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Abstract

Ndizeye, Natacha (2018). New Strategies for Preparing Polymers with Hierarchical
Architectures, Linnaeus University Dissertations No 329/2018, ISBN: 978-91-
88761-96-5 (print), 978-91-88761-97-2 (pdf). Written in English.

The objective of this thesis was to explore novel approaches for controlling
morphologies and molecular recognition behaviour of polymers and to use these
strategies in conjunction with the molecular imprinting technique in order to either
enhance polymer performance in quartz crystal microbalance (QCM) sensor
applications, or as an alternative to conventional solvents of polymerization. In
Papers I and II, the use of liquid crystalline media in the synthesis of molecular
imprinted polymers was demonstrated. When used in conjunction with the
molecular imprinting technique the LC media induced hierarchical material
architectures, which provided an enhancement of QCM-sensor sensitivity. The use
of a class of novel solvents, so-called “non-ionic deep eutectic solvents (ni-DESs)”,
was explored in polymer synthesis, Paper III, and for molecularly imprinted
polymer synthesis, Paper IV. The use of these solvents produced polymers with
morphological features comparable to those prepared in conventional solvents, and
sensitivities towards bupivacaine template were observed. Collectively these results
present a new strategy for generating new hierarchical polymer architectures and a
new class of solvent for polymer synthesis, which can also be used for molecular
imprinting, that can be used as an alternative to conventional and sometimes
flammable or toxic polymerization solvents.

Keywords: Liquid crystalline media, molecularly imprinted polymers, non-ionic
deep eutectic solvents, quartz crystal microbalance
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Svensk populirvetenskaplig sammanfattning

I denna avhandling utforskas nya metoder for att reglera bade strukturen
hos polymerer och deras molekylira igenkidnning. Tillimpning av dessa
metoder i samband med molekylavtryckstekniken gor det mojligt att
forbéttra polymerernas egenskaper i sensortillimpningar och att ersétta
vanliga l6sningsmedel for polymerframstillning.

I arbete I och II anvindes flytande kristaller som losningsmedel vid
framstéllning av polymerer. Nér de flytande kristallerna anvéndes i
samband med molekylavtryckstekniken bildades ordnande strukturer i
polymererna, vilket gav en 6kning av kinsligheten i en sensor.

En klass av nya l6sningsmedel, sé kallade "icke-joniska djupa eutektiska
l6sningsmedel", anvindes for polymerframstdllning i arbete III och i
samband med molekylavtryckstekniken i arbete IV. Strukturen hos de
polymerer som framstilldes med hjdlp av dessa losningsmedel var
jamforbar med den hos polymerer som framstéllts 1 traditionella
l6sningsmedel, och molekylavtryckstekniken fungerade som forvéntat.

Tillsammans demonstrerar dessa resultat en ny metod for att pdverka
strukturen hos polymerer och en ny klass av 16sningsmedel som alternativ
till konventionella, ibland brandfarliga eller toxiska l6sningsmedel for
polymerframstéllning.
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1. INTRODUCTION

New materials are essential for resolving societal challenges ranging from
the need for better health care and security to energy management, through their
use in more sensitive and robust detection systems and for limiting energy
consumption and for energy storage [1]. For use in such applications, the
physico-chemical properties of materials need to be engineered to allow for the
integration of the material into its operating environment and to optimize its
function. To achieve these requirements, methods are needed for controlling
material properties over the Angstrom- to micrometer-scale, which in turn
necessitates understanding and directing molecular recognition events. In this
thesis new molecular recognition-based strategies are explored aimed at
producing polymeric materials with pre-determined physico-chemical
properties over this size range.

1.1 Molecular recognition

Molecular recognition is described as the interaction between one molecule,
the host, and another target molecule, the guest, with high specificity and
affinity to form a specific complex through non-covalent interactions, such as
electrostatic interactions, hydrogen-bonds, hydrophobic interactions and van
der Waals forces [2]. These host-guest relationships play a key role in biological
systems and they are essential for the existence of life. Biological systems rely
on the ability of biomolecules to specifically recognize each other. Many
examples of molecular recognition exist in nature such as the antigen-antibody
recognition in the immune system, the binding of an enzyme to a substrate,
protein-deoxyribonucleic acid (DNA) and ribosome-ribonucleic acid (RNA)
interactions.



1.1.1 Biomolecular recognition

Antibodies, also known as immunoglobulins (Igs), are the most widely
studied and best-known examples of biomolecular recognition in nature.
Antibodies are large proteins synthesized by the immune system to selectively
recognize and neutralize foreign objects, called antigens, that can range from
simple proteins to large bacteria and viruses [3]. Each antibody is comprised of
two identical light (25 kDa) chains (each containing about 220 amino acids) and
two identical heavy (55 kDa) chains (each usually containing about 440 amino
acids). The four chains are held together by disulfide bridges to form a Y shape
(Figure 1.1, left). The variable regions of an antibody form antigen-binding sites
(paratope) with specific shapes at the tip of each arm for interaction with the
antibody binding sites of an antigen (epitope) and only antigens that match this
shape will fit into these binding sites (Figure 1.1, right). This interaction occurs
via electrostatic forces, hydrogen bonds, van der Waals forces, hydrophobic
forces, or a combination of all these non-covalent interactions. The ability of
antibodies to bind to their targets with high affinity and specificity makes them
good candidates for therapeutic and diagnostic applications such as detection
and quantification of antigen targets and also for treatment of certain diseases
[4-6].
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Figure 1.1. Antibody structure (left) and antibody-antigen recognition (right).
Reproduced with permission from [7].

However, there are some limitations associated with biological recognition
elements such as instability and high production cost. For example, antibodies



are fragile, unstable and short-lived outside their native environment, therefore
they cannot be used on a large scale or under harsh conditions and these
disadvantages limit their use in many applications [8]. Extensive efforts have
been focused on the development of synthetic systems mimicking the natural
processes of molecular recognition which would be able to overcome the
limitations associated with natural systems.

1.1.2 Artificial receptors

In 1967 Pedersen reported the synthesis of cyclic polyethers which he named
crown ethers. These molecules are recognized as highly selective compounds
which interact with metal ions. They are composed of several repeating units of
ethylene oxide which exhibit the binding selectivity for alkali metal and alkali
earth metal cations [9]. For example, 18-crown-6 (Figure 1.2, left) has a strong
binging affinity for a potassium cation (K"), 15-crown-5 (Figure 1.2, middle)
for sodium cation (Na") and 12-crown-4 (Figure 1.2, right) for lithium cation
(Li".

Figure 1.2. Chemical structures of (left) 18-crown-6, (middle) 15-crown-5
and (right) 12-crown-4 crown ethers binding alkali metal ions.

Jean-Marie Lehn in 1969 expanded Pedersen's fundamental discovery by
designing cryptands, polycyclic compounds which are three-dimensional
analogues of crown ethers resulting in higher selectivity and stronger binding
to the guest ions than that achieved with simple crown ethers. An important
example of these molecules parallel in size to the 18-crown-6 but exhibiting
higher binding selectivity is the [2.2.2] cryptand (Figure 1.3, left). This higher
selectivity is believed to be due to the metal ion being held within a three-
dimensional “spherical recognition” cavity [10].



Figure 1.3. Chemical structures of [2.2.2] cryptand complexed with K" (left)
and spherand (right).

Donald J. Cram provided further development of the area when he introduced
spherands, highly stable molecules forming strong complexes of extremely high
selectivity. These compounds are composed of multiple aromatic rings of
covalently bound phenyl groups with preformed cation binding sites making
them inflexible and more rigid in structure than crown ethers and cryptands
[11]. The spherand (Figure 1.3, right) is one of the strongest complexants
known for Li".

Due to their remarkable capacities to form stable complexes with metal ions,
non-metal ions, and neutral molecules, crown ethers played a leading role in the
development of host-guest chemistry, a term used by Cram and together they
are considered the first generation of hosts, representing the birth of
supramolecular chemistry, a term coined by Lehn [12]. The work of Pedersen,
Cram and Lehn was recognized when they were awarded the Nobel Prize in
1987 “for their development and use of molecules with structure-specific
interactions of high selectivity" [13]. Their pioneering work has opened the way
for new advances in the area of macrocyclic chemistry, offering new areas for
their application including; ion chromatography, phase-transfer catalysis,
organic and inorganic synthesis and biochemistry. However, the synthesis of
such receptors is complicated, expensive and very time consuming. The
development of straightforward techniques for the synthesis of stable
alternatives at low cost is desirable. Strategies including the screening of phage
display [14] and SELEX libraries [15], which are also subject to the problems
associated with biomolecular stability, and combinatorial chemical libraries
[16-17] have been developed, though perhaps more promising is the molecular
imprinting technique.
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1.2 Molecular imprinting

Molecular imprinting is a technique for creating highly selective polymeric
receptors in synthetic polymers. These molecularly imprinted polymers (MIPs)
possess ligand-recognition characteristics reminiscent of those of biological
counterparts, e.g. antibody-antigen recognition [18]. This has led to MIPs often
being referred to as artificial antibodies, synthetic receptors, and even as
enzyme mimics in cases when they demonstrate catalytic properties. Common
to MIPs is that they selectively recognize and bind a target molecule, often with
affinities and specificities comparable to those observed in biology.

In this method, a well-defined composition of polymerizable functional
monomers and cross-linking monomers are co-polymerized in the presence of
the template molecule, in a porogenic solvent chosen to solubilize and stabilize
the pre-polymerization mixture. After polymerization, the template is removed
from the polymeric structure by washing with a suitable solvent, revealing
recognition sites that are complementary to the template in terms of size, shape
and functionality; this enables subsequent recognition of the template, or a
structural analogue, during the rebinding process [19]. The concept behind the
formation of the selective binding sites is schematically shown in Figure 1.4.

Template extraction Rebinding

f de, assembly ~ Polymerization
—_—
—
1!' — t-! @ Eg@

Figure 1.4. Schematic illustration of the molecular imprinting principle. 1:
template (blue), 2: monomers (yellow, red and green) and 3: cross-linker (pink)
self-assemble in the pre-polymerization mixture. After polymerization, the
template is extracted resulting in a polymer with recognition sites able to rebind
again the template molecule.

There are many parameters that influence the molecular imprinting process
and impact on MIP performance. Thus, the nature of the template, and the
choice of the chemical reagents i.e. functional monomer, cross-linker and
solvent is crucial in order to get efficient functional MIPs, as are temperature
and pressure [20-21]. The template is at the center of MIP preparation and the
choice of functional monomer is critical as it must have chemical groups that
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can interact with complementary functional groups of the template. The most
commonly used functional monomers in MIP synthesis participate in hydrogen
bonding interactions. Cross-linkers are responsible firstly for fixing and
controlling the morphology of the polymer complex, secondly for stabilizing
the imprinted binding sites and lastly for providing mechanical stability and
cavity rigidity in the resultant polymer. The functional monomer to cross-linker
ratio should be high enough to maintain stability and the porousness of the
recognition sites thus the greater degree of cross-linker the more rigid the
polymer. The most frequently used method for the preparation of imprinted
polymers is the free radical polymerization that is triggered by an initiator either
by  thermolysis  (heat), photolysis (UV  radiation) or by
chemical/electrochemical means. The porogen is responsible for bringing
together all pre-polymerization components (template, monomer, cross-linker,
initiator) and to form pores in the macroporous polymers. In addition, the
porogen should also stabilize the template-monomer complex formation in non-
covalent imprinting [22-24].

There are three different approaches for synthesizing MIPs, which differ in
the nature of the interactions between the template molecule and functional
monomers involved in the imprinting and rebinding steps: the covalent, non-
covalent and semi-covalent approaches. The covalent approach involves the
formation of covalent bonds between the template and the functional monomers
prior to polymerization; the template is then chemically cleaved from the
resultant polymer. During the rebinding process, the covalent bonds are re-
formed to bind the template to the polymer network. Wulff et al. reported the
first example of covalent imprinting [25], using 4-nitrophenyl-o-D-
mannopyranoside conjugated to p-vinylbenzeneboronic acid as template, and
co-polymerized it with methyl methacrylate and ethylene dimethacrylate as a
cross-linking monomer. After polymerization, the boronic acid ester was
cleaved, and the 4-nitrophenyl-o-D-mannopyranoside was extracted. During
the rebinding process it was found that the resultant polymer bound strongly
and selectively to the template. This strategy was later further developed by
Shea [26]. The main advantage of this method is the homogeneity of the binding
sites due to the orientational control and interaction stability provided by
covalent bonds. This has been further studied by Shimizu and co-workers [27].
Moreover, this approach accomplishes higher binding constants due to covalent
bond types such as boronate ester [28], ketal/acetal [29], and Schiff’s base [30].
However, this technique has some drawbacks including the requirement for
significant synthetic effort and the oftentimes slow kinetics of bond formation
and cleavage making the removal of the template difficult. Moreover, there is a
limited number of reversible covalent bond-types available and matching the
template and monomers functionalities for covalent imprinting can be difficult.
These disadvantages limit the use of this method in many application areas.
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In the early 1980’s, Mosbach and co-workers introduced a second strategy
that became known as non-covalent imprinting [31]. In this approach, the
template interacts with a functional monomer through non-covalent
interactions, e.g. hydrogen bonding, van der Waals forces and ionic or m-m
interactions, during the imprinting and rebinding procedures. Prior to
polymerization, the template and functional monomers are self-assembled
simply by dissolving them in a suitable solvent. The template is removed by
washing the prepared MIPs with a suitable solvent or a mixture of solvents and
the rebinding process of the template to the imprinted sites is based on non-
covalent interactions. Non-covalent imprinting is the predominant method used
today due to its simplicity, faster template rebinding, and ease of removal of the
template from the polymer. In addition, a large number of functional monomers
and crosslinkers are commercially available. The most commonly used
functional monomers include methacrylic acid (MAA), trifluoromethylacrylic
acid, acrylamide and hydroxyethylmethacrylate (HEMA), and cross-linkers
include ethylene glycol dimethacrylate (EGDMA) and divinylbenzene (DVB)
Figure 1.5 presents the building blocks for molecularly imprinted polymer
synthesis used in this thesis.

The non-covalent technique was used for instance by Haupt et al. for
imprinting the herbicide 2,4-dichlorophenoxyacetic acid (2,4-D) in the presence
of the polar solvents methanol and water using a 4-vinylpyridine-co-EGDMA
based polymer system. The complex formation between the template and the
functional monomer 4-vinylpyridine relied on the combination of hydrophobic
and ionic interactions [32]. However, the non-covalent strategy suffers from
some drawbacks including heterogeneity of the recognition binding sites due to
the excess use of monomers in order to displace the equilibrium towards the
formation of template-monomer complexes, leading to the formation of non-
specific binding sites thus diminishing the binding selectivity [33].

In 1995, Whitcombe and co-workers developed a hybrid approach,
combining the advantages of the covalent and the non-covalent methods, called
semi-covalent imprinting [34]. In this method, the template is covalently
coupled to functional monomers during polymerization whereas rebinding
takes place with non-covalent interactions. During the semi-covalent imprinting
process, a linker group known as “sacrificial spacer” is used between the
template and the functional monomer to prevent steric crowding, this linker is
removed along with the template. This approach has been used successfully in
extraction or clean-up procedures of compounds such as glyceric acid [35], 4-
nitrophenol [36] and phenols [37].

Depending on the intended application, MIPs have been prepared in a variety
of formats. Traditionally, MIPs have been prepared as monoliths by bulk
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polymerization where the resultant monoliths are crushed, ground, sieved to an
appropriate particle size and subsequently packed in a chromatographic
column. Although this method is simple, the preparation steps are time-
consuming, tedious, unsuitable for large-scale production, and the ground
particles are irregular in size and shape. To overcome the perceived drawbacks
of bulk polymerization, more sophisticated MIP formats such as
(nano)monoliths, fibres, nanoparticles, beads, membranes and thin films have
been developed using various synthetic strategies including in situ
polymerization, suspension polymerization, precipitation polymerization,
multi-step swelling and surface polymerization [23, 38].

CHa 5 2 CHs 3
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N NH,
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" \\ H¢” CH
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Figure 1.5. Structures of bupivacaine (1), ropivacaine (2), mepivacaine (3),
MAA (4), HEMA (5), 3-aminophenylboronic acid (APBA, 6), p-
phenylenediamine  (p-PD, 7), EGDMA (8), DVB (9), 14
bis(acryloyl)piperazine (BAP, 10), 2,2"-azobis(2-methylpropionitrile) (AIBN,
11) and 2,2'-azobis(2-methylpropionamidine) dihydrochloride (ABAH, 12).

In comparison to their biological analogues (enzymes, antibodies, and

hormone receptors), the advantages of MIPs include their ease of preparation,
low cost, high physical and chemical resistance and no requirement for
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laboratory animals or hapten conjugation protocols. Moreover, they can be
stored for several years at room temperature without losing their performance
[23, 39]. These advantages have enabled them to be used successfully in
different application areas.

One of the most widely studied areas of MIP applications is their use in
analytical separations. MIPs have been utilized as sorbents for solid-phase
extraction (SPE) known as molecular imprint-based SPE (MISPE) [40-42]. In
1994, Sellergren was the first to report the use of MISPE where he prepared a
pentamidine selective MIP for its online sample enrichment from spiked urine
[43]. MIPs have also been used as chiral stationary phases for racemic mixtures
in high-performance liquid chromatography (HPLC) in order to get optically
pure compounds and fine chemicals [44-46]. For example, baseline separation
of D- and L-phenylalanine (Phe) was achieved by employing D-Phe imprinted
poly(MAA-co-EGDMA) microbeads as HPLC stationary phase [47].

One interesting application of MIPs is the creation of highly catalytically
active polymers or plastic enzymes able to mimic the high affinity binding and
specificity of antibodies and enzymes [48-50]. An early example from the
Mosbach group involved a MIP able to catalyze the isomerization of
benzisoxazole to 2-cyanophenol [51].

MIPs are good candidates for application in therapeutics and medical therapy
due do their ability to bind strongly and selectively to bioactive molecules. The
use of MIPs in drug delivery systems [52] offers tremendous potential, although
with great challenges, e.g. biocompatibility. Efforts in this field are being
directed, in particular, towards the preparation of MIPs for controlled delivery
of drugs. For example, Norell et al. prepared theophylline MIPs to examine
their potential as a controlled release drug dosage form [53-54], and MIPs have
even been used in contact lenses for ocular administration of beta-blockers [55].

MIPs have been employed as antibody and receptor mimics due to their high
affinities and specificities, often comparable to those of antibodies and
biological receptors [56-60]. The first use of MIPs as an antibody substitute was
demonstrated by Mosbach’s group in 1993. They prepared a MIP-based assay
for theophylline and diazepam using radio-labeled ligands and the results
showed strong binding and cross-reactivity profiles similar to those of
antibodies [61]. This molecularly imprinted sorbent assay was later used by
other groups to develop assay systems for the detection of several compounds
e.g. morphine [62], (S)-propranolol [63], herbicides [64] and corticosteroids
[65].
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Molecular imprinting techniques have also been utilized for small target
ligands and also for macromolecules like proteins [66-67]. For example,
protein-imprinted films have been prepared for the detection of low-density
lipoprotein [68], bovine hemoglobin and insulin [69] and protein C in human
serum [70].

MIPs have been successfully used as artificial recognition elements in
biomimetic sensing devices or sensors, in particular piezoelectric quartz crystal
microbalance (QCM)-based systems [71-76], though even in electrochemical
[77-80], surface plasmon resonance [81-83] and fluorescence-based [84-85]
sensor platforms.

1.3 Quartz crystal microbalance

The working principle of a quartz crystal microbalance (QCM) is based upon
piezoelectricity (from the Greek “pressure-electric) of quartz crystals. This
piezoelectric effect was first published in 1880 by Pierre and Paul-Jacques
Curie [86], describing the development of an electrical charge on a crystal in
response to an applied mechanical stress (pressure) [87-88]. In a QCM, the
application of an alternating voltage to a quartz crystal causes a mechanical
oscillation of characteristic frequency resulting in vibrations of the piezoelectric
crystal [89-90].

Quartz (Figure 1.6, left), the crystalline form of silicon dioxide (Si0O»), is a
naturally occurring piezoelectric material. Quartz crystal is the most commonly
used piezoelectric material because of its ready availability, robust mechanical
properties, good reliability, long life and in particular its resistance to high
temperatures [91]. The manner in which the quartz crystal is cut determines its
resonant frequency and its mode of oscillation. The AT-cut is the most popular
cut type used for oscillations in the MHz range and it is performed by slicing a
quartz rod at an angle of 35°15” to the z-axis of the crystal (Figure 1.6, right)
[88]. AT-cut crystals are suitable for sensor devices since their oscillations are
very temperature stable within the 10 to 50 °C range [92]. Most quartz crystal
transducers have a basic resonant frequency of 5 or 10 MHz although 20 to 30
MHz crystals are sometimes used; however they require more careful handling
because their quartz plates are very thin and fragile [93]. Practical difficulties
in making very thin quartz crystal plates limit the highest fundamental
frequency that can be achieved to 45 MHz. Piezoelectric quartz crystal
resonators are also used in common electronic devices such as watches,
computers, radars, televisions and cellular phones [94].
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Figure 1.6. Quartz crystal cluster (left) [95] and AT-cut quartz crystal (right)
Copyright © 2018 Laurin Publishing Co., Inc [96].

When used for QCM, a piezoelectric AT-cut quartz crystal is sandwiched

between two electrodes (Figure 1.7, left) and resonates electromechanically in
the thickness shear mode (Figure 1.7, right) [97].
metal electrodes on

P the opposite sides -
Ay
<= ~
quartz ]
/l_plate . -
thickness shear vibration
\ wire hok of the quartz crystal plate

Figure 1.7. A piezoelectric quartz crystal sandwiched between two metal
electrodes on opposite sides of the quartz crystal (left), resulting in thickness
shear vibration when a voltage is applied (right). Adapted from [98].

The frequency of the transducer oscillation in a QCM sensor changes with
mass deposited on its surface in the gas phase or vacuum according to the
Sauerbrey equation [87]:

_—ZﬁAm

A
/ AP,

Where Afis the frequency shift (Hz), /o is is the operating frequency of the
QCM (Hz), Am is the mass change (g), A is the active area of the QCM
electrode (cm?), i is the is the shear modulus of quartz (2.947x 10'' g cm™ s~
%), pq is the density of quartz (2.648 g cm™) and C is the integrated QCM
sensitivity.

=—-CAm
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The work of Sauerbrey is considered as providing the basis for the
development of QCM as an analytical tool for measuring mass. Early QCMs
were applied in vacuum and gas environments, however, advancements in
recent years has allowed it to be operated in liquid media where the quartz
oscillator is also affected by changes in density, conductivity, temperature and
viscoelasticity at the solid-liquid interface. Basically, a viscoelastic film will
not fully couple to the oscillation of the crystal but instead will dampen it, a
behavior that initiated the development of QCM with dissipation measurement,
QCM-D, for monitoring the damping, or energy dissipation, parameter which
gives information on the deposited mass layer oscillating with the sensor [99-
100].

QCM has become an attractive technique and it has been used for
electrochemical sensors [101], immunosensors [102], and biosensors [103].
These applications take advantage of the QCM’s capacity for accurate, label-
free detection of target analytes on a nanogram scale [104].

A chemical sensor or a biosensor is a device that detects and transforms
chemical information into an analytically useful signal. Biosensors rely on the
specific molecular interactions between the recognition element (e.g. antibody,
enzyme or DNA) and analytes in the sample (Figure 1.9). The recognition
element is connected to a transducer which then translates this bio-recognition
event into a measurable signal (Figure 1.8).

. D: Antibody Optical
Q Enzyme Piezoelectric
. ‘):' Aptamer » Magnetic
‘ ’ Protein Electrochemical
OZ' MIPs Electromechanical
Sample Recognition Transducer Reader
analyte element or detector device

Figure 1.8. General schematic representation of a chemical sensor or a
biosensor.

MIPs have recently been utilized as molecular recognition elements instead
of biomolecules in chemical-sensing systems in combination with QCM
transducers for the creation of powerful sensors which can be applied in clinical
diagnosis, environmental analysis and enantiomeric separation [105-107]. MIP
films have gained an increased interest due to their high selectivity and stability,
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simple and inexpensive methods of preparation, as well as the wide range of
polymer functionalities available and the easy control of film thickness.

MIPs can be immobilized on QCM transducers through two main
approaches: immobilization of pre-synthesized MIP particles and in situ
polymerization. For immobilization of MIP particles on gold surfaces, the
sensor surfaces are first covered with self-assembled monolayers (SAMs)
which may be composed of thiolated compounds such as 11-
mercaptoundecanoic acid to introduce active groups on the gold electrode and
for the improvement of the attachment of MIP particles to the modified sensor
surface [108-109]. Silicon dioxide surfaces are instead covered with SAMs of
organosilanes such as 3-aminopropyltriethoxysilane [110-111].

To immobilize MIPs using in situ polymerization, different strategies have
been used including surface grafting, sandwich casting, spin coating and
electro-polymerization [112-113]. In surface grafting, the sensor chip is
immersed in a solution containing template, monomer and cross-linker and the
application of UV irradiation results in a surface-grafted polymer film on the
quartz resonator. In sandwich casting, a pre-polymerization mixture is dropped
on the surface and the sensor is covered by a glass cover slide to spread the
polymer solution uniformly while UV irradiation is applied. In spin coating a
sensor surface containing a pre-polymerization mixture is rotated at high-speed
to distribute the polymer solution evenly and thus obtain a uniform polymer
layer. Electro-polymerization is performed using an electrolyte solution to
prepare MIP on the surface of a sensor electrode [114].

1.4 Manipulating polymeric materials at the
molecular level

Recently, there has been a tremendous increase in the use of nano and micro-
scaled materials for different applications. Nature makes effective use of
templates for regulating molecular-level (Angstrom- and nano-scale) events in
biology. The molecular self-assembly processes are essential for life in all
living organisms ranging from the simplest cell to soft tissues. For instance, the
cell membrane is composed mainly of phospholipid bilayers which are
amphiphilic in nature, i.e. they contain both hydrophilic and hydrophobic
regions. These bilayer membranes have many biological functions including
transport, signaling and recognition between the cell and its environment.
Inspired by nature, molecular self-assembly has attracted considerable attention
and it has been a topic of great interest in science and technology for the
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development of synthetic novel materials having hierarchical nanostructures
which are able to mimic biological systems.

Amphiphiles are interesting molecules due their ability to form aggregates
of different morphologies in aqueous media [115]. The self-assembly occurs
depending on the amphiphile’s structure and concentration, as well as the
temperature and pressure. Above a certain concentration, known as the critical
micelle concentration (Figure 1.9) amphiphiles tend to form micelles and
further increase of concentration leads to the formation of different liquid-
crystalline phases such as lamellar and normal or reverse hexagonal phases
[116-119]. The driving forces acting in the amphiphiles self-assembly processes
are non-covalent interactions such as hydrogen bonding, hydrophobic effects,
electrostatic interactions, and van der Waals forces.
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Figure 1.9. Schematic illustration of an amphiphilic surfactant dissolved in a
solvent to form lyotropic liquid crystalline phases. Reproduced from [120].

Surfactants are examples of amphiphilic molecules widely used in many
everyday products such as soaps, detergents, dispersants, cleansers, paint,
paper, oil, efc. [121]. Depending on the nature of the hydrophilic group,
conventional surfactants are classified as anionic, cationic, zwitterionic or non-
ionic. An anionic surfactant has a negatively charged head group (e.g. sodium
dodecyl sulfate (SDS) and dioctyl sodium sulfosuccinate (AOT)). A cationic
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surfactant has a positively charged head group (e.g. cetyltrimethylammonium
bromide (CTAB) and cetyltrimethylammonium chloride (CTAC)).
Zwitterionic or “amphoteric” surfactants contain both cationic and anionic head
groups (e.g. N-dodecyl-N,N-dimethyl-3-ammonio-1-propanesulfonate (SB-
12)). A non-ionic surfactant bears no apparent ionic charge (e.g.
polyoxyethylene glycol octylphenol ether (Triton X-100) and (polyethylene
(7.5) tert-octylphenyl ether) (Triton X-114)) [122].

In this thesis, bottom-up strategies have been explored where liquid
crystalline phases of Triton X-100/water and AOT(p-xylene)/water have been
used for producing nanostructured MIP polymer films with high surface areas
being of particular interest due to the scalability of the process and relatively
inexpensive materials that are required.

Furthermore, in pursuit of more solvents capable of mediating molecular
level environments in synthetic polymers, we have recently introduced the use
of non-ionic deep eutectic solvents (ni-DESs) [123] for a range of applications,
including their use as porogens in polymer synthesis. Over the past few decades
ionic liquids (ILs) have been extensively explored owing to their unique
properties such as negligible vapor pressure, high ionic conductivity, high
polarity, non-volatility, recyclability, non-flammability, and high thermal,
chemical, and electrochemical stability, which have made them regarded as
alternatives for industrial volatile organic compounds [124]. These liquids are
composed entirely of ions and are liquid at ambient or well below ambient
temperature. They have been widely explored in varied applications including
drug delivery [125], organic synthesis [126], polymer synthesis [127] and they
have also been used in analytical processes such as separation, extraction,
sensing, spectrometry and electrochemistry [128].

Deep eutectic solvents (DESs) are a class of IL analogues which are formed
from a eutectic mixture of solid compounds that are not necessarily salts, such
as choline chloride with hydrogen-bond donors such as urea [129-132]. A
eutectic solvent is a mixture of an appropriate amount of two or more
compounds that are capable of self-association to form a eutectic mixture
(Figure 2.0) with a melting point/freezing point that is significantly lower than
that of each individual component [133-135]. The cost, toxicity and
biodegradability aspects of ionic liquids [136-140] lead to the search for
alternatives and development of ni-DESs, which exhibit similar physico-
chemical properties to conventional ionic liquids, however, they are ion-free,
cheaper, have low toxicities and are ease to prepare [123, 141].
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Soviet scientists searching for liquid fertilizers and growth promoters
identified the first non-ionic deep eutectic liquid [142], a mixture of the
biologically and environmentally benign substances acetamide (67%, wt) and
urea (33%, wt), with melting points of 80 °C and 133 °C, respectively, and a
eutectic temperature of 56 °C. Our group performed computational studies of
the acetamide—urea (2:1) system and the results showed that higher-order
complexes of the components were the basis for the deviation from Raoult’s
law that underlies the melting point depression [143]. Based upon these
observations, we designed a family of amide-urea-based systems where N-
methyl substitutions were used to attenuate interaction between the flickering
cluster-like species, to produce systems with deep eutectic behavior. This series
of ni-DESs (Table 1.1) include examples with sub-room temperature liquid
states. In addition, these observations together with the low toxicities and the
availability of these solvents from renewable sources [133] motivated studies
to explore these ni-DESs in polymer synthesis and their potential use as
alternatives to traditional ionic liquids and other environmentally problematic
organic solvents in free-radical polymerization reactions.
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Figure 2.0. Schematic representation of temperature—composition phase
diagram for a binary eutectic mixture exhibiting a eutectic point.
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Table 1.1. Amide-urea eutectic combinations, their ratios and their eutectic
temperatures.

Compounds with Ratios Eutectic

melting points (°C) temperatures (°C)
Acetamide (80) — Urea (132) 65:35 56+2
Acetamide (80) — N-methylacetamide (30) 70:30 15+4
Acetamide (80) — N-methylurea (98-102) 50:50 42+3

Acetamide (80) — N,N’-dimethylurea (101- 50:50 43+3
104)

N-methylacetamide (30) — N-methylurea 80:20 14 £2
(98-102)
N-methylacetamide (30) — N,N’- 70:30 12 =4

dimethylurea (101-104)
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1.5 Objectives of this thesis

The primary aim of this thesis was to explore new approaches for controlling
nanostructured polymer architectures and to employ these in conjunction with
molecular imprinting to enhance material performance in sensor-based
applications.

Two strategies were to be explored:

Firstly, to establish the feasibility of performing molecularly imprinted
polymerization in liquid crystalline (LC) media, and thereafter to determine the
eventual scope of the strategy.

Secondly, to determine whether a class of novel solvents, so-called “non-ionic

deep eutectic solvents (ni-DESs) could be used in polymer synthesis and
ultimately in conjunction with molecular imprinting strategies.
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2. LIQUID CRYSTALLINE MEDIA-
INFLUENCED POLYMER
ARCHITECTURES

2.1 Liquid crystalline (LC) media

The use of liquid crystalline (LC) media as sacrificial templates in polymer
synthesis was explored in Papers 1 and II. The LC-media were used for
producing hierarchical architectures in molecularly imprinted polymers. The
template used, the local anesthetic bupivacaine, has been extensively used in
the study of many aspects of the molecular imprinting technique [144-148].
Polymer functionalities and morphologies were studied by FT-IR and SEM,
respectively. The influence of the LC-media induced morphological features on
the imprinted polymers was studied using QCM under flow injection analysis
(FIA) conditions. In Paper I, the first use of LC-media in conjunction with
molecular imprinting for the synthesis of hierarchical imprinted materials is
presented. In Paper I1, the scope of this strategy was explored using alternative
polymers and surfactants.

Lyotrophic LC phases of Triton X-100 (TX-100, Figure 2.1, left) and AOT
(Figure 2.1, right) in p-xylene/water were prepared using established protocols
[118, 149-150]. LC TX-100 was prepared by mixing TX-100 in water (42%,
v/v), then the mixture was heated at 45 °C until a homogenous phase was
obtained before cooling to room temperature (18 °C). For the AOT LC phase,
a 1.5 M AOT solution in p-xylene was prepared. The molar ratio of water to
AOT was then adjusted to 15:1. The mixture was stirred continuously for 12 h
to afford a homogenous phase of the viscous liquid at 18 °C.

o 0
OH
n 0. CH,
He He /\/j/\o
H,C —
CH 0—Ss—0 0
H,C H,C 3 [

HC

Figure 2.1. Structures of TX-100 (left) and AOT (right).
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2.2 Polymer synthesis

In Paper I, MIP films were prepared by electropolymerization on gold-
coated quartz (Au/quartz) transducers. Initially, polymerization reaction
mixtures were prepared by dissolving bupivacaine hydrochloride (1 eq.)
together with APBA (5 eq.) and p-PD (25 eq.) as cross-linking functional
monomers either in ultrapure water or in TX-100 LC.

In Paper 11, MIP films were prepared on silicon dioxide (SiO) coated quartz
resonators by photo-chemical initiation. Bupivacaine (free base) was used as
template, MAA or HEMA as functional monomer and DVB, EGDMA or BAP
as cross-linker in a 1:12:55 template:monomer:cross-linker ratio. The pre-
polymerization mixtures were allowed to equilibrate for complex formation in
the lyotrophic LC phases of TX-100/water and AOT(p-xylene)/water systems.
Polymer films were grown on these silanized surfaces following a strategy
summarized in Figure 2.2.

¢ Dispensea drop of LC phase enclosing
the pre-polymerization components

Surface functionalized
Au/quartz resonator

LC medium with monomers
and crosslinkers
& Polymerization
Polymer synthesized
within the LC medium

’/: Polymer nanofibrils

Extraction of surfactant by
washing in relevant solvents

w

Figure 2.2. Synthesis of polymer films using liquid crystalline medium.

26



For the bulk polymer synthesis, thermo-initiated polymerization was
performed. After polymerization, the resultant bulk polymers were crushed,
ground, washed and subsequently, the particles of 63-125 um size were
collected. For comparison conventional organic or aqueous solvents were also
used in polymer synthesis to serve as control for respective polymer systems.

2.3 Characterization, results and discussion of
polymers synthesized in LC media

2.3.1 Identification of polymer components

The chemical functionalities of the thin polymer films and polymer
monoliths were studied either by refractive angle infrared (RAIR) or by Fourier
transform infrared spectroscopy (FT-IR) for the identification and verification
of the presence of the anticipated polymer functionalities in both Papers I and
1L

v(C=C, ring)

— MIP-LC

—— REF-LC
MIP-Aqueous

—— REF-Aqueous

v(B-OH)  V(N-H)
v(C-H) \

T T T T T 1
1000 1500 3000 4000

-1
Wavenumber . cm

Figure 2.3. RAIR spectra of the bupivacaine MIP and REF films prepared
either in the liquid crystalline media or in water.
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The spectral features of MIP and REF polymer films prepared in both TX-
100/water LC and water media (Paper I) were comparable which indicate that
the template does not affect the polymerization process and the co-polymer
composition. Moreover, the absence of vibrational bands for & (C-N) around
1550 cm™ and ether (C-O-C) around 1045 cm™ support the conclusion that the
bupivacaine template and TX-100/water LC were both efficiently removed
from the polymer films (Figure 2.3).

Again, MIP and REF polymer particles (Paper II) prepared either in LC
media or conventional solvents show comparable spectral features confirming
the co-polymerization process (Figure 2.4). Importantly, no evidence of the
presence of residual LC media was found. In particular, the absence of distinct
spectral bands for v (C-O-C) and v (SO;) around 1230 cm™, confirms the
removal of TX-100/water and AOT(p-xylene)/water from the polymer
scaffolds meaning that the LC medium acts as a sacrificial structure during the
polymerization process. Interestingly, the absence of a strong band for the v (C-
N) around 1550 cm™! characteristic for bupivacaine confirmed its removal.

Generally, elemental analysis results (Table 2.1) revealed comparable
compositions for MIP and REF polymers prepared in the LC media. The
compositions of the polymers prepared in LC media were even comparable with
polymers synthesized in conventional solvents These results together with the
FT-IR data indicate that the monomers are incorporated into the polymer as
expected and that the presence of the LC media does not impact dramatically
on polymerization. Importantly, neither of the techniques show significant
differences between the compositions of the MIP and REF polymers.
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Figure 2.4. FT-IR spectra of HEMA-DVB (P1-P6), HEMA-EGDMA (P7-P11)
and MAA-BAP (P12-P16) polymers prepared in different solvents.
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Table 2.1. Elemental analysis of HEMA-DVB (P1-P5), HEMA-EGDMA (P6-
P11) and MAA-BAP (P12-P16) polymer systems.

Polymer systems Carbon  Hydrogen Nitrogen
(%) (%) (%)
1. MIP-HEMA-DVB-TX-100 83.7 8.5 <0.5
2. REF-HEMA-DVB-TX-100 86.5 8.5 <0.5
3. MIP-HEMA-DVB-AOT 84.7 8.0 <0.5
4. REF-HEMA-DVB-AOT 86.6 8.0 <0.5
5. REF-HEMA-DVB-TOL 84.2 8.3 <0.5
6. MIP-HEMA-EGDMA-TX-100 58.2 7.2 <0.5
7. REF-HEMA-EGDMA-TX-100 58.8 7.5 <0.5
8. MIP-HEMA-EGDMA-AOT 58.9 7.0 <0.5
9. REF-HEMA-EGDMA-AOT 58.7 7.1 <0.5
10. REF-HEMA-EGDMA-ACETO 57.3 7.1 <0.5
11. MIP-MAA-BAP-TX-100 53.1 7.6 10.9
12. REF-MAA-BAP-TX-100 53.7 7.9 11.1
13. MIP-MAA-BAP-AOT 54.1 7.8 11.0
14. REF-MAA-BAP-AOT n.d.?
15. REF-MAA-BAP-WATER 53.2 7.8 11.4

2 not determined

2.3.2 Surface topography and morphology of polymers

Scanning electron microscopy (SEM) was used to examine the structure and
surface morphology of 3-ABPA—p-PD MIP and REF polymer films are shown
in Figure 2.5 (Paper I). Both the MIP and REF polymer films synthesized in
TX-100/water LC media showed unique hexagonal cylindrical structures with
organized, densely packed nanowires or brush-like structures with thickness
ranging from 39.9 + 7.8 nm and 44.6 + 6.7 nm for MIP and REF films,
respectively [151]. On the other hand, MIP and REF polymer films synthesized
in aqueous media were uniform, and lacking any noticeable morphological
features.
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Figure 2.5. SEM topography of MIP/REF (TX) polymer films synthesized in
TX-100/water LC media and MIP/REF (WAT) synthesized in water (Paper I).

In Paper II, the extended use of LC media was explored where AOT(p-
xylene)/water reverse LC media was included together with TX-100/water in
the preparation of molecularly imprinted polymers. SEM analysis results of
MAA-BAP polymer systems (Figure 2.6) demonstrated hexagonal structures in
both MIP and REF synthesized in AOT(p-xylene)/water reverse LC media
compared to the films prepared in TX-100/water and water. This can be
explained by the significantly higher solubility of BAP in water than in oil. As
a result, the pre-polymerization mixture can be compactly packed in the
hexagonal phase of the AOT(p-xylene)/water LC media, thus creating
nanostructured patterns within the molecularly imprinted polymers patterns. In
the case of TX-100/water polymer films, the pre-polymerization mixture was
dispersed within the water phase of the LC medium and not inside the micelle
which resulted in the lack of nanostructured morphologies.
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Figure 2.6. SEM micrographs of MIP/REF-MAA-BAP polymer films
synthesized in TX-100/water, AOT (p-xylene)/water and in water (Paper II).

Optical microscopy analysis (OPM) was used to investigate the phase
behaviour of TX-100/water, AOT(p-xylene)/water LC media and to study the
phase behaviour of LC media before and after the addition of pre-
polymerization mixtures. Figure 2.7 shows the birefringence shapes of TX-
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100/water (1) and AOT(p-xylene)/water (4) revealing broken focal conic like
textures representative of the presence of hexagonal phases. Interestingly, the
optical texture was preserved when the monomers and template were added in
the LC media.

TX100/water AOT(p-xylene)/water

Figure 2.7. OPM images showing textures of TX100/water, MIP/REF-MAA-
BAP in TX-100/water, and AOT(p-xylene)/water, MIP/REF-MAA-BAP in
AOT(p-xylene)/water (Paper II).
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2.3.3 Binding studies of synthesized polymers

The binding characteristics of the MIP and REF polymer films were assessed
using a QCM system under FIA conditions. In Paper I, the sensitivity of
polymer films synthesized either in TX-100/water LC media or in water was
evaluated using a series of bupivacaine freebase concentrations. Sensitivity
towards bupivacaine was four times higher for MIP LC than for REF LC as
well as two and five times higher for MIP H,O and REF H-O, respectively
(Table 2.2). The use of LC media resulted in the formation of hexagonal phases
in polymer films and these polymers are anticipated to have a greater surface
area, i.e. an increased number of accessible ligand binding cavities in close
proximity to the sensor surface.

Table 2.2. Sensitivities of polymer thin films synthesized in TX-100/water and
in aqueous solutions.

Polymer film Sensitivity Correlation coefficient for
(Hz/mM) sensitivity
MIP (LC) 67.6+4.9 0.995
REF (LC) 17.8+£2.6 0.989
MIP (H,0) 299 +4.1 0.998
REF (H20) 13.2+3.2 0.996

The closely related bupivacaine analogues ropivacaine and mepivacaine
(Figure 1.5, having three and one carbon atoms in the N-alkyl side chain,
respectively) were used to assess the fidelity of the binding sites in the MIP
chemosensor prepared in TX-100/water LC media. The results from this QCM
study are shown in Figure 2.8. They clearly show that the MIP LC film was
selective with sensitivity values of two and three times higher for bupivacaine
than for ropivacaine and mepivacaine, respectively (Table 2.3).
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Table 2.3. Sensitivity of the MIP film prepared in TX-100 LC medium for
bupivacaine and analogues.

Sensitivity Correlation coefficient
Analyte .
(Hz/mM) for sensitivity
Bupivacaine 67.6+4.9 0.995
Ropivacaine 38.0+5.1 0.990
Mepivacaine 284+1.5 0.989
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Figure 2.8. Resonant frequency versus time curve for bupivacaine, and
analogues under FIA conditions on the MIP chemosensor prepared in TX-
100/water LC media. An injection volume of 75uL was used for the analytes
mepivacaine ((a) 2, (b) 1, (¢c) 0.7, (d) 0.5, (¢) 0.3 and (f) 0.1 mM) and
bupivacaine (1.7 (g) and 1 mM (h)) concentration (Paper I).
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In Paper II, the imprinting capacity of the bupivacaine imprinted MAA-
BAP film SiO, coated Au-quartz synthesized in AOT(p-xylene)/water LC
medium was evaluated using QCM under FIA conditions. Results from this
analysis (Table 2.4.) demonstrated a four-fold greater sensitivity for
bupivacaine in the MIP polymer film prepared in AOT(p-xylene)/water LC
medium, compared to the non-imprinted material prepared in the same micelle.
For polymer films synthesized in TX-100/water and in water failed to show any
improvement in sensitivity due to the lack of nanostructures. These results are
supported by SEM images, where AOT(p-xylene)/water polymer systems
exhibited nanostructures with thickness of 50.1 + 9.5 nm for MIP and 37.1 +
8.5 nm for REF AOT(p-xylene)/water LC in comparison to polymer films
synthesized in TX-100/water or in water (Figure 2.6).

Table 2.4. Sensitivities of MAA-BAP polymer thin films synthesized in LC
media and in water.

Sensitivity Correlation coefficient

Chemosensor (Hz/mM) for sensitivity
MIP TX-100 82+0.2 0.998
REF TX-100 45+0.2 0.995

MIP AOT 116.0+7.1 0.999

REF AOT 302+25 0.997
MIP WATER 15.0+0.8 0.998
REF WATER 45+0.3 0.979

The cross-reactivity studies were carried out on the MIP-MAA-BAP
polymer film synthesized in AOT(p-xylene)/water under FIA conditions and
the resonant frequency versus time curve for the repetitive injections of
bupivacaine and analogues is shown in figure 2.9. Results from these studies
showed a noticeably higher sensitivity for bupivacaine than for its closely
related analogues (Table 2.5).
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Table 2.5. Sensitivities of bupivacaine imprinted MAA-BAP polymer thin

films synthesized in AOT(p-xylene)/water reverse micelle towards structural

analogues of bupivacaine.

Analyte Sensitivity Correlation (.:(?efﬂcient
(Hz/mM) for sensitivity
Bupivacaine 116.0+7.1 0.999
Ropivacaine 20.58+1.5 0.998
Mepivacaine 1573 +1.3 0.999

The unique hexagonal cylindrical structures present in the LC media
introduced hierarchical architectures into resultant molecularly imprinted
polymers and these LC media have even been claimed to enhance the
polymerization process due to improved solubility of monomers and radicals

[152-153].
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Figure 2.9. Resonant frequency versus time curve for the repetitive injections
of bupivacaine, ropivacaine and mepivacaine under FIA conditions on MAA-

BAP polymer film (Paper 1I).
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2.3.4 Conclusions

Papers I and II together demonstrated the feasibility of using LC media for
producing nanostructured bupivacaine-selective molecularly imprinted
polymer films. The use of LC media produced polymers with high surface areas
and hexagonal phases as anticipated and this improved their binding
characteristics with significant enhanced sensitivities compared to the control
polymers. This process is scalable and the required materials are relatively
inexpensive.

Importantly, the bupivacaine imprinted polymer films prepared either in

normal or reverse micelle systems exhibited high selectivities for bupivacaine
over its structurally related chemical compounds analogues.
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3. NON-IONIC DEEP EUTECTIC
SOLVENT-INFLUENCED POLYMER
ARCHITECTURES

3.1 Non-ionic deep eutectic solvents (ni-DESs)

The possibility of using the recently described ni-DESs as alternatives to
conventional solvents was examined. Acetamide-urea derivative based ni-DESs
(Figure 3.1) were introduced as porogens in polymer synthesis (Paper III) and
by examining their use in molecular imprinting (Paper IV). These molten
mixtures are cheap and eco-friendly and were used to mediate the mesoporous
structure of synthetic polymers. For the first time, we have explored the
application of this unique class of deep eutectic solvents (DESs) in polymer
synthesis. In particular, we have deployed these solvents for the synthesis of a
series of polymer films and polymer monoliths.
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Figure 3.1. Structures of acetamide (AA, 1), N-methylacetamide (NMA, 2),
urea (3), N-methylurea (NMU, 4) and N,N’-dimethylurea (NN’ DMU, 5).

3.2 Polymer synthesis

In Paper 111, three different polymers were synthesized in each of the three
ni-DESs (Table 3.1). HEMA-DVB, HEMA-EGDMA and MAA-BAP polymer
systems were prepared with a functional monomer:cross-linker molar ratio of
12:55 and in each case, the volume of ni-DES was 1.7 times the total volume
of functional monomer and cross-linker.
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Table 3.1. Polymer systems synthesized and characterized in Paper III.

Polymer systems NMA  NMA- NMA- Conventional
-AA NMU NN’DMU solvents ?
HEMA-DVB Pl P2 P3 P4
HEMA-EGDMA P5 P6 P7 P8
MAA-BAP P9 P10 P11 P12

2 DVB in toluene, EGDMA in acetonitrile and BAP in water.

In Paper IV, ni-DESs further explored to assess the broader scope of these
novel solvents in polymer synthesis by examining their use in molecular
imprinting. A series of polymers were synthesized in NMA-AA ni-DES (Table
3.2) using bupivacaine freebase as template, MAA or HEMA as functional
monomer and either DVB, EGDMA or BAP as crosslinker with a molar ratio
of 1:12:55, respectively.

Table 3.2. Polymer systems synthesized in NMA-AA ni-DES and
characterized in Paper IV.

Polymer composition

MIP-HEMA-DVB- NMA-AA P1
REF-HEMA-DVB- NMA-AA P2
MIP-HEMA-EGDMA- NMA-AA P3
REF-HEMA-EGDMA- NMA-AA P4
MIP-MAA-BAP- NMA-AA P5
REF-MAA-BAP- NMA-AA P6

In both Papers I1I and 1V, the pre-polymerization mixture was dissolved in
the eutectic mixture and following polymerization, the resultant bulk polymer
was ground, sieved (63-125 um) and washed. For comparison, the polymer
systems were also synthesized using conventional organic or aqueous media
and were treated using the same procedure.

40



3.3 Characterization, results and discussion of
polymers synthesized in ni-DESs

3.3.1 Identification of polymer components

Polymerization of different polymer systems in either ni-DESs or
conventional solvents afforded polymer monoliths. Results from FT-IR
analyses reveal discernible bands representative of v(C=0), v(C-OH) and
v(CO-0) vibrational modes around 1710, 1010 and 1200-1000 cm,
respectively, indicating the presence of the anticipated functionalities.

Importantly, the polymers prepared using ni-DESs revealed spectral features
comparable to those polymers prepared in conventional organic solvents and in
water as well (Figures 3.2), reflecting the removal of the eutectic mixtures from
the ground polymers. This was confirmed by the absence of strong primary and
secondary amide stretching modes at ~1680 cm™'. Additionally, the extraction
of the bupivacaine template is indicated by the absence of strong bands around
1550 cm! for the § (C-N) mode in the cases of the imprinted polymers P1-P4
(Figure 3.3).

Elemental analysis of carbon, hydrogen and nitrogen was performed on the
12 polymer monoliths prepared in the three ni-DESs and conventional solvents.
These results are indicative of comparable incorporation of monomers. In the
case of the MAA-BAP polymers (P9-P12), those prepared in the various ni-
DESs (P9- P11) were comparable, though P12, prepared in water, was shown
to have a marginally higher carbon content, corresponding to a lower oxygen
content (Table 3.3).

41



1000

3000 4500

1500
Wavenumber (cm’™)

500

‘nep

4500

1500

1000

500

_1)

Wavenumber (cm

‘ne (7

1500

1000

4500

500

-1)

Wavenumber (cm

Figure 3.2. FT-IR spectra of a series of polymer particles prepared in different

ni-DES: NMA-AA (black), NMA-NMU (red), NMA-NN’DMU (green) and

conventional solvents (blue) (Paper III).
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Figure 3.3. FT-IR spectra of polymers particles: HEMA-DVB (P1/P2),
HEMA-EGDMA (P3/P4) and MAA-BAP (P5/P6) prepared in NMA-AA ni-

DES (Paper 1V).

43



Table 3.3. Elemental analysis of polymers P1-P12 (Paper III).

Polymers Carbon (%) Hydrogen (%) Nitrogen (%)

P1 84.7 8.2 <0.5
P2 84.7 8.2 <0.5
P3 84.8 8.3 <0.5
P4 84.9 8.2 <0.5
P5 59.3 7.9 <04
P6 59.9 7.4 <04
P7 59.3 7.4 <04
P8 59.4 7.4 <04
P9 57.1 7.9 12.3
P10 57.5 8.1 12.5
P11 57.7 8.0 12.6
P12 59.4 8.0 12.6

Elemental analysis (N) of the non-nitrogen containing co-polymers (P1-P4)
in NMA-AA ni-DES revealed nitrogen contents below the detection limit, < 0.4
%, indicating the effective removal of the NMA-AA during the polymer
workup. Together, the elemental analysis and FT-IR data clearly show that the
amide-based DESs are neither entrapped in the resultant polymers nor are they
incorporated into the polymer structure. In addition, attempts to recycle these
acetamide-urea ni-DESs have provided recoveries of >80%.

3.3.2 Surface topography and morphology of polymers

SEM studies were used to further assess the effect of using the ni-DESs as
alternative porogens on polymer structural and morphological features
(Figures: 3.4-3.6). Essentially, comparable morphologies were observed on the
same polymer systems confirming that ni-DESs provide comparable structural
features to those obtained when using conventional solvents and water, ranging
from mesoporous monolith-like structures to mosaic microspheres.
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Figure 3.4. SEM images of HEMA-DVB polymer systems synthesized in
NMA-AA (P1), NMA-NMU (P2), NMA-NN’DMU (P3) ni-DESs and in
toluene (P4) (Paper III).

Polymer systems prepared with HEMA-DVB co-polymers (P1-P4) have a
compact appearance with low porosity. More porous structures are shown in
the case of less hydrophobic HEMA-EGDMA polymer systems (P5 to P8). This
porosity becomes even more evident in MAA-BAP polymers (P9 to P12),
which are significantly more porous than the other polymer systems. We
interpret this trend to be a consequence of the solvation properties of the quite
polar ni-DES, where the most polar monomers, MAA and BAP, are better
solubilized than the less polar, in particular DVB.
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Figure 3.5. SEM images of HEMA-EGDMA polymer systems synthesized in
NMA-AA (P5), NMA-NMU (P6), NMA-NN’DMU (P7) ni-DESs and in
acetonitrile (P8) (Paper I1I).
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Figure 3.6. SEM images of MAA-BAP polymer particles synthesized in NMA-
AA (P9), NMA-NMU (P10) and NMA-NN’DMU (P11) ni-DESs and in water
(P12) (Paper III).

It is of particular interest that the presence of template in imprinted polymers
produces no evident differences in morphology at this level, as strong
comparable morphologies between imprinted and non-imprinted reference
polymers are observed (Figure 3.7).

47



Mag= 6000KX ~ EWT= 300k Date 23Aug2016 Time:11:1645 Mog= 6000KX
WD= 40mm Signal A= nLens Photo No. = 5489 WD= 40mm

SRS R V5 A A

EMT= 300kv Date 23Aug2016  Time 143713 haa = EMT=300kv Date 23Aug2016 Time 143338
Sgnal A= nLens Photo No. = 5532
W

! \ Uit S8
EHT= 300KV  Daste 23Aug2016 Time 145226 N — ENT= 300k Dste 23Aug2016 Time 145005

Sgral A=Inlens. Photo No. = 5553 Signal A= InLens Proto No. = 5550
5 113 MY & 5 T N

Figure 3.7. SEM images of MIP/REF-HEMA-DVB: P1/P2, MIP/REF-HEMA -
EGDMA: P3/P4 and MIP/REF-MAA-BAP: P5/P6, all these polymers are
synthesized in NMA-AA ni-DES (Paper IV).
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3.3.3 Morphological studies of bulk polymers

Brunauer-Emmett-Teller (BET)-studies were used to evaluate the surface
areas and porosities of the polymers. Results from these studies are shown in
Figure 3.8 and table 3.5 for polymers prepared in different media (Paper III)
and for imprinted and non-imprinted polymers prepared in NMA-AA ni-DES
in Figure 3.9 and Table 3.6 (Paper IV). Generally, these polymer particles
exhibit comparable isotherms which is type IV implying mesoporous polymer
structures (2 nm < pore size > 50 nm). Some of these polymers follow a H4
hysteresis loop (associated with the secondary process of -capillary
condensation) indicating polymer scaffolds that are composed of mesopores
that are limited by the micropores [154].
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Figure 3.8. Nitrogen adsorption-desorption isotherms (left) and pore
distribution plot (desorption) (right) observed from BET adsorption isotherm
experiments of polymer particles prepared in ni-DESs: NMA-AA (black),
NMA-NMU (red), NMA-NN’'DMU (green), and in conventional solvents
(blue) (Paper III).
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Table 3.5. Surface areas and porosity parameters of the polymer particles
determined with BET measurement (Paper I1I).

Polymer Surface area Pore volume Zeta potential
(m?/g) (cm’/g) (mV)
P1 127.4 0.1 2.2
P2 2344 0.4 0.0
P3 365.6 0.7 99.0
P4 115.0 0.3 -162.9
P5 212.4 0.3 -0.2
P6 213.7 0.3 6.6
P7 269.4 0.5 -0.8
P8 258.6 0.8 4617.6
P9 532.8 1.4 0.4
P10 471.7 1.2 -4.5
P11 516.4 1.4 -1.9
P12 335.0 0.7 68.8

In both papers, a clear trend is observed where an increase in monomer
polarity resulted in a notably large surface, which we attribute to tighter
hydrogen bond-driven solvation of the more polar monomers, e.g. MAA and
BAP. On the other hand, for the DVB-based polymers, the observed relatively
low surface areas reflect a poor solvation of the monomers and growing
polymer chains.

Contrary to the morphological features, polymers synthesized in ni-DESs
and those in conventional solvents possessed quite different zeta potentials.
Polymers prepared in the ni-DESs possessed very low zeta potentials relative
to those of polymers prepared in traditional solvents. This feature is indicative
of relatively limited charge distribution at the surface of the ni-DES-derived
polymers than for those prepared in the traditional solvents, which may be
explained by a greater degree of solvatization of functionalities by the ni-DESs
facilitating a more even distribution of these functionalities throughout the
polymer particles.
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Figure 3.9. Nitrogen adsorption-desorption isotherms (left) and pore
distribution plot (desorption) (right) observed from BET adsorption isotherm
experiments of polymer particles MIP/REF-HEMA-DVB: P1/P2, MIP/REF-
HEMA-EGDMA: P3/P4 and MIP/REF-MAA-BAP: P5/P6, all these polymers
are synthesized in NMA-AA ni-DES (Paper IV).
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Table 3.6. Surface area and porosity parameters of the bulk polymers
synthesized in NMA-AA ni-DES determined with BET measurement (Paper
Iv).

Polymer Surface area (m?*/g) Pore volume (cm?/g)
Pl 36.7 0.0
P2 127.4 0.1
P3 221.1 0.3
P4 2124 0.3
P5 437.6 1.1
P6 532.8 14

3.3.4 Binding studies of synthesized polymers

The radioligand binding studies were performed using [*H]-bupivacaine in
acetonitrile at room temperature to evaluate the impact of using the NMA-AA
ni-DES on the molecular imprinting process by examining the template
recognition properties of the resulting polymers. On account of the significant
differences in surface areas of the respective imprinted and their corresponding
reference polymers, binding data was normalized with respect to surface area.
In general, these results from these studies showed a moderate sensitivity
towards bupivacaine template (Figure 4.0).
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Figure 4.0. Binding of [*H]-bupivacaine to HEMA-DVB (P1-P2), HEMA-
EGDMA (P3-P4) and MAA-BAP (P5-P6) polymer systems synthesized in
NMA-AA ni-DES (Paper 1V).
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3.3.5. Conclusions

In summary, a series of ni-DESs were shown to be useful alternatives to
conventional solvents in polymer synthesis and molecular imprinting strategies.
Studies of the impact of the ni-DESs on polymer morphology showed that their
usze with more polar components produced more porous polymers (400-500
m-/g).

Importantly, the potential for recovery of these ni-DESs together with their
low flammabilities, volatilities and toxicities can make them attractive
alternatives to conventional organic solvents in many application areas,
including polymer synthesis and molecular imprinting.
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4. CONCLUDING REMARKS AND
FUTURE OUTLOOK

In this thesis two novel strategies for influencing the properties of
hierarchical polymeric materials have been explored.

Firstly, it was shown that LC media could be used in conjunction with
polymer synthesis to produce polymer morphologies which had, as compared
to polymers synthesized in conventional solvents. When used with molecular
imprinting could generate materials with enhanced ligand recognition
characteristics when used in a quartz crystal microbalance sensor format. This
enhancement was attributed to the enhanced surface areas and improved The
application of deep eutectic solvent ionic liquids for environmentally-friendly
dissolution and recovery of precious metals mass transfer characteristics of the
materials. The results from these studies highlight the potential use of these LC-
based sacrificial imprinting strategies for the fabrication of polymeric materials
with hierarchical architectures, which are of particular interest for use in
surface-dependent application areas, e.g. biomaterials, catalysis or sensing.

Secondly, the first introduction of the use of ni-DESs as an alternative to
conventional solvents in polymer synthesis and in molecular imprinting
strategies was achieved. The use of more polar monomers (e.g. MAA and BAP)
produced polymers with high porosity and high surface areas as compared the
less polar ones. Importantly, the capacity to recover the ni-DESs after
polymerization again highlights the green character of these economically
advantageous and arguably more sustainable alternatives for ionic liquids as
well as for conventional volatile or toxic organic solvents in research and in
industrial scale polymer synthesis.

Finally, the new strategies for controlling the properties of hierarchical
polymeric materials that have been presented in this thesis may form the basis
for future developments such as in exploring biorenewable resources for
developing new polymer systems for application in the development of
hierarchical polymeric scaffolds.
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