis of 4-methylpentyl
methacrylate (MpMA) at 140 °C showing a conversion of 48 %
after 150 minutes by comparing change of chemical environment
of protons next to ester group from alcohol to novel methacrylate
monomer
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Appendix Y: Microwell microwave synthesis of 4-methylpentyl
methacrylate (MpMA) at 140 °C showing a conversion of 73 %
after 150 minutes by comparing change of chemical environment
of protons next to ester group from alcohol to novel methacrylate
monomer
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5-methyl-2-(1-

methylethyl) cyclohexyl methacrylate (LMMA) at 160 °C showing
a conversion of 22 % after 150 minutes by comparing change of
chemical environment of protons next to ester group from

alcohol to novel methacrylate monomer
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Appendix  AA: Microwave synthesis of 5-methyl-2-(1-
methylethyl) cyclohexyl methacrylate (LMMA) at 160 °C showing
a conversion of 38 % after 150 minutes by comparing change of
chemical environment of protons next to ester group from
alcohol to novel methacrylate monomer
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Appendix BB: Microwell microwave synthesis of 5-methyl-2-(1-
methylethyl) cyclohexyl methacrylate (LMMA) at 160 °C showing
a conversion of 38 % after 150 minutes by comparing change of
chemical environment of protons next to ester group from
alcohol to novel methacrylate monomer
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