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Abstract

This study aims to further understand the mechanistic aspects of the non-covalent
approach of molecular imprinting produced by precipitation polymerisation, with emphasis
on the effect of the nature of template, temperature, the formulation and nature of porogen on
the properties and binding performance of the microspheres as literature has demonstrated
that precipitation imprinting is susceptible to changes in polymerisation conditions.
Additionally, we have successfully utilizezd NMR as the main tool for quantitative
measurements, which, to the best of our knowledge the first time that NMR has been applied
to the full extent for MIP characterisation. Throughout the course of this study,
azobisisobutyronitrile (AIBN) and acetonitrile (ACN) were employed as initiator and
porogen, respectively, with the porogen:monomer ratio for all precipitation imprinting
experiments maintained at 10-12 mL per mmol of total monomer. Reaction temperature was
set at 60°C except during photochemical initiation when it was recorded to be 27-35°C.

The effects of the feed formulation, i.e. template:functional monomer (T:FM) ratio,
functional monomer: cross-linker (FM:XL) ratio and initiator:total monomer (1:TM) ratio, as
well as temperature (60°C vs 27-35°C) were exemplified by investigating microspheres
imprinted with xanthine derivatives caffeine (CAF) and theophylline (THP) and phenolic
targets 3,5-dimethylphenol (10H), 5-methylbenzene-1,3-diol (20H) and 1,3,5-benzenetriol
(30H). Our results suggest that FM:XL ratios should be maintained between 1:5-1:10 in
order to get rigid MIPs that can favourably form higher number of template-functional
monomer (T-FM) complexes during the imprinting process but lower NIP binding.
Interestingly, regardless of the T:FM ratio and level of template incorporation, comparable
template rebinding was obtained for MIPs as well as for NIPs resulting in comparable
imprinting factors. Our results yielded no preference to T:FM ratios between 1:2 to 1:8 for
MIP synthesis by precipitation polymerisation.

Higher concentration of initiator (I:-TM = 1:5), and hence, faster rate of
polymerisation, was found to favour template incorporation and rebinding of both CAF and
THP when the FM: XL ratio was kept at 1:5 while moderate level of initiator (I:TM = 1:100)
was sufficient at higher concentration of crosslinker (FM:XL = 1:10). In contrast with the
xanthine derivatives, higher template incorporation, rebinding and IF (due to comparable NIP
binding across all tested I:TM ratios) were observed with MIPs for phenolic targets 3,5-
dimethylphenol (10H) and 1,3,5-benzenetriol (30H) synthesized at lower concentration of
initiator (1: TM = 1:100) and equivalent FM:XL ratio of 1:5. These contrasting results indicate
that various templates require different times to reach optimum equilibrium concentration of
T-FM complex and should be a primary consideration for precipitation imprinting. It would
seem that, overall, MIP performance can improved by keeping the following feed
formulation: T:FM ratios of 1:2 to 1:8, FM: XL ratios of 1:5 to 1:10 and I:TM ratios of 1:5 to
1:100.

In all cases, the incorporation and binding efficiency of THP are higher than CAF
signifying a stronger interaction with the functional monomer. Template incorporation for
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these systems were 20-75% but, interestingly, this has not been efficiently translated to high
fidelity binding sites showing only 5-10% binding conversions. Both 10H and 30H MIPs
gave high IF’s (1.8) and N (2.3 umol/g). Cross-reactivity studies, however, demonstrated that
30H MIP is the most selective towards its template giving selectivity indices of 0.58 and 0.67
for 10H and 20H, respectively, indicating the formation of higher fidelity binding sites due
to stronger 30H-MAA interaction. While thermal initiation at 60°C only showed evidence of
dimerisation for 20H, in photochemical initiation (27-35°C), all three phenolic templates
demonstrated evidence of dimerisation. Thus, while photochemical initiation at lower
temperature has the potential to yield better performing MIPs, potential side reactions limit its
applicability.

Particle sizes, surface areas and porosities of the microspheres imprinted with the
xanthine derivatives (CAF and THP) and phenolic templates (1OH, 20H and 30H) was
demonstrated to be affected by the nature of the template. Results obtained for selected
phenolic templated MIPs also provided evidence of the effect of the concentration of initiator
on particle size, surface area and porosity of the microspheres. Further investigation is
warranted in order to deduce a more evident correlation.

With the use of a stoichiometric functional monomer, 2,6-bis(acryl)amido pyridine
(BAAPyY), capable of forming an array of H-bond interactions (donor-acceptor-
donor/acceptor-donor-acceptor, DAD/ADA) with an imide-containing template, 2°,3,5’-tri-
O-acetyl uridine (TAU) in this study, more binding efficient polymers were produced,
exhibiting IFs (3.0) and N higher than those generated using the non-stoichiometric functional
monomer MAA. Interestingly, the stoichiometric 1:1 T:FM ratio, observed in bulk
imprinting, has not been maintained in precipitation polymerisation and an optimal
TAU:BAAPYy ratio of 1:2.5 was obtained due to the additional hydrogen bond interaction
with the acetyl groups of TAU. While a moderate initiator concentration, (I:TM ratio of
1:131), resulted in high template incorporation (60%), template rebinding was only 3-4% of
the incorporated template.

The application of a room temperature ionic liquid (IL) 1-butyl-3-imidazolium
hexafluorophosphate (bmimPFe) as porogen in precipitation imprinting of propranolol (PNL)
was further explored using TRIM as cross-linker, MAA as functional monomer, and a
T:FM:XL ratio of 1:1.5:4. Both ACN and IL gave comparable template incorporation (64%)
while IF for IL, with respect to mass, was lower due to high IL NIP binding which could be
attributed to its surface area, average pore volume and size being significantly higher that the
IL MIP. Binding capacities normalised with respect to surface area, however, were
comparable for both ACN and IL microspheres resulting in equivalent IFs (~2.5). Both ACN
and IL systems exhibited similar microstructure while the glass transition temperatures (T4s)
of their MIPs were observed to be lower than those of their NIPs as an expected consequence
of an efficient imprinting process.Molecular imprinting technology is becoming a widespread
technology
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Chapter 1
Introduction

Molecularly imprinted polymers or MIPs are synthetic receptors with pre-
determined molecular recognition capabilities specific for its target molecule. ** Widespread
applications of these materials are due to their selectivity and specificity which are
comparable with biomolecules (e.g. enzymes and antibodies) but without the associated with
issues.>® MIPs are stable in high or low pH, temperature and pressure. These materials are
more economical to use than biomolecules since these materials can be reused and have
longer degradation times. Due to this advantage over biomolecules, MIPs have been widely
used in more applications and continuously being studied for more applications, such as

sensors, separation chemistry, and chromatography. & °13

The process of molecular imprinting requires a template,usually the target molecule
or an analogue, a porogenic solvent, and a functional monomer. The choices of the
appropriate formulation (identity and the amount of the components) are traditionally
determined by trial and error, however, several approaches (NMR studies, Section 1.2.5.2.
and Molecular modelling, Section 1.2.5.1), have been developed to assist in assessing the
most efficient formulation. The template molecule, by virtue of its functional groups or
association sites, forms a loosely associated pre-polymerisation cluster with the functional
monomer. Subsequently, this cluster will be joined together in a three dimensional framework
by the reaction of the cross-linker and functional monomer, which is usually a free radical
polymerisation process. The template is then removed from the imprinted polymers, leaving
a cavity that is complimentary in shape and functionality with the template. A schematic

representation of the molecular imprinting process is shown in Figure 1.1.
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Figure 1. 1. Overview of molecular imprinting process.

Molecular imprinting was first introduced by Wullf et al. %> through covalent
(Figure 1, C), or often referred to as pre-organized approach,® It involves formation of a
reversible covalent bond between the template and the functional monomer. This bond is
cleaved during the template extraction and reformed during the rebinding process. Due to this
distinct interaction between the target template and that of the functional monomer, an exact
stoichiometric ratio between the template and the functional monomer is ensured, producing
a more selective material. This bond also reduces the number of non-selective binding sites or
sites formed that are not due to the interactions of the template and functional monomer. The
major drawback, however,lies on the limited number of materials that can be used. The
suitability of the binding site monomers is constrained in few numbers of templates, and in
most cases the template-monomer complexes are too stable to be cleaved, thus the reaction

consumes time for the template removal.*? 1’

The second approach of molecular imprinting and the most widely used is the non-

covalent or self-assembly approach. 2 8 Unlike with the covalent imprinting, non-covalent



approach does not rely on bond formation but with non-covalent interactions such as
hydrophobic, ionic and hydrogen-bonding interaction. ® > 1%20These type of bonding
interactions are typically weaker than those used in the covalent approach, thus simplify the
process of producing MIPs. This is commonly a straight-forward, one-pot synthesis method,;
all of the components (the functional monomer, template, cross-linker, initiator and porogen)
are usually made to react in one container with the pre-polymerisation cluster allowed to form
prior to polymerisation. & 2° The major drawback with this approach is the production of
heterogeneous binding sites, which leads to non-specific binding. » 1’ Despite of the

drawback, this is still the most commonly used approach in molecular imprinting.

The third method of molecular imprinting is called semi-covalent, and it is the hybrid
of the two previously mentioned approaches. This combines the advantages of both the
covalent and non-covalent methods but suffers the disadvantages of the two methods. This
imprinting process is similar to the covalent approach where the functional monomer and the
template forms covalent bond during the polymerisation process. 2 17 Similarly, with the
problems related to covalent imprinting, there is only limited number of templates that can
form reversible covalent bond with commercially available binding site monomers (e.g.

Schiff’s bases).

1.1. Synthesis and Formats of Molecularly Imprinted Polymers

There are few polymerisation methods that can be applied, but the most conventional
is through free radical polymerisation (FRP). Most of the high fidelity MIPs studied were
produced through FRP. Imprinted polymers prepared via free radical polymerisation are
found to be more stable even in harsh conditions and its preparation is less time consuming

compared to the other processes.!” 2! Thus, more research aimed in MIPs synthesized by free



radical polymerisation is required, which is the polymerisation method employed in this

research.

The applications of MIPs are shown to be dependent on the polymerization method
used (Table 1.1). Different methods can produce materials with different morphologies,
binding characteristics and particle sizes. MIPs were first prepared via bulk polymerisation,
wherein the initiator is added to the monomer solution (cross-linker and functional monomer)
forming monoliths in the presence of a low amount of solvent/porogen. The resulting
monoliths were then ground and sieved, making it a laborious and time consuming.® 3 The
most important disadvantage of bulk polymerisation method is the reduction in the binding
capacity because of the damaged binding cavity due to grinding and sieving of the
polymers.2224 Additionally, incomplete removal of template from the monoliths due to the
trapped templates located in the bulk polymeric structure, may cause bleeding during the
rebinding analyses and ultimately lead to inaccuracy in the calculation of the imprinting
efficiency.® 12 2527 The grinding process also produces irregularly shaped particles, making

monolithic MIPs less suitable as a packing material for chromatographic applications. 22830,



Table 1. 1. A summary of the Molecular Imprinting process.®

Process

Format

Advantages

Limitations

Applications

Bulk polymerization

Monoliths

- Uses less or absence of solvent in

the synthesis

- Ease in preparation

- Different types of functional
monomers can be used

- No sophisticated instrumentations
are required

- Produce irregularly-shaped
particles with poor binding
performance microspheres

- Tedious procedure

-For chromatographic and biological
assay applications®!

Suspension
polymerization

Microspheres

-Produce uniform spherical particles
-Reproducible results

-Surfactants used also acts as an
impurity

-For chromatographic and biological
assay applications®2-33

-High yield -Complicated procedure -Drug delivery®*
-Solvent is incompatible with other
components in the mixture
Emulsion -High yield -Usage of water lower the binding -Drug delivery

polymerization

Microspheres

-Produced mono-dispersed
microspheres

efficiency of the MIPs
-Emulsifying agents act as an
impurity??

-For chromatography and assays.*

Multi-step swelling

Microspheres

Yields uniformly-sized particles

Complicated procedure and
conditions

-For chromatographic applications 338

Precipitation
polymerization

Microspheres

Produces uniformly-sized
microspheres with high yield

Requires large amount of organic
solvents and template

-For chromatography applications®-4
-Sample preparation*
-Enantioselective separation?>4®
-Drug delivery**




Due to several drawbacks of bulk polymerisation, new and improved methods have
been employed. Such methods include: emulsion polymerisation®®, suspension
polymerisation,® multi-step swelling® and precipitation polymerisation. 5 9 13 20.28 46 Thege
processes involve soluble monomers (cross-linker and functional monomer) and initiator, but
produced insoluble polymeric chains in the porogen used. These processes differ from bulk
polymerisation due to usage of high amount of non-solvent (>95%). 2 1517 In these
processes, polymer formation is due to the continuous addition of monomer to the growing
polymeric chain forming short chain of oligomers or nucleation. These chains will continue
to add monomer units (polymerisation) until they become insoluble in the porogen. 1’ The
particles produced ranges in size from nanometer to micrometer in sizes with spherical

shapes, hence the term microspheres.*?

One of the first alternative methods tested is with the use of suspension
polymerization. All of the components (initiator, cross-linker and functional monomer) are
suspended in the aqueous dispersing phase in the presence of an organic surfactant. Insoluble
particles are produced and the sizes of the particles are dependent on the agitation during this
process. Subsequently, polymerisation will follow by heating the solution in the desired
temperature. Homogenously-sized particles, in the range of 5-100 um in diameter, are
produced from the aqueous solution of the monomers.!> 47 The major disadvantage of this
method lies on its usage of aqueous solution. Polar compounds were found to disrupt the
molecular interactions of the template and the functional monomer, thereby lowering the
binding efficiency and selectivity of the MIPs produced. Aqueous solvents also prohibits of
using other possible compounds for the synthesis of MIPs, since most of the monomers
available are insoluble in aqueous solvent. >3 Another limitation of this method is that this

can only produce large beads which could not be made smaller than a micrometer. 3



Emulsion polymerisation is another method that can be used for the synthesis of
MIPs. Unlike suspension polymerisation, the monomers (functional monomers and cross-
linker) are insoluble with the medium used in the process, but is emulsified by a surfactant.*®
The most common emulsion is an oil/water emulsion solution. This method also suffers the
same problems encountered by suspension polymerisation, since this method also uses water

as a component of the synthesis. 348

Among the methods used to prepare MIP microspheres, precipitation polymerisation is
the most widely used because of its convenient one-pot preparation of polymers.® 9 122849
The microspheres produced by precipitation polymerisation are more uniform in size and
shape than microspheres produced from other solution polymerisation methods (suspension,
emulsion and multi-step swelling). Most of the MIPs produced by precipitation
polymerisation use organic compounds as the solvent or porogen in the polymerisation
process. Despite its potential applications, previous studies have demonstrated that this
method is sensitive to changes in the polymerization conditions: identity and volume of
solvent used the formulation (i.e. the composition of the polymerisation feed), the template
and temperature, which affect the properties of the imprinted polymers including the binding

efficiency. % 11 41,50-53

1.2. Factors affecting the efficiency of MIPs.

Molecular imprinting has been developed in order to mimic the molecular recognition
capabilities of biological molecules 3% 4 16 27. 46, 5455 anq there have been continuous
developments ever since its introduction. The application of the molecularly imprinted
polymers (MIP) is what dictates the format of the material, film or particles, to be used.®
Regardless of the format of the MIPs, it is an accepted dogma in molecular imprinting
technology that the strength of interaction between the template and functional monomer

defines the efficiency of the imprinted polymers.®® Previous research focused on the
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determination of factors that can increase the concentration and enhance the stability of the
template-functional monomer (T-FM) complex with the aim of enhancing the binding
performance of the resulting MIPs. The reaction of the template and the functional monomer
is an equilibrium governed reaction, therefore, increasing either the amount of template or the
functional monomer, or changing the system temperature would affect the formation of more
T-FM complex that can affect the number of binding sites and ultimately leading to more

binding efficient MIPs, 1819, 21,46, 57-58

MIPs, especially in the microsphere format, produced via the non-covalent approach
increased exponentially from the time it was introduced, because of its simplicity and
versatility. Despite the simplicity that non-covalent approach offers, the synthesis is still a
complex mixture of compounds, each of which has its own role in the final property of the

imprinted polymers.

The following sections focus on several factors that can affect the physical properties

and binding performances of MIPs with non-covalent approach of molecular imprinting.

1.2.1. Solvents/Diluents/Porogens

Several terms are used for the compounds that are used to dissolve and bring all of the
other components in the MIPs synthesis to a homogeneous phase: solvents, diluents™ and
porogens as they also influence the porosity and surface area of the imprinted polymers.
Surface area and porosity of the material are related to the solubility of the growing
polymeric chain with the porogen/solvent. 2* Low solubility porogens have been linked to
MIPs with larger pores (higher surface area) because of early polymer formation during the
synthesis. 2 Conversely, high solubility porogens produces MIPs and NIPs with smaller

pores or materials with a higher surface area. > Moreover, some studies have reported that



the solvents can also affect the template-functional monomer complex formation, 25062 and

that the nature of the solvents can either enhance or disrupts the complex formation. 6t 2.2

Most conventional porogens used in molecular imprinting are volatile organic
solvents since it fulfils the solvency requirements of most of the components in the process.
12,18, 80Qrganic solvents such as methanol, tetrahydrofuran (THF), dichloromethane,
chloroform and acetonitrile (ACN) were assessed to enhance binding efficiencies of the

resulting polymers. 186265,

More recently, the usage Room Temperature lonic Liquids (RTILs) as a class of a
novel and interesting porogen in molecular imprinting has been published. RTILs are organic
salts that are in liquid form at room temperature with low melting point, thermally stable,
high viscosity and negligible vapour pressure. They are typically composed of a poorly
coordinated large organic cation and a small organic or inorganic anion so they are highly
polar but considered as a non-coordinating solvent. Due to all of these properties, ILs
garnered attention as a “green” alternative solvent for organic reactions. The effects of using
RTILs in polymerisation reactions were initially investigated in polymerisation reactions and
demonstrated its ability to accelerate the rate of polymerisation®®® and improve the reaction
conversion®. Due to several advantages of using RTILs as a polymerisation solvent, its
application as a porogen in molecular imprinting was later explored by Booker et al.’%
Imidazolium based RTILs were reported to facilitate the polymerisation reaction even at low
temperatures which was not observed in volatile organic compounds (VOCSs). In addition, the

selectivity of the RTILs-synthesized polymers is at par with VOC-synthesized polymers. "2



1.2.2. Method of initiation and concentration of initiator

The synthesis of MIPs by free radical polymerisation has conventionally been
conducted via thermal initiation due to method practicality. Aside from thermal initiation,
there are other initiation methods that were recently investigated and explored: photo-

chemical’*"8, microwave "°%% and redox®*.

It has been demonstrated that the heat in the thermal initiation disrupts the formation of
template-monomer complex, thus thermally-synthesized MIPs performed less efficiently than
MIPs produced in other methods of initiation.”* ' 78 8-8Thjs is due to the formation of the
template-functional monomer association complex (T-FM) being an exothermic reaction.
Thus, additional heat to the system will favour the reverse reaction, breaking the association

of the template and the functional monomer resulting to less binding efficient MIPs.

Azo initiators can be used for both thermal and photo-chemical initiation with azo-
bis-isobutyronitrile (AIBN) being the standard. AIBN can undergo photolytic homolysis
when irradiated with a UV source at 366 nm **! and has a life of 8 hours at 0 °C when
irradiated at 366 nm’®. It was initially assumed that the concentration and identity of initiator
does not have an effect in the physical properties and rebinding performance of polymers.
However, a recent work has illustrated that the concentration of initiator also plays a crucial
role in the imprinting process. Mijangos et al. demonstrated that poor binding efficient
monoliths were produced in higher concentration of initiators due to the formation of

additional heat from the exothermic decomposition of the initiator. ’/

1.2.3. Cross-linker
The major functions of a cross-linker are (a) morphological control of the polymeric

network during the imprinting process %2 (b) to provide structural rigidity to the cavity
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formed from template association, & 9% and lastly is to (c) secure the three dimensional
arrangement of the functional monomer to preserve the template specific cavity of the
network.!® 21 % Therefore, it can be concluded that cross-linkers mainly affects the physical
attributes of the polymers. However, Muhammad et al. suggested that the proper cross-linker
should display a lower interaction strength with the template thereby strengthening the

template-monomer interaction. %

1.2.4. Functional monomer

Previous studies deduced that the stability of the template-functional monomer cluster
and the correct three dimensional positioning of the functional groups in the cavity formed
affect the molecular recognition of the MIPs. > 8 4 The most appropriate functional
monomer and its optimum concentration for a given template can be chosen by NMR titration

and molecular modelling,®’which are discussed in the succeeding section of this chapter.

For non-covalent approach, the convention is with the use of a single functional
monomer, and is usually added in excess with respect to the concentration of the template. It
is however suggested that the appropriate template: functional monomer (T:FM) should be

within the range of 1:2-1:4, based from the results of several published documents. 18 2% 46.55

98

The ratio of functional monomer: cross-linker was also correlated to the rebinding
performance of the microspheres. Yoshimatsu % suggested that excessively high and low
concentration of functional monomer (equal changes in the concentration of cross-linker) in
the feed both results with a decrease in binding efficiency of the microspheres: low
concentration of functional monomer results in an insufficient T-FM complexes, while high

concentration of functional monomer (equal decrease in the concentration of cross-linker)
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results in lower mechanical stability of the microspheres providing an inability to preserve
the imprinted memory of the cavities. %1%, Thus, a correct balance in the concentration of
FM and XL in the feed should be observed and currently, the widely accepted FM:XL used is

within the range of 1:3-1:6.

In order to enhance the selectivity and the binding affinity of the polymers to the
template, custom-designed functional monomers were synthesized, which were capable of
forming multiple hydrogen bonding with the templates.!?*1% Moreover, using a custom
designed functional monomer reduces the usage of excess functional monomer since it is a
stoichiometric reaction (1:1 mole), lowering the formation of non-specific binding.1%>1%" An
example of a custom designed functional monomer is 2, 6-bis-(acrylamido) pyridine
(BAAPy), and is capable of forming an array of hydrogen bond (donor-acceptor-donor,
DAD) interactions with an imide-containing templates. Polymers synthesized using BAAPy
as a functional monomer displayed a high affinity constant that resulted in improvement in

the selectivity and efficiency of the polymers, 102103, 108-113

The information regarding nature and strength of the interaction between the template
and the functional monomer can be determined by spectroscopic methods.!**1°: UV-vis,
FTIR, NMR studies and molecular modelling. The last two techniques are the most

commonly applied as they provide an insight to the possible T-FM complex formation.

1.2.5.1. Template-Monomer Interaction studies.

The introduction of molecular modelling software made MIP synthesis easier and
labour-friendly. It has been found that successful imprinting of molecules is governed by the
energy and thermodynamic properties of the system, particularly the energy of the
interactions associated with the template-functional monomer complex and this can be

determined through molecular modelling. %" Results from molecular modelling experiments
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showed that in preparing successful MIP design with efficient binding capacities, there
should be an adequate interaction and energy with each component, most especially between
the functional monomer and the template. The rest of the components are of secondary
priority for the consideration, since the template-functional monomer interaction creates the

cavity, in which the efficiency of the MIPs is mostly dependent on. 0 92 116-119

NMR spectroscopy is one of the most preferred methods in determining the interactions
of the functional monomer and the template, because of its simplicity and sensitivity. 12° In
addition to this, a plot of the concentration of the template against the changes in chemical
shift of the functional monomer could be obtained. From this plot, the optimum ratio of the
functional monomer and the template to be used in the MIP synthesis could also be obtained
from the titration data.'?° This method has been used prior to the actual synthesis of the MIPs
to save time and avoid laborious experiments in determining the optimum parameters and
conditions of the synthesis. NMR titration has been used in MIP synthesis of the following

templates: phenylalanine anilide 12°12!, atrazine 22 and 4-(4-vinylphenyl)pyridine 18

1.3. Objectives

The increasing number of possible applications of MIPs prepared through precipitation
polymerisation is gearing MIP researchers towards producing more efficient MIPs, in terms
of selectivity and binding capacity. The ease in the preparation of microspheres by
precipitation polymerisation makes it the preferred choice than the traditional bulk
polymerisation. In addition, some studies demonstrated that microspheres are more binding
efficient than their bulk counterparts. 12 22-24.26.123-125 | jterature indicates that the quality and
properties of the MIP microspheres produced from precipitation polymerisation is dependent

on the association of the functional monomer and the template and the polymerisation
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process (particularly the nucleation stage). The template-monomer association and particle
nucleation processes are critical to the formation of imprints and its efficiency,
respectively. These processes have been observed to be susceptible to template effects, which
are noticeable in differences in sizes between different MIPs and NIPs. In line with this, the
main objective of this research is to further understand further the mechanistic aspects of
molecular imprinting prepared by precipitation polymerisation, specifically the formation of
the association complex between the template and the functional monomer and how this is
influenced by the formulation. Polymers synthesized in every system were assessed based
on their physical properties and those were correlated to their corresponding binding

performance.

Chapter 3 compares the binding efficiencies of caffeine and theophylline MIPs
prepared by thermal precipitation polymerisation using acetonitrile as porogen and how these
are affected by varying the formulation. The aim is to obtain optimal feed formulations by
investigating the correlation between binding performance with varying template: functional
monomer (T:FM), functional monomer: cross-linker (FM:XL) and initiator: total monomer
(I:'TM) ratios. This study also investigates the correlation between template incorporation
and rebinding employing two templates: caffeine (CAF) and theophylline (THP), with

varying capability for interaction with the functional monomer, MAAIn this case.

Chapter 4 seeks to further understand template effects by focusing on the effect of
initiation: concentration (using an azo initiator) and method and temperature (thermal vs
photochemical) on the physical properties and binding performance of precipitation MIPs by
employing three phenolic templates with varying number of interaction points: 3,5-

dimethylphenol (10H), 5-methylbenzene-1,3-diol (20H) and benzene-1,3,5-triol (30H).
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Chapter 5 assesses the mechanistic aspects of stoichiometric precipitation imprinting
using a pyridine-based functional monomer, 2,6-bis-(acrylamido) pyridine, and the binding
performance of the resulting MIPs in comparison to  MIPs synthesized by bulk
polymerisation. As with Chapter 4, this study also delved into the effect of the concentration
of the initiator on the properties and binding performance of resulting MIPs. Additionally, the
effect of agitation on T:FM interaction and binding and physical properties of the imprinted

microspheres have been investigated.

Chapter 6 is an extension of the previous work of our group and provides additional
information on the imprinting efficiency and further understanding of the application of room
temperature ionic liquids (RTILS) as porogens in precipitation molecular imprinting’®"

compared to VOC-synthesized MIPs.

This study also includes the development and application of the quantitative NMR
method for MIP characterisation and allows for accurate measurement of the concentrations
of the components in the polymerisation feed, particularly template incorporation. This
method has also been successfully employed to measure unbound analyte in solution without

the need to separate the solid MIP microspheres.

While recognising that all MIP systems suffer from drawbacks, the candidate’s research
has only focused on factors affecting, and challenges associated with, the synthesis and
performance of MIP microspheres from precipitation polymerisation by the non-covalent

approach.
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Chapter 2
Experimental

2.1. Materials and Reagents

Methacrylic acid (MAA, Sigma), ethylene glycol dimethacrylate (EGDMA, Sigma)
and trimethylolpropane (TRM) were freed from polymerization inhibitor by passing through
a basic aluminum oxide column. 2,6-Bis(acryl)amino pyridine (BAAPy) was initially
provided by Dr. Andrew Hall and later synthesised according to standard procedure *2
briefly described below. 2,6-Diamino pyridine, acryloyl chloride and triethylamine were
purchased from Sigma and was used as received. Acryloyl chloride (96%) was purchased
from Aldrich and was used as received. Caffeine (CAF) and theophylline (THP) were
purchased from Sigma Aldrich and used as received. 3,5-dimethylphenol (10H) was
purchased from Sigma Aldrich and recrystallized in methanol prior to use. 5-methylbenzene-
1,3-diol (20H) and benzene-1,3,5-triol (30H) were purchased from Sigma Aldrich and were
used as received. 2’,3’,5’-tri-O-Acetyluridine (TAU, Sigma-Aldrich) was used as received.
2°3’5’-tri-O-Acetylcytidine (TAC) was obtained by neutralising acetylcytidine hydrochloride
(Sigma-Aldrich) with NaHCOg, extracted in dichloromethane and dried in vacuo. Uridine
(Urd) was recrystallized in methanol prior to use. (x)-Propanolol hydrochloride was
purchased from Sigma Aldrich and was converted to free base by addition of NaHCO3
filtered, dried with methanol and further dried under vacuum at 40 °C overnight to afford
propanolol (PNL). 2,2’-Azobisisobutyronitrile (AIBN, Dupont Chemicals) was recrystallized
from methanol prior to use. Acetonitrile, methanol, chloroform and diethyl ether (VWR

Chemicals) were of analytical grade and used as received. 1,4-Dioxane was purchased from
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Acros and used as received. DMSO-ds was purchased from Cambridge Laboratories. Figure

2.1 shows the structures of the chemicals used in this research project.
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Figure 2. 1. Structures of the components of the polymerisation feed. The internal standard
used for the 1H NMR analyses, 1,4-dioxane (STD), cross-linkers employed: ethylene glycol
dimethacrylate (EGDMA) and trimethylolpropane trimethacrylate (TRM), functional
monomers used: 2,6-bis(acryl)amidopyridine (BAAPY) and methacrylic acid (MAA), the
templates and analogues used: theophylline (THP), caffeine (CAF), 3,5-dimethylphenol
(10OH), 5-methylbenzene-1,3-diol (20H), benzene-1,3,5-triol (30H), 2,3,5-tri-O-aetyluridine,
2,3,5-tri-O-acetylcytidine (TAC), uridine (Urd) and () Propanolol (PNL). Labelled atoms

correspond to nuclei used for NMR analysis.
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2.2. Synthesis of Polymers

The polymerization feed for each system was prepared according to Table 2.1 prior to
purging with nitrogen gas for 15 mins. Subsequently, the polymerisation solutions were
polymerized either thermally at 60 °C for 24 hours in a water bath (Julabo F12-ED
Refrigerated/Heating Circulator) with (PP-1:1-A-St and PP-1:1-A-Rd) or without agitation
or photochemically by placing the mixture in a water bath in a photochemical reactor cabinet
and UV irradiated (200-400 nm) using a 450W medium pressure mercury vapour, quartz UV
lamp (Ace glass, No. 7825-34) with the temperature kept between 22 and 27 °C during the
reaction. Post polymerisation solutions were isolated from the microspheres by centrifugation
(90 mins) at 2500 rpm and the supernatant collected, filtered through 0.25 um syringe filters

and stored at <10 °C before analysis by *H NMR.

Templates were extracted by washing the microspheres overnight with 3 mL
methanol:acetic acid mixture (90:10) and washed three times with 3.0 mL methanol. This
procedure was repeated until no template was observed in the centrifugant as per *H NMR.
The microspheres were then washed with diethyl ether and placed in a vacuum oven at 40 °C
for further drying. The same procedure was carried out for the non-imprinted counterparts in

the absence of the template.
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Table 2. 1. Polymer feed composition of all systems investigated.

o Porogen
EXPT/Polymers [template] [FM] [XL] [initiator] " ojime  T:EMXL  1:TM
(mM) (mM) (mM) (mM) (mL)

1-1:1000-T/C 0.10 1:1000
1-1:500-T/C 0.20 1:500
1-1:100-T/C,
T/P-10H/20H/30H-1:100 4.16 16.66 83.34 1:4:20
I-1:10-T/C, .
T/P-10H/20H/30H-1:10 10.00 1:10
1-1:5-T/C, .
T/P-10H/20H/30H-1:5 20.00 15
MX2-T/C 8.40 33.40 66.60 1:4:8
MX10-T/C 2.80 9.00 91.00 5.00 1:40:40
TM2-T/C 8.40 1.00 1:2:10 1:100
TM6-T/C 4.20 16.60 83.40 1:4:20
TMS8-T/C 2.00 1:8:40
T/P-10H/20H/30H-1:50 2.00 1:4:20 1:50
T/P-10H/20H/30H-1:25 4.16 16.66 83.34 4.00 1:25
PP-1:1-A,
PP-1:1-A-St, 0.76 1:131.25
PP-1:1-A-Rd 4.76 4.76 95.22
PP-1:1-A-150 2.00 1:1:20 1:50
PP-1:1-A-1200 0.50 1:200
BP-1:1-A, 3 :
BP.L1C 179 179 3.56 X10 28.6 3.00 1:131.25
ACNPP/IL-PP 13.32 33.34 50.00 4.16
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2.3. Determination of the Polymer Composition using NMR

Analyses of the polymer composition was conducted by calculating the amount of the
components left in the post-polymerisation solution and comparing those with the initial amount
in the pre-polymerisation solution. This was achieved by *H NMR using Bruker Avance Il on a
5mm probe coaxial insert with 1,4-dioxane in DMSO-ds as the reference standard. The following
peaks were chosen for each of the components in the polymerisation feed for the preparation of
calibration curves used for quantitative analyses: O-CH: signal at 4.32 ppm for EGDMA, O-
CHg: signal of TRIM at 4.46 ppm, CH>=C- signal at 5.10 and 5.65 ppm for MAA and EGDMA
and CH.=C- less the O-CH2(EGDMA) peak for MAA,CH=C- at 8.25 ppm for BAAPyY
(BAAPy-H3), N-CHz3 signal of CAF (CAF-H1) at 4.23 ppm, N-CH signal of THP (THP-H1) at
3.84 ppm, -CH=CH- signal of TAU (TAU- H5) at 6.22 ppm, -CH=C- (hydrogen in position 2,
i.e. 10H-H2) at 6.75 ppm, for 10H (10H-H2), -CH=C- signal at 6.47 ppm for 20H (20H-H2)
and -CH=C- at 6.11 ppm for 30H (30H-H2) and the -CH=CH- signal of PNL (PN-H1) at 8.15
ppm. An example of a calibration curve of EGDMA and MAA is shown in Figure 2.2 and a

partial *H NMR spectrum of a pre-polymerisation solution of 10H is shown in Figure 2.3.
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Figure 2. 2. 'H NMR calibration curves of EGDMA (A) and MAA (B) for the determination of
the amount of each component incorporated in the polymers. The following calibration curves
were prepared using the following range of standards: 0.010-20.0 mM for EGDMA, 0.002 - 40
mM for MAA and 1.0 mM dioxane in DMSO-ds as reference standard S. NOTE:
I(S)/I(EGDMA) = ratio of the peak integrations of the dioxane standard to EGDMA,
[SJ/[EGDMA] = ratio of the concentration of dioxane standard to the concentration of EGDMA,
I(S)/I(MAA) = ratio of the peak integrations of the dioxane standard to MAA, [S]/[MAA] = ratio
of the concentration of dioxane standard to the concentration of MAA .
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Figure 2. 3. An example of a *H NMR spectrum of the caffeine pre polymerization solution.
Peaks of the components are as follows; cross-linker (EGDMA, O-CH signal) at 4.32 ppm,
functional monomer (the combination of the signals of -CH>=CH>- of MAA and EGDMA) at
5.96 and 6.39 ppm and for caffeine at 4.23 ppm (-N-CHy3)

2.4 Rebinding Studies

2.4.1. CAF and THP system

The template rebinding experiments of the CAF and THP system, 10.0 mg polymers
were incubated in 1.00 mL of 100 pM rebinding solution in acetonitrile for 18 hours 8. The
post-rebinding solution was collected by centrifugation and the amount of template left in the
solution was quantified using a Shimadzu LC-20AD HPLC instrument equipped with an
Econosphere™ C18, 5um column (Grace), LC-20 AD pump, an SPD-20A UV detector and SIL-
20A/20AC injector operated with SIL-20A autosampler. Using two solvent gradient elution

consisting of 25% of a mixture of acetonitrile: water 70:30 with 10 mM trimethylamine and 75%
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of a 50 mM aqueous phosphate buffer (pH= 3.5) with a run time of 10 mins at a flow rate of 1.0
mL/min and detection wavelength of 270 nM. A calibration curve was generated for every batch
binding analyses conducted using 7 standard solutions of CAF and THP in the range of 10-1000

uM.

2.4.2. Phenolic templates system

The time binding experiment was conducted using 10.0 mg of MIP and NIP of the
phenolic system (both thermally synthesized and photochemically synthesized), incubated with
1.00 mL of 100 uM rebinding solution at different times: 5, 15, 30, 60, 90, 120 mins, 4 hours, 6

hours and 24 hours, while shaking with the Intelli-mixer RM-2.

For the time rebinding experiment of 10H, the 10H left in the solution after a period of
time was quantified using a Shimadzu LC-20AD HPLC instrument equipped with an
EconosphereTM C18, 5um column (Grace), LC-20 AD pump, an SPD-20A UV detector and
SIL-20A/20AC injector operated with SIL-20A autosampler. Using acetonitrile: 2% acetic acid
in water (10:90 v/v, with a pH of 4.5), as the mobile phase, a 1 pL injection volume was used
with a run time of 6 min at a flow rate of 1 mL/min and detection wavelength of 280 nm. A
calibration curve was generated by monitoring the peak at 4.13 mins and using 7 standard

solutions with concentrations ranging from 10 to 100 pM.

20H and 30H were quantified by *H NMR using Bruker Avance 111 600 MHz-NMR on
a 5-mm probe at 35 °C by monitoring the proton peak of 20H (H2 of 20H, i.e. 20H-2) at 6.47
ppm for 20H and 6.11 ppm for 30H (30H-2) and using the proton peak at 3.57 ppm of 100 uM
1,4-dioxane (STD-1) internal standard in DMSO-ds contained in a co-axial insert. The data

obtained were processed using Bruker Topspin 3.2 software.
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For subsequent experiments, 10.0 mg of polymers were incubated in 1.00 mL of 500 nM
rebinding solution in acetonitrile for 60 mins for 10H, 45 mins for 20H and 75 mins 30H
including centrifugation. The post-rebinding solution was collected and analyzed by 'H NMR
using 100 uM 1,4-dioxane in DMSO-ds as the reference standard contained in a coaxial insert.
Binding isotherms were generated by incubating polymers with various concentrations of

template solutions ranging from 5 to 75 pM.

Binding isotherms were obtained for the MIP systems synthesized in I: TM of 1:100 by
incubating, with shaking, 10.0 mg of polymers for the required equilibration time for each
system 1.00 mL of various concentrations of each template ranging from 5 uM to 75 uM. Post-
rebinding solutions were collected after centrifugation, filtered and analyzed by *H NMR as with
the time binding experiments.

2.4.3. Imide-containing templates

Time-binding experiments were conducted in situ by *H NMR at 35 °C by incubating
10.0 mg of polymer PP-1:1-A (both NIP and MIP) in 0.50 mL of 50.0 pM TOAU in acetonitrile
in a5 mm NMR tube at various times from 15 to 180 min. The amount of TOAU remaining in
solution was quantified by monitoring the peak at 6.22 ppm corresponding to proton 5 of TAU
(TAU-H5) with respect to the peak, at 3.57 ppm, of 100 uM 1,4-dioxane in DMSO-d internal
standard contained in a co-axial insert.

For subsequent batch rebinding experiments of this system, 10.0 mg of polymers were
incubated (with shaking) in 0.500 mL of 100 uM TOAU rebinding solution in acetonitrile in 5
mm NMR tubes and shaken (Intelli mixer RM-2) for 1 hour. The suspensions were then

subjected to in-situ NMR analyses as with the time binding experiments.
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Binding isotherms were obtained for PP-1-A and BP-1-A by incubating, with shaking,
10.0 mg of polymers for 60 min in 0.500 mL of various concentrations of TAU ranging from 1
MM to 100 puM. Post- rebinding solutions were collected after centrifugation, filtered and
analyzed by *H NMR as with the time binding experiments.
2.4.4. PNL system

The saturation period of 24 hrs for the PNL in this system has already been determined
based upon the previous study.”* Thus the following template rebinding experiments were
conducted over a 24 hr period. PNL was quantified by *H NMR using Bruker Avance 111 600
MHz-NMR on a 5-mm probe at 35 °C by monitoring the proton peak of PNL (H1 of PNL, i.e.
PNL-H1) at 8.11 ppm and the proton peak of the reference standard at 3.57 ppm (100 pM)
contained in a co-axial insert. The data obtained were processed using Bruker Topspin 3.2
software. 10.0 mg polymers were incubated in 1.00 mL of 500 uM rebinding solution in
acetonitrile for 24 hours. The post rebinding solution was collected by centrifugation and

analysed by *H NMR.

2.4.5. Binding isotherm analyses

Binding parameters K (association constants) and N (number of binding sites) were
calculated directly from the non-linear binding isotherms using the one-site parabola model of
GraphPad Prism 5 based on Equation 2.1 and from the linearized curves generated using

Equation 2.2 according to the Langmuir model.

Y= i’;‘f”‘fi Equation 2.1

Where X is the concentration of the template and Y is the specific binding.

5 =—-—F + —= Equation 2.2
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where the slope is equal to 1/N, y-intercept equal to 1/NK, B is the concentration of the bound

template and F is the unbound/free template.

2.5. Template-Monomer Interaction Studies

In order to study the potential interactions between the three phenolic templates (1OH,
20H and 30H) and MAA,, and between TAU and BAAPy. Molecular modelling simulation
software Spartan *04 (Wavefunction, Inc. USA) was employed. *H and 3C NMR titration
experiments were conducted using Bruker Avance 111 600 MHz-NMR on a 5-mm probe at 30°

and 60°C (for TAU and BAAPY) and processed using Bruker Topspin 3.2 software.

2.5.1. Phenolic templates
The changes in the chemical shifts of the nuclei of the templates and MAA were
monitored after mixing 600 pL of 4.16 mM (0.02083 mmol) template solution with 50 puL of

16.67 mM (0.08333 mmol) MAA, following the reaction feed ratios.

2.5.2. Imide-containing templates

Increasing the amount of BAAPy (from a 50.0 mM in DMSO-d) ranging from 1.00 to
10.00 mmol in 20.0 pL (1.00 mmol) increments was added to 1.00 umol (370.31 pg) of TOAU
in 0.50 mL of DMSO-d. The complexation-induced shifts of the carbons and the protons of both
BAAPy and TOAU were observed.

2.6. Selectivity Studies
2.6.1. Phenolic templates

The affinity of the best performing thermally-synthesized polymers (T-10H-1:100, T-

20H-1:5 and T-30H-1:50) of each system were investigated against the other phenolic
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compounds as analogues (e.g. 10H imprinted polymers using 20H and 30H as analogues).
Triplicate samples of 10.0 mg of the polymers (MIPs and NIPs) of each system were incubated
in 100 uM solution of the analogue for the saturation period determined by time-binding
experiments (60 mins for 10H, 45 mins for 20H and 75 mins 30H). The post-rebinding solution
was collected by centrifugation and analyzed by *H NMR using 100 uM 1,4-dioxane in DMSO-

ds as the reference standard contained in a coaxial insert.

2.6.2. Imide-containing templates

The affinity of the TAU-imprinted microspheres towards the two analogues: TAC and
Urd was tested using PP-1-A by incubating 10.0 mg of polymers in 0.500 mL of 50 uM solution
of TOAC or Urd in 5-mm NMR tubes and shaken for 1 hour. The suspensions were then
subjected to in-situ NMR analyses using 10 uM 1,4-dioxane internal standard by monitoring the
4.137 (H5’) and 6.077 (H5) ppm peaks for TAC and Urd, respectively.

Selectivity of the TAU-imprinted microspheres against TAC was tested using PP-1:1-A
by incubating 10.0 mg of polymers in a mixed solution of 0.250 mL of 50 uM solution of TAU
and 0.250 mL of 50 uM solution TAC (3) in 5-mm NMR tubes and shaken for 1 hour. The
suspensions were then subjected to in-situ NMR analyses as with the non-competitive affinity
tests. The procedure was repeated using 0.250 mL of 50 uM solution of TAU and 0.250 mL of

50 uM solution of uridine.

2.7. Determination of Degree of Crosslinking

The degree of cross-linking in the polymers can be correlated to the amount of reacted
double bonds in the polymers which is the difference between the initial (before polymerisation)
and the residual double bonds in the polymers (Equation 2.3). The residual double bonds were

determined by infrared spectroscopy using Perkin Elmer Two based on a Universal Attenuated
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Total Reflectance sensor (UATR-FTIR). Approximately 1 mg of the dried polymers was
analysed and the data were processed using the Spectrum software. The residual double bonds
were calculated using the ratio of the peak height of -C=0 (1730 cm™) and -C=C- (1650 cm™) in
the polymers with respect to the ratio of the reference compound, pure EGDMA. The
contribution of the signals from MAA was not considered in the calculation since it was only
minimal giving a difference of only 0.5-1 % in the calculated cross-linking in using pure

EGDMA.

He=c
Hc=0 polymer
Hc=c
Hc=0/monomer

Equation 2.3

degree of cross — linking = 100 X [1 -

*where: HC=C and HC=0 are the peak height of C=C at 1750 cm-1 and C=0 at 1690 cm-1 respectively.
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Figure 2. 4. An example of a partial infrared spectrum of MAA:EGDMA (1:5) solution
overlayed with spectrum of DMP-1:100-T MIP using Perkin Elmer Infrared Spectroscopy-Two
based on a Universal Attenuated Total Reflectance sensor (UATR-FTIR). The amount of cross-
linking in the polymers were determined using the peaks of -C=0 and -C=C- at 1730 and 1650
cm respectively.

2.8. Sample Morphology

Scanning electron microscopy (SEM) imaging was conducted using Zeiss SEM Gemini.
Dried microspheres were gold coated thrice using a SPI1- Module sputter coater; twice at an 45-
degree angle and once lying flat, prior to SEM imaging. Images of the particles were obtained
using a magnification of 10,000-30,000 kx, and were analyzed using the Zeiss Zen lite 2012

software.
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2.9. Particle Size Analysis

Dynamic Light Spectroscopy (DLS) measurements were carried out using a Malvern
Zetasizer Nano ZS with DTS Version 5.03 software package (Malvern Instruments Ltd.,
Worcestershire, UK). Approximately 0.1 mg of the sample was suspended in ~0.5 mL of
acetonitrile and sonicated using a benchtop ultrasonicator for ten seconds to minimize particle
aggregation. Three measurements were carried out for each sample and average sizes are
expressed in terms of the intensity weighted size distributions based on hydrodynamic diameters
(dn).
2.10. Thermal Analysis

Thermal stability of a representative polymer was carried out to observe the first stage of
degradation using Perkin Elmer Diamond TG/DM Thermogravimetric/ Differential Thermal
Analyzer with a heating rate of 10°C within the temperature range of 30-600°C per min and 2.0
mg sample. Glass transition determination experiments were performed by Shimadzu DSC-60A

differential scanning calorimetry using a heating rate of 30°C/min and ~3.0 mg sample.

2.11. X-Ray Diffraction analyses

X-ray diffraction experiment was carried out using a Panalytical Xpert PRO MPD XRD
equipped with a Cu anode tube, 4 degree anti scatter slit on incident side and a 10mm mask on
incident side. The energy of monochromatic radiation is 40 kV (40 mA). Scattered intensities
were recorded by PixCel 1d detector. Samples were back loaded into standard sample holders

and analysed with rotation using the sample spinner.
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2.12. Specific Surface Area and Porosity (Brunauer-Emmett-Teller)

Gas adsorption analyses were carried out using Micromeretics ASAP 2020 Accelerated
Surface area and Porosity Instrument (Norcross, GA, USA). 100 mg samples were degassed
under vacuum at 110 C. The adsorption isotherm was then measured using nitrogen gas as the
adsorbate covering the partial pressure range of 1X10-6 to 0.01. The specific surface area of each

sample was then determined from the adsorption data using the linearised BET equation.
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Chapter 3

Precipitation imprinting of caffeine and
theophylline: Effect of formulation in
imprinting efficiency

3.1. Introduction

Only a few studies have investigated the effects and correlation of feed formulation to the
binding performance of molecularly imprinted microspheres prepared by precipitation
polymerisation. At low template concentrations, i.e. T:FM < 1:60'? and T:FM < 1:121% 3
decrease in the number of high-affinity binding sites in the microspheres was observed.
Additionally, lowering the template concentration was found to increase the non-selective

binding of the MIPs. %116

Varying the concentration of FM:XL in the feed was found to greatly affect the binding
efficiency of the polymers as was presented by the study conducted by Yoshimatsu et al. It was
observed that higher concentration of MAA (decrease in the cross-linker) in the feed results in
lower binding capacity (~2 times lower or halved) due to loss of rigidity and selectivity of the
polymers®. Similarly, lowering the amount of MAA (MAA:TRIM = 1:2.3) in the feed also gave
a similar effect due to insufficient concentration of the T-FM complex formed during association
stage. % Thus, there should be a balance between the concentration of cross-linker, that provides
the rigidity of the microspheres, and the functional monomer, that dictates the amount of T:FM

complexes formed, to be able to determine the optimized FM:XL® for a particular system. The
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most binding efficient polymers according to published results are the polymers synthesized in

FM:XL between 1:4-1:6.%1:50

In the case of the concentration of initiator, Mijangos et al. recommended the use of low
concentration of initiator since it enhances the selectivity of the microspheres due to an increase
in the stability of the T-FM complex. Mijangos proposed that the heat formed due to the
decomposition of high concentration of initiator could disrupt the formation of a stable T-FM
complex.”” Another factor that has an effect on the binding efficiency of the MIPs is the nature of
the template, particularly the number of complementary interaction points of the template. It has
been established that higher number of complementary interaction points (functionality)
increases the binding strength and fidelity of the recognition capabilities of MIPs, >7+ 119 127-129 ¢
is not only the synthesis of MIPs that needs to be considered but also its NIP counterparts since
the efficiency of MIPs is always compared with the NIPs. Therefore, it is important that the
physical properties (surface area, particle size, porosity) of the NIPs and the MIPs are
comparable; however, few reports mention and emphasize the differences 24 4% 99 130-1363n this

imposes difficulty in the determination of the actual efficiency of the MIPs.

Examining previous studies, it appears that the optimal conditions and formulations vary
for every system. Thus in this study, we aim to determine the optimized formulation of the
polymerization feed suitable for two MIPs system: caffeine (CAF) and theophylline (THP) by
varying the following ratios in the feed: initiator:total monomer (1:TM), functional
monomer:cross-linker (FM:XL) and template:functional monomer (T:FM). In addition, this
chapter also reports on the effects of the nature of the template on the properties of the
microspheres such as particle sizes, polymer composition and surface area and correlate them to

the binding efficiency of the polymers.

33



3.2. Results and Discussion

Determining which component of the imprinting system predominantly affects the
binding performance of MIP has been the subject of previous studies. Similar and contradicting
results regarding the effects of the ratios of the components of the polymerisation feed have been
presented using different systems. Both Sellergren 3" and Yoshimatsu ° demonstrated that a loss
in selectivity and binding efficiency is observed in the microspheres in high amount of functional
monomer (above 35% functional monomer with respect to the total monomer) . Sellergren
studied L-phenylalanine anilide bulk MIP while Yoshimatsu investigated the efficiency of
propranolol imprinted microspheres prepared by precipitation polymerisation. This however, is
in contrast with the results obtained by Yilmaz et al. wherein they illustrated that monoliths
synthesized in high concentration of functional monomer (0.2 % or T:FM = 1:500) recorded a
higher yield of high affinity binding sites. In terms of the amount of cross-linker in the feed,
contradicting results were presented by Yilmaz!® and Yoshimatsu®. Yilmaz et al. demonstrated
that even at low concentration of cross-linker (<20% or FM:XL = 1:5) cross-linker with respect
to total monomer in the feed), the efficiency of the polymers were still comparable with MIPs
synthesized in higher concentration of cross-linker (>50% or FM:XL = 1:2). This is due to the
flexibility of the resulting polymers that can allow the access of the templates in the cavity that
increased the MIP binding observed. Yoshimatsu suggested that lower concentration of cross-
linker resulted to the loss of rigidity of the microspheres. Similar and contradicting results from
published studies seem to suggest that the effect of different parameters is not only dependent on
the MIP formats but also on the template used in the system. In this study, CAF and THP were

utilised as model templates to determine the effects of the various components on the
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performance of the MIPs. Three different experiments which involve varying the ratio of
different components in the polymerisation feed; initiator: total monomer (I: TM, Section 1.3.1),
functional monomer:cross-linker (FM:XL, Section 1.3.2) and template: functional monomer

(T:FM, Section 1.3.3) were performed and assessed. The results are summarised in Table 3.1.

The effect of the interaction of the template with the functional monomer was also
correlated with the properties investigated (polymer composition, particle size, morphology and
binding performance). The only difference in the structures of caffeine and theophylline (Figure
3.1), the templates investigated in this study, is the number of possible interaction points. THP
has the ability to simultaneously donate and accept electrons (H-bonding) from MAA while CAF
can only donate electrons.?® In addition, it was also demonstrated in previous studies that the
additional interaction of THP with MAA made the binding energy higher, i.e. more favourable
interaction 13, compared to CAF'*° as was calculated by molecular modelling. CAF and THP are
also one of the commonly used templates in molecular imprinting due to availability and non-
toxic nature with high association constants. The association constants for caffeine was
determined within the range of 1.62- 5.43 x 10® M and N between 16.98 to 8.39 X 10° umol/g
which was calculated by Scatchard model™ 4! In the case of theophylline, the association

constants range from 1.53 X10* to -1.0 X108 42 100
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Figure 3. 1. Structures of caffeine (CAF) and theophylline (THP).
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Table 3. 1. Imprinting results of polymers synthesized in various template: functional monomer
(TM), functional monomer: cross-linker (MX) and initiator : total monomer (IM) ratios.

Experiments Incorporated components in Degree of Hydro-
the polymers Cross- dynamic
% incorporation (nmol/g) Polym_e_r linking? size,
EGDMA MAA Template COmMposition d
(PDI)
T:FM: XL!
TM2 MIPc NV+1 791 701 0.44:1:6 68.1+£0.01 66+1
(375) (66) (29) (1.0
MIP+ 92+1 7B+l 761 0.51:1:6 62.3+0.01 701
(382) (63) (32) (1.0
NIP 83+7 752 1:5.58 70.3 £ 0.06 104 +1
(347) (62) (0.4)
TM4/ MIPc 89+2 802 181 0.06:1:5.53 71.0 £0.01 114
MX5/ (369) (67) (4) (0.3
IM100° “Mipy 852 771 49+2  016:1:510 697 £001 1001
(359) (64) (10) (0.3
NIP 92+2 801 1:5.77 71.0+0.01 93+)1
(384) (67) (1.0
TM6 MIPc 87+2 74+3 3B+l 0.08:1:5.85  63.3+0.01 99+2
(362) (62) ©) (©)
MIP+ 90 +2 77%2 49+1 0.11:1:5.82 60.6 £ 0.01 85+1
(373) (64) (7 (0.5)
NIP 92+2 88+4 1:5.24 63.3+0.01 93+1
(382) (73) (0.2)
T™MS MIPc 93+1 87+1 64+ 1 0.09:1:5.36  62.3+0.01 75+1
(387) (72) (7 (0.8)
MIP+ 93+2 82+1 771 0.12:1:5.63 61.0+0.01 98 +2
(386) (69) (8) (0.3
NIP 86+ 2 79+1 1:5.57 68.7 £ 0.01 89+1
(360) (65) (0.5)
MX10 MIPc 88+1 701 3B+1 0.08:1:12.60 63.8+0.1 117+1
(409) (32) (4) 0.2)
MIP+ 86+ 2 61+1 32+1 0.13:1:14.15 75.7x0.1 114 +1
(392) (28) (4) 0.2)
NIP 86+ 2 79+2 1:10.89 63.3+0.1 128+ 1
(390) (36) (0.5)

IT:FM:XL= template : functional monomer : cross-linker (mol) ratio in the polymers, 2Degree of cross-linking compared to the initial ratio -
C=C- and -C=0- and in the polymers. * Polymers produced using T:FM = 1:4, FM:XL = 1:5 and I:TM of 1:100.
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Table 3. 1. (continuation). Imprinting results of polymers synthesized in various template:
functional monomer (TM), functional monomer: cross-linker (MX) and initiator:total monomer
(IM) ratios.

Experiments Incorporated components in the Polymer Degree of Hydro-
polymers Composition Cross- dynamic size,
% incorporation (umol/g) T:FM: XL! linking? dw
EGDMA MAA  Template (PDI)
MX2 MIPc 932 782 10+2 0.03:1:2.41 49.6x0.1 841
(311) (130) 4 (0.1)
MIP+ 93+2 83+2 31+0 0.09:1:2.26 57.7+0.1 671
(310) (138) (13) (0.1)
NIP 93+2 84+1 1:2.21 59.1+0.1 891
(366) (57) (0.5)
IM5 MIPc 981 922 261 0.07:1:5.33 67.5+0.01 1361
(410) (77) (12) (0.2)
MIPt 981 932 50%1 0.13:1:5.33 68.4+0.01 1321
(410) (77) (10) 0.2)
NIP 98+1 88+2 1:5.58 73.6 £0.06 122+1
(409) (73) (0.3)
IM10 MIPc 9% +1 84 +£2 211 0.06:1:5.75 72.2+0.01 1211
(401) (70) 4 (0.6)
MIPt 96 +0 821 52+3 0.16:1:5.81 73.1+0.01 1021
(398) (69) (112) (0.6)
NIP 971 83+1 1:5.83 69.4+0.01 83+2
(404) (69) (1.0)
IM500 MIPc 64 +2 56+ 0 16+1 0.10:1:5.37 67.3+0.01 1041
(266) (47) 3) (0.3)
MIPt 612 57 %2 220 0.07:1:5.69 65.2+0.01 94+1
(256) (48) (5) (0.3)
NIP 88+2 69+1 1:6.41 67.3+0.01 140+ 1
(366) (57) (0.3
IM1000  MIPc 40+0 39+2 8+1 0.05:1:5.16 66.6 + 0.01 1071
(165) (32) 2 (0.3)
MIPt 43 +2 382 12+1 0.08:1:5.64 67.4+0.01 90+1
(179) (32) 3) (0.3)
NIP 753 39+£2 1:9.70 62.3+0.01 1191
(314) (32) (0.3

IT:FM:XL= template : functional monomer : cross-linker (mol) ratio in the polymers, 2Degree of cross-linking compared to the initial ratio -C=C-
and -C=0- and in the polymers. *Polymers produced using T:FM = 1:4, FM:XL = 1:5 and I:TM of 1:100.
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3.2.1. Variation of template to functional monomer ratios (T:FM)

In this study, MIPs of CAF and THP were synthesized with various template: functional
monomer ratios (T:FM = 1:2, 1:6 and 1:8) and compared to the MIP prepared using the accepted
T:FM of 1:4. 2 Polymers were thermally synthesized in an oil bath at 60 °C using AIBN as the
initiator, MAA as the functional monomer, EGDMA as the cross-linker and ACN as porogen.
The formulation was based upon previously reported studies on different systems using CAF and
THP as templates: 1: TM of 1:100 '8 and volume of porogen/ total monomer of 10mL/mmol**,
In the case of the FM: XL used for this set of experiments, we opted for the most commonly used

and accepted ratio of 1:5. 2

3.2.1.1. Particle size and morphology

In the SEM images taken and as shown in Figure 3.2, discrete microspheres were
synthesized in all systems. The dn obtained for the NIPs of this system ranges from 89-104 nm
with the highest polydispersity index of 1.0 (TM4) and low of 0.2 (TM6-N) as shown in Figure
3.3. The smallest d4 (CAF =66 £ 1 nm and THP = 70 £ 1 nm) and highest PDIs (1.0) were
recorded for the two MIPs when T:FM is 1:2. Generally, the MIP particles got bigger as the
concentration of template in the feed is varied except for TM8-THP (particle size comparable to

that of TM2).
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MIP-CAF MIP-THP

Figure 3. 2. SEM images of microspheres synthesized at various template: functional monomer
(T:FM) ratios. TM2-N (A), TM2-C (B ) and TM2-T (C ), TM4-N (D), TM4-C (E ) and TM4-T
(F), TM6-N ( G), TM6-C (H) and TM6-T (1), TM8-N (J), TM8-C (K) and TM8-T (L). Insets
are the hydrodynamic size of the microspheres with the corresponding polydispersity indexes
(PDI) measured by DLS.
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Figure 3. 3. Hydrodynamic sizes, dn, of microspheres synthesized in various T:FM ratios.

Measurements were conducted using Dynamic Light scattering (DLS) and acetonitrile as the
dispersant.

3.2.1.2. Polymer composition

In order to quantify the amount of the components (EGDMA, MAA and the template) in
the polymer, the unreacted components left in the post polymerisation solution were measured by
'H NMR. Comparison between the initial amount in the pre-polymerisation solution with the
assumption that the difference between the initial and the unreacted amounts has been
incorporated in the polymer. Briefly, the following peaks were monitored for quantitative *H
NMR: EGDMA (O-CHz signal) at 4.32 ppm, the combination of the signals of -CH>=CH>- for
MAA and EGDMA at 5.96 and 6.39 ppm, and -N-CHjs at 4.23 ppm and 3.84 ppm for CAF and

THP (see Section 2.1 for details of the Experimental).

Table 3.1 shows that the amount of EGDMA in the NIPs and the two MIPs (as calculated
with respect to the initial amount) is between 83-93%. The 10% difference in the amount of
EGDMA in varying the T:FM ratios translates to 0.01 mmol, which is considered a negligible

difference. Conversely, the amount of MAA in the polymers ranges from 75-88% for the NIPs
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and 74-87% for the MIPs. The result of the incorporation of the monomers for the MIPs suggest
that changing the concentration of template in the feed has minimal effects on the incorporation
of the monomers in the resulting polymers. The resulting FM:XL of the polymers (1:5-6), is
similar in all cases and close to the starting ratio of 1:5. Polymer yields were in the range of 83-

919% for the NIPs, and 84-93 % for the two MIPs.

It is well known in the field that the degree of crosslinking is related to the strength of the
cavity produced by the imprinting process. The more conformationally defined the imprinted
cavity, the more selective and binding efficient the polymers. 3" 14, In this study, the double
bond conversion was correlated to the degree of crosslinking in the polymers; residual double
bonds were calculated from the ratios of the peak height of the -C=0 (1730 cm™) and —-C=C
(1650 cm?) in the polymers with respect to the pure EGDMA. As was expected, the degree of
cross-linking of NIPs is comparable as shown in Figure 3.4, with values ranging from 68-71%.
Similarly the degree of cross-linking in CAF MIPs appears to be more unaffected in changing
the concentration of the template in the feed. Correspondingly, the THP MIPs showed minor
changes in the degree of cross-linking as the concentration of template in feed is changed: with

values ranging from ~61-64%.
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Figure 3. 4. The degree of cross-linking in the polymers synthesized at various T:FM ratios.
Residual double bonds in the polymer were quantified using infrared spectroscopy and compared
to the double bonds of the EGDMA monomer.

3.2.1.3. Template incorporation

The amount of template incorporated in the polymers in varying T:FM was also
calculated according to the procedure discussed in Section 2.3 and the data calculated in the
analyses is shown in Figure 3.5. The amount of template incorporation is expressed in terms of
percentages or the amount of template in the polymers with respect to the starting concentration
of template in the feed. TM2-C and TM8-C polymers incorporated comparable percentages of
CAF in the polymers, which is the highest recorded incorporation of CAF in this system (70 and
64 %, respectively), and the lowest was incorporated by TM4-C polymers (18 + 1%). TM2-C
preserved its T:FM feed ratio but lower T:FM in the polymers (between 1:10-1:18) was obtained
for the other TM polymers in Table 3.1. The preservation of the T:FM ratio in the polymers of
TM2-C MIP suggests that the template acts as nucleation point during the polymerisation,
pulling the monomer inwards and producing particles with smaller dy which was in accordance

to the results published by Yoshimatsu.*® The gradual decrease in the CAF in the polymers from
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TMB8 to TM4 experiments follows the expected results based from Le Chatelier’s principle. From
TMB8 to TM4, the concentration of MAA in the polymerisation feed is decreasing, therefore, the
high concentration of MAA in the TM8 experiment pushes the reaction forward, producing more
T-FM complexes and incorporating more CAF in the process. However, the comparable CAF
incorporation of TM2 with TM8 can be due to the presence of high concentration of template
that favours the formation of the T-FM complexes, which is also in accordance with Le
Chatelier’s principle. The incorporated templates do not necessarily equate to binding sites and

this will be discussed in the succeeding section (Section 3.2.1.4).

The amount of THP incorporated by the polymers followed the same trend as the CAF
incorporation: TM2-T and TM8-T contained essentially identical percentages of THP in the
polymer. In order to explain the comparable THP incorporation of TM2 and TM8-T polymers,
the interactions of MAA and THP were observed in their corresponding complexes. Similarly, it
is only the TM2-T polymers that preserved the starting T:FM and the rest incorporated lower
than the starting T:FM ratio. It is however noteworthy to mention that THP polymers
incorporated higher amount of template in the polymers compared to CAF polymers in all T:FM
experiments. This suggests a stronger interaction of THP than CAF with the functional

monomer.
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Figure 3. 5. Percentages of CAF and THP incorporated in the polymers in various T:FM ratios
measured by *H NMR using 1,4-dioxane in DMSO-ds as the reference standard.

3.2.1.4. Template rebinding studies

The maximum saturation period for the two MIP system employed was 18 hours
following previously reported study!*® and gave a 70-90% template binding from the rebinding
solution (100 uM ). The affinity of the NIPs towards CAF is comparable, as expected, with
values ranging from 3.6-4.6 umol/g. In terms of the MIP binding, TM2-C rebound the highest
amount of template (6.6 + 0.4 umol/g) and the lowest was recorded by TM4-C with value of 4.7
+ 0.2 umol/g. In terms of binding site conversion (i.e. the ratio of the amount of template
incorporated with respect to the amount of template rebound), TM4-C polymers recorded the
highest conversion of imprinted sites to binding sites with the value of 9.5% which is due to the
low incorporation of template and a relatively higher MIP binding while the lowest binding site
conversion was recorded by TM2-C with only 1.8 % conversion despite high template
incorporation. The low binding site conversion observed with TM2-C could be attributed to the
formation of complexes with weaker interactions with the functional monomer due to the

presence of excess CAF in the feed and insufficient concentration of MAA forming incomplete

45



or partial binding sites.*® Due to comparable NIP binding towards CAF, the resulting IF is also
comparable with lowest of 1.3 to a high of 1.6. The results of the rebinding suggest that the
concentration of template in the feed, down to T:FM of 1:8 (11% CAF) does not affect the
binding performance of the polymers. The results of the rebinding experiments illustrated that
the amount of template incorporated (Section 3.2.1.3) does not necessarily equal or get converted

to binding cavities efficiently.
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Figure 3. 6. CAF incorporation, MIP and NIP binding performance of polymers synthesized at
various T:FM ratios. Polymers were incubated for 18 hours in 100uM template rebinding
solution with 70-90% binding from the rebinding solution. Post rebinding solutions were
analyzed by HPLC. Template incorporation in pmol/g is also shown for comparison purposes.

The affinity of the NIP towards THP is also comparable with values ranging from 3.6-4.3
pmol/g as can be seen in Figure 3.7. In the case of MIP binding, no significant difference was
observed, with the highest recorded MIP binding of 6.6 + 0.7 umol/g shown by TM8-T polymers
and the lowest by TM4-T polymers with 5.4 = 1.0 umol/g. Due to high template incorporation

but relatively low MIP binding, TM2-T polymers recorded the lowest binding site conversion
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(1.60%), which was also observed in the CAF counterparts. The highest binding site conversion
was calculated in TM6-T polymers which is equivalent to 7.45%. Due to close range of MIP and
NIP binding in between T:FM ratio, there is also a minor difference in the recorded IF of this
system (IF= 1.5). Similar to CAF counterparts, due to equivalent binding and IF of the polymers
synthesized in variable concentration of template, it indicates that the binding capacity of the
polymers is not dependent on the concentration, down to T:FM of 1:8 (11% THP), of the

template in the feed.
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Figure 3. 7. THP incorporation, MIP and NIP binding performance of polymers synthesized at
various T:FM ratios. Polymers were incubated for 18 hours in 100uM template rebinding
solution with 70-90% binding from the rebinding solution. Post rebinding solutions were
analyzed by HPLC.

Overall, while THP has been demonstrated to provide stronger interaction with the
functional monomer MAA than CAF, the incorporated template was not efficiently converted to
high affinity binding sites more so with the TM2 polymers for both MIP systems. The

incorporated templates in both CAF and THP system in TM2 could be due to incomplete or
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partial imprinting that did not give high fidelity binding sites. Moreover, comparable IF values
were obtained which suggests that even in the lowest concentration of templates (TM8), there is

already enough amount of template to form the equilibrium concentration of T-FM complexes.

3.2.2. Variation of functional monomer to cross-linker ratio (FM:XL)

In this study, three sets of precipitation polymers with various functional monomer to
cross-linker ratios (FM:XL) using two template system (CAF and THP) were produced: 1:2
(MX2) with 33% functional monomer, 1:5 (17%, MX5) and 1:10 (9%, MX10). The I:TM ratio
was kept constant as the previous section (Section 3.2.1) at 1:100 and the volume/total monomer

ratio at 10.00mL/mmol. A T:FM of 1:4 was used.

3.2.2.1. Particle size and morphology

The DLS measurements showed increasing dn with decreasing concentration of MAA in
the feed (from MX2 to MX10) which is also visible in the SEM images taken for this system
(Figure 3.8). The particle sizes of the NIPs range from 88-128 nm and more polydispersed (PDI
of 0.5- 1.0) compared to its MIPs counterparts with PDI of 0.1-0.3. CAF MIPs ranges from 84-
120 nm with PDI of 0.1-0.3, which was also observed in the THP MIPs with sizes ranging from
65-115 nm and a PDI of 0.1-0.3. A speculation regarding the differences in the sizes of the MIPs
and the NIPs was offered by Long®® and emphasized that the presence of the template pulls the
components towards each template molecule making the particle smaller. The resulting

morphology of the microspheres are shown in Figure 3.9.
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Figure 3. 8. Hydrodynamic sizes, dn, of microspheres synthesized in various FM: XL ratios.
Measurements were conducted using Dynamic Light Scattering (DLS) and used ACN as the
dispersant.
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MIP-CAF

Figure 3. 9. SEM images of polymers synthesized in various FM: XL ratios. MX2- N (A), MX2-
C (B),MX2-T (C), MX5-N (D) MX5-C (E),MX5-T (F) and MX10 -N (G) MX10-C (H) and
MX10-T (I). Insets are the hydrodynamic size of the microspheres with the corresponding
polydispersity indexes (PDI) measured by DLS.

3.2.2.2. Polymer composition

As shown in Table 3.1, the incorporation of EGDMA of the CAF polymers is comparable
regardless of the concentration of MAA in the feed with values ranging from 88-93%. The
percentage of MAA incorporated in the polymers ranges from 70-80%, also similar to the MAA
incorporation in the previous section of this chapter (Section 3.2.1.2). Unlike MX2 and MX5
polymers, MX10-C incorporated lower amount of MAA in the polymers resulting to a slightly

lower FM:XL (1:13) than the starting ratio.
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A similar trend was observed with the EGDMA incorporation of THP polymers and the
values were comparable to the percentage of EGDMA in the CAF polymers in each FM:XL
Ratios ranged from 86-93% with the highest displayed by MX2-T polymers. The MAA
incorporation, on the other hand, showed a wider range of 61 (for MX10) to 83%. As with the
CAF polymers, MX10-T recorded a lower FM:XL in the resulting polymers (1:14) but with a

higher concentration of MAA in the feed, the initial FM:XL was preserved (MX5-T = 1.5 and

MX2-T = 1:2).

As shown in Figure 3.10, the degree of cross-linking in the MX2 polymers is lower than
the other MX polymers, for both MIPs and NIPs but in agreement with the values recorded for
the TM polymers (Section 3.2.1.2). NIPs exhibited a degree of cross-linking within the range of

59-71 %, CAF MIPs showed cross-linking between 50-71 % and THP MIPs with 58-76%.
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Figure 3. 10. Degree of cross-linking in the polymers synthesized at various FM: XL ratios. The
residual double bonds in the polymers were quantified using Infrared spectroscopy and compared
to the double bonds of the EGDMA monomer.
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3.2.2.3. Template incorporation

In the case of MX-C polymers, the incorporation of CAF was observed to be decreasing
with increasing concentration of MAA in the feed (Figure 3.11). The highest CAF incorporated
in this system was 35 £ 1% recorded by MX10-C and reduced by 3.5 times to 10 + 1% displayed
by MX2-C. Lower incorporation of CAF in a higher amount of MAA in the feed could be
attributed to the possibility of MAA preferring to dimerize with itself than interact with CAF
thus lowering the concentration of template-monomer complex. Due to low incorporation of
CAF in the polymers, the resulting T:FM ratio in the polymers (Refer to Table 3.1) is lower than

the starting ratio of 1:4: MX2 recorded a T:FM of 1:32, MX5 with 1:18 and MX10 with 1:8.

For the THP incorporation, on the other hand, the highest recorded THP incorporation in
this system was exhibited by MX5 polymers and the other investigated ratios, 1:2 and 1:10, had
similar amounts of THP incorporated in the polymers (~32 %, 1.5 times lower). The increase in
the incorporated THP upon increasing the concentration of MAA in the feed could be due to the
formation of a more stable T-FM complex which is based from Le Chatelier’s principle.
However, adding more MAA in the feed promotes dimerization of MAA instead of interacting
with THP, thus lowering the template incorporation in the microspheres. The difference in the
incorporation of THP and CAF could be due to the difference in the MAA units that can form

complexes with each template.

For THP, addition of more MAA from MX10 to MX5, enhances the interaction between
MAA and THP since THP can form two H-bond interactions with MAA while CAF can only
form one H-bond interactions. Thus, in MX10 there is a possibility that all of the MAA has been
used for the efficient formation of T-FM complex with CAF and increasing the MAA

concentration favours the dimerization of MAA. Similar to the MX CAF MIPs, the resulting
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T:FM ratios in the polymers were lower than its starting T:FM: MX2-T gave a T:FM of 1:11,
MX5 with 1:6 and MX10 with 1:8. The resulting T:FM of THP MIPs is higher compared to CAF
MIPs which indicates a stronger interaction of THP than CAF with MAA based on an additional

interaction point (hydrogen attached to the nitrogen) on the THP molecule.
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Figure 3. 11. Percentages of CAF and THP incorporated in the polymers in various FM: XL
ratios. Measured by *H NMR using 1,4-dioxane in DMSO-dg as the reference standard.

3.2.2.4. Template rebinding studies

Figure 3.12 summarizes the incorporation and the binding performance of the MIPs and
NIPs towards the CAF template. In the case of NIP, the amount of CAF bound of MX10 and MX
5 microspheres were similar (2.4 + 0.1 pmol/g and 3.6 = 0.2 umol/g, respectively) and increased
4 times to 12.0 + 1.2 umol/g for MX2 polymers, which could be due to the high concentration of
MAA in the polymers that can interact and rebind CAF (T:FM =1:32). In terms of MIP binding,
the MX2-C bound the highest amount of CAF equivalent to 14.1 + 0.3 umol/g and MX10-C
bound the lowest with only 3.8 £ 0.1 umol/g CAF bound. The high MIP binding of MX2-C
polymers is due to the formation of a higher concentration of T-FM complexes because of higher

concentration functional monomer incorporated in the polymer. Additionally, MX2-C exhibited
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higher conversion of imprinted to binding sites with value of 25.6 % and the conversion
drastically reduced to 7.6 % in using MX10-C polymers. The lower binding exhibited by MX10-
C polymers is consistent with the published results of Yoshimatsu et al.*® which is attributed to
the lower concentration of T-FM complexes formed during the imprinting process.% 99 137, 147-148
MX10-NIP gave a low affinity towards CAF resulting to higher IF (1.6) compared to other
FM:XL investigated despite of low MIP binding, consistent with the demonstrated results of
Yoshimatsu et al.®® They proposed that the non-specific binding capability of NIPs is
proportional to the MAA units in the feed. As expected, an increase in the non-specific binding
was observed in MX2 NIP 24 9 % which gave the lowest IF (IF=1.2) for this system.
Additionally, a loss of binding capability was observed with MX2 polymers (for both MIP and
NIP) which can be due to the lower degree of cross-linking consistent with the results presented
by Yoshimatsu et al. % in which they attributed to the loss of rigidity of the cavity of the

polymers 26, 129, 137
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Figure 3. 12. Comparison of the amount of CAF incorporated, rebound by the MIPs and NIP
prepared in various FM:XL ratios. Polymers were incubated for 18 hours in 100uM template
rebinding solution and the post rebinding solutions were analyzed by HPLC.

It is shown in Figure 3.13 that MX2-T polymers incorporated the highest THP (177.3 £
1.3 pumol/g) for this system, and incorporation of THP decreases 3.9 times to 45.9 = 0.1 umol/g
in MX10-T polymers. The investigation of the affinity of the NIP towards THP, showed that
MX2 NIP gave the highest binding with THP equivalent to 12.0 + 1.2 umol/g and dropped 3.4
times to 3.6 £ 0.2 umol/g for MX5-NIP and 5.7x to 2.1 = 0.4 pmol/g for MX10 NIP. Similarly,
MX2-T polymers exhibited the highest MIP binding of 14.7 £1.1 umol/g and dropped to 4.0 +
0.2 pmol/g. This binding behaviour is similar to what was observed in the CAF system.
Calculating for the efficiency of the imprinting process, MX2-T and MX10-T polymers
displayed comparable binding site conversions (~8.5%). In all cases, a slightly higher MIP
binding for MX-THP compared to MX-CAF polymers was observed, providing higher IFs

suggesting a greater interaction between THP and MAA.
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Figure 3. 13. Summary of the THP incorporation and rebinding performance of the MIPs and
NIPs prepared in various FM:XL ratios. Polymers were incubated for 18 hours in 100uM
template rebinding solution and the post rebinding solutions were analysed by HPLC.

The high MIP binding displayed by MX2 polymers is largely due to non-specific binding
that gave low imprinting factors for both MIP systems. In addition, the binding results suggest
that both CAF and THP systems prefer low concentration of MAA and high concentration of
EGDMA in the feed (FM: XL = 1:5-10). This is not consistent with the demonstrated evidence in
bulk polymers that the concentration of the template or the monomer should be increased in
order to produce more binding sites due to the formation of higher concentration of template-
monomer complex.®® Lowering the amount of MAA also arises to an equal increase in the
amount of EGDMA in the fee, suggesting that appropriate rigidity of the polymers is also an
important aspect to consider. This is consistent with the results published by Rosengren et al. %
Therefore, there should be a balance between the cross-linker and functional monomer to

produce efficient MIPs.
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3.2.3. Variation of amount of initiator to total monomer ratio (I: TM)

Polymers were synthesized thermally (60°C) using EGDMA as the cross-linker, MAA as
the functional monomer and acetonitrile (ACN) as porogen. Despite of the comparable MIP
binding exhibited by MX10 and MX5, we opted to use the more commonly employed FM:XL of
1:5 for all the I:'TM experiments In addition, 1:5 is also the widely used FM:XL ratio in
precipitation polymerisation.?> The T:FM ratio was kept constant at 1:4 as well as the
volume/monomer ratio at 20mL/mmol. Five different I: TM ratios: 1:5 (IM5), 1:10 (IM10), 1:100
(IM100), 1:500 (IM500) and 1:1000 (IM1000), were used to produce CAF (e.g. IM5-C) and

THP (e.g. IM5-T) MIPs.

3.2.3.1. Particle Size and morphology

Based on published literature, one of the physical properties of the polymers that is
evidently affected by the concentration of initiator in the polymerisation feed is the particle
size.1152 However, the du of the NIPs measured by DLS ranges from 83-140 and does not
follow any trend with respect to the concentration of initiator as the du of IM5 and IM1000 are
comparable as shown in Figure 3.14. Also, the PDI values of the NIPs is comparatively higher
than its corresponding MIPs in a lower concentration of initiator. The comparable dn of IM5 and
IM1000 suggests that the particle size of NIP is affected by the rate of polymerisation and
number of nucleation sites: in IM5, the more radical species are present forming higher
concentration of nuclei incorporating more monomer into the growing polymer chain resulting to
bigger particles. In IM1000 on the other hand, even though few nuclei are formed, the growing

polymer nuclei can coalesce and form larger particles

The particle sizes of the MIPs, however, increased with increasing concentration of
initiator (Figure 3.14) coinciding with the results shown by several studies.*91%° 152 |n the case
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of the CAF MIPs, a gradual increase from 95-136 nm was observed, similarly with THP MIPs,
increasing dn was observed with increasing concentration of initiator from 90-132 nm. It was
also observed that the PDI values of the microspheres produced in a lower concentration of
initiator (1:100-1:1000) were lower than the values obtained in higher concentrations of initiator,
consistent with the results published by Wang.'#1%°  The effect of the concentration of initiator
on the particle size of the MIPs indicate that the presence of the template in the feed could
intensify the effects of the concentration of initiator in the particle sizes It would seem that the
particle sizes of the MIPs are more affected by the number of nucleation sites: higher
concentration of initiator means faster rate of reaction therefore more smaller nuclei in a short

amount of time and aggregates that give particles a larger diameter 17153, 152,143

SEM images were taken in similar fashion as the previous sections (Sections 3.2.1.1 and
3.2.2.1) and confirmed the differences in the particle sizes, as the I:TM ratio is varied and is

shown in Figure 3.15.
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Figure 3. 14. Hydrodynamic sizes, d+, of microspheres synthesized at various 1: TM ratios.
Measurements were conducted using Dynamic Light scattering (DLS) and using ACN as the
dispersant.
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Figure 3. 15. SEM images of microspheres synthesized using different initiator : total monomer
ratios (1: TM). IM1000-N (A), IM1000-C (B) and IM1000-T (C), IM500-N (D), IM500-C (E)
IM500-T (F), IM100-N (G), IM100-C(H) IM100-T (1), IM10-N (J), IM10-C (K) IM10-T (L),
and IM5-N (M) IM5- C(N) and IM5-T (O). Insets are the hydrodynamic size of the
microspheres with the corresponding polydispersity indexes (PDI) measured by DLS.
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3.2.3.2. Polymer composition

Similar method was employed in the determination of the polymer composition of the IM
polymers: unreacted components (EGDMA, MAA and templates) left in the post polymerisation
solution were quantified by *H NMR spectroscopy using 1,4-dioxane as the reference standard.
Table 3.1 shows that the amount of all components in the polymer decreases with decreasing
amount of initiator. (regardless if it’s a MIP or a NIP and the nature of the template used). The
decrease in the incorporation of the monomers in decreasing concentration of initiator was also
reported by Stover et al. They proposed that the efficiency of polymerisation at low
concentration of initiator is the result of a low concentration of monomers in the feed in

precipitation polymerisation. 1°2

There is no considerable difference in the amount of EGDMA uptake of the NIP
synthesized in higher amount of initiator (88-98% from I-1:5 to 1-1:500) and it dropped to 75 +
3% when the amount of initiator is decreased to 1:1000 (0.1%). This behavior was also observed
in the amount of MAA in the polymers. But the onset of the drop in the amount of MAA is when
the I:'TM is 1:100. Due to low conversions of monomers in lower concentration of initiator,
lower FM:XL (1:6-1:10) was calculated compared to the starting ratio of 1:5, indicating that
EGDMA has a higher reactivity compared to MAA even at low concentration of initiator. This

resulted in a higher concentration of XL in the polymers (or lower FM:XL ratio in the polymers)

Similarly, for the CAF polymers, the amount of EGDMA calculated in the polymers
decreases with decreasing concentration of initiator in the feed: from a high of 98 = 1% shown
by IM5-C to a low of 39 + 2% shown by IM1000-C. A similar effect in the incorporation of
MAA in the CAF polymers was observed: decreasing with decreasing concentration of initiator,

from 92 £ 2 % shown by IM5-C to 39 + 2 % by IM1000-C. Since both monomers (EGDMA and
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MAA) showed a decreasing trend in decreasing concentration of initiator, the resulting FM:XL
in the CAF polymers preserved the initial FM:XL of 1:5. The lower incorporation of MAA in the
NIP and the preservation of the starting FM: XL in the MIP suggests that the template can act as
an efficient nucleation points during polymerisation'*® 1415 jncorporating higher amount of
MAA even in low concentration of initiator. The *H NMR-based yield obtained for CAF
imprinted polymers ranges from 24-97 % and is higher than the isolated yield which is only in

the range of 37-84 %.

Interestingly, similar trends were observed in the THP polymers and the values recorded
is not significantly different from the values obtained from CAF polymers: the highest recorded
value for the incorporation of EGDMA is 98 + 1% (410 umol/g) showed by IM5-T and the
lowest of 40 + 0% (165 pmol/g) showed by IM-1000-T, and for the incorporation of MAA, the
highest value is 93 + 2% (77 umol/g) exhibited by IM-5-T and lowest was 38 + 2% (32umol/g).
These values preserved the initial FM:XL ratio of 1:5 in the polymers similar to CAF polymers
and resulted to an NMR based yield of 25-97 %. The isolated yield obtained for THP system is

45-85 %, which is slightly lower than the NMR based yield.

It can be seen in Figure 3.16 that between the NIP and the MIP, regardless of the
template used, there is no considerable difference in the amount of cross-linking in the polymers
with values ranging from 62-74%, which indicates that EGDMA has not completely reacted even
in high concentration of initiator in both MIPs and NIPs. This is in contradiction with the
findings reported by reported studies.’®> ¢ in which they observed that the degree of cross-
linking of the microspheres were proportional to the concentration of initiator used in the

polymerisation process. The observed range between each initiator concentration investigated
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was between 48-54 % which could be attributed to the different monomer, initiator and the ratio

of the solvent to the amount of monomer in the feed.
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Figure 3. 16. The degree of cross-linking in the polymers synthesized at various I: TM ratios.
Residual double bonds were quantified using Infrared Spectroscopy and compared with the
double bonds of EGDMA.

3.2.3.3. Template incorporation

Template incorporation of the polymers (both CAF and THP) was also observed to be
decreasing with decreasing concentration of initiator as shown in Figure 3.17. In the case of CAF
incorporation, the highest recorded amount of template incorporated by the polymers (IM5-C) is
26 £ % (12 umol/g) and the lowest is 8 = 1% (2 umol/g). The incorporation of THP on the other
hand, in all cases is higher than the CAF incorporation: with the highest value of 50 + 1% (10
umol/g) and the lowest of 12 + 1% (3 umol/g). In theory, the concentration of the initiator in the
feed is directly proportional to the rate of the reaction in FRP system.®1%® Based from the
calculated template incorporated in the polymers, it would seem that the two MIP systems

investigated favour the faster polymerisation reaction due to the fast entrapment of the template-
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functional monomer complex/ cluster (T-FM) or which was referred to as “snap freezing” by
Turner et al.”® Additionally, in all 1: TM ratios, the amount of THP incorporation is higher than
CAF incorporation, with the highest value of THP incorporation (50 = 1%) almost twice as much
as the highest recorded CAF incorporation (26 + 1%) in IM5 experiments. This is another
evidence suggesting that the strength of interaction and number of binding points of the template
and functional monomer favours the formation of the association cluster between the template

and functional monomer.
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Figure 3. 17. CAF and THP incorporation in the polymers at various I:TM ratios measured by
'H NMR using 1,4-dioxane in DMSO-dg as the reference standard.

3.2.3.3. Template rebinding studies

The effects of the concentration of initiator in the affinity of the NIPs towards CAF is
minimal given the minor differences in the binding performance in each I:TM ratios. The highest
NIP binding was 3.59 £+ 0.15 pumol/g and the lowest of 2.82 + 0.12 umol/g. In terms of MIP

binding, the amount of CAF rebound by the polymers was highest in high concentration of
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initiator as shown in Figure 3.18: with the highest of 4.91 + 0.24 umol/g exhibited by IM5-C and
a lowest of 3.57 + 0.710 umol/g exhibited by IM1000-C. Due to low incorporation and relatively
high MIP binding of IM100-C, this polymer recorded the highest binding site conversion of
9.6%. The lowest was 6.2% showed by IM500-C polymers. Due to minimal changes in the
amount of CAF rebound by the NIP, this resulted to an IF of 1.1-1.7, with IM5-C recording the

highest IF.
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Figure 3. 18. Comparison of the amount of CAF incorporated, rebound by the MIP and the NIP
polymers synthesized at various I: TM ratios. Polymers were incubated for 18 hours in 100pM
template rebinding solution and the post rebinding solutions were analyzed by HPLC.

The NIP binding performance towards THP is marginally affected by the concentration
of initiator with changes in the amount rebound minor compared to its MIP counterparts. The
highest NIP binding observed is equivalent to 3.86 + 0.28 umol/g by IM1000-T NIP and the
lowest was exhibited by IM5-T NIP with value of 3.07 = 0.29 umol/g as shown in Figure 3.19.
In comparison, the MIP binding showed that the highest THP rebound by IM-5-T with a value of
5.97 £ 0.36 umol/g and a low of 4.59 + 0.21 umol/g by IM1000-T. Considering the conversion

of the imprinted sites to binding sites, the highest conversion (6.3 %) was recorded by IM1000-T
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due to a lower incorporation of template. The lowest was by IM5-T with only 5.0% conversion.
The low binding site conversion calculated for IM5-T suggests that the high incorporation of
THP might be simply due to partial imprinting, not due to the formation of high fidelity binding
sites. Similar to CAF counterparts, the system that recorded the highest IF value is the system
with the highest concentration of initiator, IM5-T (2.0). The lowest is shown by IM1000-T (1.2).
Both systems recorded an increasing NIP binding from IM5 to IM1000, however, higher MIP
binding was observed towards THP molecule, which can be due to more interaction points of the

THP molecule than CAF.
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Figure 3. 19. Comparison of the amount of THP incorporated in the polymers, rebound by the
imprinted and non-imprinted polymers synthesized in various I:TM ratios. Polymers were
incubated for 18 hours in 100uM template rebinding solution and the post rebinding solutions
were analyzed by HPLC.

The amount of initiator in the feed appears to have an effect on the amount of template
incorporated and the binding performance of the polymers. From this study, both MIP systems
favour fast polymerisation reactions and this could be due to the immediate trapping of the T-FM
complexes formed during the polymerisation process. This could be due to the “snap-freezing”
of the T-FM complexes, put forward by Turner et al. to explain the better performance of the
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MIPs from microwave induced initiation compared to thermally-synthesized MIPs, allowing the
preservation of the three dimensional arrangement leading to the formation of stronger binding
cavities in the polymers.”® However, the binding site conversion (amount of template
rebound/amount of template incorporated) of IM5 microspheres recorded lower binding site
conversion than the IM1000 counterparts. This could be due to the disruption of the T-FM
complexes by the heat given off during the decomposition of high concentration of initiator, as
was proposed by Mijangos etal.”” Despite the higher binding site conversion of the IM1000
polymers, this ratio is still not an advisable I:TM ratio to be used since the polymerization is
difficult to control due to its sensitivity to the presence of oxygen. Additionally, IM1000
produced the lowest yield among all of the IM polymers synthesized. Therefore, based on the
calculated IF values and higher percentage yield, this study showed that a higher concentration
of initiator is more preferable to use (I:TM < 1:100) with the optimum being the I:TM ratio of

1:5.

3.2.4. Polymer Surface area

Due to instrument constraints, surface areas of only a small number of representative
polymers were determined by the Brunauer-Emmett-Teller (BET) method and tabulated in
Table 3.2. The systems chosen were (1) the low and high FM:XL ratios: MX2 (FM:XL = 1:2)
and MX10 (FM:XL = 1:10) with constant ratios of I: TM =1:100 and T:FM =1:4 and (2) low and
high T:FM ratios: TM2 (T:FM= 1:2) and TM10 (T:FM= 1:10) with constant parameters of .TM
= 1:100 and FM:XL= 1:5). The effect of the initiator concentration on MIP performance and its
correlation with surface area are further discussed in Chapter 4, thus the 1. TM microspheres were
not included in the surface area analysis for this chapter.
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In varying the FM: XL ratio in the feed, the surface area of the NIP ranges from 70-250
m?/g, with MX2 NIP giving a higher surface area (3.6 times) than its MX 10 counterpart. Thus,
the surface area of the NIP is increasing with increasing concentration of FM (decreasing
concentration of XL) which was observed in previous experiments by Golker and Rosengren et
al. with monolithic polymers.>® % The increasing trend in the surface area of the particles

coincides with the decreasing trend observed with the dn of the microspheres.

The range of surface areas observed for the MIPs, on the other hand is wider than the
NIP; CAF MIPs have surface areas ranging from 30-132 m?/g and THP MIPs from 71- 672 m?/g.
It would appear that further investigation is warranted as the surface areas obtained for MIPs are
variable and, due to limited data, could not be correlated to the physical properties and binding

performance of the MIPs.

Table 3. 2. BET surface area (m?/g) data for selected CAF and THP MIPs and NIPs.

MX52
MX2? MX10°
T™M23 TM10*
NIP 2540+ 24 121.5+8.2 71.2+£27
MIPc 96.5+3.2 29.9+0.23 132.0 +1.02 1195+1.8
MIPT 672.5+9.3 71.2+£2.7 148.5+£6.25 105.8 £6.3

IMX2 polymers produced with FM:XL = 1:2, T:FM = 1:5 and I:TM = 1:100, 2MX5 polymers produced with FM:XL = 1:5, .TM =
1:100, *TM2 polymers produced with T:FM = 1:2, “TM10 polymers produced with T:FM = 1:10 and ®MX10 polymers produced with
FM:XL = 1:10, T:FM = 1:5 and I:.TM = 1:100.

3.3. Summary

In this chapter, the effects of changing the different ratios of the components of the feed

(T:FM, FM:XL and I1:TM) in the different polymer properties were investigated.
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Polymer vyields ranged from a low of 25% for those prepared using low concentration of
initiator (IM1000 MIPs) to a high of 98% for those prepared at high concentration of crosslinker

(MX10 MIPs). The degree of crosslinking remained in a close range between 50% to 70%.

In terms of FM: XL ratio in the polymers, a lower concentration of initiator (IM500 and
IM1000, FM:XL=1:5) and a higher concentration of crosslinker (MX10) did not preserve the

FM:XL formulation resulting in polymers of higher XL content than the feed.

In the case of template incorporation, it was observed that higher template (CAF and
THP) was incorporated in the MIPs containing higher concentration of functional monomer (~80
umol/g for TM8 and ~100 umol/g for MX2), template (~350 pmol/g TM2) and initiator (~75
umol/g IM5) in the feed relative to the others in the same set of experiments. However, the
incorporated template has not been translated to high fidelity binding sites and. Except for the
MX2, which demonstrated the highest MIP binding in both CAF and THP system, exhibited
comparable (about 1.5 umol/g difference) MIP binding. Conversely, all NIPs showed
comparable template binding (except for MX2 which was synthesized with higher concentration
of functional monomer, resulting in IF in a close range between 1.2-2.0). In all cases, the
incorporation and MIP binding of THP polymers are higher than its CAF counterparts signifying

the stronger interaction of THP with the functional monomer than CAF.

The particle sizes of the microspheres measured is in the range 60-150 nm and was
demonstrated to be affected by the concentration of initiator (increases with increasing
concentration of initiator) and concentration of functional monomer (increases with decreasing
concentration of functional monomer). The differences in the surface area of the MIPs and the

NIP (30-675 m?/g) revealed that more accurate binding capacity can be obtained if it is
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normalized with respect to surface area. However, due to limited surface area results obtained, it

is recommended that further investigation should be conducted.

Our results suggest that the T:FM ratio between 1:2 to 1:8 will result in comparable
binding capacities regardless of the level of template incorporation and can maintain low NIP
binding. Results also showed that there should be a balance between the rigidity of the polymers
and the concentration of functional monomer that can form T:FM complexes to produce binding
efficient polymers. Therefore FM:XL should be kept in between 1:5- 1:10. It has also been
demonstrated that a faster reaction time is more favoured thus the optimum I1:TM should be

maintained above 1:100.

For this study, the best performing CAF and THP MIPs were obtained using T:FM = 1:4,
FM:XL = 1:5 and I. TM = 1:5 giving a binding capacity of 4.91 + 0.24 umol/g and IF of 1.8 for
CAF MIP and 5.97 + 0.36 umol/g and IF of 2.0 for THP MIP. Thie precipitation MIPs have been

prepared using ACN porogen at 10mL/mmol total monomers.
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Chapter 4

Precipitation imprinting of phenolic
templates: Effect of the nature of the
template and initiator concentration

4.1 Introduction

The success of molecular imprinting is dependent on the formation of a stable complex or
association cluster between the functional monomer and the template 1% 2% 1% which is dependent
various factors: the shape of the template and the number of functional groups of the template
that can form interaction with the functional monomer. It was illustrated in several reports that
the more interaction points between the template and the functional monomer, the more binding
efficient the resulting molecularly imprinted polymers will be. 1621 128.159 However, Spivak et al.
have shown that, in some cases, the shape of the template has a more prevalent effect over the
number of functional groups or interaction points between the template and the functional
monomer on the efficiency of the polymers.1#® Results presented in Chapter 3 suggested that the
nature of the template seems to affect the final properties of the polymers (polymer composition,
binding performance). Theophylline was imprinted more efficiently in comparison with caffeine,
which was speculated to be due to the stronger interaction of the functional monomer with

theophylline.

Microspheres produced by precipitation polymerization have proven to be sensitive to
any changes in the composition of the polymerization feed and these changes affect the binding

performance of the resulting microspheres.26: 49 7778, 99, 160-161 pagyjits of Chapter 3 demonstrated
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that the amount of initiator in the feed affects the composition of the polymers and ultimately the
binding performance of the polymers: both caffeine and theophylline MIP systems displayed

higher imprinting and binding efficiencies in higher amount of initiator or faster reaction.

In order to analyse further the effect of the nature of the template in the imprinting and
binding efficiencies, and physical properties of the resulting MIPs, this chapter focuses on three
MIP systems for different phenolic templates (Figure 2.1) with varying number of interaction
points (hydroxyl group) synthesized by precipitation polymerisation. These templates were also
chosen because of their simple and flat structures of comparable size. Among the three
experiments conducted in Chapter 3, the effects of varying the amount of initiator to total
monomer (I1:TM) is more evident in the physical properties and binding efficiencies of the
resulting MIPs thus, for this chapter, the three phenolic templates were synthesized in varying
I:TM ratios employing one of the accepted FM:XL and T:FM ratios investigated in Chapter 3:
FM:XL of 1:5, T:FM of 1:4. In addition, the chosen FM:XL and T:FM ratios were the
commonly used ratios in molecular imprinting technology. Furthermore, the effects of
temperature were assessed and compared in terms of imprinting and binding efficiencies by

producing 3 MIP systems in two different methods of initiation; thermal and photochemical.

4.2. Results and Discussion

In Chapter 3, it was demonstrated that template incorporation and binding performance of
MIPs prepared by precipitation polymerisation were affected by the concentration of initiator
used for polymerisation, particularly, MIPs for theophylline and caffeine performed better at
higher concentration of AIBN (e.g. I:'TM = 1:5). In this chapter, we further investigated the

effects of the concentration of the initiator on the performance of MIPs prepared by precipitation
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polymerisation using phenolic templates ((3,5-dimethylphenol (10H), 5-methylbenzene-1,3-diol
(20H) and Benzene-1,3,5-triol polymers (30H), refer to Figure 2.1 for the structures)) with
varying number of interaction points with the functional monomer. Moreover, the effects of the
different mode of initiation (thermal and photochemical) on the imprinting and rebinding

capacities of the microspheres were also compared and assessed.

4.2.1. Thermally-synthesized imprinted microspheres

In this study, MIPs for 10H, 20H and 30H were synthesized by precipitation
polymerisation at 60 °C using AIBN as initiator, acetonitrile as porogen (10 mL/mmol of total
monomer), EGDMA as the cross-linker, MAA as the functional monomer. The effect of the
amount of initiator was assessed for every MIP system at five different 1:TM ratios: 1:100 (1%
AIBN), 1:50 (2%), 1:25 (4%), 1:10 (9%) and 1:5 (17%) keeping the T:FM:XL ratio of 1:4:20

constant.

4.2.1.1. 3-5, Dimethylphenol MIPs (T-10H)

4.2.1.1.1. Polymer Composition

Polymer composition was calculated based on the unpolymerized monomers and residual
template in the post polymerisation solution with respect to the pre polymerisation mixture by 'H
NMR spectroscopy using the following peaks: EGDMA (O-CH: at 4.32 ppm) and MAA (5.10
and 5.65 ppm for MAA and EGDMA and CH>=C- less the O-CH2(EGDMA) peak), and 6.75
ppm for 10H. As shown in Table 4.1, the incorporation of EGDMA in the polymers is not
significantly different between the MIP and the NIP at all the I:TM ratios. In addition, the
incorporation of the functional monomer, MAA, was also observed to be unaffected by the
presence of the template in all cases. However, the composition of EGDMA and MAA within
the polymers was observed to increase with increasing concentration of initiator, i.e. increase
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monomer conversion to polymer from a low of 89% for I:TM ratio 1:100 to a high of 98% for
I:TM ratio 1:5, resulting in an FM:XL ratio of 1:5, in all cases, equivalent to the feed ratio. This
result is not surprising because higher concentration of initiator will produce higher
concentration of free radicals in solution resulting in faster rate of polymerisation. The isolated
yield of the polymers is lower (82-89%) than the NMR-based yields, which can be attributed to
the formation of short chained oligomers that did not reach the critical mass to precipitate out of

the solution or due to the loss during the extraction of template and drying process.
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Table 4. 1. Composition and degree of cross-linking of thermally-synthesized 3,5-
dimethylphenol (T-10OH) imprinted and non-imprinted polymers.

Polymers Incorporated components in the Polymer Reacted
I:TM? polymers Composition ~ Double
(%initiator)? % incorporation (umol/g) T:FM:xL? Bonds’
EGDMA MAA  Template
T-10H-1:5 1.5 MIPs 99+0 92+1 14+1 0.03:1:5.39 72.8+0.1
(17%) (824) (153) (5.78)
NIPs 98+1 97+1 1:5.02 73.8+0.1
(813) (162)
T-10H-1:10 1:10 MIPs 97+1 92+1 28 £1 0.08:1:5.30 75.0%+0.1
(9%) (812) (154) (11.67)
NIPs 98+1 93+2 1:5.31 755+0.1
(816) (153)
T-10H-1:25 1:25 MIPs 9%6+1 90+1 38+1 0.11:1:5.32 785+0.1
(4%) (797) (150) (16.05)
NIPs 9% +1 92+2 1:5.18 77.0+0.1
(800) (155)
T-10H-1:50 1:50 MIPs 92+0 85+0 41+1 0.12:1:543 77.9%0.1
(2%) (770) (142) (17.07)
NIPs 94+0 90+1 1:5.23 80.0+£0.2
(782) (150)
T-10H- 1:100 MIPs 91+0 82+1 48+ 1 0.15:1:5.49 75.9%0.2
1:100 (1%) (754) (137) (20.07)
NIPs 93+0 85+2 1:5.46 80.3+£0.2
(773) (142)

Y:TM = initiator (mmol): total monomer (mmool EGDMA+ mmol MAA), 2% initiator = amount (mol) of initiator/amount of
total monomer (mol), 3T:FM:XL = template : functional monomer :cross-linker (mol) ratio in the polymers, “Correlated to degree
of cross-linking in the polymer, residual double bonds measured from FTIR using the ratio of the peak height of -C=C- and
>C=0 with respect to their peak height ratio in pure EGDMA.

While the concentration of initiator was found not to affect the incorporation of the
monomers, template incorporation within the polymers was observed to decrease with increasing
amount of initiator in the feed. T-10H-1:100 polymers recorded the highest amount of template
incorporation (48 £ 1%, 20.07 umol) which gradually decreased to 14 + 1% (5.78 pmol) with T-

10H-1:5 as illustrated in Figure 4.1. These results indicate that the polymerisation at I: TM ratio
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of 1:5 could be too fast and does not give enough time for the 1OH molecules to interact with the
functional monomers or it could be due to the disruption of the complex formation between the
template and the functional monomer attributed to the production of heat from the decomposition
of the AIBN according to Mijangos et al.”’. This, however, is in contrast with the results
obtained for THP and CAF MIPs (Chapter 3) which showed higher template incorporation at

higher initiator concentration.
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Figure 4. 1.Percentages of 10H incorporated in the polymers in various I: TM ratios. Measured
by *H NMR using 1,4-dioxane in DMSO-ds as the reference standard.

As summarized in Table 4.1, there is minimal difference (~3%) in the degree of
crosslinking between the MIP and NIP indicating that the presence of the template did not affect
the extent of crosslinking. The range of the degree of cross-linking was observed to be marginal
(60-75%), with a difference of 3 % in between levels of initiator. These observations in the
degree of cross-linking is consistent with the results obtained for theophylline and caffeine MIPs

(Chapter 3). The least cross-linked polymers were recorded by T-10H-1:5 MIPs and NIPs (73-
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75%) indicating the presence of higher concentration of double bonds in the polymers due to

faster termination of the polymerisation reaction attributed to the higher amount of initiator.

4.2.1.1.2. Morphology and Particles Sizes

The SEM images in Figure 4.2 show all T-10H polymers to be discrete microspheres of
average size, measured by DLS, ranging from 80-120 nm with narrow polydispersity indices
(PDI) of 0.01-0.06. It was also observed that particle sizes increased with increasing
concentration of initiator which is in agreement with published results. 14% 151162164 The increase
in the dw of the microspheres in increasing concentration of initiator was also observed with CAF

and THP system (Section 3.2.3.1) which was attributed to the coagulation of smaller nuclei. 17 1%2

NIP particles were observed to have a bigger d+ then the MIPs and this difference is more
noticeable in higher amount of initiator indicated in the insets in Figure 4.2. The inability to
control the size of the MIP and the NIP of a given system has been documented in previous
research, %> % which was attributed to the presence of the template in the pre-polymerisation
mixture 1%°1% during nucleation stage wherein the presence of the template causes an attractive

pull towards the center making the imprinted polymers smaller than the NIP counterparts. ¢
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Figure 4. 2. SEM images of T-10H microspheres in varying amount of initiator in the
polymerization feed. T-10H-1:100 MIP (A) and NIP (B), T-10H-1:50 MIP (C) and NIP (D), T-
10H-1:25 MIP (E) and NIP (F), T-10H-1:10 MIP (G) and NIP (H), T-10H-1:5 MIP (1) and
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4.2.1.1.3. Template Rebinding Studies

The results of the time binding experiments are given in Figure 4.3. T-10H binding was
monitored at 15, 30, 60, 120 and 180 mins and binding saturation was observed after 60 minutes.
The saturation period obtained for T-10H polymers is relatively faster than other MIP systems
using various phenolic templates (e.g. 1268 20%-170 and 24" hours). Subsequent binding

assays were measured after 60 minutes — 50 min incubation period with shaking and 10 min of

centrifugation.
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Figure 4. 3. Time binding experiment of 10H imprinted polymers (P-10OH-1:50) and non-
imprinted counterpart. 10.0 mg polymers were incubated at different time periods using 100 uM
DMP solution.

Figure 4.4 shows the comparison of the amount of 1OH (umol 10H/ mass of polymers)
incorporated in the polymers during the imprinting process and the amount of 10H rebound by
the polymers prepared at various I:TM ratios after 1 hour of incubation of 10.0 mg polymers in

1.00 mL of 100 uM 10OH. Template incorporation of T-10H polymers markedly decreased with
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increasing concentration of initiator, with T-10H-1:100 exhibiting 4 times the template
incorporation of T-10H-1:5 (124 + 0.8 umol/g versus 32.7 + 1.2 umol/g). The decrease in the
template incorporation could be attributed to the lower branching density in the polymers. It was
reported in several papers that the amount of initiator affects the mechanical properties of the
polymers, such as the branching density. Branching density is defined as the fraction of repeated
units in a polymer which contains a branch point, thus higher branching density means shorter
distances between each branch point. It was reported in previous literature that branching density
is proportional to concentration of initiator in the feed.1’2"1"> Higher branching density promotes
rigidity in the polymers, and it was suggested by several literature that the binding cavities
formed should have the balance of rigidity and flexibility that allows the efficient “trapping” of
the template during imprinting process and the same time flexible enough to increase the
accessibility of the template during rebinding process.®® 1’61’7 MIP binding was also observed to
decrease with increasing concentration of initiator. From 2.09 + 0.01 umol/g for T-10H-1:100
MIP, it decreases to 0.88 + 0.01 umol/g for T-10H-1:5 MIP. Nevertheless, the decrease in the
MIP binding from T-10H-1:100 to 1:5 is not as drastic as the change observed in the calculated
template incorporated in the polymers. This could be due to the optimum number of T-FM
complexes that can be formed by a given amount of template and functional monomer as

proposed by Spivak et al.1#0

The binding site conversion, however, increased 1.6 times with increasing concentration
of initiator, from a low of 1.7% (T-10H-1:100) to a high of 2.7 % (T-10H-1:5) brought about by
the drastic decrease in the template incorporation with increasing concentration of initiator.
These results suggest that high template incorporation at lower concentration of initiator (e.g. T-

10H-1:100) didn’t translate to high fidelity imprints.
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The effect of the concentration of the initiator was also evident in the binding of the NIP
but the changes are not as evident as the changes observed in the MIP. Gradual decrease in the
amount of template bound by the NIP with increasing concentration of initiator was observed;
with a high of 1.2 £ 0.1 umol/g for T-10H-1:100 to a low of 0.6 = 0.1 umol/g for T-10H-1:5
NIP. The low NIP binding observed in T-10H-1:5 can be due to the fast polymerisation reaction
that the inter-monomer interaction between MAA molecules in the pre polymerisation solution
are preserved leaving lower concentration of MAA available to interact with 10H during the
rebinding process. This inter-monomer interaction possibly is disrupted at lower initiator
concentration (i.e. 1:50 — 1:100) when polymerisation is slower at 60°C resulting to free MAA
being able to interact with and bind 10H. In all cases, MIP binding was higher than NIP binding
giving imprinting factors (IF) in the range between 1.4-1.8, with the highest IF exhibited by T-

10H-1:100 polymers.
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Figure 4. 4. 10H incorporation, MIP and NIP binding performance of polymers synthesized in
various [: TM ratios. Polymers were incubated for 60 mins in 100uM template rebinding solution
with 40-70% binding from the rebinding solution. Post rebinding solutions were analyzed by *H
NMR. Template incorporation in pumol/g is also shown for comparison purposes.
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4.2.1.1.4. Characterization of binding sites

The binding sites of the polymers were characterised using T-10H-1:100 and analysed by
the non-linear Langmuir (NLL) and linearized-Langmuir (LL) models. Based on the assumption
that the binding sites formed are homogenous. Figure 4.5 shows the NLL and LL binding
isotherms while Table 4.2 gives a summary of binding parameters N and Ka obtained from the
two models. The NLL plot of T-10H-1:100 show that the template loading capacity of the MIP
is higher than the NIPs with the MIP recording a N (2.59 * 0.24 pumol/g) almost twice as much as
that for its NIP (1.42 + 0.11 pmol/g) counterpart. The comparable Ka values for the MIPs (1.30
+ 0.09 x10° M) and its NIPs (1.20 + 0.12 x10° M) signifies the similar affinity of 10H
towards the MIP and NIP which could be due to the single interaction point of the template.? 1%
Despite the comparable Ka, N (MIP) being higher (by 1.8 times) than N (NIP) indicates that the
imprinting process has a more prevalent effect on the binding capacity of the MIPs consistent
with the IF of 1.8 obtained for the system. The LL model gave N and Kai which are both

comparable to the NLL values.

Table 4. 2. Affinity constants (Ka) and number of binding sites (N) of T-1OH polymers
determined by the non-linear Langmuir (NLL) and linearized Langmuir (LL) models.

Model Parameter MIP NIP
Non-linear Langmuir K (x10° M) 1.30 £ 0.09 1.16 +0.12
model!
N (umol/g) 2.59+0.24 1.42+0.11
Langmuir model K (x10° M1) 1.33+0.11 1.25 £0.05
N (umol/g) 2.49 0.23 1.36 £ 0.06

Lvalues were determined from Prism GraphPad using the one-site hyperbola model.
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Figure 4. 5. Binding isotherms for T-10H-1:100 polymers fitted to (A) Non-linear Langmuir
model (B) Linearised Langmuir isotherm.



4.2.1.2. 5-Methylbenzene-1,3-diol MIPs (T-20H)
4.2.1.2.1. Polymer Composition

20H polymers were characterised as with the 10H system. Polymer compositions were
quantified using *H NMR using 1,4-dioxane as the reference standard and by monitoring the
peaks for EGDMA (O-CH: at 4.32 ppm) and MAA (5.10 and 5.65 ppm for MAA and EGDMA
and CH>=C- less the O-CH>(EGDMA) peak), and 6.47 ppm for 20H. The initial amounts of the
components were compared with the amount of the unreacted components remaining in the post
polymerisation solution. As summarized in Table 4.3, high conversions for EGDMA (92-99 %
conversion) were observed for both MIPs and NIPs of T-20H and the presence of the template
has no apparent effect on EGDMA conversion for all concentrations of initiator tested. In the
case of MAA, there is no significant difference in the % MAA between the MIP and its
corresponding NIP, which suggests that the template does not affect the MAA incorporation in
the polymers. However, similar to incorporation of EGDMA, MAA conversion, for both MIPs
and NIPs, were observed to decrease with decreasing concentration of initiator. Despite the
decreasing incorporation of both the EGDMA and MAA in the polymers, the resulting FM: XL
ratio in the polymers was preserved in 1:5, as with the 10H system, with a calculated yield
between 91-96%. The isolated yield calculated for T-20H polymers is in the range of 85-92%,
with the highest yield displayed by T-20H-1:5 polymers and the lowest by T-20H-1:100
polymers. T-20H polymers preserved the starting FM:XL (1:5) regardless of the concentration

of the initiator, which was also observed in the T-10H system.
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Table 4. 3. Composition and degree of cross-linking of thermally-synthesized 5-methylbenzene-
1,3-diol (20H) imprinted and non-imprinted polymers.

Incorporated components in the Polymer Reacted
polymers Composition ~ Double
% incorporation (umol/q) T:FM: XL3 Bonds'*
Polymers I:TM! EGDMA MAA Template
(%initiator)?
T-20H-1:5 1:5 MIPs 990 93+1 100 0.03:1:5.0 62.22+0.01
(17%) (825) (156) (4.20)
NIPs 9% +1 9%5=+1 1:5.0 64.88 £ 0.01
(801) (159)
T-20H-1:10 1:10 MIPs 98+0 91+1 8zl 0.02:1:54 67.98x0.01
(9%) (818) (153) (3.50)
NIPs 980 0=x1 1:54 68.39 £ 0.01
(819) (151)
T-20H-1:25 1:25 MIPs 9% +1 89+ 1 9+1 0.03:1:54 64.81£0.01
(4%) (798) (149) (3.80)
NIPs %xl 871 1:5.5 67.88 £ 0.01
(799) (146)
T-20H-1:50 1:50 MIPs 950 8lx1 12+1 0.04:1:6.7 62.52£0.01
(2%) (790) (135) (5.00)
NIPs 950 871 1:5.58 63.31 £ 0.02
(794) (145)
T-20H-1:100 1:100 MIPs 92+1 701 9+1 0.03:1:6.7 60.49£0.02
(1%) (764) (117) (3.90)
NIPs 92+0 83x1 1:5.6 60.65 + 0.02
(767) (138)

:TM = initiator (mmol): total monomer (mmool EGDMA+ mmol MAA), 2% initiator = amount (mol) of initiator/amount of

total monomer (mol), 3T:FM:XL = template : functional monomer :cross-linker (mol) ratio in the polymers, “Correlated to degree
of cross-linking in the polymer, residual double bonds measured from FTIR using the ratio of the peak height of -C=C- and -C=0
with respect to the peak height ratio of pure EGDMA.

Figure 4.6. illustrates that the amount of template incorporation by the polymers is not

affected by the concentration of initiator in the feed as there is no considerable difference in the

amount of template incorporated at different 1:TM ratios with values ranging from 9 = 1.2 %

(23.9 £ 0.3 umol/g) to 12 £ 1.0 % (29.6 £ 0.3 umol/g) These results are different from the results
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obtained for the T-10H system wherein the amount of template incorporated decreased with
increasing concentration of initiator. Additionally, the incorporated amount of 20H in the
polymers is 1.3 — 5.2 times lower than its T-10H counterparts and this may be attributed to a
side reaction of 20H which is discussed in the succeeding section (Section 2.3.1.4) of this
chapter since it is expected that higher amount of 20H will be incorporated in the polymers

based from the additional interaction points compared to 10H.
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Figure 4. 6. Percentages of 20H incorporated in the polymers in various 1: TM ratios. Measured
by *H NMR using 1,4-dioxane in DMSO-ds as the reference standard.

There is no considerable difference in the degree of cross-linking between the MIP and
the NIP from each I:TM ratio, as well as between the MIPs and NIPs prepared from varying
I:TM ratios as summarized in Table 4.3, with values ranging from 60-69 %, suggesting that the
template and the concentration of initiator does not affect the degree of cross-linking in the MIPs

and the NIPs as with the 10H system.
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4.2.1.2.2. Morphology and Particle Sizes

Increasing trend in the particle sizes of both the MIPs and the NIPs with increasing
amount of initiator are observed from the SEM images and the DLS results (Figure 4.7)
consistent with the findings for the T-10H system and the caffeine and theophylline systems
(Chapter 3) as well as those reported by previous researchers. 4% 5! The NIP particles appear to
be bigger (by ~10 nm) than the MIP counterparts. It is also noteworthy that the polydispersity
indices of the particles are significantly different. T-20H-1:100 gave the lowest PDI of 0.02 and
T-20H-1:50 showed the highest of 0.50. The increase in the PDI and particle size of the
microspheres with increasing initiator concentration suggest that particle coagulation occurred

during polymerisation as claimed by previous studies, 149-150. 178-180
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111.9£0.3 nm, J=121.9 + 1.1 nm, PDI = 0.10
d(SEM)=114.02 1.6 nm d(SEM '

dy;(DLS)= 1253 £0.6 nm, PDI = 0.10
d(SEM)=1243205nm |

' X - & & ¥
‘dy(DLS)= 129.1 £ 0.2 nm, PDI = 0.04 T d,(DLS)=152.3 £ 0.4 nm, PDI = 0.10
d(SEM) =140.2 2.3 nm d(SEM) = 174.7 * 16.6 nm

Figure 4. 7. SEM images of T-20H-imprinted microspheres in varying amount of initiator in the
polymerization feed. T-20H-1:100 MIP (A) and NIP (B), T-20H-1:50 MIP (C) and NIP (D), T-
10H-1:25 MIP (E) and NIP (F), T-20H-1:10 MIP (G) and NIP (H), T-20H-1:5 MIP (1) and
NIP (J). Insets are the hydrodynamic size of the microspheres with the corresponding
polydispersity indexes (PDI) measured by DLS and SEM.
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4.2.1.2.3. Template rebinding studies
According to Figure 4.8, the binding sites of T-20H-imprinted microspheres are
saturated after 45 min of incubation period with 20H rebinding solution, thus succeeding

rebinding measurements were performed after 45 minutes.
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Figure 4. 8. Time binding tests using 10.0 mg T-20H microspheres incubated in 1.00 mL of 100
1M 20H solution. Amount of template bound to the polymers were analyzed using *H NMR
spectroscopy using the peak signal at 6.47 ppm for 20H-H2.

Figure 4.9 shows the amount of the template incorporated and rebound by the MIPs and
NIPs prepared at various concentrations of initiator. Minimal and gradual decrease in the
template bound by the NIP counterparts with increasing amount of initiator was observed, with
the highest value of 1.08 + 0.02 umol/g by T-20H-1:100 to lowest of 0.64 + 0.03 umol/g by T-
20H-1:5. The decreasing amount of 20H rebound by the polymers in increasing concentration
of initiator might be due to the increasing MAA incorporation in the polymers which has the

higher probability of inter-monomer interaction than interacting with 20H
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Unlike T-10H in which the template incorporation is decreasing with increasing
concentration of initiator, the template incorporation of T-20H slightly changes with increasing
concentration of initiator with values ranging from 20-30 umol/g but does not follow a
decreasing trend. Nevertheless, the amount of template rebound by the T-20H imprinted
microspheres slightly decreased with increasing concentration of initiator. The T-20H-1:100
MIP managed to rebound 1.34 + 0.01 pmol/g, which is 1.6 times higher than the template
rebound by the T-20H-1:5 MIP with a value of 0.86 = 0.03 umol/g. Calculating the binding site
conversion for each I:TM ratio, highest binding site conversion (5.6%) was obtained from T-
20H-1:100 and the lowest by T-20H-1:5 with only 3.6 % conversion. The binding site
conversion of T-20H polymers is within the range of 3.6-5.6 %, with lowest conversion
exhibited by T-20H-1:5 and the highest by T-20H-1:100. While MIP binding is, in all cases,

higher than NIP binding, the difference is minimal resulting to IF values of between 1.1-1.3.

- B Template incorporated
eSS i T MIPs
E_ ONIPs
Y
=
)
o
£
[T
3
2 IF=1.1
§ IF=1.2
IF=1.2
1:100 1:50 1:25 1:10

I:TM experiments
Figure 4. 9. Amount of 20H incorporation in the polymers and the rebound of 20H-MIPs and

NIPS in different 1 TM experiments analysed by *H NMR monitoring the 20H peak at 6.47 ppm
and the peak at 3.57 ppm for the standardl,4-dioxane in DMSO-d.
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4.2.1.2.4. Characterization of binding sites.

Similar binding isotherm models were used to analyse the binding sites of T-20H-1:100

polymers which is shown in Figure 4.10 A (NLL) and B (LL). The calculated binding parameters

of T-20H-1:100 were summarized in Table 4.4. As expected, higher N was calculated using

NLL model for the MIP (1.60 + 0.09 umol/g) than the corresponding NIP (1.24+ 0.11umol/g). In

terms of the Ka, the MIP recorded an affinity constant of 1.24 + 0.06 x10° M which is 1.3 times

higher than its NIP (0.92 + 0.09 x10° M) counterpart. The low N calculated for T-20H-1:100

MIP indicates inefficient imprinting process, and combined with low affinity of the polymers

towards 20H, gave rise to a low IF for this system (IF=1.1). The N and K, values calculated

using LL model is comparable with the values obtained using NLL model.

Table 4. 4. Affinity constants (Ka) and number of binding sites (N) of T-20H polymers
determined by the non-linear Langmuir (NLL) and linearized Langmuir (LL) models.

Model Parameter MIP NIP
Non-linear Langmuir K (x10° M) 1.24 +0.06 0.92 +0.09
model*
N (umol/g) 1.60 + 0.09 1.24+0.11
Linearized Langmuir K (x10° M) 1.41 +0.05 1.18 £0.11
model
N (umol/g) 154 +0.23 1.17 +0.09

Lvalues were determined from Prism GraphPad using the one-site hyperbola model.
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Figure 4. 10. Binding isotherms for T-20H-1:100 polymers fitted to (A) Non-linear Langmuir
model (B) Linearised Langmuir isotherm.
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4.2.1.3. Benzene-1,3,5-triol MIPs (T-30H)

4.2.1.3.1. Polymer Composition
The incorporation of each of the components in the polymer were quantified using H

NMR using 1,4-dioxane as the reference standard and by monitoring the peaks for EGDMA (O-
CH2 at 4.32 ppm) and MAA (5.10 and 5.65 ppm for MAA and EGDMA and CH>=C- less the
O-CH2(EGDMA) peak), and 6.11 ppm for 30H peak. The initial amounts of the components
were compared with the amount of the unreacted components remaining in the post

polymerisation solution.

Both EGDMA and MAA components within the polymers do not differ significantly
between MIPs and NIPs for all of the I:TM ratios, as summarized in Table 4.5, which indicates
that the presence of the template does not affect the incorporation of the EGDMA and MAA in
the polymers. These results are in agreement with those obtained for T-10H and T-20H as well
as for the caffeine and theophylline systems discussed in Chapter 3. However, the concentration
of initiator affects the incorporation of EGDMA and MAA in the polymers, with ranges between
91-99% for EGDMA and 87-93 % for MAA, which is also consistent with the results obtained in
the two other thermally synthesized systems. The resulting FM:XL of 1:5 is preserved since the
incorporation of both monomers decreased with decreasing concentration of initiator. The
isolated % yield for this system is in the range of 73-83%, which is lower than the calculated

yield of 92-98%, as with the other systems, due to loss during purification.
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Table 4. 5. Composition and degree of cross-linking of thermally-synthesized Benzene-1,3,5-
triol (30H) imprinted and non-imprinted polymers.

Incorporated components in the Polymer Reacted
polymers Composition Double
% incorporation (umol/g) T:FM: XL3 Bonds'*
Polymers I:TM! EGDMA MAA Template
(%initiator)?
T-30H-1:5 1:5 MIPs 990 931 4+1 0.01:1:54 70.6+0.01
(17%) (823) (156) (1.75)
NIPs  99+0 91+1 1:5.5 74.4 £0.01
(826) (151)
T-30H-1:10 1:10 MIPs 980 911 14+1 0.04:1:54 742%0.01
(9%) (816) (151) (5.36)
NIPs  98+0 90+1 1:5.4 73.5+0.01
(816) (151)
T-30H-1:25 1:25 MIPs  95%1 881 19+1 0.05:1:55 73.0+0.01
(4%) (795) (146) (7.40)
NIPs  96%1 91+2 1:5.3 71.0£0.01
(801) (151)
T-30H-1:50 1:50 MIPs  94+0 881 230 0.06:1:5.3 76.0+0.01
(2%) (784) (148) (9.00)
NIPs  93%0 89+1 1:5.12 74.3+£0.01

(775) (149)

T-30H-1:100 1:100 MIPs 911 87+0  30x1 0.08:1:5.2 73.9+0.01
(1%) (761) (145)  (12.31)

NIPs  90%1 87+2 1:5.2 75.1+0.01
(749) (145)

:TM = initiator (mmol): total monomer (mmool EGDMA+ mmol MAA), 2% initiator = amount (mol) of initiator/amount of
total monomer (mol), 3T:FM:XL = template : functional monomer :cross-linker (mol) ratio in the polymers, “Correlated to degree
of cross-linking in the polymer, residual double bonds measured from FTIR using the ratio of the peak height of -C=C- and -C=0
with respect to the peak height ratio of pure EGDMA.

The increase in the incorporation of the template 30H within the polymers with
decreasing amount of initiator is evident in Figure 4.11. From 29 + 1 % (with respect to the
initial amount in the polymerisation feed) template incorporation by T-30H-1:100 MIP, it

decreased to 22 + 1 % when the amount of initiator in the feed was doubled (T-30H-1:50, 2%),
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and continuously decreased to only 4 + 1% in T-30H-1:5 MIP. These results indicate that the
template-monomer interaction does not favour a fast polymerisation reaction, the .'TM = 1.5
which is predicted by Mijangos et al. that the formation of heat due to the high concentration of

initiator in the feed can disrupt the T-FM complex formation.

30 I

20

Template incorporation in the
polymes (%)
—

10

1:100 1:50 1:25 1:10 15

Figure 4. 11. Percentages of 30H incorporated in the polymers in various I:TM ratios.
Measured by *H NMR using 1,4-dioxane in DMSO-ds as the reference standard.

The degree of cross-linking (Table 4.5) in the polymers, based from the ratio of the
integration of the peaks of the —C=C- and the —-C=0 in the IR spectra, ranges from 70-76% and
appears not directly affected by the concentration of initiator. These calculated degrees of cross-

linking coincide with the results obtained from T-10H and T-20H systems.

4.2.1.3.2. Morphology and Particle Sizes

As with T-10H and T-20H, the particles sizes of T-30H polymers (MIP and NIP)
increase with increasing concentration of initiator. It is noticeable in the SEM images in Figure
4.12 that the microspheres produced of this system (both MIP and NIP) are bigger in higher
concentration of initiator, and this was confirmed by the measurements obtained from the SEM
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images and DLS measurements. Measurements obtained from DLS, the dn sizes of the T-30H
imprinted microspheres range from 92.2 + 1.0 nm (T-30H-1:50) to 142.3 £ 0.2 nm (T-30H-1:5)
while the sizes of the NIPs range from 93.1 £ 0.1 nm to 134.4 + 0.6 nm. The increasing trend in
the particle sizes with increasing concentration of initiator has been observed in the two other
phenolic MIP systems (T-10H and T-20H) consistent with the results of the published studies

by Wang and Yang. 149-1°0. 181
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Figure 4. 12. SEM images of T-30H polymers produced in varying I:TM ratios T-30H-1:100
MIP (A) NIP (B), T-30H-1:50 MIP (C) NIP (D), T-30H-1:25 MIP (E) NIP (F), T-30H-1:10
MIP (G) NIP (H), T-30H-1:5 MIP (I) NIP (J). Insets are the hydrodynamic size of the

microspheres with the corresponding polydispersity indexes (PDI) measured by DLS and SEM.
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4.2.1.3.3. Template rebinding studies

Prior to template rebinding analyses, the saturation period or equilibration time between
the template and the polymers was performed using 30OH polymers incubated at various times
(20, 30, 45, 60, 75, 90, 105, 120 mins) in 100 uM 30H solution. Figure 4.13 demonstrates that
the equilibration time for T-30H is 75 minutes. No changes in the amount of template rebound
by the polymers were observed after the mentioned periods, thus subsequent binding tests were

performed after 75 minute incubation period.

Bound templates (umol/g)

0 20 40 60 80 100 120 140

Incubation time (min)

Figure 4. 13. Time binding experiment for T-30H polymer (T-30H-1:50). Using 10.0 mg
polymers and 100 uM 30H rebinding solution. *H NMR results were quantified using the-
CH=C- signal of 30H at 6.11 ppm and using 1,4-dioxane as the reference standard in DMSO-ds.

Figure 4.14, shows that template incorporation and binding for T-30H MIPs follow a
decreasing trend with increasing concentration of initiator which was also observed in T-10H
system. An 8 times decrease in the template incorporation was observed with increasing initiator
concentration from 75.3 = 0.95 umol/g for T-30H-1:100 to 9.5 + pumol/g for T-30H-1:5. In the
case of the 30H rebinding, T-30H-1:50 MIP exhibited the highest amount of bound template
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(2.18 £ 0.01 pumol/g) and gradually decreased to 1.15 + 0.01 umol/g by T-30H-1:5, which is ~2
times lower than the amount obtained from T-30H-1:50. The decreasing trend (from lowest to
highest initiator concentration) in the template incorporation and MIP binding were also
observed with the T-10H system which is attributed to the higher branching density of the T-30-
1:5 polymers that limits the trapping and accessibility of template during imprinting and
rebinding process. The translation of incorporation sites to binding sites (amount of template
rebound with respect to the amount of template incorporated by the polymers) was observed to

increase 5 times, from a low of 2.4% with T-30H-1:100 to 12.2% with T-30H-1:5.

The amount of template bound by the NIP is comparable regardless of the concentration
of initiator with the highest value of 1.00 umol/g and lowest of 0.85 umol/g, which is similar to
the observed binding of NIP of T-10H system which was attributed to the probability of inter-
monomer interaction due to higher incorporation of MAA in the polymers. Comparing the
template bound by the NIP with the corresponding MIP, the calculated imprinting factors ranges
from 1.4-1.8 with the highest value recorded both by T-30H-1:50 and T-30H-1:100. This
behaviour was also observed in the T-10H system; with the polymers produced in highest
concentration of initiator exhibited lowest template incorporation and template rebinding

capacity but highest binding site conversion.
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Figure 4. 14. Amount of template rebound by theT-30H MIPs and the NIPs at varying 1. TM
ratios. Unreacted components remaining in the post polymerisation solution was quantified by
'H NMR using the-CH=C- peak of T-30H at 6.11 ppm and 1,4-dioxane in DMSO-ds at 3.57
ppm as the reference standard.

4.2.1.3.4. Characterisation of binding sites

Similar binding isotherm models were used to characterize the binding sites of T-30H-
1:100 polymers as shown in Figure 4.15 and the binding parameters, N and Ka obtained for each
models were summarized in Table 4.6. Figure 4.16 A displays the higher template loading of the
MIP with a recorded N of 2.17 = 0.12 umol/g, which is 2 times higher than for its NIP (1.26 +
0.07 pumol/g). The K, recorded for the MIP (1.2 + 0.11 x10° M) and the NIP (1.0 + 0.12 x10°
M-1) are comparable. These binding site characteristics (higher N MIP but comparable Kz) were
also observed in the other systems which indicate the more prevalent influence of the binding
site capacity in the imprinting process consistent with the IF of 1.8 recorded in the template
rebinding process. Comparable binding parameters to the NLL model were calculated in using

LL model.
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Figure 4. 15. Binding properties of the T-30H-1:100 polymers in different binding models,
Non-linear Langmuir model (A) and Linearized Langmuir model (B)
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Table 4. 6. Affinity constants (Ka) and number of binding sites (N) of T-30H polymers
determined by the non-linear Langmuir (NLL) and linearized Langmuir (LL) models.

Model Parameter MIP NIP
Non-linear Langmuir K (x10° M) 1.21+0.11 0.97 £0.12
model*
(NLL) N (umol/g) 217 +0.12 1.26 % 0.07
Linearized Langmuir K (x10° M) 1.36 +£0.10 1.12 +0.07
model
(L) N (umol/g) 2.07 +0.12 1.18 % 0.09

Lvalues were determined from Prism GraphPad using the one-site hyperbola model.

4.2.1.4. Comparison of the thermally-synthesized MIP systems

All microspheres (MIPs and NIPs) preserved the initial FM: XL ratio of 1:5 regardless of
the concentration of initiator and the template. The incorporation of the templates, however, has
been found to be dependent on the concentration of initiator. In the case of T-10H and T-30H,
template incorporation increased with decreasing concentration of initiator. This could be due to
the disruption of the T-FM complexes during polymerisation process attributed to the release of
heat from the decomposition reaction of high initiator concentration. In addition, this could also
be due to the high branching density of the polymers that prevents the access of the template in

the polymers during imprinting process.

Comparing the three MIP systems, 10H incorporated twice as much as that of 30H at all
I:'TM ratios. This is in contrary to the expectation that the number of interaction points of the
template is proportional to the imprinting efficiency of the polymers due to the stronger

interaction between the template and the functional monomer. Moreover, comparable
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IF values were calculated for the T-10H and T-30H systems due to similar MIP and NIP
binding. This could be due to analogous affinity of the only type of functional group of 10H and
30H. Therefore, on the basis of IF values, the interaction based theory is not applicable in these
systems which is in agreement with the study conducted by Spivak et al.}*¢ In terms of binding
site conversion, lowest binding site conversion was recorded by T-10H systems. It would seem
that, in the case of T-10H, most of the incorporated template did not result to high fidelity

imprints.

Based from the number of interaction points of 20H, it is expected that template
incorporation of T-20H polymers is higher than the T-10H counterparts but lower than the T-
30H counterparts, however, T-20H polymers incorporated lower template than T-10H
polymers which could be explained by the possibility of side reactions. Previous reports have
indicated that, in the presence of radicals, even at low temperature (15 °C)!¥220H can undergo
side reactions including dimerisation with itself according to the reaction shown in Figure 4.216.
183186 14 NMR analysis of the post-polymerisation solution supports this hypothesis. This is
supported by the *H NMR results showing a reduction of ~ 16% (equivalent to ~ 16% of the
template) of the integration of the 6.47 ppm peak (20H-H4) that otherwise should have been
half the integration of the signal at 7.02 ppm (20H-H2). The probability of the dimerisation
reaction of 20H is higher in higher concentration of initiator which could explain the low

template incorporation in this system.
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Figure 4. 16. Dimerisation reaction of 20H in the presence of a radical. 18

Table 4.7 shows that there is no significant difference between the Ka values (considering
the errors) for each MIP system prepared using the same concentration of initiator (I: TM=1:100)
based on the NLL model. However, marked difference in the number of binding sites or N has
been observed. While T-10H recorded N comparable to the T-30H system, these N values are
~1.6 times higher than that obtained for the T-20H system. The low N value for 20H polymers
combined with the possibility of imprinting the 20H dimers could be the reason for the short
saturation period for T-20H polymers compared to T-30H (75 mins) which were both measured
by 'H NMR. The bigger binding cavities formed due to imprinting 20H dimers can
accommaodate higher concentration of 20H during the time rebinding experiment and since there
is a low N formed in T-20H polymers, these binding sites were saturated faster. In the case of
their NIP counterparts, comparable N values for the three systems were calculated (in
consideration of the errors) In each system, the N value recorded for the NIP is 2 times lower

than the MIP counterpart.

Binding isotherms for the best performing 20H MIP (T-20H-1:5) and 30H MIP (T-
30H-1:50), based on IF, were also determined. T-20H-1:5 gave the highest imprinting factor
(1.34) among the T-20H MIPs despite its MIP displaying the lowest amount of template bound

(0.86 = 0.03 pmol/g), while T-20H-1:100 recorded the highest MIP binding (1.34 £ 0.01
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pmol/g). Comparing the Ka of the MIPs of T-20H-1:100 and T-20H-1:5 (Table 4.7), the K of T-
20H-1:5 is 2 times that of T-20H-1:100, but the N value of T-20H-1:5 is 2 times lower than T-
20H-1:100. The higher value of Ka recorded for T-20H-1:5 polymers could be attributed to the
fast polymerisation of the T-FM complexes preserving higher order complexes forming high
affinity binding sites in lower concentration, which was observed by Turner et al. in comparing
the faster polymerisation of caffeine imprinted polymers by microwave with thermal initiation.
These results indicate that regardless of the high Ka of T-20H-1:5 system, the loading capacity
of the 20H to the polymers is limited since there are only small number of binding sites with the
calculated affinity towards 20H which was explained in detail in the proposed mechanism of the
formation of binding sites in non-covalent imprinting by Rampey et al. 1?® In the case of the NIP
of the two systems, comparable values of Ki and N were observed suggesting successful

imprinting of 20H.

The best performing T-30H system based on the IF (1.83) is T-30H-1:50 with a MIP
binding of 2.18 + 0.01 pumol/g. The recorded Ka and N values of T-30H-1:50 is comparable with
the T-30H-1:100 as summarized in Table 4.7. It is noteworthy to mention that the N of T-30H-
1:50 is 1.2 times higher than T-30H-1:100 which is consistent with the difference in the IF

values of the two MIP systems.

The association constants of the three templates with the polymers is, as expected,
comparable since there is only one type of functional group (hydroxyl, OH) present in the three
templates. Therefore, it is more useful to compare the number of binding sites, N of the polymers

rather than its Ka which was also suggested by Ansell and Rampey.?® 126

It was suggested that the
reason that there is a wide range of association constants being reported in a single polymer

system is due to the dependency of the K, values to the range of the concentration of the template
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being investigated and therefore, the number of binding sites, N, are a more accurate
measurement of the binding efficiency of MIPs. From this, we opted to present the ratio of the N
of the MIP and its corresponding NIP (Nmir/Nnip) as a measure of the polymer efficiency. It is
shown in Table 4.7 that the Nwmip/Nnip of the polymers is comparable with the calculated IF of
each system suggesting that the ratios of N can be a possible alternative measurement of the

binding efficiencies of the polymers.

Table 4. 7. Binding site properties of the MIPs of the three system.

Polymers Non-linear Langmuir model*
(NLL)
MIP system I:TM K (X10° M) N (umol/g)  Nmip/Nnip
T-10H 1:100 MIP 1.30+0.09 2.59+0.24 1.82
NIP 1.16 +0.12 1.42+0.11
T-20H 1:100 MIP 1.24+0.06 1.60+0.09 1.29
NIP 0.92+0.09 1.24+0.11
1:5 MIP 2.50+0.16 0.92+0.02 1.29
NIP 2.20+0.15 0.71+0.11
T-30H 1:100 MIP 1.21+0.11 2.17+0.12 1.72
NIP 0.97+0.12 1.26+0.07
1:50 MIP 0.99+0.16 2.56+0.13 1.92
NIP 0.83+0.13 1.33+0.10

Lvalues were determined from Prism GraphPad using the one-site hyperbola model
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In the case of the particle sizes, similar effects were observed in the three systems, that is,
particle sizes increase with increasing concentration of initiator, with sizes ranging from 80-160
nm and MIPs observed to be smaller than its NIP counterparts. This is consistent with the finding
noticed by the group of Long et al. where MIPs are generally smaller than the NIP due to the
attractive forces towards the template/ center that affects the size of particle during nucleation

stage. %3

4.2.1.5. Cross-reactivity studies

Cross-reactivity studies, i.e. non-competitive binding, were conducted using the best
performing MIP systems (chosen in terms of their exhibited IFs): T-10H-1:100 for T-10H, T-
20H-1:5 for T-20H and T-30H-1:50 for T-30H, against the other two analogues. The results

are summarised in Figure 4.17 and Table 4.8.

Table 4. 8. Selectivity indices of the thermally synthesized MIPs investigated for cross-reactivity
studies calculated from data presented in Figure 4.19A.

Selectivity Index

10H 20H 30H

T-10H-1:100 1.00 0.78 0.73
T-20H-1:5 1.00 1.00 1.05

T-30H-1:50 0.58 0.67 1.00

Selectivity index (SI') = IFanaiogue/ IFremplate
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Figure 4. 17. Comparison of the bound templates and two other analogues investigated for non-
competitive studies of the three different imprinted polymers MIP (A) and NIP (B)

The binding capacities of the NIP towards its template and the analogues are comparable
as shown in Figure 4.17 B: T-10H-1:100 NIP bound ~1.2 umol/g of 20H and 30H, T-20H-1:5
rebound ~ 0.7pmol/g of 10H and 30H and T-30H-1:50 bound ~ 0.9 umol/g of 10H and 20H
after the corresponding incubation periods. The comparable NIP binding towards the template
and the other analogues indicates that the NIPs do not possess the capability to discriminate the

structural differences of the three templates as expected with superficial binding.
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As shown in Table 4.8, T-10H-1:100 MIP displayed comparable low selectivity towards
20H (S1 = 0.78) and 30H (SI = 0.73). This is probably due to the slightly bigger size of 10H
(5.21 x 5.94 A), forming larger imprints allowing access to the slightly smaller 20H with size
measured in its widest point 5.84 x 5.55 A and 30H (5.55 x 5.55 A) molecules. In the case of T-
20H-1:5 MIP, SI > 1 was recorded for both 10H and 30H indicating its non-selectivity. This
could be due to the imprinting of the dimerized 20H (~16% of the concentration of the 20H
incorporated) instead of 20H, which is bulkier than 20H alone thus the cavities formed are
bigger allowing access to any of the analogues which also explains the higher value of SI (poor
selectivity) of 20H than T-10H-1:100 polymers investigated. Unlike the other two systems, T-
30H-1:50 polymers displayed moderate discrimination against 10H (SI = 0.58) and 20H (Sl =
0.67) molecules which could be influenced by size and interaction. The alkyl groups of 10H
make it slightly bigger than the other two phenolic templates investigated, and based from this,
less 10H was rebound than 20H analogues by T-30H polymers. Additionally, 20H has more
interaction points than 10H that could facilitate the rebinding process of 20H to the T-30OH

polymers.

4.2.1.6. Molecular modelling and 1H NMR Interaction Studies

In order to further understand the results of the rebinding and the cross-reactivity studies
molecular modelling and *H NMR titration was conducted in using the three phenolic templates.
The interaction between the phenolic template and functional monomer MAA was investigated
by molecular modelling (Spartan Wavefunction ‘14) and 'H NMR studies employing the 1:4

T:FM ratio used in all imprinting experiments.
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The computer generated simulation of a 1:4 10H:MAA cluster given in Figure 4.18 A
shows H-bonding interaction between the O atom of one molecule of MAA with the H atom of
10H (2.19 A) while the three other MAA molecules are interacting with one another via H-
bonding between their oxygens and hydrogens. These inter-monomer interactions are expected
due to the lack of interaction points with the template and have been documented before. 49 187-19
The H-bonding between 10H and MAA is also evident in the *H NMR experiment summarized
in Figure 4.19 A. The hydrogen of 10H in position 2 (LOH-H2) shows the highest downfield
movement of 0.06 ppm which indicates that the interaction of the hydroxyl group of 10H
attached to carbon in position 1 created a partially negative environment to the adjacent carbon
(10H-C2) and the attached 10H-H2 hydrogen. The H-bonding interaction, which involves the
electron acceptance of the hydroxyl group of 10H, caused a shielding effect causing an upfield
movement (0.062 ppm) to the carbon to where it is attached (10H-C1). The binding energy of
this cluster was estimated from semi-empirical mechanic PM3 method (Spartan Wavefunction

‘14) equivalent to AEbinding = -62.64 kJ/mol.
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Figure 4. 18. Electrostatic potential maps, molecular interactions and corresponding distances in
10H-4MAA cluster between the template 10H (A), and the analogues 20H (B) and 30H (C)
measured by Spartan ‘14 v1.1.8 Intermonomer distances observed (data not shown) were also
observed with distances ranging from 2.0-2.4 A which corresponds to weak H-bonding

interactions.
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Figure 4. 19. Chemical shifts of protons (A) of MAA and each of the three template monitored
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The interactions of the 20H and MAA were also analyzed in similar fashion as 10H.
From Figure 4.20 A, the two hydroxyl groups of the 20H are observed to be interacting with all
of the four molecules of MAA and the interactions involve the oxygen and the hydrogen of the
hydroxyl moieties of 20H and the calculated AEbindging is -103.24 kJ/mol. It was observed in the
molecular modelling image that the hydroxyl group of 20H (20H-C1) interacts with MAA-1
and MAA-2 with H-bond distances of 2.10 and 2.17 A, respectively. The other hydroxyl group
of 20H (20H-C3) interacts with MAA-3 and MAA-4 with 2.17 and 2.10 A H-bond distances
respectively. These sets of interactions are effective since all four moles of MAA are converging
towards the template forming a shape-specific cavity for 20H. This cavity is favoured in
imprinting process which explains the higher binding site conversion for the 20H MIP system
than its 10H system counterparts. The interactions observed in the simulation of 20H and 4
molecules of MAA are supported by the movements in the chemical shifts recorded from the *H
NMR and **C NMR studies performed. The movement of the proton in position 4 (20H-H4) to
the deshielded region is possibly due to the more prevalent H-bond donation of the hydroxyl
group attached to 20H-C3 to two different molecules of MAA. The 20H-H2 proton recorded the
highest movement in chemical shift (0.017 ppm) which can be attributed to the extent of the
combination of H-bond interactions of the two hydroxyl groups attached to 20H-C1 and 20H-
C3. This is supported by the movement of the carbon in position 2 which exhibited a movement
of 0.020 ppm. The movements of 20H-C2 (0.020 ppm) and 20H-C4 (0.010 ppm) to the upfield
region also confirmed the H-bond acceptance interaction of the oxygen atoms of the hydroxyl

group of 20H.
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Figure 4. 20. Electrostatic potential maps, molecular interactions and corresponding distances in
20H-4MAA cluster between the template 20H (A), and the analogues 10H (B) and 30H (C)
measured by Spartan ‘14 v1.1.8. Intermonomer distances observed (data not shown) were also
observed with distances ranging from 2.0-2.4 A which corresponds to weak H-bonding
interactions.
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Figure 4.21A shows the set of interactions of the most stable complex formed between
the template 30OH and 4 molecules of MAA from computer generated images. The simulation of
the 30H with MAA, shows that the hydrogens of only two of the three hydroxyl groups are
interacting with the carbonyl oxygen of only two molecules of MAAs displaying H-bonding
interaction with an average distance of 2.2 A and a AEpinding -67.60 k/mol. The four molecules of
MAA formed a network of H-bonding interactions forming a cavity encapsulating the 30H
template, which may be the reason for the creation of high fidelity binding sites manifested by
high binding site conversion presented in the previous section. The H-bond interaction between
hydroxyl hydrogen (30OH-C3) and the carbonyl oxygen of MAA was confirmed by the
movement of the chemical shift (0.0010 ppm) of the proton 30OH-H2 towards the upfield region
detected by *H NMR. The carbon to where the hydroxyl groups are attached (30H-C1) recorded
a movement of 0.0120 ppm towards the deshielded region, validating the deshielding effect due
to the donation of H-bond to MAAs. This H-bond donation interaction also produced movement

to the adjacent carbon nuclei (30H-C2) of 0.010 ppm towards the deshielded region.
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Figure 4. 21. Electrostatic potential maps, molecular interactions and corresponding distances in
30H-4MAA cluster between the template 30H (A), and the analogues 10H (B) and 20H (C)
measured by Spartan ‘14 v1.1.8. Inter-monomer interactions were also observed (data not
shown) with distances ranging from 2.0-2.4 A which corresponds to weak H-bonding

interactions.
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The movements of the proton and carbon nuclei of the functional monomer were also
monitored by *H and *C NMR, which both showed that all of the MAA signals exhibited
movements indicating several interactions which supports the results from simulation studies of
MAA dimerisation by H-bonding regardless of the template used. The allylic hydrogen at 1.85
ppm is swamped by the peak signal of acetonitrile at 2.10 ppm, thus for this case is not
discernible. The two vinylic hydrogen signals of MAAs displayed movements with values
ranging from 0.001-0.010 ppm. As for the movements of the carbon nuclei, the recorded shifts is

from 0.10-0.20 ppm for the four carbon atoms of MAA.

Further molecular modelling experiments were conducted in an attempt to explain the
results of the cross-reactivity studies. This time, the minimum energy conformation of the
monomer cluster formed after template interaction was frozen and the template was replaced
with the analogues tested. It is noteworthy to mention that the modelling experiments conducted
are based on the most stable complex formed between the template and the functional monomer
and did not take into account the heterogeneity of the binding sites in the polymers. Figure 4.18
illustrates that similar interaction were exhibited by 20H (Figure 4.18 B) and 30H (Figure 4.18
C) when used as analogues in the cavity imprinted with 10H. The moderate selectivity of the T-
10H-1:100 polymers towards 20H and 30H analogues could be due to the smaller sizes of 20H
and 30H than the template (10H) that can easily fit into the cavity imprinted with 10H. In the
case of 20H imprinted polymers, similar spatial arrangements were observed when the two
analogues 10H (Figure 4.20 B) and 30H (Figure 4.20 C) replaced 20H around the monomer
cluster of 4 MAAs. However, in the case of 10H, the H of the lone hydroxyl group of the 10H
displayed interaction with the oxygen atom of MAA-3 (bond distance of 2.19 A) and the

hydroxyl hydrogen of MAA-4 (bond distance of 2.11 A) of the cluster which could explain the
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non-selectivity of T-20H-1:5 towards the 10H analogue. With the 30H analogue, on the other
hand (Figure 4.20 A), 2 of the 3 hydroxyl groups showed analogous H-bond interactions and
distances (2.1-2.2 A) as was observed with 20H with the 4 MAA units in the cluster. In addition,
since 30H is smaller than 20H, it could easily fit in to the 20H sphere resulting in non-
selectivity of the 20H MIP. There is also the possibility of imprinting the 20H dimer
specifically for T-20H-1:5 which was synthesized in high concentration of initiator. The
measurement of the dimer in its widest point is 10.57 X 5.89 A. If this was the case, both 10H
and 30H could easily fit into the imprinted sites. In addition, the cavity formed by imprinting the
20H dimer exhibited stronger H-bonding interaction as indicated by the H-bond distances
observed in molecular modelling in Figure 4.22: 1.80 A with MAA-1, 1.84 A with MAA-3 and
1.90 A with MAA-4. Based upon the molecular modelling of the cluster and the dimer, the
estimated AEbinding iS — 729.55 kJ/mol. This value implies that the formation of the 20H dimer
with MAA cluster is the most stable among the other clusters (10H, 20H and 30H with 4 units
of MAA), which is the reason for the high probability of imprinting the 20H dimer instead of the
20H. Among the three imprinted polymers investigated for cross-reactivity studies, T-30H-1:50
polymers exhibited the highest selectivity towards its template. In replacing 30H with 10H in
the 4 MAA clusters formed during the imprinting process (Figure 4.21 B), a weak H-bonding
was observed with a distance of only 2.20 A, which explains the low selectivity of the polymers
towards the 10H molecule. In investigating the interaction of 30H in the MAA cluster formed in
imprinting 20H, it revealed that similar H-bond interactions were observed in using 30H as
analogue which can be the reason for the comparable selectivity of the T-20H-1:5 polymers

towards 30H.
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Figure 4. 22. Electrostatic potential maps, molecular interactions and corresponding distances in
between the 20H dimer and 4 MAA measured by Spartan ‘14 v1.1.8. Inter-monomer
interactions were also observed (data not shown) with distances ranging from 2.0-2.4 A which
corresponds to weak H-bonding interactions.

4.2.1.7. Polymer surface area and porosity

Due to constraints in instrument access, surface areas were measured only for selected
samples given in Table 4.9. In order to determine the effect of the nature of the template on the
morphology of the resulting polymers three MIP systems prepared in low concentration of
initiator were selected (T-10H, T-20H and T-30H-1:100). In addition, to determine the effects

of the concentration of initiator in the morphology of the polymers, T-20H-1:100 and T-20H-
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1:5 were chosen. Samples were measured by nitrogen absorption and analyzed using BET. The
NIPs of the three T-1:100 systems showed comparable surface areas: T-10H-1:100 NIP recorded
a surface area of 90.86 + 1.11 m?/g, T-20H-1:100 NIP recorded a surface area of 90.32 + 0.87
m?/g and T-30H-1:100 NIP gave a value of 110.36 + 1.54 m?/g. Interestingly, their MIPs gave
variable surface areas. T-10H-1:100 MIP showed a surface area equivalent to 84.87 + 0.52 m?/g
which is comparable to the surface area of its NIP which suggests that the presence of 10H did
not affect the surface area of the polymer. T-20H-1:100 MIP, on the other hand, recorded a
surface area surface area of 132.95 + 2.29 m?/g 1.5 timeshigher than its NIP counterpart, and T-
30H-1:100-MIP recorded a value half of the measured surface area of its NIP counterpart (51.98
+ 0.46 m?/g). For the 20H and 30H polymers, the effect of the presence of the template is more

pronounced than 10H polymers.

In the case of varying the concentration of initiator, it would seem that lower surface area
is exhibited by the polymers (both MIP and NIP) synthesized in higher concentration of initiator:
T-20H-100 MIP measured 132.95 + 2.29 and T-20H-1:5 MIP gave a surface area of 34.68 +
0.51, and T-20H-1:100 NIP recorded a surface area of 90.33 + 0.87 and T-20H-1:5 NIP with

33.30 £ 0.37.
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Table 4. 9. BET surface areas (m?/g), average pore volumes (cm®g) and average pore sizes (A)
of selected microspheres.

BET surface area Av Pore Volume Av Pore Size
MIP
1 TM (m2/g) (cm?/g) A)
system
MIP NIP MIP NIP MIP NIP

T-10H 1:100 84.87+0.52 90.86+1.11 0.089 0.090 42 40

1:5 25.87 +0.13 ’ 0.029 45

T-20H 1:100 132.95+2.29 90.33 +0.87 2.945 0.112 - 50

1:5 3468+0.51  33.30+0.37 0.037 0.050 44 59

T-30H 1:100 51.98+0.46 110.36 +1.54 0.027 0.065 10 o1

The average pore volumes measured for the selected MIPs and NIPs range from 0.027-
2.945 (cm®/g) and 0.050-0.112 (cm®/g), respectively. Examining the pore volume obtained for
T-20H-1:100 MIP, the magnitude of the value is 100x compared to the other values measured
for the MIPs, and could be erroneous, thus, we recommend repeating the measurement. In the
case of pore sizes, comparable pore sizes for the MIP and the NIP of 10H were observed while
for the 20H and 30H, the difference is more pronounced as the number of hydroxyl increases
(T-30H-1:100 MIP = 10A). Nevertheless, it is not clear from this results if, aside from the

porogen, the pore size is also affected by the nature of the template.

Due to instrument access constraints, pore sizes were only measured for two
representative samples in order to compare the effect of the concentration of initiator in the
porosity of the polymers. Pore sizes are normally categorized into three sizes: micropores (< 2
nm), mesopores (2-50 nm) and macropores (> 50 nm) °* From Figure 4.23, it can be observed

that the MIP of T-10H-1:100 is more porous than the T-10H-1:5 MIP counterpart with a pore
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volume ratio of 3 and is consist of high proportion of macropores with average pore widths of

69-285 A. T-10H-1:5 MIP on the other hand, contains only four types of pores with average

pore widths of 82-228 A. The pore sizes observed with the MIPs of the two systems are wide

enough to allow easy access of the template 10H with a size of only 5.21 x 5.94 A at its widest

points. The higher porosity observed in T-10H-1:100 polymers could be the reason for the

higher MIP binding recorded than the T-1OH-1:5 MIP. The results of the porosity measurements

demonstrated that the concentration of the initiator affects the porosity (cm3/g) of the resulting

MIPs, however, it is still recommended to measure other systems (T-20H and 30H with I: TM of

1:100 and 1:5) in order to obtain a more comprehensive result relating the effect of initiator to

the porosity of the polymers.
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Figure 4. 23. Incremental pore volume versus pore width plots for MIPs of T-10H-1:100 and
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4.2.1.7.1. Binding with respect to surface area

The binding capacities of the MIPs are more commonly expressed with respect to mass
(umol/g). This method is acceptable if the sizes of the MIPs and NIPs are comparable to one
another. Therefore, this can be applied to monoliths prepared by bulk polymerisation, wherein
polymers are ground and sieved into desired size ranges, thus the difference in the particle size of
the MIP and NIP is insignificant. As for microspheres, especially prepared by precipitation
polymerisation, some published documents reported noticeable differences in the sizes of the
MIPs and NIPs, which can affect the normalization of the imprinting efficiency.*® *® Due to this
observable difference in the particle sizes, it is equally important to express the binding

performance of the polymers with respect to surface area (pmol/m?),143 192 193-194

In the case of T-10H-1:100 polymers, the IF calculated with respect to the mass and
surface area is comparable (~1.8-1.9) due to comparable surface area of the MIP and NIP (Figure
4.24), which was also in agreement with the particle size or dw observed in DLS. In contrast to T-
10H polymers, T-20H polymers exhibited a lower IF (0.9) when normalized in terms of surface
area. The calculated IF normalized in terms of surface area indicated higher non-specific binding
and proves the unsuccessful imprinting of 20H. Lastly, normalizing the binding performance of
T-30H-1:100 polymers with respect to surface area, it showed that the IF increased 2 times,
from IF = 1.8, it increased ~2 x to IF= 3.8 and this is due to the significant difference in the
surface area between T-30H-1:100 MIP and NIP. The measured surface area for the T-30H-
1:100 system revealed that despite of the comparable particle sizes of the MIP and the NIP, the

difference is significantly different. Thus, the normalization of the binding performance with
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respect to surface area is a more accurate measurement of the binding performance

microspheres.
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In order to further understand the imprinting efficiency of T-20H system, T-20H-1:5

was also normalized with respect to surface area and as seen in Figure 4.25, the IF of T-20H-1:5

polymers did not change significantly. In the case of T-20H-1:100 polymers, even though the

template bound by MIP normalized with respect to surface area is lower than its corresponding

NIP, in consideration of the errors, the values are comparable.
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4.2.2. Photochemically synthesized imprinted microspheres

The previous section (Section 4.2.1) discussed the thermally-synthesized MIPs,
particularly the effect of the concentration of initiator in the imprinting and binding efficiencies
of polymers using templates with one (10OH) and multiple points (20H and 30H) of interaction.
In this part of the study, the three MIP systems using the three phenolic templates 10H, 20H and
30H were photo-chemically synthesized by precipitation polymerisation. Photo-chemical
polymerisations were carried out using an immersion apparatus supplied by the Ace-Hanovia
Lamp Division of Ace Glass Incorporated. The lamp used was a 450-watt, medium-pressure,
quartz, mercury arc, Type Number 7825-34 while maintaining the temperature of the water bath
between 27-35°C. The total energy radiated by the lamp is 40-48% in the UV portion of the
spectrum (222.4 -366.0 nm and maximum watts of 25.6) and is enough to initiate the formation
of radical species from AIBN, which forms at 360 nm. Similar formulations and components
were used as the thermally-synthesized counterparts: EGDMA as the cross-linker, MAA as the
functional monomer, acetonitrile as porogen and AIBN as the initiator, with T:FM:XL of 1:4:20

and solvent to monomer ratio of 10 mL/mmol.

4.2.2.1. 3,5-dimethylphenol MIPs (P-10H)

4.2.2.1.1. Polymer composition

The incorporation of each of the components in the polymer were quantified in similar
way as the thermally synthesized polymers: using *H NMR using 1,4-dioxane as the reference
standard and by monitoring similar peaks for EGDMA (O-CH2 at 4.32 ppm) and MAA (5.10

and 5.65 ppm for MAA and EGDMA and CH»=C- less the O-CH, EGDMA peak), and 6.75
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ppm for 10H peak. The initial amounts of the components were compared with the amount of

the unreacted components remaining in the post polymerisation

P-10H MIPs incorporated similar amounts of EGDMA as with their NIP counterparts for
all of the I:TM experiments conducted which range from 68-74% with respect to the initial
amount as tabulated in Table 4.10. Similar behaviour was also observed with the incorporation
of MAA, no considerable difference was noted in comparing the imprinted and non-imprinted
polymers and between the microspheres synthesized using different amounts of initiator. These
translated to a FM:XL ratio of 1:6 with% yield between 65-76 %. The MIPs and the NIPs for
each I:'TM experiment have comparable isolated yields except for the P-10H-1:5 polymers
wherein the NIP has an average of 93.3 + 0.1 % and the MIP has only 76.2 + 14.2 %. The low

isolated yield might be attributed to the loss of polymers during extraction and drying process.
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Table 4. 10. Composition and degree of cross-linking for photo-chemically-synthesized 3,5-
dimethylphenol (P-10H) polymers.

Incorporated components in the Polymer Reacted
polymers Composition Double
% incorporation (umol/g) T:FM: XL Bonds*
Polymers I:TM! EGDMA MAA Template
(%initiator)?
P-10H-1:5 1:5 MIPs 701 62+1 13+1 0.05:1:5.6  67.4+0.03
(17%) (582) (104) (5.20)
NIPs 692 60+1 1:5.7 66.2 £ 0.01
(572) (101)
P-10H-1:10 1:10 MIPs 681 600 21 +0 0.09:1:56 69.5+0.01
(9%) (565) (100) (8.80)
NIPs 671 59+%1 1:5.8 68.4 £ 0.03
(566) (98)
P-10H-1:25 1:25 MIPs 700 58+1 21+0 0.09:1:6.1 65.1+0.01
(4%) (584) (96) (8.90)
NIPs 661 640 1:5.7 66.8 £ 0.01
(556) (98)
P-10H-1:50 1:50 MIPs  74+1 57+2 21+1 0.09:1:6.4 61.1+0.01
(2%) (614) (96) (9.00)
NIPs 73%1 702 1:5.2 65.3+0.01
(611) (117)
P-10H-1:100 1:100 MIPs 731 62+1 21+1 0.08:1:59 68.9+0.10
(1%) (606) (103) (8.70)
NIPs 702 68+1 1:5.2 69.5+£0.02

(587) (117)

1:TM = initiator (mmol): total monomer (mmool EGDMA+ mmol MAA), 2% initiator = amount (mol) of initiator/amount of
total monomer (mol), 3T:FM:XL = template : functional monomer :cross-linker (mol) ratio in the polymers, “Correlated to degree
of cross-linking in the polymer, residual double bonds measured from FTIR using the ratio of the peak height of -C=C- and -C=0
with respect to the peak height ratio of pure EGDMA.

The incorporation of the template within the P-10H polymers from 1:100 to 1:10 I:TM
ratios is comparable (21%) and dropped to 13 + 1% when I:TM = 1:5 as summarized in Figure
4.26. This result might be due to the disruption of the T-FM complex due to the high

concentration of initiator which was discussed in the published study of Mijangos et al. ""Unlike
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its thermal counterpart, the amount of template incorporated by P-10H MIP are ~2 times lower
than that of T-10H which is probably due to the possible side reaction of 10H under UV
irradiation. Photodegradation of the three phenolic templates was observed when the templates
were exposed under UV radiation. In the case of 10H, 25% of 10H degraded after 24 hr
exposure to UV radiation as quantified using *H NMR. Further evidence is provided by the
observed movement of the chemical shifts of 10H (from 6.52 to 6.75 ppm to 6.12 and 6.17 ppm)
in the post polymerisation solution which suggests that 10H could have reacted to form a dimer

19519 - This side reaction is discussed further in the next section of this chapter.
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Figure 4. 26. Percentages of 10H incorporated in the photo-chemically synthesized polymers in
various I: TM ratios. Measured by *H NMR using 1,4-dioxane in DMSO-ds as the reference
standard.

4.2.2.1.2. Morphology and Particle Size
The difference in dn particle sizes of the photochemically synthesized 10H polymers for
every 1:TM experiments is more noticeable than their thermally synthesized counterparts for both

MIP and NIP. The particle sizes of the microspheres measured by DLS and SEM are gradually
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increasing with increasing amount of initiator in the feed, P-10OH-1:100 polymers (~225 nm) is
triple the size of the P-10H-1:5 (~75nm) polymers. Dry particle size of P-10OH-1:100, estimated
from SEM images, were ~100 nm smaller than the DLS-derived sizes with average values of
130.8 + 6.7 nm for the MIP and 144.6 + 3.1 nm for the NIP. Despite the differences in the
measured sizes between the SEM and DLS, the apparent size difference between the 1:5 and
1:100 polymers are obvious in the SEM images shown in Figure 4.27. It also noticeable that the
polymers of P-10H-1:5 (Figure 4.27 C and D) are more aggregated and inter connected to one
another and appears to approach monolithic morphology, which has been documented in
previous researches.'®? 197198 The formation of smaller particles at lower reaction temperature
has been documented in previous study conducted by Li et al. and attributed to increase in
viscosity that led to a decrease in the solubility of the monomers in the solvent forming smaller
particles.'%? 197 Moreover, the bulk-like morphology of the P-10H-1:5 polymers might be
attributed to the combination of the decrease of the quality of the solvent (e.g. viscosity) and as
well as the overall reaction that led to domino effects of complete collapse of the polymer
network during nucleation stage followed by the loss of colloidal stability that led to overlapping

and cross-linking of the surfaces of individual microspheres, 2 198-199
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Figure 4. 27. SEM images of photochemically synthesized polymers. P-10H-1:100 MIP (A)
and NIP (B) and P-10H-1:5 MIP (C) and NIP (D). Insets are the hydrodynamic size of the
microspheres with the corresponding polydispersity indexes (PDI) measured by DLS and SEM.

The degree of cross-linking in the polymers tabulated in Table 4.10 recorded values
ranging from 65-69%. It suggests that the concentration of initiator does not affect the degree of
cross-linking present in the polymers which was also observed in the thermal counterparts of

10H system.
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4.2.2.1.3. Template Rebinding Studies

Figure 4.28 illustrates the comparison of the amount of template incorporated and
rebound by the polymers prepared at various I:TM ratios. The amount of template rebound by
the P-10OH imprinted polymers synthesized is comparable to one another: with the lowest of 0.81
+ 0.01 umol/g in using P-10H-1:5 and highest of 1.0 £ 0.01 umol/g in using P-10H-1:100. The
decreasing amount of template rebound in increasing concentration of initiator was similar to the
trend observed in thermally synthesized counterparts, however the changes in P-10OH system in
between I:TM ratios are not as pronounced as the thermal counterparts. Since the amount of
template incorporated is similar for the polymers synthesized from I:TM = 1:100 to 1:10,
comparable binding site conversions were also recorded for the mentioned polymers (1.3-1.4%)
and increased to 1.9% when the I:'TM = 1:5. In the case of the NIPs, comparable amount of
templates were rebound with values ranging from 0.45 to 0.60 pmol/g with decreasing
concentration of initiator. In view of the fact that comparable values were calculated for the
template rebound by the MIP and the NIP, the calculated IFs are close and ranged from a low of

1.5 (P-10H-1:50) to a high of 1.8 (P-LOH-1:5)
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Figure 4. 28. Comparison of the amount of template incorporated and binding performance by
P-10H polymers produced in different 1: TM ratios measured by *H NMR using 1,4-dioxane in
DMSO-dsas the reference standard. 10.0 mg polymers incubated in 100 pM 10OH rebinding
solution for 60 mins.

4.2.2.2. 5-Methylbenzene-1,3-diol MIPs (P-20H)

4.2.2.2.1.Polymer composition

The amount of each component in photochemically-synthesized 5-methylbenzene-1,3-
diol (P-20H) MIPs were calculated as the other previously discussed system: the unreacted
components in the post polymerisation solutions were quantified using 1,4-dioxane as the
reference standard (3.57 ppm) and by monitoring the peaks for EGDMA (O-CH2 at 4.32 ppm)
and MAA (5.10 and 5.65 ppm for MAA and EGDMA and CH2=C- less the O-CH2(EGDMA)
peak), and 6.47 ppm for 20H peak. It was recorded that the amount of EGDMA incorporated
(Table 4.11) in the polymers synthesized in high concentration of initiator does not have
considerable differences between the MIP and the NIP, however in lower amount of initiator

(1:50 and 1:100), the differences in the EGDMA in between the MIP and the NIP is higher: for
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the 1:50 imprinted polymers the amount of EGDMA is 71 + 1% (659 + 17 umol/g) and for the
its non-imprinted counterpart is 86 = 1% (715 £ 6 umol/g) and for the P-20H-1:100 MIP it
contains only 69 + 1% (571 + 6 umol/g) and 74 = 1% (620 + 7 umol/g) for its NIP counterpart.
The amount of EGDMA also decreases with decreasing concentration of initiator in the feed, and
the maximum decrease is observed when the amount of initiator is decreased from 1:50 to 1:100.
Correspondingly, the amount of MAA in the polymers between the MIP and the NIP is
comparable to one another in all of the variation of I:TM ratios conducted, but the drop in the
amount of MAA in the polymers is noticeable in the presence of low amount of initiator in the
feed. Due to low incorporation of MAA of both the MIP and the NIP, the resulting FM:XL in the
polymers is between 1:5-1:7 and this is later manifested to the NMR based % yield of between
67-86 % with the lowest yield by P-20H-1:100. The calculated isolated yield (65-75%)

coincides with the NMR-based yield.
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Table 4. 11. Imprinting results of photochemically synthesized 5-Methylbenzene-1,3-diol
polymers (P-20H) polymers in various I:TM ratios.

Incorporated components in the Polymer Reacted
1:TM? polymers Composition Double
Polymers (oinitiator)? % incorporation (umol/g) T:FM:XL®  Bonds*
EGDMA MAA  Template
P-20H-1:5 1:5 MIPs  88+0 691 171 0.06:1:6.3 63.9+0.01
(17%) (730) (116) (6.90)
NIPs 88+ 0 63+2 1:6.9 63.5+£0.01
(730) (106)
P-20H-1:10 1:10 MIPs 871 80+ 2 12 =1 0.04:1:54 67.4+0.01
(9%) (724) (133) (5.20)
NIPs 86+ 1 72+1 1:6.0 68.9+0.01
(718) (120)
P-20H-1:25 1:25 MIPs 791 66+1 12+1 0.05:1:6.0 67.9+0.01
(4%) (661) (111) (5.00)
NIPs 84x2 730 1:5.8 67.0 £0.01
(701) (121)
P-20H-1:50 1:50 MIPs 71%1 690 10+1 0.04:1:51 63.6+0.01
(2%) (659) (116) (4.30)
NIPs 86%1 762 1:5.6 64.2 £0.01
(715) (128)
P-20H-1:100 1:100 MIPs 69+1 48 +1 11+1 0.06:1:7.2 61.0+0.101
(1%) (571) (80) (4.80)
NIPs 74%x1 53%1 1:7.1 60.6 £ 0.01
(620) (88)

11:TM = initiator (mmol): total monomer (mmool EGDMA+ mmol MAA), 2% initiator = amount (mol) of initiator/amount of total monomer
(mol), 3T:FM:XL = template : functional monomer :cross-linker (mol) ratio in the polymers, “Correlated to degree of cross-linking in the polymer,
residual double bonds measured from FTIR using the ratio of the peak height of -C=C- and -C=0 with respect to the peak height ratio of pure

EGDMA.

Correspondingly, the template incorporation for the this system is low, similar to its

thermal counterpart.. This occurrence is probably due to the side reaction of 20H that was

pointed out in the discussion of thermally synthesized 20H polymers in section 2.3.1.2.

Nevertheless, Figure 4.29 shows that the concentration of initiator does not affect the

incorporation of template in photochemically synthesized polymers as can be seen in the

minor changes in between I:TM ratios. The highest incorporation is displayed by P-20H-1:5
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with 17 + 1% (6.90 + 0.40 umol/g) incorporation and the lowest were displayed by P-20H-

1:50 with only 10 + 1 % (4.30 umol/g) incorporation.
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Figure 4. 29. Percentages of 20H incorporated in the photo-chemically synthesized

polymers in various I:TM ratios. Measured by *H NMR using 1,4-dioxane in DMSO-dg as the
reference standard.

4.2.2.2.2. Morphology and Particle Size

SEM images of selected polymers produced at I:TM = 1:100 and 1:5 are shown in
Figure 4.30. Polydispersed microspheres were obtained in P-20H-1:100 polymers, with
imprinted polymers (Figure 4.30 A) appear to be bigger in diameter than its NIP (Figure 4.30
B). Increasing the amount of initiator to 1.5, changes the morphology of the polymers and
this seems to approach monolithic polymerisation as was also observed in the P-10H system
which is attributed to several factors (decrease in the quality of solvent and the loss of
colloidal stability of individual particles. As for the dq measured by DLS, a larger value were
recorded for the P-20H-1:5 polymers, which does not correspond with the sizes shown, in the
SEM, especially for the P-20H-1:5, and this is potentially due to the aggregation of the

particles.
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d,= 109.0 £ 0.8 nm, PDI= 0.40

Figure 4. 30. SEM images of photochemically synthesized polymers. P-20H-1:100 MIP (A)
and NIP (B) and P-20H-1:5 MIP (C) and NIP (D). Insets are the hydrodynamic size of the
microspheres with the corresponding polydispersity indexes (PDI) measured by DLS and
SEM.

As shown in Table 4.11, there are no differences in the amount of cross-linking in the
polymers in each I:TM ratios, indicating that the concentration of initiator does not affect the
cross-linking degree in the MIP as well as the NIP. This occurrence is in agreement of the
results obtained in the thermal counterparts, T-20H. Additionally, the minor differences in
the degree of cross-linking between the MIP and the NIP imply that the polymerisation

process is not affected by the presence of the template.
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4.2.2.2.3. Template Rebinding Studies

As shown in Figure 4.31, the highest amount of template incorporated is 44.7 + 0.4 umol/g
exhibited by P-20H-1:5 and the lowest is 33.0 = 0.3 umol/g afforded by P-20H-1:10. Similar
to its thermal counterparts, the dimerisation of the template 20H is highly probable and this
is aggravated by the fact that the three templates are photochemically reactive and known for

their capabilities as a radical scavenger.!82 200

Ten mg of polymers were incubated for 45 mins (with shaking) with 100 uM
rebinding solution. The amount of template bound to the polymers of each I:TM ratio was
quantified by monitoring the peak of 20H at 6.47 ppm corresponding to —CH=C-, and
comparing it to the peak of the reference standard, 1,4 dioxane at 3.57 ppm. Results of the
template rebinding experiments (Figure 4.31) demonstrated that there is no observable trend
with respect to the concentration of the initiator. P-20H-1:50 rebound the highest amount of
20H (1.75 + 0.07 umol/g) which is almost twice as much as the lowest template rebound
exhibited by P-20H-1:10 (0.94+ 0.05 umol/g).. In terms of the binding site conversion the
highest conversion was displayed by P-20H-1:50 (5.21%) and the lowest was shown by P-
20H-1:5 (2.32%). The combination of low incorporation of template and high MIP binding
gave a higher binding site conversion for P-20H-1:50. The unpredictable trend in the MIP
binding and binding site conversion was also observed in the thermal counterpart of 20H
which is attributed to the side reactions that 20H can undergo (Section 2.3.1.4) In
considering the NIP binding, the lowest is observed in higher concentration of initiator (P-
20H-1:5; 0.73 £ 0.04 pmol/g and P-20H-1:10; 0.73 £+ 0.03 umol/g) and the highest NIP
binding recorded was 1.31 £ 0.02 umol/g shown by P-20H-1:50. In calculating the IF, no
significant disparity between I:TM ratios which is in the range of 1.2-1.3, which suggest that

this system produced low performing polymers.

138



60 -

B Template incorporated
O MIP
— 50 -
0 aONIp
£
3 40
(%]
2
o 30 -
(=1
g —
o 7 - IF=1.3
2 IF=1.1 IF=13
: -
o 1 IF=13 IF=1.2
0+ T T T ‘ )
1:100 1:50 1:25 1:10 1:5

1:TM
Figure 4. 31. Comparison of the template incorporation and the binding performance of the
MIP and NIP of P-20H polymers synthesized in various I: TM experiments. Amount of 20H

were quantified by *H NMR using 1,4 dioxane in DMSO-ds as reference standard and
monitoring the -CH=C- peak at 6.47 ppm of 20H.

4.2.2.3. Benzene-1,3,5-triol polymers MIPs (P-30H)

4.2.2.3.1. Polymer composition

The amount of each component in photochemically-synthesized Benzene-1,3,5-triol
polymers (P-30H) were calculated the same way as the other previously discussed systems:
the unreacted components in the post polymerisation solutions were quantified using 1,4-
dioxane as the reference standard (3.57 ppm) and by monitoring the peaks for EGDMA (O-
CH2 at 4.32 ppm) and MAA (5.10 and 5.65 ppm for MAA and EGDMA and CH>=C- less
the O-CH2(EGDMA) peak), and —CH=C- peak at 6.11 ppm for 30H. There is no
considerable differences in the incorporation of EGDMA in between the MIP and the NIP of
each I:TM ratio (Table 4.12) as was observed in the other photochemical systems discussed
previously (P1OH and P-20H). However, the concentration of initiator seems to affect the
incorporation of EGDMA in the NIP as the amount decreases with decreasing amount of

initiator: from 90 £ 1 (751 pmol) by P-30H-1:5 it dropped to 67 £ 1% (567 pmol) by P-
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30H-1:5. Similarly, the amount of MAA incorporated by the NIP decreases with decreasing
concentration of initiator keeping a closer range of values, from the high of 72 + 1% (119
pmol) to a low of 61 1% (102 pumol). Despite of the decreasing monomer conversions in
the polymers in decreasing concentration of initiator, the resulting FM:XL are comparable
~1:6, which is slightly lower than the starting FM:XL. The higher incorporation of the cross-
linker in the polymers indicates the higher reactivity of EGDMA than MAA even at low
concentration of initiator. Moreover, the low conversions of monomers resulted to decreasing

yields in decreasing concentration of initiator: from a high of 89 £+ 1% to a low of 67 + 1 %.

Similarly for its MIP counterparts, decreasing conversion of EGDMA was also
observed: the amount of EGDMA incorporated decreases from 88 + 1% (732 pmol) to a low
of 68 + 2% (570 umol). In the case of MAA, comparable values were incorporated, from 64-
69% (~620 pmol). The resulting FM:XL in the polymers is comparable with the FM: XL
recorded for the NIP counterparts: FM:XL of 1:6 which signifies the higher reactivity of
EGDMA than MAA even in the presence of a template. The conversion of monomers also
resulted to decreasing %yield of the polymers in decreasing concentration of initiator: from a
high of 86 + 1% to a low of 68 £ 2%. The isolated yield measured for the MIP and the NIP

IS in the range of 67-78 % which is lower than the NMR-based yield.
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Table 4. 12. Polymer composition and cross-linking density in the photochemically
synthesized Benzene-1,3,5-triol (P-30H) polymers polymers.

Incorporated components in Polymer Reacted

the polymers Compositi Doubli
o/ s .
% incorporation (umol/g) T :(I):rl]\/l : Bonds
XL3
Polymers 1:TM! EGDMA MAA Template
(%initiator)?
P-30H- 1:5 MIPs 880 69+1 24+ 1 0.09:1:6.4 61.6+0.1
1:5 (17%) (732) (115) (10.00)
NIPs 90+ 1 72+1 1:6.3 61.8+0.1
(751) (120)
P-30H- 1:10 MIPs 83t 1 69t 1 241 0.09:1:6.0 65.6+0.1
1-10 (9%) (689) (115)  (10.20)
NIPs 851 69x1 1:6.1 64.7+0.1
(697) (114)
P-30H- 1:25 MIPs 792 64 2 24+ 1 0.08:1:5.1 66.9 £0.1
1:25 (4%) (656) (108) (8.60)
NIPs 8lx1 69x1 1:5.9 64.7+£0.1
(678) (115)
P-30H- 1:50 MIPs 73x1 68+ 1 161 0.06:1:5.3 60.8+0.1
1:50 (2%) (605) (114) (6.80)
NIPs 75%2 67x1 1:5.6 505+0.1
(628) (113)
P-30H- 1:100 MIPs 68 =2 64 £ 2 11+1 0.04:1.54 616%0.1
1:100 (1%) (570) (106) (4.70)
NIPs 681 61x1 1:5.6 58.2+0.1

(567) (102)

Y:TM = initiator (mmol): total monomer (mmool EGDMA+ mmol MAA), 2% initiator = amount (mol) of initiator/amount of
total monomer (mol), 3T:FM:XL = template : functional monomer :cross-linker (mol) ratio in the polymers, “Correlated to
degree of cross-linking in the polymer, residual double bonds measured from FTIR using the ratio of the peak height of -C=C-
and -C=0 with respect to the peak height ratio of pure EGDMA.

The differences in the amount of template incorporated by the polymers is noticeable

as the concentration of the initiator was varied: with the highest of 24 + 1% (10.0 pmol/g) by
P-30H-1:5 polymers and lowest of 11 + 1 % (4.70 umol/g) by P-30H-1:100 polymers,

making the final T:FM ratios between 1:11-1:25. Similar to the 20H system, 30H polymers
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incorporated higher amount of template in the polymers in faster polymerisation reaction or

higher amount of initiator and decreases with decreasing amount of initiator.

Table 4.12 also summarizes the degree of cross-linking accounted for the polymers
synthesized at various I: TM ratios. The degree of cross-linking in the polymers synthesized in
lower concentration of initiator (1:10-1:100) have comparable degree of cross-linking: with a

range of between 58-65% cross-linking for the NIP and 60-65% for the MIPs.

4.2.2.3.2. Morphology and Particle Size

Both MIPs and NIPs of P-30H-1:100 appear to be polydispersed particles with a dn
of 105.7 = 0.6 nm (PDI = 0.10) for MIP and 101.5 + 0.2 nm (PDI = 0.10) for NIP. These
sizes are consistent with the particles size recorded for the P-20H-1:100 polymers. As was
expected, the morphology of P-30H-1:5 polymers are different, it did not produce discrete
particles as exhibited in Figure 4.32 C and D, which was similar to the morphology
observed in the other photo-chemically synthesized polymers synthesized in high
concentration of initiator. The dy measured by DLS for P-30H-1:5 MIP is 123.7 + 3.4 nm
and 166.3 + 1.8 nm for the NIP, which do not correspond to the size of the particles shown in
the SEM images, and this is probably due to aggregation of the smaller particles interlinked
to one another. The P-30H polymers with the lowest degree of cross-linking produced
smaller particles interconnected together as was observed with P-10H and P-20H polymers

produced in the same concentration of initiator.
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Figure 4. 32. SEM images of the photochemically synthesized P-30H polymers. P-30H-
1:100 MIP (A) and NIP (B) and P-30H-1:5 MIP (C) and NIP (D). Insets are the
hydrodynamic size of the microspheres with the corresponding polydispersity indexes (PDI)
measured by DLS and SEM.

4.2.2.3.3. Template Rebinding Studies

Final assessment for every system is the template rebinding capacity of the polymers.
The binding performance of the photo-chemically synthesized polymers were assessed in
similar method as the 30H thermal counterparts. Each polymer of different I:TM systems
(10.0mg) was incubated for 75 mins in 100 uM rebinding solution and the results of the
binding performances of the P-30H polymers were quantified using *H NMR by monitoring

the —-CH=C- peak of 30H at 6.11 ppm and are summarized in Figure 4.33.
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Template incorporation of the P-30H polymers is higher in higher concentration of
initiator; highest recorded is 69.3 + 0.93 umol/g by P-30H-1:10 MIP and the lowest is 38.2 +
0.42 pumol/g and showed by P-30H-1:100 MIP. In the case of the template rebinding
performance, the NIP binding are comparable (~1.0-1.4 umol/g). Similarly, comparable
binding was also observed with the MIP counterparts ranging from 1.3-2.0 umol/g which was
also observed in the previous photochemical systems (P-10H and P-20H) that the template
incorporation calculated is not efficiently converted to binding sites. The comparable MIP
binding of the polymers in this system suggest that there exist an optimum equilibrium
concentration of T-FM complexes that can be formed, which was also observed in the
previously discussed systems. Surprisingly, in calculating for the binding site conversion, P-
30H-1:100 exhibited the highest conversion with a value of 5.0 % due to low incorporation
of template and P-30H-1:10 have the lowest conversion with value of 1.9 % due to high
incorporation but low MIP binding. In contrast with the thermal counterpart, lower imprinting
efficiency was observed in higher concentration of initiator which may be attributed to the
formation of high concentration of radicals that increases the probability of the dimerisation
of the phenolic templates which accounts for ~30% loss of templates (with respect to the
initial amount). In terms of the NIP binding highest is 1.38 = 0.01 umol/g which is shown by
P-30H-1:5 polymers and the lowest of 0.94 + 0.02 pumol/g showed by P-30H-1:10. In
calculating for the IF of each I: TM ratios, the comparable MIP binding ranges from 1.51 to
1.98 umol/g which indicates that the concentration of initiator does not affect the binding

capacity of the polymers as was observed in the previously discussed photochemical systems.
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Figure 4. 33. Comparison of the Template incorporation and binding performances of P-
30H microspheres produced in different I: TM ratios with respect to the initial amount(4.20
uM). Quantitative analyses were performed by *H NMR using 1,4 dioxane in DSMO-ds as
the reference standard.

4.2.2.4. Comparison of the photochemically synthesized polymers

The incorporation of EGDMA and MAA varies from one I:'TM experiment to the
other, more so in different template system, however, the resulting FM:XL ratio in the
polymers remains in a close range of between 1:5-6. While variable effects were observed in
the template incorporation with different 1: TM ratios, (Figure 4.34 A) it is noticeable that in
I:TM of 1:5, comparable amount of templates were incorporated by the three MIPs. It is also
the I:TM ratio that incorporated the least amount of templates in the three MIPs, similar to
the thermally synthesized systems. This observation was attributed to the disruption of the T-
FM complexes due to additional heat released due to higher concentration of initiator and the
probability of higher branching density that prevented the efficient imprinting of templates in
the polymers. In most I1:TM ratios, 20H was the least incorporated among the three templates
and this could be due to the higher probability of dimerization of 20H compared to 10H and

30H.
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Figure 4. 34. Comparison of the template incorporation (A), MIP (B) and NIP (C) binding
performance of the MIP and NIP of the photochemically synthesized polymers. Amount of

each templates were quantified by *H NMR using 1,4 dioxane in DMSO-ds as reference

standard.
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As for the amount of cross-linking in the polymers, it appears to be unaffected by the
concentration of initiator and the nature of the template as comparable degree of cross-linking

were calculated for the three systems keeping a small range between 58-69 %.

In terms of the binding performances, it seems like P-10H MIPs are not affected in
varying the concentration of initiator in the feed since comparable amount of templates were
rebound by different I: TM system as shown in Figure 4.34 B. Unlike P-10H polymers, the
amount of templates rebound by the P-20H and P-30H systems fluctuated in varying I:'TM
ratio and did not illustrated any trend. It is noteworthy to mention that in most I:TM ratios, P-

30H bound the highest.

Similarly, P-10H NIPs comparable amount of 10H in various concentration of
initiator that resulted to a range of IF values between 1.6 to 1.8 according to Figure 4.34 C.
Correspondingly to their respective MIPs, fluctuating NIP binding was also observed with the
P-20H and P-30H NIPs and this recorded a variable IF values ranging from 1.2 to 1.4. In
consideration of the IF values calculated for the three MIPs systems, P-10H recorded the
highest IF values, similar to the thermally-synthesized polymers. These results served as an
incongruity of the interaction-based theory, which was also in parallel with the study

conducted by Spivak et al. 14

The three MIP systems produced in I:T =1:100 produced discrete particles with du
sizes ranging from 100-150 nm with PDIs of 0.10-0.30. Moving to higher concentration of
initiator, the morphology of the polymers changed from particles to monolithic which was
explained thoroughly by Downey which was attributed to the solvency conditions and the

poor quality of solvent during the polymerisation process. 1%
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4.2.3. Comparison of Thermal vs Photochemical initiation method.
Photochemically synthesized polymers deviate from the expected results that in
precipitation polymerisation, regardless of the concentration of initiator, discrete particles are
obtained. However, at high amount of initiator (1. TM= 1:5), the photochemically synthesized
polymers appear to be a combination of smaller particles and monolithic gross morphology,
which was not observed in all thermally synthesized polymers. This might be due to several
reasons; first is due to auto-acceleration effect that is characterize by a decrease in the rate of
termination caused by a drastic increase in the rate of polymerisation and a simultaneous
increase in the molecular weight of the growing polymer. And it might be due to the
temperature of the polymerisation solution that reduced the quality of the solvent (e.g.
solvency and viscosity of the porogen) and the reaction, leading to the collapse of the
colloidal stability of individual particles '°® 2°*, Moreover, comparable degree of cross-

linking was observed between the thermal and photochemically-synthesized polymers.

At lower concentration of initiator (I: TM= 1:25-1:100), template incorporation within
the photochemically synthesized polymers are lower than the thermally-synthesized polymers
which is attributed to insufficient kinetic energy of molecules at lower temperature to collide
with the functional monomer and form interaction At higher concentration of initiator
(-’ TM= 1:5-1:10), however, the amount of template incorporated by the thermally-
synthesized polymers is lower than the photochemically synthesized polymers which can be
attributed to the disruption of the T-FM complexes due to the exothermic reaction of radical
formation. In addition, higher concentration of initiator, there is a higher probability of the
dimerisation of the templates due to the formation of higher concentration of radical species
in the reaction. This reaction is supported by the appearance of peaks in the *H NMR of the

post polymerisation solutions of 10H and 30OH in higher concentration of initiator.
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Therefore, the decrease in the concentration of the templates from the initial concentration is
a combination of incorporation in the polymers and the dimerisation calculated incorporated
template. The possible dimerisation reactions of the 10H and 30H are shown according to
Figure 4.35. The dimerisation reaction of 10H given in Figure 4.35 A is supported by the
emergence of an additional peak in NMR spectra of P-10H in the post polymerisation
solution due to the aromatic proton (labeled as D1OH-H11) as shown in Figure 4.35 B.
Correspondingly, an appearance of another peak was observed in the post polymerisation
solution of the 30H system due to the aromatic proton at 7.1 ppm. (labeled as proton D30OH-
H3 in Figure 4.35 D) which is attributed to the formation of a 30H dimer with the structure
shown in Figure 4.35 C. In the case of 20H, higher incorporation was recorded with the
photochemically synthesized polymers which could be due to the fact that the dimerisation of

20H is a kinetically driven reaction as was presented by Thavasi et al. 182
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Figure 4. 35. Proposed dimerisation reaction of 10H (A)**® and 30H (C) under UV
irradiation with the partial NMR spectra of initial (bottom spectra) and post polymerisation
(top spectra) solutions of P-10H (B) and P-30H (D)%%

Comparable MIP binding was observed between the thermal and the photochemically
synthesized polymers which indicates that in a given I:TM and T:FM, there is an optimum
concentration of T-FM complexes that can be formed thus changing the temperature will not
increase the binding capacity of the MIP. This is in accordance to the study of Spivak 46
showing that there exist a maximum amount of T-FM complexes that can be formed in a
given amount of the components in the feed. Higher NIP binding was observed in
photochemical polymers resulting to lower IF than thermal polymers which is probably due
to the limited solubility of the monomers and lower frequency of collisions at lower
temperature in photochemical initiation which decreases the conversion of monomers in the

polymers leaving more units of MAA that can interact with the template during rebinding
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process. In both initiation methods, 10H polymers demonstrated higher values of IF than the
other two MIPs systems, signifying that these systems are another exception from the
interaction —based theory, an accordance with the findings of Spivak et al. that in some cases,
the number of interaction points does not necessarily equate to more binding efficient

MIPs, 146

Another factor that can lower the incorporation of the template is the formation of
radical species other than the one formed from the initiator. This is possibly because of the
wide range of the emitted radiation of the UV lamp employed for the photo-chemical
synthesis (200-400 nm), which is enough to promote the formation of radical species from
the components in the polymerisation reaction. This was evident in the experiment conducted
in which a solution of MAA and EGDMA (1:5), without the addition of AIBN, was placed in
the photochemical cabinet using the same UV lamp employed for the photochemical
synthesis of MIP, and a cloudy solution was obtained after 24 hours. The cloudiness is
attributed to the formation of short-chained oligomers that did not reach critical mass to

precipitate out of the solution.

Overall, the thermally-synthesized polymers are more binding efficient due to higher
IFs calculated for this system which is due to the low NIP binding recorded for this system.
In addition, the temperature of the solution during the polymerisation reaction reduces the
quality of the solvent lowering the solubility of the monomers and templates in the
photochemical initiation that lowers the number of collisions in between the components of

the reaction that affects the monomer conversion and binding performance of the polymers.
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4.3. Summary

The properties and binding efficiency of thermally and photo-chemically synthesized
polymers using three phenolic templates were assessed and compared. Additionally, the
effect of varying the concentration of initiator was also correlated to the binding performance
of microspheres of the three MIP systems.

The particle size was mainly affected by the concentration of initiator; it increased
with increasing concentration of initiator. Looking at the polymer composition, the FM: XL
ratio in the resulting polymer is unaffected by the presence and the nature of the template. It
is also unaffected by the concentration of initiator and reaction temperature that led to the
preservation of the starting FM:XL of 1:5. However, photochemical initiation incorporated
lower monomers than the thermal counterparts that led to lower %yields. The degree of
crosslinking, on the other hand, was found to be unchanged and remained comparable in
given system. In the case of template incorporation, it is affected by the 1) nature of the
template in which higher incorporation of 10H was observed in both thermal and
photochemical initiation compared to other phenolic templates 2) the concentration of
initiator, increasing templates are incorporated in the polymers in decreasing concentration of
initiator, and  3) reaction temperature in which template incorporated within thermally-
synthesized polymers is decreasing with increasing concentration of initiator and this is
opposite to the results calculated for photochemically-synthesized polymers. Nevertheless,
the template incorporated does not necessarily form high fidelity imprints. Based from the
rebinding results, it seems that there is an optimum equilibrium concentration of T-FM
complexes that can be formed in a given T:FM since MIP binding is comparable in spite of

the concentration of initiator, nature of template and reaction temperature.

In characterizing the binding sites of the three MIP systems prepared from the same

I:M ratios, comparable Kas were measured which suggest that the affinity of the MIP towards
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its template is comparable. However, the nature of the template affected the number of
binding sites, N, formed in the resulting polymers. Moreover, varying the concentration of
initiator increases the Ka and decreases the N of the system as was demonstrated by T-20H-

1:100 and T-20H-1:5 polymers

Cross-reactivity studies of the best performing MIP for each MIP system
demonstrated that T-30H MIP is the most selective towards its template giving selectivity

indices of 0.58 and 0.67 for 10H and 20H, respectively.

Template effects were also manifested in the surface area, pore sizes and pore
volumes of the MIPs. More pronounced difference in the properties of the MIP and the NIP
were observed in 30H system. Due to the difference in the surface area between the MIP and
the NIP of each system, binding capacities were normalized with respect to surface area.
Normalization of the binding capacity with respect to surface area led to an increase in MIP
binding and ultimately higher IF (3 times higher) which is illustrated by T-30H-1:100
polymers. .We believe that more accurate assessment of the binding performance of
precipitation MIPs can be obtained when normalised against surface area considering the

variability of the physical properties of the microspheres .

For this study, the most binding efficient 10H and 30OH imprinted polymers are those
prepared in lowest concentration of initiator (T-10H-1:100 and T-30H-1:100) by thermal
initiation, showing the highest MIP binding, with relatively low NIP binding resulting the

high IF in their respective sets.
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Chapter 5

Imprinting efficiency of a
‘Stoichiometric’ Pyridine-based
functional Monomer in precipitation
polymerization

5.1. Introduction

Molecular imprinting using small templates is common and proved to be efficient
using commercially available functional monomers and crosslinkers. As the size of the
templates increases, such as biomolecules, the imprinting process becomes more
challenging.*” 293205 Bjomolecules impose difficulty in imprinting due to their chemical
instability and the size and complexity of their binding sites. Unlike small molecules, large
molecules have the tendency to become trapped into the cross-linker networks of the
polymers which is problematic in the template removal process. In addition, biomolecules
also have multiple potential binding sites, which can increase the number of non-specific

binding sites and ultimately lead to poor selectivity of materials. 47 110203

The specificity of biological molecules does not only rely on the shape and size
conformability, but the multiple binding points of the receptor also needs to be in congruent
with those of the substrate. 2% This concept was then applied to molecular imprinting to
produce more selective materials by designing functional monomers capable of forming an
array of interactions with the template. Researchers aim to mimic the molecular recognition
capabilities of the biological molecules that involves a donor-acceptor-donor (DAD)

hydrogen bonding interactions!®® by using a acylamido-pyriding!® 1111 and pyrimidine-
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based 2°7 or a urea-based!* custom-designed functional monomers. Compounds with imide
functionality are one of the most commonly investigated templates for these custom designed
functional monomers because the trans-amide group of these monomers can form the
DAD/ADA hydrogen bond array of interaction with the imide group (Figure 2) affording

high affinity binding sites. 20820

RQJ\H " H\RP’

R R'

Figure 5. 1. Illustration of the DAD/ADA hydrogen bonding array of the trans-amide group
209 of a bis-acylamidopyridine-based compound and an imide functionality.

One of the widely studied custom-designed functional monomer is the 2,6-bis-
(acrylamido) pyridine (BAAPYy, 1, Figure 2), which has been widely explored in imprinting
imide-containing templates, such as fluorouracil*®®, cyclobarbital'®?and barbiturates'?. Due
to the displayed specificity of the BAAPy-synthesized MIPs towards small molecules,
researchers moved to using more complex and bulkier templates like riboflavin!®, glutamic
acid % and uracil derivatives 1% 297 In a more recent study, the application of BAAPYy in
imprinting process of a more complex uracil-containing compound, nucleosides, was proven
to be efficient in bulk format. In this study, 2°3’5’-tri-O-acyl Urds with different alkyl chain
lengths (attached to the ribose ring) were used as dummy templates for the recognition of Urd

nucleosides. Among the tested targets, the nucleoside with a single alkyl chain, 2°,3’,5’-tri-O-

155



acetyluridine (TAU) MIPs, showed higher binding capacity, selectivity and specificity than

the other tested templates as determined by frontal chromatography. *%®

Herein, we present a detailed assessment of the imprinting efficiency and binding
performance of TAU MIPs prepared by precipitation polymerisation using BAAPy (see
Figure 2 for structure) as functional monomer which, to the best of our knowledge, have not
yet been fully investigated. As an added value to this study, we also present the application of
quantitative nuclear magnetic resonance spectroscopy (QNMR) for polymer composition and
in situ binding measurements. We found that the stoichiometric 1:1 T:FM ratio has not been
maintained in precipitation polymerisation and an optimal TAU:BAAPy ratio of 1:2.5 was
obtained for MIP microspheres prepared in acetonitrile without agitation. This precipitation
MIP afforded affinity constant and binding capacity higher than its bulk counterpart.
Molecular modelling, NMR studies and selectivity assays indicate that, aside from the
DAD/ADA hydrogen bond interaction, BAAPY also interacts with the acetyl groups of TAU.
Imprinting efficiency (i.e. template incorporation) and binding capacity of precipitation MIPs

have also been shown to be affected by the initiator concentration and method of agitation.

5.2. Results and Discussion

BAAPYy as a functional monomer in bulk imprinting of uracil derivatives with variable
acyl group chain lengths has been explored by the group of Krstulja.1%1% the investigated
uracil-based targets, TAU (2) imprinted MIPs have been shown to exhibit the highest affinity
(number of TAU binding sites = 3.42 pmol/g, Ka = 1.7 X10* L/mol) and selectivity. While
BAAPy has been extensively used in bulk imprinting, its utility in precipitation
polymerisation has been limited. There has only been one report on BAAPy-based

microspheres for solid phase extraction of barbiturates in human urine samples. This current
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study evaluates the performance of BAAPy as a functional monomer in precipitation

imprinting of TAU, particularly monitoring both imprinting and binding efficiencies.

5.2.1. Synthesis of MIPs
5.2.1.1. Bulk Polymerisation

TAU MIPs were first synthesized by bulk polymerisation using the 1:1:20
TAU:BAAPY:EGDMA formulation of Krstulja, et al. 1% but employing AIBN, instead of
azo-bis-dimethylvaleronitrile (ABDV), at 60°C using chloroform (BP-1:1-C) and acetonitrile
(BP-1:1-A) as porogens. While Krstulja, et al. have shown chloroform as an efficient
porogen, we were also keen to use acetonitrile in order to compare with MIP microspheres
also generated in acetonitrile. TAU was reported to exhibit comparable solubility in both
solvents (> 100 mM).2%® As can be seen in Figure 5.2, the polymers obtained from both
acetonitrile (BP-1:1-A) and chloroform (BP-1:1-C) are highly porous. While microspheres
seem to be formed at the surface of the MIPs, both MIPs and NIPs generally showed bulk
morphology expected from bulk molecular imprinting process in the presence of limited

amount of porogen.
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Figure 5. 2. SEM images of ground monolithic MIP (A) and NIP (B) in acetonitrile porogen
(BP-1:1-A); and MIP (C) and NIP (D) in chloroform porogen (BP-1:1-C) in 30k
magnification.

The composition of MIPs and NIPs was determined indirectly by calculating the
amounts of left-over (unpolymerised) monomers and template in solution post-
polymerisation with respect to the pre-polymerization mixture by *H NMR spectroscopy (see
Experimental). The results, summarised in Tables 5.1 and 5.2, show high conversions for
EGDMA (>95%) and BAAPy (>92%) in the NIPs resulting in FM:XL mol ratios of 1:20
(BP-1:1-A) and 1:21 (BP-1:1-C) approximating the feed formulation of 1:20. The BAAPy
conversion in the MIPs, on the other hand, was slightly lower at 64% and 77% for chloroform
and acetonitrile-porogenated MIPs, respectively, while the EGDMA conversion remains high

(94%) and comparable to that of the NIPs, resulting in FM:XL mol ratios of 1:29 and 1:25,
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respectively. Nevertheless, TAU incorporation, i.e. imprinting, within the polymers for both
BP-1:1-C and BP-1:1-A while moderate, 143 + 1 umol/g (60%) and 158 + 5 umol/g (66%),
respectively, with respect to the reaction feed (240 pmol/g), afforded T:FM ratios of 0.9:1
and 0.8:1, respectively, approximating the expected 1:1 stoichiometric T:FM relationship also
obtained by Krstulja, et al.1% We surmised that the lower BAAPY conversion in the MIPs is
due to the formation of the TAU:BAAPY complex which is less soluble in the porogen than
the uncomplexed TAU and BAAPy. Turbidity tests confirmed our hypothesis. We observed a
decrease in transmittance (from 98% to as low as 40% between 400 and 700 nm) upon the
addition of TAU to a BAAPYy solution in acetonitrile and chloroform indicating formation of

insoluble species.
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Table 5. 1. TAU imprinting results for bulk (BP) and precipitation (PP) polymers.

TAU:BAAPY:EGDMA Particle
- y-E5 Size, nm TAU3, umol/g*
mole ratios |ES
Polymers! (PDN)
Feed Polymer Imprinted  Rebound
MIPs 0.78:1:25  32-45um  158+5  357+0.11
BP-1:1-A ______ 1:1:20 2.0
NIPs 1:20 1.81+0.18
MIPs 0.86: 1: 29 143 +1 4.07+0.2
BP-1:1-C ___ 1:1:20 1.7
NIPs 1:21 239+0.1
MIPs 0.4:1:16 337 +1 98 +2 3.64 +0.03
(0.774)
PP-1:1-A ————  1:1:20 3.0
NIPs 1:18 368 + 2 1.23+0.02
(0.794)
MIPs 0.84: 1: 22 not 173+3  0.29+0.02
PP-1:1- measured
1120 15
A-St° NIPs 1:19 0.20 + 0.01
MIPs 0.58: 1: 18 not 153+4  1.22+0.10
PP-1:1-
1120 measured 1.4
A-Rd’ NIPs 1:23 0.86 +0.10
MIPs 0.29: 1: 19 387 +1 73+2 1.14+0.10
1 (0.374)
PPl 11900 2.1
A-150 NIPs 1:20 490 1 0.54 +0.01
(0.507)
MIPs 0.16:1:20 468 + 1 38+2 0.56 + 0.01
11 (0.716)
PRI 400 12
A-1200 NIPs 1:21 380+ 1 0.46 + 0.03
(0.417)

A= acetonitrile, C= chloroform; 20nly FM:XL for NIPs; 3TAU in feed = 240 umol/g except for PP-2:1-A = 480 umol/g ;

4umol/g=pmol template / g total monomers; Imprinting factor = Bound MIP/Bound NIP; ®St = Stirred; "Rd= Rolled;

8Initiator:total monomer (BAAPy + EGDMA) mol ratio = 1:50; °Initiator:total monomer ratio = 1:200; Note: Initiator:total

monomer ratio of all other polymers = 1:131.
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Table 5. 2. Feed and polymer composition for bulk (BP) and precipitation (PP) MIPs and
NIPs.

iy MIPs NIPs
Composition
Polymerst
mmol (%0)?

AIBN® TAU BAAPy EGDMA BAAPy EGDMA
Feed 00137 0.1790 0.1790  3.5803 0.1790  3.5803

BP-1:1-A
Polymer 0.1081  0.1386  3.3793 0.1724  3.4027
(60%)  (77%)  (94%) (96%) (95%)
Feed 00137 01790 0.1790  3.5803 0.1790  3.5803

BP-1:1-C
Polymer 0.0987  0.1142  3.3437 0.1653  3.4800
(55%)  (64%)  (94%) (92%) (97%)
Feed 0.0038 0.0238  0.0238  0.4761 0.0238  0.4761
PP-L:IA Polymer 0.0076  0.0212  0.3790 0.0220  0.3973
(32%)  (89%)  (80%) (92%) (83%)
Feed 0.0038 0.0238 0.0238  0.4761 0.0238  0.4761

PP-1:1-A-
St Polymer 0.0154  0.01907  0.4282 0.0233  0.4468
(65%)  (80%)  (90%) (98%) (94%)
Feed 0.0038 0.0238  0.0238  0.4761 0.0238  0.4761

PP-1:1-A-
Rd® Polymer 0.0089  0.015 0.278 0.015 0.358
(38%)  (63%)  (58%) (64%) (75%)
Feed 0.0100 0.0238  0.0238  0.4761 0.0238  0.4761

PP-1:1-A-
1506 Polymer 0.0066  0.0227  0.4377 0.0224  0.4423
(28%)  (95%)  (92%) (94%) (93%)
Feed 0.0025 0.0238  0.0238  0.4761 0.0238  0.4761

PP-1:1-A-
12007 Polymer 0.0033  0.0201  0.4035 0.0176  0.3697
(14%)  (84%)  (85%) (72%) (78%)

A= acetonitrile, C= chloroform; 2Polymer composition estimated by NMR; 3Same amount used in NIPs; St = Stirred,
SRd=Rolled; ®Initiator:total monomer (BAAPy + EGDMA) mol ratio = 1:50; 7Initiator:total monomer ratio = 1:200; Note:
Initiator:total monomer ratio of all other polymers = 1:131.
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5.2.1.2. Precipitation Polymerisation

TAU MIPs (PP-1:1-A) were subsequently synthesised by precipitation polymerisation
following the bulk formulation with chloroform and acetonitrile (10 mL per mmol monomer)
as porogens. Polymers prepared in chloroform and even with 50% chloroform/50%
acetonitrile by volume resulted in gels %% 3% 210 50 only PP-1:1-A was subjected to further
characterisation. As shown in Figure 5.3, PP-1:1-A are spherical particles with average
hydrodynamic sizes (dw) of 337 and 368 nm for MIP and NIP, respectively, measured by
DLS. Particle aggregration is evident from SEM images which is consistent with their broad

PDIs (0.8) obtained from DLS measurements.

Figure 5. 3. SEM images of precipitation polymers PP-1:1-A MIP (A) and NIP (B).

As with bulk imprinting, the FM:XL ratio in the PP-1:1-A feed was kept at 1:20.
However, the conversion of EGDMA was lower (Table 5.2), i.e. ~80%, while that of BAAPy
higher (~90%), than what was observed in BP polymers resulting in a higher
BAAPY:EGDMA ratio of 1:18 for NIP and 1:16 for MIP. Unlike the bulk process, we did not

observe precipitation of the TAU:BAAPY complex (as indicated by a decrease in solution
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transmittance) and we presume that the degree of BAAPy and EGDMA conversions is a
function of their copolymerisation tendencies. Interestingly, the TAU:BAAPY ratio obtained
was 1:2.5 (i.e. 0.4:1) as only 98 £ 1 umol/g (41%) was incorporated. a deviation from the 1:1
stoichiometric relationship obtained with bulk MIPs and expected from BAAPy-based uracil
MIPs, Our results seem to suggest that template-monomer interaction is influenced and can
be optimised by solvent dilution. Beijer et al. have extensively studied the interaction of
BAAPy with uracil derivatives and have shown that the DAD H-bond induced 1:1 complex
only prevail if no other functional group or interaction sites, other than the imide, is
present.?!* TAU, on the other hand, has three ester functionalities surrounding the ribose ring
which can be possible points of interaction with BAAPy. Evidence to this effect was obtained

from *H NMR titration and molecular modelling template-monomer interaction studies.

5.2.2. TAU-BAAPy Interaction Studies

The interaction between BAAPy and uracil derivatives by the ADA/DAD H-bond
mechanism (Figure 1) has been well documented 2*-?13 displaying high association constants
(2 to 1.7X10* MY 108211 n the case of TAU, Krstuljal® has alluded to an interaction study
by 'H NMR spectroscopy monitoring the amido proton of BAAPy. We have extended this
study to other *H and *3C nuclei and have also conducted supplementary semi-empirical

molecular modelling.

The computer generated 1:1 TAU:BAAPy complex (Spartan ‘14 v1.1.8) given in
Figure 5.4. A shows the ADA/DAD H-bonding interactions to be the predominant with
distances between the interacting atoms of 1.8 A. Nevertheless, while these H-bonding
arrays are still evident when the TAU:BAAPYy ratio is decreased to 1:3, mimicking the PP-

1:1-A system, the amido protons of the other two BAAPYy units have also been observed to
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interact with the carbonyl oxygen 6’ and 10” of TAU. The distances between the ADA/DAD
H-bond interacting atoms have also been shown to slightly increase to 2.1-2.2 A, suggesting

weaker interactions than with the 1:1 ratio, but this have been compensated by the formation

of two additional H-bond interactions with two other BAAPY units.

Figure 5. 4. The predominant hydrogen bonding interaction points (distances 2.2 > 2.5 A 214
between BAAPY and TAU measured by Spartan ‘14 v1.1.8 in a 1:1 (A) and 1:3 (B)
TAU:BAAPYy clusters.

To verify the interactions observed from molecular modelling, *H and *C NMR
titration experiments were carried out at 60°C, the reaction temperature, monitoring
movements in chemical shifts (> 0.2 ppm) of protons and carbons, respectively, brought

about by interactions between BAAPY and TAU. Figure 5.5 and 5.6 give selected *H and **C
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NMR spectra, respectively, showing peak shifts of interacting nuclei. These peak movements

are also illustrated in Figure 5.6.

The ADA/DAD hydrogen bond array interactions between the imide group of TAU
and the amide group of BAAPYy are evident from the chemical shift movements of the amido
protons (Figure 5.5 A). The H-bond donating amido proton of TAU (TAU-3, see Figure 2.1
for proton/carbon assignments) showed a marked upfield peak movement presumably upon
interaction with the H-bond acceptor nitrogen (BAAPy-1) of BAAPy. Conversely, the amido
protons of BAAPy (BAAPy-7a,b) experienced a downfield chemical shift movement in the
presence of TAU attributed to enhanced deshielding by amido oxygens TAU-2 and TAU-4
of TAU. Consequently, carbons TAU-2 and TAU-4 would have been more shielded and thus

underwent a shift upfield (Figure 5.6. B).

The chemical shift movements of other carbon nuclei indicate additional interactions
between TAU and BAAPy aside from the DAD/ADA H-bonding array. In particular, TAU
acyl carbons 6’ and 10’ (TAU-6 and TAU-10) as well as their adjacent methyl groups
TAU-7" and TAU-11", respectively, exhibited upfield shifts which could be attributed to
additional shielding brought about by the interaction of the acyl oxygens with the amido
proton of BAAPY. These interactions are evident in the computer image generated for the 1:3
TAU:BAAPy complex. The carbons BAAPy-8a,b of BAAPy also showed movements
indicating interactions of the amido oxygens with, most possibly, the amino hydrogen of
TAU or its own. We have certainly observed from molecular modelling that, at >1:4
TAU:BAAPY ratios, intra-BAAPY interactions predominate consistent with the *H NMR
titration results which show negligible peak movement of the TAU amido nitrogen at 1:5
TAU:BAAPYy ratio. It would seem that BAAPY carbons BAAPyY-2,6 also experienced the
deshielding of the adjacent amido hydrogens by the TAU-2 and TAU-4 amido oxygens

causing an downfield peak movement at 1:1 TAU:BAAPy stochiometry. However, at lower
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TAU:BAAPYy ratios (i.e. >1:2) the peaks reversed to upfield shifts indicating a change in
electron density in their proximity. This suggests that at 1:1 stoichiometric ratio, the
ADA/DAD H-bonding array is the predominant interaction between TAU and BAAPy and

that BAAPYy participates in other interactions at lower TAU:BAAPY ratios.
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Figure 5. 5. Partial *H NMR spectra of a pure BAAPY (A), pure TAU (B) 1:1 mole ratio of
TAU: BAAPY (C) and 1:3 mole ratio of TAU:BAAPY (D), measured at 60°C in d-DMSO,
showing marked chemical shift movements of protons involved in TAU-BAAPY interactions.
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Figure 5. 6. Partial *C NMR spectra of a pure BAAPy (A), pure TAU (B) 1:1 mole ratio of
TAU: BAAPY (C) and 1:3 mole ratio of TAU:BAAPY (D), measured at 60°C in d-DMSO,
showing marked chemical shift movements of protons involved in TAU-BAAPY interactions.
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measured by measured by *H and *3C NMR respectively. Note that A chemical shift =
chemical shift of the mixture - chemical shift of the pure solution of TAU or BAAPY.
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5.2.3. Template rebinding studies

Krstulja et al. 1% reported the binding performance of TAU bulk MIPs using frontal
chromatography and recorded high imprinting factors (IF = 48) based on the difference of
retention factors between MIP and NIP. For this study, we opted to use batch binding assays
and developed an in-situ quantitative solution *H NMR protocol to measure the unbound
TAU left in solution, as with HPLC, without the need to separate the polymeric particles. The
range of the concentration used is in accordance to the range of concentration of TAU used in
Krstulja’s study.'® Employing 1,4-dioxane as a reference standard, this in-situ method was
applied to rebinding tests at analyte concentration of > 10 uM giving results that are
comparable to the conventional method that involves separation of polymer particles prior to
measurements. TAU rebinding tests were first conducted to determine the optimum TAU
rebinding time using PP-1:1-A. Maximum binding capacity was achieved after 60 min for
(Figure 5.8), subsequent binding assays were measured after 60 min of incubation and an

additional 15 min of test sample preparation.
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Figure 5. 8. In-situ time-binding tests using 10.0 mg of PP-1:1-A microspheres incubated in
0.5 mL of 100 uM TAU solution.
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5.2.3.1. TAU rebinding efficiency

Figure 5.9 gives the rebinding results for bulk (BP-1:1-A and BP-1:1-A) and
precipitation (PP-1:1-A) polymers (10.0 mg in 0.500 mL of 100 mM TAU) after 1 hour of
incubation. As earlier presented in Table 5.1, 64% and 77% of the TAU added in the feed
formulation of chloroform and acetonitrile-porogenated MIPs, respectively, was incorporated
the monolithic MIPs resulting in a 1:1 stoichiometric T:FM ratio, but only rebound 2.8% (4.1
+ 0.2 umol/g) and 2.3% (3.6 £ 0.1 pumol/g) of it, respectively. These results suggest that most
of the incorporated template was not converted to high fidelity imprints in bulk imprinting,
with some possibly destroyed during grinding of the monoliths. 2224 12 26, 123 124 125
Conversely, their respective NIPs also recorded comparable TAU binding of 2.4 £ 0.1

pmol/g (BP-1:1-C) and 1.8 + 0.2 umol/g (BP-1:1-A) giving imprinting factors of 1.7 and 2.0,

respectively.
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Figure 5. 9. TAU incorporation and binding efficiency of PP-1:1-A microspheres and bulk
polymers BP-1:1-A and BP-1:1-C. 10.0 mg of polymers were incubated in 0.500 mL of 100
1M TAU solution for 1 hour prior to quantitative *H NMR analysis.
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In contrast to the BP polymers, PP-1:1-A only incorporated 41% (98 umol/g) of the
TAU feed resulting in a 1:3 TAU:BAAPY ratio in the polymer, rather than 1:1. As presented
in the previous section, both molecular modelling and NMR titration experiments support
formation of 1:3 TAU:BAAPy complexes due to the presence of the acyl groups in TAU, in
addition to its imide functionality, capable of interacting with the amido proton of BAAPY.
Nevertheless, PP-1:1-A MIP managed to rebind 3.7% (3.64 + 0.03 umol/g) of the imprinted
TAU, 1.5 times higher than that of BP-1:1-A (2.4%). These results suggest that imprinting is
more efficient by precipitation polymerisation than by bulk. 2*>21 |n the case of the non-
imprinted polymers, PP-1:1-A NIP gave a TAU binding (1.23 = 0.02 umol/g) 1.5 times lower
than that of BP-1:1-A NIP (1.81 + 0.18 umol/g) resulting in an imprinting factor of 3.0,

higher than that of BP-1:1-A (i.e. 2.0).

5.2.3.2. Characterisation of Binding Sites: Binding Isotherms

Binding isotherms for PP-1:1-A and its bulk counterpart BP-1:1-A are presented in
Figure 5.10 as non-linear (NL) and linearized Langmuir (LL) curves®. These approximations
assume homogeneous binding but have also been conveniently used for heterogeneous MIP
systems. Binding parameters K (binding affinity constant) and N (total number of binding

sites) derived from both models summarised in Table 5.3 are in close agreement.
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Figure 5. 10. Binding isotherms of BP-1:1-A and PP-1:1-A polymers fitted to non-linear (A)
and linearized (B) Langmuir models. Isotherms obtained using 10 mg polymer incubated for

1 hrin 0.500 mL of 1 to 100 uM TAU solution. Free TAU was measured by in -situ

quantitative *H NMR spectroscopy.
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Table 5. 3. Binding affinity constants (K) and number of binding sites (N) for BP-1:1-A and
PP-1:1-A estimated from non-linear (NL) and linearised (LL) Langmuir curves given in
Figure 5.10.

BP-1:1-A PP-1:1-A

Model Parameter
MIP NIP MIP NIP

Non-linear KM  34+03x10° 09+03x10* 7.5+08x10° 0.7+0.1x 10

Langmuir' N (umolig)  454+022  334+081  560+039  3.21+0.48

Linearised K(MY)  30£04x10* 06+01x10* 7.0+09x10* 0.7+0.1x10%

Langmuir N (umol/g) ~ 459+038  424+053  578+065  3.00+0.04

Lvalues were determined from Prism GraphPad using the one-site hyperbola model. Errors are at 95% confidence level.

As an expected consequence of molecular imprinting, both BP and PP MIPs showed
higher TAU binding and total binding sites (N) than their non-imprinted counterparts.
Likewise, K for MIPs are also higher than that for NIPs indicating that higher affinity binding

sites for TAU were created during molecular imprinting.

Krstulja et al.® have reported K values of 1.2 x10° M and 0.3 x10% M for MIP and
NIP, respectively, an order of magnitude lower than the values we obtained (3.4 x10*M* and
0.9 x10* M, respectively), for a TAU/BAAPY system equivalent to our BP polymers also
analysed using the NL model and comparable concentration range (< 100 uM). Nevertheless,
both calculations recorded a Kwmip 4 times higher than the corresponding Knip confirming
efficient imprinting of TAU in both cases. In the case of N, Krstulja et al. obtained values
twice as high as ours, 10.65 pumol/g vs 4.54 umol/g for MIP and 4.88 umol/g vs 3.34 umol/g
for NIP, and a higher Nmip/Nnip ratio of 2.2 compared to only 1.4 in this study. It is
noteworthy that Krstulja et al. generated their polymers at a temperature of 40°C (vs 60°C in
this present study) and have employed frontal chromatography for binding calculations which

could account for the difference in K and N values obtained by the two studies.
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Our results also showed the K for PP MIP (7.5 + 0.8 x 10* M) to be 2 times higher
than that for BP MIP (3.4 + 0.3 x 10* M) and 10 times higher than its corresponding NIP.
Conversely, N for PP MIP (5.60 + 0.39 umol/g) is slightly higher than that for its bulk
counterpart (4.54 + 0.22 pumol/g) and twice as much as the N of its corresponding BP-NIP.
Both PP and BP NIPs afforded comparable K’s and N’s. These results indicate that
precipitation polymerisation was able to generate higher affinity binding sites for TAU which
could be attributed to a stronger T:FM interaction provided by a maximal interaction by
virtue of the 1:3 TAU:BAAPYy ratio. Previous studies!? 2’ have also demonstrated that
precipitation polymerization yields more homogenous and higher affinity constants imprinted

polymers compared to bulk polymerisation.

5.2.4. Selectivity Studies

PP-1:1-A have been shown to possess higher affinity binding sites than its bulk
counterpart while showing a non-stoichiometric TAU:BAAPy ratio of 1:3. Molecular
modelling and NMR studies conducted on this system suggests favourable interactions, other
than the ADA/DAD H-bond array, involving the acetyl groups in the ribose ring of TAU.
Thus, selectivity studies for PP-1:1-A were conducted against analogues 2,3,5-tri-O-acetyl
cytidine, TAC and Urd, (Figure 2.1). Unlike TAU, Urd does not have the three acetyl groups
in the ribose ring while TAC does possess the three acetyl groups in the ribose ring but not

the imide group.

Results of the non-competitive cross-binding assays on PP-1:1-A MIP are given in
Figure 5.11. While the template TAU was rebound at 3.64 + 0.03 umol/g, only 2.50 = 0.01
umol/g of Urd was bound decreasing to 1.56 £0.03 pumol/g with TAC. Similarly, in

competitive binding assays, while the total bound quantities of TAU+Urd and TAU+TAC
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mixtures are comparable, less TAC was bound than Urd (0.91 = 0.07 umol/g vs 1.33 + 0.09
pmol/g). These results indicate that analyte binding is predominantly governed by the
DAD/ADA hydrogen bond as shown by the significant amount of bound Urd compared to the
non-imide containing TAC. Nevertheless, binding of Urd under non-competitive condition is
30% lower than TAU suggesting that the interaction of BAAPy with the acetyl groups in the
ribose ring of TAU (not found in Urd) also enhances TAU binding. Further, even with the
disruption of the DAD/ADA hydrogen bonding array, TAC still registered a moderate
binding of 43% (non-competitive) and 23% (competitive) with respect to TAU suggesting the
importance of the acetyl groups in the ribose ring. It is noteworthy that the amino group of

TAC could also interact with BAAPy and could also be responsible for its binding.
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Figure 5. 11. Binding capacities of PP-1:1-A MIP in non-competitive cross-binding and
competitive assays against Urd (Ur) and 2°,3°,5’-tri-O-acetyl-cytidine (TAC). 10.0 mg of
polymers were incubated for 1 hour prior to *H NMR analysis using 0.500 mL of 100 uM of
analyte for non-competitive rebinding and equimolar concentration (50 pM) of TAU and
analogue for competitive rebinding.

To verify the interactions between BAAPY and the analogues which we alluded to as
responsible for the competitive and non-competitive binding results, we subjected the two

analogues to molecular modelling calculations, using the previously generated 1:3
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TAU:BAAPYy cluster presented in Figure 5.4. B, by ‘freezing’ the 3 BAAPY units in place
and replacing TAU with either Urd or TAC. As can be seen in Figure 16A, Urd interacts with
one BAAPYy unit via the DAD/ADA hydrogen bonding array and no interaction was observed
with the other two BAAPY units which, with TAU, showed interactions with the acetyl
groups in the ribose ring. With TAC (Figure 5.12. B), interaction was evident between
BAAPYy units 2 and 3 and the acetyl groups of TAC, similar to what was observed with TAU.
BAAPy unit 1 also interacted with the amino group of TAC but the DAD/ADA hydrogen
bond array of interaction was not maintained. These molecular modelling results are

consistent with the cross- and competitive binding analyses.

2144

224 A

Figure 5. 12. Urd:BAAPy (A) and TAC:BAAPYy (B) 1:3 clusters showing interaction points
and their corresponding distances measured by Spartan ‘14 v1.1.8. The BAAPy cluster was
generated using TAU as template (see Figure 5.4. B) and frozen in place.
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5.2.5. Other Factors

5.2.5.1. Effect of Initiator Concentration

Mijangos et al. /1% have compared the effects of the amount of the initiator [1,1’-
azobis(cyclohexane-1-carbonitrile)] in the bulk imprinting of (+)-ephedrine at 80°C and
found that, apart from its effect on polymer rigidity, imprinted polymers produced in lower
amount of initiator (1 %, initiator:total monomer (I:TM) ratio = 1:13) performed better than
the MIPs produced in higher amount of initiator (5%, I:TM ratio = 1:65). They hypothesised
that the heat of reaction brought about by high amount of the initiator in the feed disrupts the
complex formation between the template and the functional monomer, reducing the affinity

and selectivity of the MIPs.

In this study, PP-1:1-A, prepared with I:TM ratio of 1:131 following published
formulation'® was compared with two other TAU precipitation MIP systems prepared with
I:TM ratios of 1:50 (PP-1-1:50) and 1:200 (PP-1-1:200) using the same formulation and
porogen as PP-1:1-A. While Yang et al. observed that higher concentration of initiator
resulted in bigger and polydispersed particles*® 1 this trend was not observed in our

systems as the particles appear to be aggregrated, polydispersed and of comparable size.
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Figure 5. 13. SEM images of PP-1:1 microspheres produced by varying the initiator:total
monomer (I: TM) ratios in acetonitrile at 60°C: 1:50 (PP-1-1:50) MIP (A) and NIP (B); 1:131
(PP-1:1-A) MIP (C) and NIP (D); 1:200 (PP-1-1:200) MIP (E) and NIP (F). Refer to Table
5.1 and 5.2 for additional details of their synthesis.

While the FM:XL ratios of the polymers were not markedly affected by the

concentration of initiator in the feed, the T:FM ratio was significantly affected. From 1: 2.5
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T:FM ratio obtained from PP-1:1-A, it decreased to 1:6.25 (14% template incorporated) when
the I:TM ratio was reduced to 1:200 but increased to 1:3.44 (28% template incorporated)
when the I:TM ratio was increased to 1:50. Analyses of the binding capacities of the
polymers (Table 5.1, Figure 5.14) showed PP-1:1-A (IF = 3.0) to be better performing than
both PP-1-1:50 (IF = 2.1) and PP-1-1:200 ((IF = 1.2). The drastic reduction in the imprinting
and binding efficiencies of PP-1-1:200 compared to PP-1:1-A suggests that slow
polymerisation reaction at 60 °C does not favour the formation of imprints which could be
because slow reaction provides an opportunity for the template-functional monomer complex
to be disrupted. While template incorporation and binding were markedly higher with PP-I-
1:50 than with PP-1-1:200, they were still observed to be lower than those for PP-1:1-A. We
speculate that for this reaction, the polymerisation rate was faster, as evidenced by the early
onset of precipitation, and we speculate that the equilibrium concentration of the TAU-

BAAPy complexes has not yet been reached that resulted to low specific binding capacity.
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Figure 5. 14. Comparison of the template (TAU) incorporation (i.e. imprinted) and binding
capacities of PP-1:1 microspheres produced by varying initiator(AIBN):total monomer

(I: TM) ratios in acetonitrile at 60°C: 1:50 (PP-I1-1:50), 1:131 (PP-1:1-A) and 1:200 (PP-I-
1:200). Refer to Table 5.1 and 5.2 for additional details of their synthesis.
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5.2.5.2. Effect of Agitation

Molecular imprinting produced by precipitation polymerisation has been carried out
with and without agitation. “>® In previous studies have illustrated that most systems favour
gentle rocking or no form of agitation at all because it assists in the formation of more

binding efficient polymers %% 218 and more mono-dispersed particles. 4°.

In the case of the precipitation system under study, the effect of agitation, by vigorous
stirring (at ~130 rpm) and gentle rolling (at ~9.5 rpm), were investigated under the same
conditions as the non-agitated PP-1:1-A. Both polymerisation mixtures subjected to agitation
produced highly aggregated particles with a “cauliflower” morphology (Figure 5.15),
consistent with those observed by Yang et al.*! for their particles from stirred precipitation
polymerisation mixture. As shown in Table 5.1 and 5.2, the conversions and FM:XL ratios
(based on EGDMA, measured by qNMR) obtained for these systems varied slightly and,
more notably, their T:FM ratios. While PP-1:1-A gave a 1:2.5 stoichiometry, PP-1:1-A-St
and PP-1:1-A-Rd afforded 1:1 and 1:2 ratios, respectively. It would seem that agitation has
affected the formation of the T:FM association cluster, quite possibly by disrupting the
weaker associations but maintaining the strong DAD/ADA hydrogen bond array resulting in
a 1:1 (or close to) stoichiometric T:FM ratios. However, while TAU incorporated in PP-1:1-
A-St (173 + 3 umol/g) is twice higher than that of PP-1:1-A (98 + 3 umol/g), PP-1:1-A
recorded a binding capacity ten times higher (3.64 + 0.03 umol/g) than the stirred equivalent
(0.29 £ 0.01 umol/g) (Table 5.1, Figure 5.16). The higher uptake of the template by PP-1:1-
A-St is probably due to “superficial” incorporation of the template which does not necessarily
form high fidelity cavities in the polymers. These results suggest that the interaction between

the functional monomer and the template is disrupted or reduced when the polymerisation
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reaction is agitated. On the other hand, the amount of TAU incorporation (152 £2 pmol/g) in
PP-1:1-A-Rd, which was subjected to a more gentle form of agitation than stirring (rolled at
9.5 rpm), is less than that for PP-1:1-A-St but higher than for PP-1:1-A consistent with the
above hypothesis. Conversely, its binding capacity is less than that of PP-1:1-A but higher

than that of PP-1:1-A-St.

Figure 5. 15. SEM images of microspheres of PP-1:1-A-Rd MIP (A) and NIP (B), PP-1:1-A-
St MIP (C) and NIP (D). See Figure 5.3 for SEM images of PP-1:1-A.
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Figure 5. 16. Comparison of the template uptake, template bound by the MIP and the NIP of the
polymers obtained from PP-1:1-A (no agitation), PP-1:1-A-Rd (rolled at ~9.5 rpm) and PP-1:1-A-St
(stirred at ~130 rpm).

5.3. Summary

The efficiency of the stoichiometric non-covalent imprinting of BAAPy with TAU
due to their strong DAD/ADA hydrogen bond array interaction has been observed in bulk
polymerisation process. This study is the first to investigate and assess the imprinting and
template rebinding efficiencies of the TAU/BAAPY MIP system prepared by precipitation
polymerisation. Template incorporation and batch rebinding as well as polymer composition

was measured by quantitative NMR spectroscopy.

We found that the stoichiometric 1:1 T:FM ratio exhibited by the TAU/BAAPY bulk
MIP has not been maintained in precipitation polymerisation and an optimal TAU:BAAPy
ratio of 1:2.5 was obtained for MIP microspheres prepared in acetonitrile (PP-1:1-A) without
agitation from a 1:1 TOUAU:BAAPy feed. The PP-1:1-A microspheres afforded a K of 1.7
x 10* M and a binding capacity of 3.69 pmol/g (41% of the measured incorporated TAU)

higher than its bulk counterpart BP-1:1-A (K= 3.4 = 0.3 X10* M, Bup = 4.54 + 0.22
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pmol/g) despite incorporating 1.5 times more TAU. Molecular modelling and NMR studies
indicate that, aside from the DAD/ADA hydrogen bond interaction, BAAPYy also interacts
with the acetyl groups of the ribose ring of TAU supporting the formation of the 1:3
TAU:BAAPy complex. Non-competitive cross-rebinding and competitive assays using PP-
1:1-A against analogue 2,3,5-tri-O-acetyl cytidine (TAC), which possess three acetyl groups
in the ribose ring but not the imide group, showed significant TAC binding which suggests
that BAAPy also interact with the acetyl groups. Nevertheless, cross- and competitive
binding assays against Urd resulted in Urd binding higher than that against TAC which
indicates that the DAD/ADA hydrogen bond array is the predominant interaction between

TAU and BAAPy.

Imprinting efficiency and binding capacity of precipitation MIPs have also been
shown to be affected by the initiator concentration and the method of initiation. We found
that, for the MIP system under study (PP-1:1-A), both template incorporation and rebinding
are favoured by a moderate initiator concentration, i.e. I TM ratio of 1:131, also employed by
other groups. 103-104. 108109, 207 o\wering the initiator concentration to achieve an I:TM ratio of
1:200 lowered template incorporation by a factor of 2.6 and binding capacity by a factor of
6.5. On the other hand, increasing the I:TM ratio to 1:50 also reduced template incorporation
by 1.3 and binding capacity to 3.2. We attributed this to imprints that are not properly formed
due to disruption of the template-monomer complex because of a slow reaction or due to the
formation of partial imprints that causes formation of loosely attached templates. It is also
interesting to note that while vigorous agitation by stirring showed high template
incorporation, it gave very low template rebinding which we found could be improved by
mild agitation (gentle rolling at ~9 rpm). However, highest translation of template

incorporation to rebinding was obtained with the MIP prepared without agitation which we
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speculated to be due to the undisrupted and optimal formation of T:FM complexes producing

more high fidelity imprints within the polymers.

Interestingly, while the imprinting efficiencies (i.e. template incorporation with
respect to the initial concentration in the polymerisation feed) measured for the better
performing TAU MIPs generated in this study were moderate, 41% for PP-1:1-A and 60%
for BP-1:1-C, their rebinding capacities were only between 3-4% of the incorporated

template.
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Chapter 6
Ionic Liquids as porogen in
precipitation imprinting of propanolol

6.1. Introduction

Solvents have important roles in the molecular imprinting process: They bringing all
the components into a homogeneous phase and make the polymers porous, hence, they are
also know as porogens. Additionally, previous research suggest that the porogens also
facilitate and enhance the template-monomer interaction during the imprinting process.?!: %
12, 6062 porogens can also affect the morphological properties of the polymers, such as
porosity and surface area. These properties ensure the accessibility of the binding sites for the
removal and rebinding of the template 18 2% 46. 65 16, 46, 6263, 219-220 | o\ splubility porogens
have been linked to MIPs with larger pore sizes (higher surface area) because of the early
formation of polymers during synthesis. 2> Conversely, high solubility porogens produces
MIPs and NIPs with smaller sized pores or materials with higher surface areas.>® Most
conventional porogens used in molecular imprinting are volatile organic solvents as they
fulfil the solvency requirements of the most of the involved components in the process.'? 18 60
Organic solvents such as methanol, tetrahydrofuran (THF), dichloromethane, choloroform
and acetonitrile were assessed to enhance binding efficiencies of the resulting polymers. & 52
% Finding a greener alternative to VOCs is favourably advantageous due to the toxic effects
brought about by these types of solvents. Potential alternative are the room temperature ionic
liquids (RTILs).?%222 RTILs or simply ILs (ionic liquid) were originally used as a solvent in
polymerisation process ®% 223228 byt were observed to increase reaction rates and molecular

weight of the polymers.%®%® They also improve the reaction conversion, ®° allowing the
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potential to prepare high molecular weight polymers using a low concentration of catalyst in

reverse ATRP of MMA, 229-230 231

ILs are organic salts that are in liquid form at room temperature. They have low
melting points, are thermally stable, have high viscosity and have negligible vapour pressure.
221,225,221, 232-234 | _s gre typically composed of a poorly coordinated large organic cation and a
small organic or inorganic anion so they are highly polar (but considered as a non-
coordinating solvent).342% Due to their properties, ILs have gained attention as the “green”
alternative solvent for organic synthesis.??? 228 231 There are a wide variety of ILs that are
available and easily synthesized, howeverbut the most commonly used in polymerisation

reactions are the imidazolium-based ILs (Figure 7.2)

The use of imidazolium based ILs as porogens in molecular imprinting by a non-
covalent approach was first been reported by Booker et al. in 2006.7° It was illustrated that
the microspheres prepared by precipitation polymerisation using the two imidazolium —based
IL: bmImBF4 and bmImPFe, showed an accelerated polymerisation rate. The increase in the
polymerisation rate in using ILs as porogen was attributed to the combination of its polarity
and viscosity. It was proposed that Harrisson et al. 23 that ILs has the ability to lower the
activation energy of the propagation stage of the polymerisation reaction due to its polarity.
Aside from lowering the activation energy of the polymerisation reaction, it was also found to
decrease the termination rate due to its high viscosity.?*¢2*® Among the different porogens, it
was the bmImBF;-synthesized MIPs which exhibited the greatest selectivity and binding
performance 2 times higher than the MIPs synthesized under traditional precipitation
polymerisation. It was also demonstrated that the previously mentioned advantages of ILs in
terms of the polymerisation reaction was still observable even at low temperatures (5 °C). "°
Recently, different imidazolium-based ILs were employed to synthesize propranolol

imprinted monoliths. Among the imidazolium-based ILs employed, 1-butyl-3-
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methylimidazolium hexafluorophosphate (bmimPFe) afforded the highest template binding
and gave an imprinting factor of IF= 2.3. Several other studies followed suit which
demonstrated the successful use of ILs in imprinting different types of templates. Most
involved the application of IL-MIPs as a sorbent material in SPE in trace analyses of different
compounds. Sun et al. illustrated that IL-MIPs displayed a good selective recognition of its
template against other analogues and showed higher recoveries of quinolones (78-94%) in
animal tissue samples®®® In another study, 1-allyl-3-methylimidazolium bromide was used as
a porogen in the molecular imprinting of a-chloro-dichlorodiphenyldichloroethane and

showed high recovery of the templates in celery samples.?%

R. ., R
HN//’/'\\N/

Figure 6. 1. Structure of an imidazolium ion

This study is an extension of a previous sincestigation” on the use of 1-butyl-3-
methylimidazolium hexafluorophosphate (PF6) as porogen in the synthesis of MIPs.
Previously, it was demonstrated that trans-aconitic acid-imprinted microspheres produced
using ILs as porogen demonstrated comparable efficiency and selectivity compared to VOC-
synthesized MIPs. In another study, monoliths produced using PF6 as porogen showed lower
binding performance when using the template propranolol (PNL) compared to chloroform,
CHCIs prepared MIP. This behaviour was attributed to the lower surface area and number of
pores. However, fine-tuning the rebinding conditions enhanced the MIP binding and
imprinting factors of PF6 polymers.”® These contradicting results led our group to the

investigation of the microspheres prepared by precipitation polymerisation using the PNL as
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a template. We followed the optimized formulation of Yoshimatsu et al.®® to validate the

effects of the ILs in the imprinting process.

6.2. Results and discussion

Series of publications were reported by Booker et al. regarding the applications of ILs
as porogen in MIPs synthesis. In the first report, the applications of ILs as porogens in
molecular imprinting of cocaine and trans-aconitic acid led to an accelerated polymerisation
rate. This was also observed at lower temperature without sacrificing selectivity of the
resulting polymers. © Results showed that ILs-synthesized microspheres produced by
following the formulation of the precipitation polymerization showed product formation in
less time than the VOCs-synthesized polymers at 60 °C (8 hours vs 18 hours for ILs as
porogens and VOCs as porogens). Additionally, it was demonstrated that the selectivity of
the IL synthesized MIPs systems (using trans-aconitic acid as template) synthesized at 60 °C
was at par with or better than the VOCs synthesized MIP systems (IF= 1.0 for ILs-
synthesized polymers vs IF= 0.98 for VOCs-synthesized polymers). This improvement in the
properties of the MIPs produced by ILs led to the investigation of different ILs as porogen in

another MIP system, where propranolol was used as a template.

In a separate study,”® the selectivity and template rebinding capacity of a propranolol
(PNL) MIP monolithic system synthesized using VOC (CHCI3) were compared with the MIP
systems synthesized in an IL, PF6. The recorded imprinting factors for MIP synthesized in
bmImPFg (IF=1.98) is ~3 times lower than the IF observed for MIP synthesized in CHCIs (IF
= 4.64). The binding isotherms of MIP-PFs and MIP-CHCIz expressed as Scatchard plots

yielded higher values of K, and number of binding cavities for MIP-CHCI; (Ka = 2.99 X10*
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M and N = 0.49 pmol/g, 1.37 X10° mole) than MIP- PF6 (Ka= 6.25 X10* Mt and N = 9.77
X10® mole). Scanning electron micrographs of the two MIP systems also showed different
morphologies. Analysis of the physicochemical properties of the two systems revealed the
differences of the two MIP systems. BET surface area analyses of the two systems illustrated
that MIP-CHCls (306 m?/g) has 40% higher surface area than MIP-bmImPFs (185 m?/g).
PALs pore sizes and relative number of pores were also assessed and showed that there are
two distinct pore sizes present in the two MIP systems: Type A (small) and B (large).
Analysis of the template size, it showed that the type of pore accommodating the template at
its widest diameter is the Type B pores of the polymers with sizes ranging from 7.06 nm
(MIP) and 11.15 nm (NIP). The MIP-CHCIs had significantly smaller Type B pore size
(2.19 nm), and a larger relative number of 8.5% vs MIP- PF6 of 7.06 nm pore size with a
relative number of only 3.0%. From the pore size and its relative number analyses, it was
assumed that the higher template binding capacity displayed by the MIP-CHCIs was

attributed to the greater number of Type B pores, despite of its smaller size.

The differences in the binding performance of the two formats synthesized in PF6
indicated that the trans-aconitic acid imprinted microsphere format " is more efficient than
the propranolol imprinted monoliths.” In order to clarify and gain better understanding of the
role of ILs as a porogen in precipitation polymerisation and expand more information on the
initial results in the applicability of the ILs in molecular imprinting by precipitation
polymerisation, a similar template system (propranolol, PNL) was analysed. The highest MIP
binding of 700 pg/mL recorded in imprinting PNL uses the formulation of Yoshimatsu et al.,
where TRIM was used as a cross-linker, MAA as the functional monomer, ACN as porogen

and a T:FM:XL of 1:2.5:4:0. This formulation was followed for comparative purposes®
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6.2.1. Synthesis of Polymers
Thermal polymerisation (60°C) of propranolol (PNL) imprinted polymers using the
two porogens: ACN (ACN-PP) and PF6 (IL-PP) were conducted following the formulation

reported by Yoshimatsu et al. T:FM:XL =1: 2.8: 3.5)*

It was noted that the rate of polymerisation in IL-PP was faster compared to the ACN-
PP system. White particulates started forming after 60 mins, for IL-PP and after 180 mins, for
ACN-PP showing thermal polymerisation. The increase in the polymerisation rate in using

ILs as porogen was also reported by Booker et al. "% 72 226

6.2.2. Polymer composition

Table 6.1 shows the polymer composition of the two MIP systems produced in
different porogens. In terms of the amount of components in the polymers, ACN-PP MIP
incorporated higher amount of MAA (82 + 2 %) but lower amount of TRIM (78 +2)
compared to its NIP (62 £ 1% MAA and 94 £ 1 % TRIM). This may be attributed to the
presence of the template in the system. We speculated that during the imprinting process, the
interaction of the template with the functional monomer could have promoted the
incorporation of more functional monomer into the polymer. The calculated FM:XL ratio in

the MIP is 1:1.4 and 1:2.2 for the NIP which is higher than the starting FM: XL of 1:1.5.
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Table 6. 1. Polymer composition of An-PP and IL-PP MIP and NIP.

Polymers Incorporated components in the Polymer Degree of
polymers Composition Cross-
% incorporation (umol/g) T:FM: XL linking?
TRIM MAA PNL
ACN-PP  MIPs 78+2 822 62+1 0.30:1:1.4 54.7+0.01
(392) (275) (82)
NIPs 94+1 62+1 1:2.3 59.7+£0.01
(472) (207)
IL-PP MIPs 883 64+1 0.26:1:1.3° 67.3 £0.02
(440) (85)
NIPs 83+3 1:1.38 68.0 £ 0.02
(417)

ltemplate : functional monomer :cross-linker (mol) ratio in the polymers were compared with the initial ratio of 1(133
pmol) :2.5 (333 pumol) :3.75 (500 umol) 2Amount of cross-linking compared to the initial ratio -C=C- and -C=0- and in
the polymers. 3Calculated with the assumption that all MAA (333 pmol) is incorporated in the polymers.

In the case of the IL-PPs, the amount of TRIM in the IL-PP MIP (88 £ 3%, 816 umol)
is almost equal to amount in its NIP counterpart (83 £ 3 %, 816 umol). This indicates that the
presence of the template does not have an effect on the TRIM incorporation in the polymers.
In measuring the amounts of unpolymerized TRIM, the -O-CH,- peak of TRIM was used
because no double bond peak (due to MAA nor TRIM) was visible in the *H NMR spectra of
both the MIP and the NIP. The absence of the double bond peaks and the presence of the -O-
CH»- peak of TRIM imply two things: complete conversion of MAA to polymer or an
occurrence of a secondary reaction between TRIM and MAA in which all double bonds have
reacted/cross-linked but soluble in PF6. This secondary reaction is possible considering that
imidazolium-based ILs have been known to increase the acceleration rate of the

polymerisation process due to the combination of two factors: high polarity and viscosity of

ILs 236, 241-242

To confirm the occurrence of a secondary reaction, the post- polymerisation solutions

were dialysed against water after collecting the IL-PP polymers. Interestingly, after removal
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of IL, water-insoluble polymer fractions were obtained for both MIP and NIP. It is also worth
mentioning that IL-PP MIPs had lower amount of second fraction compared to its NIP
counterpart. It was insufficient for further characterization and this second fraction (IL-PP-2

NIP) will be discussed in a separate section (Section 6.2.5).

The amount of template incorporated (with respect to the starting concentration of
PNL) within the ACN-PP MIP (62 £1 %, 82 pmol) is similar to the amount of template
incorporated within the IL-PP MIP (64 = 1%, 84 umol) as shown in Table 6.1. This suggests
that the IL porogen does not seem to affect the template incorporation in the polymers. It has
been established that polar porogens interfere in the complex formation of the template and
the functional monomer 16 46 62218 which was not observed given the wide difference in
dielectric constants between the two porogens. (€acn = 3.45%*® and €grs - 11.4).2* Quite
possibly, the high viscosity of the ILs counteracted the polarity effect with poor solvation of
the template in the viscous ILs. This could have led to a high concentration of template and
monomer in the surrounding active site of nucleation?® while promoting a fast

polymerisation reaction

The amount of cross-linking in the polymers is correlated with the ratios of the peak
integrations of the -C=0 and -C=C- of the crude cross-linker and in the polymers. Table 6.1
shows that the degree of cross-linking between the polymer systems was significantly
different from each other. The degree of cross-linking has been deduced to be 67.3 + 0.02%
and 68.0 £ 0.02% for the MIP and NIP, respectively, of IL-PP polymers, and 54.7 + 0.01%
and 59.7 + 0.01% for the MIP and NIP, respectively, of ACN-PP polymers. The calculated
degree of cross-linking for the IL-PP polymers revealed that 67-68% of the starting
monomers were cross-linked. The 10% difference in the degree of crosslinking between the
IL and ACN polymers could be due to the proven effect of ILs in increasing the rate of

polymerisation (observed in the study by Booker et al.”®). The high viscosity of 1Ls?% 241
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limits the monomer movements of the monomers in the solution and therefore increase the

probability of polymerisation of the growing chain.

Acetonitrile produced discrete microspheres (Figure 6.3 A and B) with dn values of
185.3 = 0.1 nm for the imprinted polymer and dy = 160.8 £ 0.1 nm for the non-imprinted
polymers. On the other hand, IL-PP produced a “spongy” morphology observed for both the
imprinted polymer and for its non-imprinted counterpart. This morphology is consists of
small particles linked together in a network which is similar to a sponge (Figure 6.3 C and
D). Two particle sizes were detected for IL-PP polymers as shown in the particle size
distribution graph in Figure 6.4 obtained by DLS. For the IL-PP MIP (Figure 6.4 C) the
particle sizes recorded were 217 = 0.1 nm and 877.1 = 0.2 nm with a PDI of 0.3 For its NIP
counterpart, the particle sizes detected are 281.6 £ 0.7 and 957.9 £ 0.9 nm with a PDI of 0.5
(Figure 6.4 D) obtained with DLS. Based from the PDI values of the IL-PPs, it indicates that
this system is consists of particles with various sizes, which is noticeable in the SEM images
in Figure 6.3 C and D. Booker et al. reported a smaller particle size range with sizes ranging
only from 300-500 nm (for both MIP and NIP) . This can be attributed to a different cross-

linker used (divinylbenzene). "
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Figure 6. 2. SEM micrographs of ACN- PP MIP (A) and NIP (B), and IL-PP MIP (C) and
NIP (D). Insets are the particle sizes (dw) measured by dynamic light scattering in nm.
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Figure 6. 3. Particle size distribution of IL-PP MIP (A) and NIP (B).

Specific Surface Area (BET) & total pore volume using nitrogen gas was conducted

on the four different polymers (ACN and PF6 MIP and NIPs) by N. gas absorption. The

collected data is given in Table 6.2.

As shown in Table 6.2, comparable pore sizes were observed with the IL-PP MIP and

NIP indicating that the presence of the template does not affect the pore sizes of the polymers

This is consistent with the results presented by Booker et al.”® In terms of the pore volume,

IL-PP NIP (0.449 cm?®(g) recorded two times the pore volume recorded for its MIP (0.230
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cm?®/g) counterparts. Similar to the pore volume, a significant difference in the surface area of
the IL-PP NIP (327 m?/g) and MIP (168 m?/g) was also recorded. These significant
differences in the pore volume and BET surface area between the MIP and the NIP were not
consistent with the published results of Booker et al.”® This could be due to the difference in
the cross-linker and format (Booker used DVB as crosslinker and monoliths as MIP format)

employed”®

In the case of ACN-PP polymers, the average pore volume and pore sizes of the MIP
and the NIP are comparable but different BET surface areas were measured (Table 6.2). The
surface area of ACN-PP-NIP is 1.25 timeshigher surface area than its corresponding MIP and
an indication that the presence of the template in the polymerisation solution has an effect in
the morphology of the polymers. Despite of the differences in the VOC system presented by
Booker (CHCIs as porogen, DVB as cross-linker and monoliths as MIP format), the

similarities in the morphology of the MIP and the NIP were consistent.

In comparison of the two systems, it was illustrated that PF6 made a more porous
NIP. This was based from the higher pore volume and surface area compared to its MIP
counterparts, which is not observed with the MIP and NIP of ACN-PP. Additionally, the pore
sizes and pore volumes of the IL-PP polymers (both MIP and NIP) were higher compared to
ACN-PP polymers. Given the size difference between ACN (with size of < 0.5 nm) and PF6
(with the size of imidazolium moiety of 0.967 x 0.371 nm and the PF6 ion with the size of
0.328 x 0.328 nm), PF6 can produce larger pore sizes compared to ACN. Moreover, the
structured arrangement of PF6 has illustrated the possibility of forming a micellar structure in

the other layer, that can create larger pore sizes in the polymers. 73 24
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Table 6. 2. BET surface area data, pore volume and sizes of ACN-PP polymers and IL-PP
polymers.

Polymer systems Ave Ave BET surface
Pore Volume Pore Size Area (m?/g)
(cm®/g) (R)
ACN-PP NIP 0.231 26 351
MIP 0.200 28 281
IL-PP NIP 0.449 55 327
MIP 0.230 55 168

6.2.3. Template Rebinding Studies

Figure 10 shows the comparison of the amount of template incorporated and bound by
each of the two MIP systems. Comparable percentages of PNL incorporation was observed in
the two polymer systems (IL-PP = 64 + 1%, 476 + 11 umol/g and ACN-PP =62 *+ 1%, 525 +
10 pumol/g). In the case of MIP rebinding performance, ACN-PP MIP bound 38.45 £ 0.3
pmol/g (77% binding) of PNL and a 1.1 times increase in the MIP binding was observed in
IL-PP MIPs (41.3 £ 1.0 pmol/g, 83% binding). The PNL binding by the ACN-synthesized
polymers obtained in this study was higher than the results of Booker Ref, wherein only 48%
was rebound in using CHCIs as porogen in the monolith synthesis. This difference in
template rebinding between the VOC MIPs could be due to three synthetic inconsistencies:
(1) the difference in the dielectric constants of the two porogens (Eacn = 3.45 and EcHcrs =
4.81), (2) the difference in the imprinting method, (3) the crosslinker. Solvent polarity affects
the formation of the T-FM complex: polar solvents disrupt the formation of this complex.
Thus, in using CHCI3 as porogen, lower template rebound was observed. Booker employed
bulk polymerisation which could lower the binding capacity of the polymers due to the
damages caused by grinding and sieving of monoliths. Moreover, Booker also employed

divinyl benzene, a cross-linker with two polymerisable double bonds and a vinyl benzene
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ring that adds rigidity to the polymers. These can also affect the rigidity of the polymers and
hence, the binding performance. Similar binding site conversions were calculated for the two

systems: IL-PP MIPs displayed 8.7% and CAN-PP MIPs showed 7.3%.

In the case of NIP binding performance, IL-PP NIP (33.0 £ 0.3 pmol/g) bound two
times greater than the ACN-PP NIP (19.4 £ 0.3 pumol/g), and gave a lower imprinting factor
(IF=1.25) . This could be due to the difference in the solvent used for rebinding studies from
the porogen used for the synthesis. Another possible reason for this is that IL-PP NIPs (55 A)
have larger pore sizes compared to ACN-PP NIPs (26 A) that can accommodate greater

concentrations of PNL.
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Figure 6. 4. Comparison of the amount of templates incorporated and bound by the ACN-PP
and IL-PP normalized with respect to mass, pmol/g (A) and surface area, pmol/m? (B).

The binding performance of the polymers with respect to surface area was also
calculated and shown according to Figure 6.4 B. With respect to surface area, IL-PP MIP and
NIP gave PNL binding of 0.25 pumol/m? and 0.10 pmol/m?, respectively, increasing the
resulting IF to 2.44 from 1.3. The large difference in surface area between the IL-PP NIP and
the MIP (NIP ~1.9 times higher) resulted in an increase in the different amount of PNL
bound by the MIP and the NIP, and higher IF. Normalized binding performance in terms of

surface area of IL-PP polymers is a more reliable measurement of the efficiency of the MIP
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system due to the differences in the sizes and the surface area of the microspheres produced
by precipitation polymerisation. In the case of ACN-PP polymers, the amount of PNL bound
by ACN-PP MIP and NIP translated to 0.14 umol/m? and 0.06 pmol/m?, respectively,
resulting in a higher IF of 2.46. Thus, expressing the binding performance with respect to
surface area, the binding efficiency of IL-PP polymers (measured by IF) is at par with ACN-

PP polymers.

6.2.4. Other Physical Characterisation

6.2.4.1. X-ray diffraction

The X-ray diffractions of ACN-PP polymers revealed that the microspheres are
porous and do not have an ordered structure. Additionally, comparable X-ray diffraction
patterns of the MIPs and its corresponding NIPs were observed. This suggests that the
presence of the template does not have an effect in the crystallinity or the ordered structure of
the polymers. Similarly, the IL-PP MIP and NIP afforded similar curves indicating that the

nature of the porogen does not change the amorphous nature of the polymers.
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Figure 6. 5. X-ray diffraction patterns of ACN-PP, IL-PP polymers and IL-PP polymers after
further dialysis.

6.2.4.2. Differential Scanning Calorimetry

The thermal stability of the polymers was analysed initially by differential thermal
analysis (DTA) to obtain degradation temperature and control the subsequent differential
scanning calorimetry (DSC) experiments. The recorded temperature at which the polymer
starts to degrade was at ~250 °C. This was used as the limit for the determination of glass

transition temperature of the polymers.

As shown in Figure 6.6 and Table 6.3, the Tg of ACN-PP MIP (~110 °C) is lower
than the Tg of ACN-PP NIP (120 °C) as can be seen in Figure 6.6. This difference might be
attributed to the imprinting effect of the template in the MIP. It leaves empty cavities upon
the removal of the template, thus, requiring less energy to disrupt the polymeric network.?4¢-
247 248 Similarly, for the IL-PP system, IL-PP MIP exhibited lower T4 than the corresponding
NIPs, which is consistent with the results obtained by previous studies. 249251 231 The slightly

higher Tgs of the ACN-PP polymers (MIP and NIP) suggests that ACN promotes more rigid
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polymers than PF6. The average pore size and pore volume (Table 6.2) of IL-PP are about

twice those of ACN-PP resulting in lower Tg.

Table 6. 3. Glass transition temperatures Ty, of the ACN-PP and IL-PP polymers observed
using DSC.

Polymers T4 (°C) Average Ty
(°C)
ACN-PP MIP Trial 1 105 110
Trial 2 115
NIP Trial 1 120 120
Trial 2 120
IL-PP MIP Trial 1 110 105
Trial 2 100
NIP Trial 1 115 110
Trial 2 105
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Figure 6. 6. DSC curves of ACN-PP MIP and NIP, IL-PP MIP and NIP and the second
fraction of IL-PP (IL-PP-2) NIP using DSC with a maximum temperature of 250 °C and a
heating rate of 30°C/ min.
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6.2.5. Characterization of the ionic liquid dispersible fraction from IL-PP polymer
(IL-PP-2)

The IL-PP-2 fraction was obtained after exhaustive purification via dialysis and
washing with methanol overnight with stirring. In order to determine the composition of IL-
PP-2, it was subjected to NMR analyses. The *H NMR spectrum of the IL-PP-2 NIP shown in
Figure 6.8, confirms the presence of PF6. The signals observed at 1.78 and 4.15 ppm are the
hydrogens of the butyl group in position 2 in the PF6 structure shown in Figure 6.8, and the
hydrogen of the carbon of the butyl chain adjacent to the N (position 1, Figure 6.8).
respectively. The broad peaks observed from ~1-2 ppm were the —CH3- and the —CH3 of the
polymerized monomers. The O-CH» peak of TRIM at 4.47 ppm was not prominent as it
probably overlaps with the IL peaks but an enlarged version would show broad peaks at ~5.6
and ~6.1 ppm which could be due to the unpolymerised double bonds of TRIM. IL-PP-2 is
most likely short chained branched (but not crosslinked) oligomers of MAA and TRIM
attached to the imidazolium ring of the PF6 IL. This is because of this fraction is soluble in a
chloroform and water: methanol 1:5 mixture. It is very likely that crosslinked particles were

also formed but were likely filtered off.
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Figure 6. 7. *H NMR spectrum of the second fraction (IL-PP-2) in CDCls after second
dialysis against water and washed with methanol

In order to further analyse the composition and properties of IL-PP-2, the IR and the
Ty of the polymer were obtained. The IR spectrum of IL-PP-2 NIP shows the presence of

peaks attributable to the monomers. It showed similar features to the IL-PP fraction.

However, unlike the *H NMR spectrum, the PF6 moiety was not visible.
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Figure 6. 8. Overlaid IR (UATR) spectra of IL-PP- NIP and IL-PP-2 NIP.
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The DSC test of IL-PP-2 (Figure 6.6) was also completed using the same parameters
employed for the IL-PP polymers. It can be seen in Figure 9 that the DSC curve only showed
one baseline, and no Tg in comparison with the IL-PP polymers. This indicates that IL-PP-2 is
oligomeric and non-crosslinked.

Based upon the tests conducted the isolation of the second fraction IL-PP-2 could be
due to the possibility of PF6 as a source of radical species which has been observed
previously by Kano et al.?® To confirm, TRIM, MAA and PF6, following the IL-PP
formulation, but without the presence of an initiator, and a pure PF6 as a control, were placed
in a water bath at 60 °C for 24 hours. The reaction tube with MAA and TRIM became cloudy
indicating the formation of insoluble polymers suggesting that PF6 has the ability to initiate
polymerisation, possibly as a radical initiator in the cationic radical form 22, A similar
behaviour of ILs was reported by Biedron et al. where they proposed that imidazolium-based
ILs can undergo chain transfer reactions with methyl methacrylate.??® The radical forming
capability of ILs could most likely be responsible for the formation of the oligomers (IL-PP-
2) suspended in the post polymerisation solution of IL-PP, which was not observed in ACN-

PP solutions.

6.3. Summary

The properties and binding efficiency of the polymers synthesized in two porogens:
acetonitrile and IL, bmImPFs (PF6) were assessed. Similar to other polymers synthesized in
Chapters 3,4 and 5, microspheres were produced in using ACN as porogen with sizes ranging
from 160-185 nm. In the case of IL-PP polymers, a “spongy” morphology (due to the porous
morphology that resembles a sponge) was observed. This morphology could be due to the

phase separation between the growing polymeric chain and the porogen that occurs during
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the polymerisation reaction.?®>* Moreover, two populations of particles were detected by
DLS with the larger sizes ranging from 875-958 nm and the smaller sizes ranging from 215-
285 nm, with MIPs were smaller than their corresponding NIPs. Template and TRIM

incorporation of the two polymer systems was comparable with one another.

Based upon the measured surface area, pore volume and pore sizes of the IL-PP and
ACN-PP polymers, it can be justified that the effect of the presence of the template in the
polymerisation is more noticeable when using ILs as a porogen in MIP synthesis. In
comparing the effects of the two porogens, it seems that PF6 makes lareger pore sizes and
higher pore volumes compare to ACN as porogen. This can be attributed to the higher

viscosity of PF6.

In the case of binding performance normalized in terms of mass of the polymers,
ACN-PP polymers recorded higher IF than the IL-PP polymers. This signifies the efficiency
of ACN-PP polymers compared to IL-PP polymers. Additionally, different morphology was
obtained from the polymers, specifically the MIP, produced in using IL as porogen. The
morphology had a lower surface area compared to ACN synthesized polymers. The binding
capacity of polymers with respect to surface area is a more reliable measurement of the
binding capacities of the polymers.t3* 2 This was demonstrated by the increased in the MIP

binding and IF calculated in both IL-PP and ACN-PP polymers.

Thermal stability of the polymers was also assessed and it showed that the T4 of the
MIP is lower than that of the NIP, with a difference of 5°C and 10°C observed for IL-PP and
ACN-PP polymers, respectively. The lower T4 of IL-PP could be related to its larger average
pore size and higher average pore volume compared to ACN-PP polymers. Both IL and ACN

polymers showed similar microstructure as assessed by X-ray crystallography.
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The isolated second fraction, IL-PP-2 illustrated that PF6 has the capability to form

radicals and initiate polymerisation which was also observed in previous studies.
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Chapter 7
Summary and Recommendations

7.1. Summary

This study aims to further understand the mechanistic aspects of the non-covalent
approach of molecular imprinting produced by precipitation polymerisation, with emphasis
on the effect of the nature of template, temperature, the formulation and nature of porogen on
the properties and binding performance of the microspheres. Additionally, we have
successfully utilised NMR as the main tool for quantitative measurements, i.e. determining
polymer compositions (by analysing post-polymerisation solutions) and template rebinding.
To the best of our knowledge, this is the first time that NMR has been applied to the full

extent for MIP characterisation.

Chapter 3 compared the physical properties and binding performance of CAF and
THP imprinted polymers prepared using EGDMA as crosslinker, MAA as functional
monomer, ACN as porogen by precipitation polymerisation with porogen to total monomer
volume ratio of 10 mL/mmol. In all cases, THP is more efficiently incorporated within the
polymer and rebound indicating a stronger interaction between THP and the functional
monomer MAA than with CAF. Template incorporation was affected by the T:FM ratio with
the highest incorporation recorded by TM2 (polymers produced with T:FM =1:2, FM: XL 1.5
and I:TM= 1:100) and TM8 (polymers produced with T:FM = 1:8, FM:XL 1:5 and I.TM =
1:100). However, regardless of the efficiency of template incorporation, MIP binding
capacities are comparable. In the case of NIPs, all except that of TM2, gave comparable
binding resulting in a close range of IF=1.3-1.6. The high NIP binding of TM2 could be
attributed to the presence of higher concentrations of FM. It would seem that the T:FM ratios

of between 1:2-1:8, which coincides with the recommended T:FM ratio in the literature 2% %
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2% for precipitation and bulk imprinting of THP and CAF would still yield comparable
binding performance. In evaluating the effect of the FM:XL ratio in the feed, we found that
there should be a balance between the concentration of cross-linker, which provides the
rigidity of the polymers, and the concentration of the functional monomer, that can form the
optimum concentration of T:FM complexes to produce the binding efficient polymers. Higher
binding efficiencies were obtained between FM:XL ratios of 1:5-1:10 (9-17 % FM or 83-91
% XL with respect to the amount of total monomer) which is in agreement with literature
finding. 21 % The particle sizes (90-135 nm) appear to be larger in higher concentration of
initiator (AIBN in all cases). Additionally, higher concentrations of initiator increases the
amount of template incorporation in the MIPs and gave higher MIP binding. The binding
efficiency of the MIP and the yield started to deteriorate at I TM of 1:500, thus it is advisable

to use I: TM ratios of >1:100.

In Chapter 4, the effects of the concentration of initiator, reaction temperature and
strength of T:FM interaction on the resulting MIPs was assessed. Three different phenolic
templates with varying number of hydroxyl groups capable of forming H-bond interaction
with the functional monomer were employed. For this system, MIPs were prepared using
MAA as the functional monomer, EGDMA as the cross-linker, AIBN as the initiator and
following the formulation 1:4:20 for the T:FM:XL ratio and 10mL/mmol for the total volume
to mmol of monomers. Microspheres were produced by precipitation polymerisation using
ACN as porogen either thermally (60°C) or photochemically (27-35 °C). Based on the results
of the CAF and THP system (Chapter 3), the range of the concentration of initiator used for
the experiments in Chapter 4 was kept between 1:5-1:100. The effects of the initiator and
strength of interaction in the thermally-synthesized 20H MIPs (T-20H) were difficult to
assess. The results were quite random most likely due to the complications brought about by

the dimerisation of 20H particularly during photochemical initiation. Nevertheless, both T-
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10H and T-30H MIPs followed similar trend in imprinting efficiency (template
incorporation) - higher template incorporation with lower concentration of initiator. However,
higher incorporation of 10H compared to 30H was observed. The observed binding
performance, of T-10H and T-30H, with respect to mass, increases with decreasing
concentration of initiator. As with the THP and CAF MIPs, (Chapter 3) incorporated template
was not translated efficiently to binding sites, with rebinding efficiencies only 2-12 % of the
incorporated and only 1-5% for the photochemically-synthesized counterparts. Non-
competitive selectivity studies also demonstrated that T-30H is the most selective towards its
template. This is an indication of the formation of high fidelity imprints due stronger

interaction with the functional monomer due to higher number of interaction points.

Template effects were revealed in the surface area, average pore volume and average
pore size of the polymers. Due to instrument constraints, only selected set of polymers that
represents the three template MIP systems and set of polymers prepared in different
concentration of initiator were selected. The BET surface area measured ranged from 25-135
m2/g. MIPs prepared in low concentration of initiator (e.g. 1:TM =1:100) recorded lower
surface areas than the corresponding NIPs, with more prominent effects observed for 20H
and 30H polymers. Lower BET surface area was measured for polymers prepared in higher
concentration of initiator (e.g. 1:5) compared to those of prepared in lower concentration of
initiator (1: TM=1:100). The average pore volumes measured for the selected MIPs and NIPs
ranged from 0.027- 2.945 (cm®/g) and 0.050-0.112 (cm®/g), respectively. Comparable pore
sizes for the MIP and the NIP of 10H were observed while for the 20H and 30H, the
difference is more pronounced as the number of hydroxyl increases (T-30H-1:100 MIP =
10A). Nevertheless, it was not clear from these results if, aside from the porogen, the pore

size was also affected by the nature of the template.
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The binding capacity of the polymers was dependent upon the particle size or active
surface area of the polymers. From the significant difference in the surface area of the
polymers (especially the T-30H system), normalizing the binding capacity of the polymers
with respect to surface area is a more reliable assessment of the polymer binding
performance. This resulted to an increase in the binding capacities of the polymers and as
well as the difference in the MIP and NIP binding. This was especially seen with T-30H

system where the surface area of the MIP and NIP was significantly different.

Unlike the thermal counterparts, the imprinting efficiency and binding performance of
photochemically synthesized polymers are more unpredictable. This is attributed to the fact
that these phenolic templates can form radical species upon exposure to UV radiation and
presence of another radical species which often leads to dimerisation of the templates with

itself.

In Chapters 3 and 4, polymers were prepared by non-covalent, non-stoichiometric
approach using the most commonly used functional monomer, MAA. In order to further
investigate the mechanism of the stoichiometric non-covalent imprinting, in Chapter 5,
polymers were synthesized using a custom-designed functional monomer, 2,6-bis-
(acrylamido) pyridine (BAAPY). This monomer was capable of forming an array of H-bond
interactions (donor-acceptor-donor/acceptor-donor-acceptor, DAD/ADA) with an imide-
containing template, 2’,3”,5’-tri-O-acetyl uridine (TAU). This study is the first to investigate
the imprinting and template rebinding efficiencies of the TAU/BAAPyY molecularly imprinted
polymeric (MIP) system prepared by precipitation polymerisation using ACN as porogen.
Compared to the monolithic counterpart prepared using CHCIs as porogen, the stoichiometric
1:1 T:FM ratio has not been maintained in precipitation polymerisation. Also, an optimal
TAU:BAAPy ratio of 1:2.5 was obtained in acetonitrile, without agitation, affording an

affinity constant (1.7 x 10* M) and a binding capacity (3.69 umol/g) higher than its bulk
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counterpart. Molecular modelling, NMR studies and selectivity assays against the analogues
uridine (Urd) and 2,3,5-tri-O-acetyl cytidine (TAC) indicate that, aside from the DAD/ADA
hydrogen bond interaction, BAAPYy also interacts with the acetyl groups of TAU. Template
incorporation and rebinding in precipitation MIPs are favoured by a moderate initiator
concentration, i.e. initiator:total monomer (I1:TM) ratio of 1:131 and without any form of
stirring or agitation. While the imprinting efficiencies for the best performing bulk and
precipitation TAU MIPs generated in this study were moderate (41% and 60%, respectively)

their rebinding capacities were only between 3-4% of the incorporated template.

In Chapter 6, the application of ILs as porogen in imprinting PNL by precipitation
polymerisation was explored as a continuation of the research made by Booker et al. "
Using TRIM as cross-linker, MAA as functional monomer, and the T:FM:XL ratio of 1:1.5:4,
the binding capacities of the polymers produced in PF6 were compared with the polymers
synthesized in the most commonly used porogen in precipitation MIPs, ACN (ACN-PP).
Comparable percentages of PNL were incorporated by the microspheres prepared using ACN
(62 = 1%, ACN-PP) and PF6 (64 + 1%, IL-PP). Different morphologies were observed in the
two system: ACN produced discrete microspheres while PF6 produced a spongy porous
material with two population sizes ranging from 200-900 nm, which are 5 times larger than
the microspheres produced in ACN. This demonstrated that the binding capacity of the IL-PP
polymers the recorded IF of IL-PP polymers were lower than that of the ACN-PP polymers.
The BET surface area of the polymers was within the range of 160-350 m?/g with lower BET
surface area for MIPs in both systems (ACN and IL-PP). However, the surface area of the IL-
PP MIP is two times lower than its NIP counterpart. Higher average pore sizes were obtained
for IL-PP polymers (55 A) than ACN-PP polymers (26-28 A). Comparable average pore
volume were observed for CAN-PP MIP and NIP (~0.200 cm®/g) while significantly higher

average pore volume was measured for IL-PP NIP (0.449 cm®/g) than IL-PP MIP (0.230
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cm?®/g). Due to the difference in the morphology and particle sizes, the binding capacities
were expressed with respect to surface area and showed that the MIP binding and IF values of
IL-PP MIP was at par with the ACN-PP MIP. The T4 of the MIP is lower than that of the
NIP, with a difference of 5°C and 10°C observed for IL-PP and the ACN-PP polymers,
respectively. The lower T4 of IL-PP could be related to its larger average pore size and higher
average pore volume compared to ACN-PP polymers. Both IL and ACN polymers showed
similar microstructure as assessed by X-ray crystallography. It was also observed that IL can

facilitate the formation of short-chained oligomers, even without the presence of any initiator.

Table 7.1 is a summary of the binding parameters and imprinting efficiencies of the
systems included in this study. Comparing the three non-stoichiometric non-covalent
imprinted systems (Chapter 3, 4 and 6), the highest recorded template incorporated in the
CAF and THP polymers (75%) is 1.5 times higher than that of thermally-synthesized
phenolic imprinted polymers (50%, 10H). This, in turn, is 1.3 times times lower than the
PNL incorporation (60-65%) incorporation which can be attributed to the difference in the
crosslinker employed (EGDMA vs TRIM). These values (non-stoichiometric, non-covalent
imprinting) coincides with the values obtained in using stoichiometric, non-covalent
(BAAPyY) system by precipitation polymerisation in which the polymers incorporated
between 14-35%. However, looking at the bulk polymerisation of the BAAPy system, the
monoliths incorporated 95-96% of the starting feed concentration of the template,. This is
considerably higher than the incorporated template obtained from the previous systems. It is
also interesting to note that the effect of the concentration of initiator on template
incorporation observed between the xanthine derivatives (CAF and the THP) and the
phenolic templates followed an opposing trend system. The xanthine MIP systems
incorporated a higher concentration of template (CAF and THP with 26-50% vs phenolic

templates with 4-14%) at higher concentration of (10OH, 30H) templates (I:TM =1:5). Also,
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lower initiator concentration was favoured by the phenolic template system. This suggests
that the time required to achieve the optimum T-FM complexes varies according to the nature
of the templates and the starting T:FM ratio in the feed. Nevertheless, MIP binding capacity
is not directly related to the template incorporation. The polymer yield, however, is
significantly affected, with the MIPs prepared at very low I:M ratio showed poor conversion
as an effect of the slow rate of polymerisation. It would seem from our results that it is better

to keep the I:TM ratios >1:100 for precipitation imprinting.

CAF and THP are one of the most commonly studied templates in molecular
imprinting with the corresponding Kiss and N of each of the template system have been
published. The association constants for caffeine was determined to be within the range of
1.62- 5.43 x 10° M and N of 16.98 pmol/g which was calculated by the Scatchard model. 1
In the case of theophylline, the association constants range from 1.53 x10*to 1.0 x108 100142
and N of 0.016-1.3 pumol/g. These values were determined from MIP systems of polymer
feed composition and concentration of rebinding solution different from those employed in
this study which can affect the calculation of Kas of the system according to Rampey et al.1?®
Thus, those published results cannot be used for direct comparison to our systems. The Ka
and N obtained for the phenolic systems obtained from our study, were 0.99-2.50 x10° M
and 0.71-2.59 umol/g, respectively, both of which were calculated by a non-linear Langmuir
model. Surprisingly, in comparing these values to that of the BAAPYy system, the Kj’s of the
phenolic systems are 3.5 times greater as expected due to their heterogeneity brought about
by using non-stoichiometric functional monomer. However, in the case of N, the phenolic
systems (0.71- 2.59 umol/g) recorded 2.2 times lower than the BAAPy system (5.60 + 0.39
umol/g) . Based from these results, it suggests that N could be a more effective assessment of

the imprinting efficiency of the MIPs. This was explained by Rampey et al. as being the
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results of the dependency of the Ka values to the analytical concentration range of the

rebinding solution being tested rather than the actual MIPs itself. 12
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Table 7. 1. Comparison of imprinting efficiencies and binding parameters of the MIP systems included in this study.

Template | Functional | Crosslinker Porogen Reactio | Imprinting MIP binding Imprinting Ka (M1) N (umol/g)
monomer (Volume per | n Temp efficiency (nmol/g), Factors
mmol O (Template Binding site
Monomer) incorporatio | conversion(%6)
n)
CAF MAA EGDMA ACN 60 20-75 % 3.6-14.7 umol/g , 1.1-1.7 41.53-1.00x108 216.98
THP (10mL/mmol) >-10% 1.2-2.0 b1.62- b0.016-22.8
5.43x10°
10H 4-50 % 0.86-2.18 umol/g, 14-1.8 1.2 x10° 1.42 -2.59
2-12 % (1.4-1.9)*
20H 1.1-1.3 1.0-2.5 x10° 0.71- 1.60
(0.8-1.3)*
30H 1.4-1.8 0.8-1.2 x10° 1.30-2.60
(3.8)
10H 27-35 10-25 % 0.81-1.75 umol/g, 1.5-1.8 Not Not
>On 1-5 % 1713 determined determined
30H 1.2-1.6
TAU BAAPy ACN 60 14-37% 0.56-4.07 umol/g, 1.2-3.0 7.5 x10* 5.60
(10mL/mmol) 3-4%
ACN 95-96% 1.7-2.0 3.4 x10* 4.54
(3mL/mmol)
PNL MAA TRIM ACN 60-65% 38.45-41.25 2.0 2.99 x10* 0.137
(12 umol/g, (2.5)*
mL/mmol) 37-43%
PNL PF6 1.3 96,25 x10* 9,77
(12 (2.4)*
mL/mmol)

*Imprinting factors with respect to surface area, Values from previous studies a
as cross-linker and monolith formal

t71

79,141 b142 100
,

, ¢ using DVB as a cross-linker, CHCI3 as porogen and monolith format and ¢ System using DVB
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7.2. Recommendations for Future Work

Due to the complications that can occur in photochemical initiation (e.g. dimerisation
of templates and polymerisation of EGDMA and MAA without initiator), further studies
regarding the effects of temperature could involve the use of an azo initiator that can produce
radicals at lower temperature (e.g. Azo-bis-dimethyl valeronitrile). Our study was only
limited to free radical polymerisation, thus, this investigation could be extended to the
investigation of the imprinting and binding efficiency of polymers using controlled radical

polymerisation (e.g.ATRP or RAFT).

Additionally, the reactivity of the phenolic templates used in Chapter 4 (both
thermally and photochemically) made the assessment difficult. Thus, further investigation
could involve the use of a model system using different sets of templates with lower
reactivity at higher temperatures. Moreover, this set of templates could contain varying
number of interaction points to better understand the effects of the nature of template
[strength of interaction between the template and the functional monomer in the recognition
mechanism of MIPs. It was only the effect of concentration of initiator that was investigated
in Chapter 4. Therefore, the model system could also involve the assessment of the effects of
varying the formulations (e.g. FM:XL or T:FM), as was conducted in Chapter 3 (CAF and

THP system) or volume/monomer ratio in the feed.

Binding performance of the MIPs and NIPs is commonly normalized in terms of mass
and this is only applicable when working with monoliths, since the MIPs and NIPs were
ground and sieved to the desired sizes, thus there is no significant differences in the sizes of
the particles. However, in systems with microspheres where the size of the MIPs is different
from its NIP counterparts, the binding performance should be normalized in terms of surface

area. Therefore, it is more beneficial and useful to express the binding performance of the
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polymers normalized in terms of surface area. In the absence of BET surface area and particle
size measurements (e.g. by SEM or DLS), selectivity of the polymers towards its target
molecule, evaluated by selectivity indices could be used to assess the efficiency of a MIP

system.

Among the systems investigated, one of the efficient systems we proposed based upon
the MIP binding and IF is the TM2 polymers. However, the sizes difference of the MIPs and
the NIP of this system is significant, thus normalization with respect to surface area is
recommended. This is in addition to our recommendation that surface areas of the MIP

systems discussed in Chapter 3 be further investigated.

219



References

1. J. Steinke, D. C. S., I. R. Dunkin, Imprinting of synthetic polymers using molecular
templates. Advances in Polymer Science 1995, 123, 85-125.

2. Poma, A.; Turner, A. P. F.; Piletsky, S. A., Advances in the manufacture of MIP
nanoparticles. Trends in Biotechnology 2010, 28 (12), 629-637.

3. Arshady, R.; Mosbach, K., Synthesis of substrate-selective polymers by host-guest
polymerization. Die Makromolekulare Chemie 1981, 182 (2), 687-692.

4, Wulff, G.; Sarhan, A.; Zabrocki, K., Enzyme-analogue built polymers and their use for the
resolution of racemates. Tetrahedron Letters 1973, 14 (44), 4329-4332.

5. Danielsson, B., Artificial Receptors. Advances in Biochemical Engineering/Biotechnology
2008, 109, 97-122.

6. Ye, L.; Mosbach, K., Molecularly imprinted microspheres as antibody binding mimics.
Reactive and Functional Polymers 2001, 48 (1-3), 149-157.

7. Wulff, G.; Haarer, J., Enzyme-analogue built polymers, 29. The preparation of defined chiral
cavities for the racemic resolution of free sugars. Die Makromolekulare Chemie 1991, 192 (6), 1329-
1338.

8. Wulff, G.; Heide, B.; Helfmeier, G., Enzyme-analog built polymers. 20. Molecular
recognition through the exact placement of functional groups on rigid matrixes via a template
approach. Journal of the American Chemical Society 1986, 108 (5), 1089-1091.

9. Ye, L.; Cormack, P. A. G.; Mosbach, K., Molecular imprinting on microgel spheres.
Analytica Chimica Acta 2001, 435 (1), 187-196.

10. Chianella, 1.; Guerreiro, A.; Moczko, E.; Cayqill, J. S.; Piletska, E. V.; De Vargas
Sansalvador, I. M. P.; Whitcombe, M. J.; Piletsky, S. A., Direct Replacement of Antibodies with
Molecularly Imprinted Polymer Nanoparticles in ELISA—Development of a Novel Assay for
Vancomycin. Analytical Chemistry 2013, 85 (17), 8462-8468.

11. Piletsky, S.; Turner, A. P., Molecular imprinting of polymers. 2006.

12. Chen, L.; Xu, S.; Li, J., Recent advances in molecular imprinting technology: current status,
challenges and highlighted applications. Chemical Society Reviews 2011, 40 (5), 2922-2942.

13. Haupt, K.; Ayela, C., Molecular Imprinting. Springer-Verlag Berlin Heidelberg: 2012; Vol.
325.

14. Wulff, G.; Vesper, W.; Grobe-Einsler, R.; Sarhan, A., Enzyme-analogue built polymers, 4.
On the synthesis of polymers containing chiral cavities and their use for the resolution of racemates.
Die Makromolekulare Chemie 1977, 178 (10), 2799-2816.

15. Sellergren, B., Molecularly Imprinted Polymers: Man-Made Mimics of Antibodies and their
Application in Analytical Chemistry. Elsevier Science: 2000.

16. Vasapollo, G., Del Sole, R., Mergola, L., Lazzoi, M., Scardino, A., Scorrano, S., Mele, G.,
Molecularly imprinted polymers: Present and future perspective. International Journal of Molecular
Sciences 2011, 12, 5908-5945,

17. Bai, F.; Yang, X.; Huang, W., Synthesis of Narrow or Monodisperse Poly(divinylbenzene)
Microspheres by Distillation—Precipitation Polymerization. Macromolecules 2004, 37 (26), 9746-
9752.

18. Mosbach, K.; Schmidt, R. H.; Yilmaz, E., The Noncovalent Approach. In Molecularly
Imprinted Materials Science and Technology, Yan, M., Ed. Taylor & Francis, 2004: 2004; pp 25-57.
19. Sellergren, B.; Hall, A. J., Molecularly Imprinted Polymers. In Supramolecular Chemistry,
John Wiley & Sons, Ltd: 2012.

20. Zhang, H.; Ye, L.; Mosbach, K., Non-covalent molecular imprinting with emphasis on its
application in separation and drug development. Journal of Molecular Recognition 2006, 19, 248—
259.

21. Spivak, D. A., Optimization, evaluation, and characterization of molecularly imprinted
polymers. Advanced Drug Delivery Reviews 2005, 57, 1779-1794.

220



22. Carro-Diaz, A. M.; Lorenzo-Ferreira, R. A., Molecularly imprinted polymers for sample
preparation. In Handbook of Molecularly Imprinted Polymers, 1 ed.; Smithers Rapra Shrewsbury:
2013; pp 87-97.

23. Ansell, R. J., Characterization of the Binding Properties of Molecularly Imprinted Polymers.
In Molecularly Imprinted Polymers in Biotechnology, Springer Berlin Heidelberg: 2015; Vol. 150, pp
1-43.

24. Pan, G.; Zu, B.; Guo, X.; Zhang, Y.; Li, C.; Zhang, H., Preparation of molecularly imprinted
polymer microspheres via reversible addition—fragmentation chain transfer precipitation
polymerization. Polymer 2009, 50 (13), 2819-2825.

25. Bruggemann, O., Haupt, K., Mosbach, K., Ye, L., Yilmaz, E., , New configurations and
applications of molecularly imprinted polymers. Journal of Chromatography A 2000, 889, 15-24.
26. Ye, L.; Weiss, R.; Mosbach, K., Synthesis and Characterization of Molecularly Imprinted
Microspheres. Macromolecules 2000, 33 (22), 8239-8245.

217. Ramstrom, O.; Yan, M., Molecular Imprinting—An Introduction. In Molecularly Imprinted
Materials Science and Technology, Yan, M., Ed. Taylor & Francis: 2004; Vol. 1, pp 1-12.
28. Ye, L.; Cormack, P. A.; Mosbach, K., Molecularly imprinted monodisperse microspheres for

competitive radioassay. Analytical Communications 1999, 36 (2), 35-38.

29. Li, Y., Yang, H., You, Q., Zhuang, A., Wang, X., Protein recognition via surface molecularly
imprinted polymer nanowires. Analytical Chemistry 2006, 78 (1), 317-320.

30. Mosbach, K.; Mayes, A. G., Molecularly Imprinted Polymer Beads: Suspension
Polymerization Using a Liquid Perfluorocarbon as the Dispersing Phase. Analytical Chemistry 1996,
68 (21), 3769-3774.

31. Bunte, G.; Hurttlen, J.; Pontius, H.; Hartlieb, K.; Krause, H., Gas phase detection of
explosives such as 2,4,6-trinitrotoluene by molecularly imprinted polymers. Analytica Chimica Acta
2007, 591 (1), 49-56.

32. Lai, J.-P.; Lu, X.-Y.; Lu, C.-Y.; Ju, H.-F.; He, X.-W., Preparation and evaluation of
molecularly imprinted polymeric microspheres by aqueous suspension polymerization for use as a
high-performance liquid chromatography stationary phase. Analytica Chimica Acta 2001, 442 (1),
105-111.

33. Hosoya, K.; Maruya, S.; Kimata, K.; Kinoshita, H.; Araki, T.; Tanaka, N., Polymer-based
packing materials for reversed-phase liquid chromatography: Steric selectivity of polymer gels
provided by diluents and cross-linking agents in suspension polymerization. Journal of
Chromatography A 1992, 625 (2), 121-129.

34. Villanova, J. C. O.; Ayres, E.; Carvalho, S. M.; Patricio, P. S.; Pereira, F. V.; Oréfice, R. L.,
Pharmaceutical acrylic beads obtained by suspension polymerization containing cellulose
nanowhiskers as excipient for drug delivery. European Journal of Pharmaceutical Sciences 2011, 42
(4), 406-415.

35. Haginaka, J., Hoshina, K., Sambo, H., Molecularly imprinted polymers for triazine herbicides
prepared by multi-step swelling and polymerization method. Their application to the determination of
methylthiotriazine herbicides in river water. Journal of Chromatography A 2007 1152, 130-137.

36. Sambe, H.; Hoshina, K.; Haginaka, J., Molecularly imprinted polymers for triazine herbicides
prepared by multi-step swelling and polymerization method: Their application to the determination of
methylthiotriazine herbicides in river water. Journal of Chromatography A 2007, 1152 (1-2), 130-
137.

37. Haginaka, J.; Sanbe, H.; Takehira, H., Uniform-sized molecularly imprinted polymer for (S)-
ibuprofen: Retention properties in agueous mobile phases. Journal of Chromatography A 1999, 857
(1-2), 117-125.

38. Nakamura, M.; Ono, M.; Nakajima, T.; Ito, Y.; Aketo, T.; Haginaka, J., Uniformly sized
molecularly imprinted polymer for atropine and its application to the determination of atropine and
scopolamine in pharmaceutical preparations containing Scopolia extract. Journal of Pharmaceutical
and Biomedical Analysis 2005, 37 (2), 231-237.

39. Tamayo, F. G.; Casillas, J. L.; Martin-Esteban, A., Evaluation of new selective molecularly
imprinted polymers prepared by precipitation polymerisation for the extraction of phenylurea
herbicides. Journal of Chromatography A 2005, 1069 (2), 173-181.

221



40. Perrier-Cornet, R.; Héroguez, V.; Thienpont, A.; Babot, O.; Toupance, T., Functional
crosslinked polymer particles synthesized by precipitation polymerization for liquid chromatography.
Journal of Chromatography A 2008, 1179 (1), 2-8.

41. Martin-Esteban., A., Molecularly-imprinted polymers as a versatile, highly selective tool in
sample preparation. Trends in Analytical Chemistry 2013, 45.
42. Ansell, R. J., Molecularly imprinted polymers for the enantioseparation of chiral drugs.

Advanced Drug Delivery Reviews 2005, 57 (12), 1809-1835.

43. Kan, X.; Zhao, Q.; Zhang, Z.; Wang, Z.; Zhu, J.-J., Molecularly imprinted polymers
microsphere prepared by precipitation polymerization for hydroguinone recognition. Talanta 2008, 75
(1), 22-26.

44, Sellergren, B.; Allender, C. J., Molecularly imprinted polymers: A bridge to advanced drug
delivery. Advanced Drug Delivery Reviews 2005, 57 (12), 1733-1741.

45, Tovar, G., Brunner, H., Krauter, I., Landfester, K., Vaihinger, D.,, Molecularly imprinted
polymer nanospheres as synthetic affinity receptors obtained by miniemulsion polymerisation.
Macromolecular Chemistry and Physics 2002, 203, 1965-1973.

46. Yan, H.; Row, K., Characteristic and Synthetic Approach of Molecularly Imprinted Polymer.
International Journal of Molecular Sciences 2006, 7 (5), 155-178.

47. Kryscio, D. R.; Peppas, N. A., Critical review and perspective of macromolecularly imprinted
polymers. Acta Biomaterialia 2012, 8 (2), 461-473.
48. Arshady, R., Suspension, emulsion, and dispersion polymerization: A methodological survey.

Colloid and Polymer Science 1992, 270 (8), 717-732.

49. Yoshimatsu, K.; Reimhult, K.; Krozer, A.; Mosbach, K.; Sode, K.; Ye, L., Uniform
molecularly imprinted microspheres and nanoparticles prepared by precipitation polymerization: The
control of particle size suitable for different analytical applications. Analytica Chimica Acta 2007, 584
(1), 112-121.

50. Golker, K.; Karlsson, B. C. G.; Olsson, G. D.; Rosengren, A. M.; Nicholls, I. A., Influence of
Composition and Morphology on Template Recognition in Molecularly Imprinted Polymers.
Macromolecules 2013, 46 (4), 1408-1414.

51. Komiyama, M., Takeuchi T., Mukawa, T. and Asanuma, H., Molecular Imprinting, from
Fundamentals to Applications. Wiley-VCH: Germany, 2003.

52. Puoci, F., Cirillo, G., Curcio, M., Parisi, O., lemma, F., Picci, N., Molecularly imprinted
polymers in drug delivery: state of art and future perspectives. Expert Opinion Drug Delivery 2011, 8
(10), 1379-1393.

53. Long, Y.; Philip, J. Y. N.; Schillén, K.; Liu, F.; Ye, L., Insight into molecular imprinting in
precipitation polymerization systems using solution NMR and dynamic light scattering. Journal of
Molecular Recognition 2011, 24 (4), 619-630.

54, Whitcombe, M. J.; Rodriguez, M. E.; Villar, P.; Vulfson, E. N., A New Method for the
Introduction of Recognition Site Functionality into Polymers Prepared by Molecular Imprinting:
Synthesis and Characterization of Polymeric Receptors for Cholesterol. Journal of the American
Chemical Society 1995, 117 (27), 7105-7111.

55. Alexander, C.; Andersson, H. S.; Andersson, L. I.; Ansell, R. J.; Kirsch, N.; Nicholls, I. A;
O'Mahony, J.; Whitcombe, M. J., Molecular imprinting science and technology: a survey of the
literature for the years up to and including 2003. Journal of Molecular Recognition 2006, 19 (2), 106-
180.

56. Sajonz, P.; Kele, M.; Zhong, G.; Sellergren, B.; Guiochon, G., Study of the thermodynamics
and mass transfer kinetics of two enantiomers on a polymeric imprinted stationary phase. Journal of
Chromatography A 1998, 810 (1-2), 1-17.

57. Sellergren, B., Polymer-and template-related factors influencing the efficiency in molecularly
imprinted solid-phase extractions. TrAC Trends in Analytical Chemistry 1999, 18 (3), 164-174.

58. Sibrian-Vazquez, M.; Spivak, D. A., Molecular Imprinting Made Easy. J. Am. Chem. Soc.
2004, 126, 7827-7823.

59. Sellergren, B.; Shea, K. J., Influence of polymer morphology on the ability of imprinted
network polymers to resolve enantiomers. Journal of Chromatography A 1993, 635 (1), 31-49.

60. Chen, L.; Wang, X.; Lu, W.; Wu, X,; Li, J., Molecular imprinting: perspectives and
applications. Chemical Society Reviews 2016, 45 (8), 2137-2211.

222



61. Saloni, J.; Walker, K.; Hill, G., Theoretical Investigation on Monomer and Solvent Selection
for Molecular Imprinting of Nitrocompounds. The Journal of Physical Chemistry A 2013, 117 (7),
1531-1534.

62. Song, X.; Wang, J.; Zhu, J., Effect of porogenic solvent on selective performance of
molecularly imprinted polymer for quercetin. Materials Research 2009, 12, 299-304.

63. Esfandyari-Manesh, M.; Javanbakht, M.; Atyabi, F.; Badiei, A.; Dinarvand, R., Effect of
porogenic solvent on the morphology, recognition and release properties of carbamazepine-
molecularly imprinted polymer nanospheres. Journal of Applied Polymer Science 2011, 121 (2),
1118-1126.

64. Gladis, J. M.; Rao, T. P., Effect of Porogen Type on the Synthesis of Uranium lon Imprinted
Polymer Materials for the Preconcentration/Separation of Traces of Uranium. Microchimica Acta
2004, 146 (3), 251-258.

65. Yoshizako, K.; Hosoya, K.; lwakoshi, Y.; Kimata, K.; Tanaka, N., Porogen Imprinting
Effects. Analytical Chemistry 1998, 70 (2), 386-389.

66. Thurecht, K. J.; Gooden, P. N.; Goel, S.; Tuck, C.; Licence, P.; Irvine, D. J., Free-Radical
Polymerization in lonic Liquids: The Case for a Protected Radical. Macromolecules 2008, 41 (8),
2814-2820.

67. Qi, M.; Wu, G.; Sha, M,; Liu, Y., Radiation induced polymerization of MMA in imidazolium
ionic liquids and their mixed solutions with organic solvents. Radiation Physics and Chemistry 2008,
77 (10-12), 1248-1252.

68. Wu, G.; Liu, Y.; Long, D., Effects of lonic Liquid [Me3NC2H4OH]+[ZnCI3]- on
v-Radiation Polymerization of Methyl Methacrylate in Ethanol and N, N-Dimethylformamide.
Macromolecular rapid communications 2005, 26 (1), 57-61.

69. Liu, Y.; Wu, G., On the mechanism of radiation-induced polymerization of vinyl monomers
in ionic liquid. Radiation Physics and Chemistry 2005, 73 (3), 159-162.

70. Booker, K.; Bowyer, M. C.; Holdsworth, C. I.; McCluskey, A., Efficient preparation and
improved sensitivity of molecularly imprinted polymers using room temperature ionic liquids.
Chemical Communications 2006, (16), 1730-1732.

71. Booker, K. Characterisation and improved performance of molecularly imprinted polymers
prepared using room temperature ionic liquids. The University of Newcastle, 2010.

72. Booker, K.; Bowyer, M. C.; Lennard, C. J.; Holdsworth, C. I.; McCluskey, A., Molecularly
Imprinted Polymers and Room Temperature lonic Liquids: Impact of Template on Polymer
Morphology. Australian Journal of Chemistry 2007, 60 (1), 51-56.

73. Booker, K.; Holdsworth, C. I.; Doherty, C. M.; Hill, A. J.; Bowyer, M. C.; McCluskey, A.,
lonic liquids as porogens for molecularly imprinted polymers: propranolol, a model study. Organic &
Biomolecular Chemistry 2014, 12 (37), 7201-7210.

74. Cao, H.; Xiao, J.; Xu, M., Evaluation of new selective molecularly imprinted polymers for the
extraction of resveratrol frompolygonum cuspidatum. Macromolecular Research 2006, 14 (3), 324-
330.

75. Zhao, Y.; Yu, M.; Zhang, S.; Liu, Y.; Fu, X., Visible Light Induced Living/Controlled
Radical Polymerization of Acrylates Catalyzed by Cobalt Porphyrins. Macromolecules 2014, 47 (18),
6238-6245.

76. O'Shannessy, D. J.; Ekberg, B.; Mosbach, K., Molecular imprinting of amino acid derivatives
at low temperature (0°C) using photolytic homolysis of azobisnitriles. Analytical Biochemistry 1989,
177 (1), 144-149.

77. Mijangos, I.; Navarro-Villoslada, F.; Guerreiro, A.; Piletska, E.; Chianella, I.; Karim, K.;
Turner, A.; Piletsky, S., Influence of initiator and different polymerisation conditions on performance
of molecularly imprinted polymers. Biosensors and Bioelectronics 2006, 22 (3), 381-387.

78. Piletsky, S. A.; Piletska, E. V.; Karim, K.; Freebairn, K. W.; Legge, C. H.; Turner, A. P. F.,
Polymer Cookery: Influence of Polymerization Conditions on the Performance of Molecularly
Imprinted Polymers. Macromolecules 2002, 35 (19), 7499-7504.

79. Turner, N. W.; Holdsworth, C. I.; Donne, S. W.; McCluskey, A.; Bowyer, M. C., Microwave
induced MIP synthesis: comparative analysis of thermal and microwave induced polymerisation of
caffeine imprinted polymers. New Journal of Chemistry 2010, 34 (4), 686-692.

223



80. Wiesbrock, F.; Hoogenboom, R.; Schubert, U. S., Microwave-Assisted Polymer Synthesis:
State-of-the-Art and Future Perspectives. Macromolecular Rapid Communications 2004, 25 (20),
1739-1764.

81. Mosnacek, J.; Tl¢ikova, M., Photochemically Mediated Atom Transfer Radical
Polymerization of Methyl Methacrylate Using ppm Amounts of Catalyst. Macromolecules 2012, 45
(15), 5859-5865.

82. Yuan, Y.; Wang, Y.; Huang, M.; Xu, R.; Zeng, H.; Nie, C.; Kong, J., Development and
characterization of molecularly imprinted polymers for the selective enrichment of podophyllotoxin
from traditional Chinese medicines. Analytica Chimica Acta 2011, 695 (1-2), 63-72.

83. Schwarz, L. J.; Potdar, M. K.; Danylec, B.; Boysen, R. I.; Hearn, M. T. W., Microwave-
assisted synthesis of resveratrol imprinted polymers with enhanced selectivity. Analytical Methods
2015, 7 (1), 150-154.

84. Liu, S.; Dong, X.; Li, F., Evaluation of the (—)-Ephedrine Imprinted Polymers with High
Affinity for Template Molecule Synthesized Using Redox Initiation System. Analytical Letters 2005,
38 (2), 227-236.

85. Kempe, M.; Mosbach, K., Direct resolution of naproxen on a non-covalently molecularly
imprinted chiral stationary phase. Journal of Chromatography A 1994, 664 (2), 276-279.

86. Linares, A. V.; Vandevelde, F.; Pantigny, J.; Falcimaigne-Cordin, A.; Haupt, K., Polymer
Films Composed of Surface-Bound Nanofilaments with a High Aspect Ratio, Molecularly Imprinted
with Small Molecules and Proteins. Advanced Functional Materials 2009, 19 (8), 1299-1303.

87. Clapper, J. D.; Sievens-Figueroa, L.; Guymon, C. A., Photopolymerization in Polymer
Templating. Chemistry of Materials 2008, 20 (3), 768-781.

88. Fuchs, Y.; Soppera, O.; Haupt, K., Photopolymerization and photostructuring of molecularly
imprinted polymers for sensor applications—A review. Analytica Chimica Acta 2012, 717 (0), 7-20.
89. Lu, Y,; Li, C.; Wang, X.; Sun, P.; Xing, X., Influence of polymerization temperature on the
molecular recognition of imprinted polymers. Journal of Chromatography B 2004, 804 (1), 53-59.
90. Lewis, F. M.; Matheson, M. S., Decomposition of Aliphatic Azo Compounds. Journal of the
American Chemical Society 1949, 71 (2), 747-748.

91. Burkhart, R. D.; Merrill, J. C., Photo- and thermal initiator efficiency of 2,2'-
azobisisobutyronitrile at 25.deg. The Journal of Physical Chemistry 1969, 73 (8), 2699-2703.

92. Shoravi, S.; Olsson, G.; Karlsson, B.; Nicholls, 1., On the Influence of Crosslinker on
Template Complexation in Molecularly Imprinted Polymers: A Computational Study of
Prepolymerization Mixture Events with Correlations to Template-Polymer Recognition Behavior and
NMR Spectroscopic Studies. International Journal of Molecular Sciences 2014, 15 (6), 10622.

93. Rosengren, A. M.; Karlsson, B. C. G.; Nicholls, I. A., Consequences of Morphology on
Molecularly Imprinted Polymer-Ligand Recognition. International Journal of Molecular Sciences
2013, 14 (1), 1207-1217.

94. Molinelli, A.; O'Mahony, J.; Nolan, K.; Smyth, M. R.; Jakusch, M.; Mizaikoff, B., Analyzing
the Mechanisms of Selectivity in Biomimetic Self-Assemblies via IR and NMR Spectroscopy of
Prepolymerization Solutions and Molecular Dynamics Simulations. Analytical Chemistry 2005, 77
(16), 5196-5204.

95. Navarro-Villoslada, F., San Vicente, B., Moreno-Bondi, M., Application of multivariate
analysis to the screening of molecularly imprinted polymers for bisphenol A. Analytica Chimica Acta
2004, 504 (1), 149-162.

96. Muhammad, T.; Nur, Z.; Piletska, E. V.; Yimit, O.; Piletsky, S. A., Rational design of
molecularly imprinted polymer: the choice of cross-linker. Analyst 2012, 137 (11), 2623-2628.

97. Karim, K.; Breton, F.; Rouillon, R.; Piletska, E. V.; Guerreiro, A.; Chianella, 1.; Piletsky, S.
A., How to find effective functional monomers for effective molecularly imprinted polymers?
Advanced Drug Delivery Reviews 2005, 57 (12), 1795-1808.

98. Mayes, A. G.; Whitcombe, M. J., Synthetic strategies for the generation of molecularly
imprinted organic polymers. Advanced Drug Delivery Reviews 2005, 57 (12), 1742-1778.

99. Yoshimatsu, K.; Yamazaki, T.; Chronakis, I. S.; Ye, L., Influence of template/functional
monomer/cross-linking monomer ratio on particle size and binding properties of molecularly
imprinted nanoparticles. Journal of Applied Polymer Science 2012, 124 (2), 1249-1255.

224



100. Yilmaz, E.; Mosbach, K.; Haupt, K., Influence of functional and cross-linking monomers and
the amount of template on the performance of molecularly imprinted polymers in binding assays.
Analytical Communications 1999, 36 (5), 167-170.

101.  Takeuchi, T.; Hayashi, T.; Ichikawa, S.; Kaji, A.; Masui, M.; Matsumoto, H.; Sasao, R.,
Molecularly Imprinted Tailor-Made Functional Polymer Receptors for Highly Sensitive and Selective
Separation and Detection of Target Molecules. CHROMATOGRAPHY 2016, 37 (2), 43-64.

102.  Kubo, H.; Nariai, H.; Takeuchi, T., Multiple hydrogen bonding-based fluorescent imprinted
polymers for cyclobarbital prepared with 2,6-bis(acrylamido)pyridine. Chemical Communications
2003, (22), 2792-2793.

103.  Kugimiya, A.; Mukawa, T.; Takeuchi, T., Synthesis of 5-fluorouracil-imprinted polymers
with multiple hydrogen bonding interactions. Analyst 2001, 126 (6), 772-774.

104. Hall, A. J.; Manesiotis, P.; Emgenbroich, M.; Quaglia, M.; De Lorenzi, E.; Sellergren, B.,
Urea Host Monomers for Stoichiometric Molecular Imprinting of Oxyanions 8. The Journal of
organic chemistry 2005, 70 (5), 1732-1736.

105.  Alvarez-Lorenzo, C., Handbook of Molecularly Imprinted Polymers. Smithers Information
Limited: 2013.

106.  Lubke, C.; Libke, M.; Whitcombe, M. J.; Vulfson, E. N., Imprinted Polymers Prepared with
Stoichiometric Template—Monomer Complexes: Efficient Binding of Ampicillin from Aqueous
Solutions. Macromolecules 2000, 33 (14), 5098-5105.

107.  Whitcombe, M. J.; Martin, L.; Vulfson, E. N., Predicting the selectivity of imprinted
polymers. Chromatographia 1998, 47 (7), 457.

108.  Kirstulja, A.; Lettieri, S.; Hall, A. J.; Delépée, R.; Favetta, P.; Agrofoglio, L. A., Evaluation of
molecularly imprinted polymers using 2',3’,5'-tri-O-acyluridines as templates for pyrimidine
nucleoside recognition. Analytical and Bioanalytical Chemistry 2014, 406 (25), 6275-6284.

109. Hall, A. J.; Manesiotis, P.; Mossing, J. T.; Sellergren, B. In Molecularly imprinted polymers
(MIPs) against uracils: functional monomer design, monomer-template interactions in solution and
MIP performance in chromatography, MRS Proceedings, Cambridge Univ Press: 2002; p M1. 3.
110.  Manesiotis, P.; Hall, A. J.; Courtois, J.; Irgum, K.; Sellergren, B., An Artificial Riboflavin
Receptor Prepared by a Template Analogue Imprinting Strategy. Angewandte Chemie International
Edition 2005, 44 (25), 3902-3906.

111.  Mattos dos Santos, P.; Hall, A. J.; Manesiotis, P., Stoichiometric molecularly imprinted
polymers for the recognition of anti-cancer pro-drug tegafur. Journal of Chromatography B 2016,
1021, 197-203.

112.  Tanabe, K.; Takeuchi, T.; Matsui, J.; Ikebukuro, K.; Yano, K.; Karube, 1., Recognition of
barbiturates in molecularly imprinted copolymers using multiple hydrogen bonding. Journal of the
Chemical Society, Chemical Communications 1995, (22), 2303-2304.

113.  Yano, K.; Tanabe, K.; Takeuchi, T.; Matsui, J.; Ikebukuro, K.; Karube, 1., Molecularly
imprinted polymers which mimic multiple hydrogen bonds between nucleotide bases. Analytica
Chimica Acta 1998, 363 (2-3), 111-117.

114.  Cleland, D.; Olsson, G. D.; Karlsson, B. C. G.; Nicholls, I. A.; McCluskey, A., Molecular
dynamics approaches to the design and synthesis of PCB targeting molecularly imprinted polymers:
interference to monomer-template interactions in imprinting of 1,2,3-trichlorobenzene. Organic &
Biomolecular Chemistry 2014, 12 (5), 844-853.

115.  Shea, K. J.; Sasaki, D. Y., An analysis of small-molecule binding to functionalized synthetic
polymers by 13C CP/MAS NMR and FT-IR spectroscopy. Journal of the American Chemical Society
1991, 113 (11), 4109-4120.

116.  Andersson, H. S.; Karlsson, J. G.; Piletsky, S. A.; Koch-Schmidt, A.-C.; Mosbach, K.;
Nicholls, I. A., Study of the nature of recognition in molecularly imprinted polymers, 1l [1]: Influence
of monomer—template ratio and sample load on retention and selectivity. Journal of Chromatography
A 1999, 848 (1-2), 39-49.

117.  Nicholls, I, Olsson, G., Karlsson, B., Shoravi, S., Wilklander, J., Mechanisms underlying
molecularly imprinted polymer and the role of cross linker: resolving debate on the nature of template
recognition in phenyalanine anilide imprinted polymers. Journal of Molecular Recognition 2011, 25,
69-73.

225



118.  Zayas, H.; Holdsworth, C. I.; Bowyer, M.; McCluskey, A., Evaluation of 4-substituted phenyl
styrenes as functional monomers for the synthesis of theophylline-specific molecularly imprinted
polymers. Organic & Biomolecular Chemistry 2014.

119.  Karlsson, J. G.; Karlsson, B.; Andersson, L. 1.; Nicholls, I. A., The roles of template
complexation and ligand binding conditions on recognition in bupivacaine molecularly imprinted
polymers. Analyst 2004, 129 (5), 456-462.

120.  Sellergren, B.; Lepistoe, M.; Mosbach, K., Highly enantioselective and substrate-selective
polymers obtained by molecular imprinting utilizing noncovalent interactions. NMR and
chromatographic studies on the nature of recognition. Journal of the American Chemical Society
1988, 110 (17), 5853-5860.

121. Maeda, T.; Kanda, T.; Yonekura, Y.; Yamamoto, K.; Aoyagi, T., Hydroxylated Poly(N-
isopropylacrylamide) as Functional Thermoresponsive Materials. Biomacromolecules 2006, 7 (2),
545-549.

122.  Svenson, J.; Zheng, N.; Féhrman, U.; Nicholls, I. A., The Role of Functional Monomer—
Template Complexation on the Performance of Atrazine Molecularly Imprinted Polymers. Analytical
Letters 2005, 38 (1), 57-69.

123. Cacho, C.; Turiel, E.; Martin-Esteban, A.; Pérez-Conde, C.; Camara, C., Characterisation and
quality assessment of binding sites on a propazine-imprinted polymer prepared by precipitation
polymerisation. Journal of Chromatography B 2004, 802 (2), 347-353.

124,  Wang, J.-Y.; Liu, F.; Xu, Z.-1.; Li, K., Theophylline molecular imprint composite membranes
prepared from poly(vinylidene fluoride) (PVVDF) substrate. Chemical Engineering Science 2010, 65
(10), 3322-3330.

125.  Ju, H.; Xueji, Z.; Wang, J., NanoBiosensing: Principles, Development and Application. 1 ed.;
Springer New York: 2011; p XV, 586.

126.  Rampey, A. M.; Umpleby, R. J.; Rushton, G. T.; Iseman, J. C.; Shah, R. N.; Shimizu, K. D.,
Characterization of the Imprint Effect and the Influence of Imprinting Conditions on Affinity,
Capacity, and Heterogeneity in Molecularly Imprinted Polymers Using the Freundlich Isotherm-
Affinity Distribution Analysis. Analytical Chemistry 2004, 76 (4), 1123-1133.

127.  Fersht, A., Enzyme Structure and Mechanism. 2 ed.; W.H. Freeman: 1985; p 475.

128.  WuIff, G., Molecular Imprinting in Cross-Linked Materials with the Aid of Molecular
Templates— A Way towards Artificial Antibodies. Angewandte Chemie International Edition in
English 1995, 34 (17), 1812-1832.

129.  WuIff, G., Selective binding to polymers via covalent bonds. The construction of chiral
cavities as specific receptor sites. Pure and Applied Chemistry 1982, 54 (11), 2093-2102.

130.  Chen, Z.; Ye, L., Controlling size and uniformity of molecularly imprinted nanoparticles
using auxiliary template. Journal of Molecular Recognition 2012, 25 (6), 370-376.

131. Li,J.; Zu, B.; Zhang, Y.; Guo, X.; Zhang, H., One-pot synthesis of surface-functionalized
molecularly imprinted polymer microspheres by iniferter-induced “living” radical precipitation
polymerization. Journal of Polymer Science Part A: Polymer Chemistry 2010, 48 (15), 3217-3228.
132.  Zu, B.; Pan, G.; Guo, X.; Zhang, Y.; Zhang, H., Preparation of molecularly imprinted
polymer microspheres via atom transfer radical precipitation polymerization. Journal of Polymer
Science Part A: Polymer Chemistry 2009, 47 (13), 3257-3270.

133.  Byrne, M., Salian, V., Living radical polymerization and molecular imprinting: improving
polymer morphology in imprinted polymers, . Macromolecular materials and engineering 2013, 298,
379-390.

134. Renkecz, T.; Laszl6, K.; Horvéth, V., Molecularly imprinted microspheres prepared by
precipitation polymerization at high monomer concentrations. Molecular Imprinting 2014, 2 (1), 1-17.
135.  Vaughan, A. D.; Sizemore, S. P.; Byrne, M. E., Enhancing molecularly imprinted polymer
binding properties via controlled/living radical polymerization and reaction analysis. Polymer 2007,
48 (1), 74-81.

136.  Salian, V. D.; White, C. J.; Byrne, M. E., Molecularly imprinted polymers via living radical
polymerization: Relating increased structural homogeneity to improved template binding parameters.
Reactive and Functional Polymers 2014, 78 (0), 38-46.

226



137.  Sellergren, B., Molecular imprinting by noncovalent interactions. Enantioselectivity and
binding capacity of polymers prepared under conditions favoring the formation of template
complexes. Die Makromolekulare Chemie 1989, 190 (11), 2703-2711.

138. Li, Z.; Day, M.; Ding, J.; Faid, K., Synthesis and Characterization of Functional Methacrylate
Copolymers and Their Application in Molecular Imprinting. Macromolecules 2005, 38 (7), 2620-
2625.

139.  Che, A.-F.; Wan, L.-S.; Ling, J.; Liu, Z.-M.; Xu, Z.-K., Recognition Mechanism of
Theophylline-Imprinted Polymers: Two-Dimensional Infrared Analysis and Density Functional
Theory Study. The Journal of Physical Chemistry B 2009, 113 (20).

140.  Farrington, K.; Magner, E.; Regan, F., Predicting the performance of molecularly imprinted
polymers: Selective extraction of caffeine by molecularly imprinted solid phase extraction. Analytica
Chimica Acta 2006, 566 (1), 60-68.

141. Wang, D.; Hong, S. P.; Yang, G.; Row, K. H., Caffeine Molecular Imprinted Microgel
Spheres by Precipitation Polymerization. Korean Journal of Chemical Engineering 2003, 20 (6),
1073-1076.

142.  Vlatakis, G.; Andersson, L. I.; Muller, R.; Mosbach, K., Drug assay using antibody mimics
made by molecular imprinting. Nature 1993, 361 (6413), 645-647.

143.  Zin, A. M. Towards the development of processable molecular imprinted polymers. The
University of Newcastle, NSW, Australia, 2015.

144.  Nicholls, I. A.; Ramstrom, O.; Mosbach, K., Insights into the role of the hydrogen bond and
hydrophobic effect on recognition in molecularly imprinted polymer synthetic peptide receptor
mimics. Journal of Chromatography A 1995, 691 (1), 349-353.

145.  Zayas, H. Synthesis, Characterisation and Evaluation of Biphenyl Monomers for Molecular
Imprinting Applications. University of Newcastle, University of Newcastle, Callaghan, 2011.

146.  Kim, H.; Spivak, D. A., New Insight into Modeling Non-Covalently Imprinted Polymers.
Journal of the American Chemical Society 2003, 125 (37), 11269-11275.

147.  WUIff, G.; Oberkobusch, D.; Minarik, M., Enzyme-analogue built polymers, 18 chiral cavities
in polymer layers coated on wide-pore silica. Reactive Polymers, lon Exchangers, Sorbents 1985, 3
(4), 261-275.

148.  Ye, L., Synthetic Strategies in Molecular Imprinting. In Molecularly Imprinted Polymers in
Biotechnology, Springer Berlin Heidelberg: 2015; pp 1-24.

149.  Wang, J.; Cormack, P. A. G.; Sherrington, D. C.; Khoshdel, E., Synthesis and characterization
of micrometer-sized molecularly imprinted spherical polymer particulates prepared via precipitation
polymerization. Pure and Applied Chemistry 2007, 79 (9), 1505-15109.

150. Wang, J.; Cormack, P. A. G.; Sherrington, D. C.; Khoshdel, E., Monodisperse, Molecularly
Imprinted Polymer Microspheres Prepared by Precipitation Polymerization for Affinity Separation
Applications. Angewandte Chemie International Edition 2003, 42 (43), 5336-5338.

151.  Yang, S.; Shim, S. E.; Lee, H.; Kim, G. P.; Choe, S., Size and uniformity variation of
poly(MMA-co-DVB) particles upon precipitation polymerization. Macromolecular Research 2004,
12 (5), 519-527.

152.  Stover, H., Li, K., Synthesis of monodisperse poly(divinylbenzene) microspheres. Journal of
Polymer Science A: Polymer Chemistry 1993, 31, 3257-3263.

153. Yan, Q.; Bai, Y.; Meng, Z.; Yang, W., Precipitation Polymerization in Acetic Acid: Synthesis
of Monodisperse Cross-Linked Poly(divinylbenzene) Microspheres. The Journal of Physical
Chemistry B 2008, 112 (23), 6914-6922.

154.  Baggiani, C.; Giraudi, G.; Giovannoli, C.; Tozzi, C.; Anfossi, L., Adsorption isotherms of a
molecular imprinted polymer prepared in the presence of a polymerisable template: Indirect evidence
of the formation of template clusters in the binding site. Analytica Chimica Acta 2004, 504 (1), 43-52.
155.  Lu, C.-H.; Zhou, W.-H.; Han, B.; Yang, H.-H.; Chen, X.; Wang, X.-R., Surface-Imprinted
Core—Shell Nanoparticles for Sorbent Assays. Analytical Chemistry 2007, 79 (14), 5457-5461.

156.  Alonso, R. C. B.; Brandt, W. C.; Souza-Junior, E. J. C.; Puppin-Rontani, R. M.; Sinhoreti, M.
A. C., Photoinitiator concentration and modulated photoactivation: influence on polymerization
characteristics of experimental composites. Applied Adhesion Science 2014, 2 (1), 10.

157.  Goto, A.; Fukuda, T., Effects of Radical Initiator on Polymerization Rate and Polydispersity
in Nitroxide-Controlled Free Radical Polymerization. Macromolecules 1997, 30 (15), 4272-4277.

227



158.  Matsuoka, S.-i.; Kikuno, T.; Takagi, K.; Suzuki, M., Poly(ethylene glycol)-induced
acceleration of free radical polymerization of methyl methacrylate: effects of highly viscous solvent
and kinetic study. Polymer Journal 2010, 42, 368.

159.  Mahony, J. O.; Nolan, K.; Smyth, M. R.; Mizaikoff, B., Molecularly imprinted polymers—
potential and challenges in analytical chemistry. Analytica Chimica Acta 2005, 534 (1), 31-39.

160.  Piletsky, S. A.; Mijangos, I.; Guerreiro, A.; Piletska, E. V.; Chianella, I.; Karim, K.; Turner,
A. P. F., Polymer Cookery: Influence of Polymerization Time and Different Initiation Conditions on
Performance of Molecularly Imprinted Polymers. Macromolecules 2005, 38 (4), 1410-1414.

161. Tan, C.J.; Wangrangsimakul, S.; Bai, R.; Tong, Y. W., Defining the Interactions between
Proteins and Surfactants for Nanoparticle Surface Imprinting through Miniemulsion Polymerization.
Chemistry of Materials 2007, 20 (1), 118-127.

162. Li, P.; Rong, F.; Yuan, C., Morphologies and binding characteristics of molecularly imprinted
polymers prepared by precipitation polymerization. Polymer International 2003, 52 (12), 1799-1806.
163.  Ober, C. K.; Hair, M. L., The effect of temperature and initiator levels on the dispersion
polymerization of polystyrene. Journal of Polymer Science Part A: Polymer Chemistry 1987, 25 (5),
1395-1407.

164. Limé, F.; Irgum, K., Monodisperse Polymeric Particles by Photoinitiated Precipitation
Polymerization. Macromolecules 2007, 40 (6), 1962-1968.

165.  Sekine, S.; Watanabe, Y.; Yoshimi, Y.; Hattori, K.; Sakai, K., Influence of solvents on chiral
discriminative gate effect of molecularly imprinted poly(ethylene glycol dimethacrylate-co-
methacrylic acid). Sensors and Actuators B: Chemical 2007, 127 (2), 512-517.

166. Tom, L., Walter, C., Schneck, N., Improving the imprinting effect by optimizing
template:monomer:cross-linker ratios in a molecularly imprinted polymer for sulfadimethoxine.
Journal of Chromatography B 2012, 909, 61-64.

167.  Ye, L.; Yoshimatsu, K.; Kolodziej, D.; Da Cruz Francisco, J.; Dey, E. S., Preparation of
molecularly imprinted polymers in supercritical carbon dioxide. Journal of applied polymer science
2006, 102 (3), 2863-2867.

168.  Ersoz, A.; Denizli, A.; Sener, 1.; Atilir, A.; Diltemiz, S.; Say, R., Removal of phenolic
compounds with nitrophenol-imprinted polymer based on n—n and hydrogen-bonding interactions.
Separation and Purification Technology 2004, 38 (2), 173-179.

169. Feng, Q.; Zhao, L.; Lin, J.-M., Molecularly imprinted polymer as micro-solid phase
extraction combined with high performance liquid chromatography to determine phenolic compounds
in environmental water samples. Analytica Chimica Acta 2009, 650 (1), 70-76.

170.  Feng, Q.-Z.; Zhao, L.-X.; Yan, W.; Ji, F.; Wei, Y.-L.; Lin, J.-M., Molecularly imprinted solid-
phase extraction and flow-injection chemiluminescence for trace analysis of 2,4-dichlorophenol in
water samples. Analytical and Bioanalytical Chemistry 2008, 391 (3), 1073-1079.

171.  Petcu, M.; Cooney, J.; Cook, C.; Lauren, D.; Schaare, P.; Holland, P., Molecular imprinting
of a small substituted phenol of biological importance. Analytica Chimica Acta 2001, 435 (1), 49-55.
172.  Miller, A. A., A kinetic analysis for the free-radical crosslinking of saturated polymers.
Journal of Polymer Science 1960, 42 (140), 441-454.

173.  Garcés-Lara, M. A.; Antonio-Cruz, R.; Mendoza-Martinez, A. M.; Ramirez, T. L.; Morales-
Cepeda, A. B., EFFECT OF INITIATOR AND CROSS-LINKING AGENT ON A SEMI-IPN OF
(PU-STARCH)/PMMA. Chemical Engineering Communications 2009, 196 (10), 1227-1236.

174.  Nossal, R., Network formation in polyacrylamide gels. Macromolecules 1985, 18 (1), 49-54.
175.  Jabbari, E., Monte Carlo simulation of tri-functional branching and tetra-functional
crosslinking in emulsion polymerization of butadiene. Polymer 2001, 42 (11), 4873-4884.

176.  Pardo, A.; Mespouille, L.; Dubois, P.; Blankert, B.; Duez, P., Molecularly Imprinted
Polymers: Compromise between Flexibility and Rigidity for Improving Capture of Template
Analogues. Chemistry — A European Journal 2014, 20 (12), 3500-35009.

177. Li, S.; Cao, S.; Piletsky, S. A.; Turner, A. P. F., Molecularly Imprinted Catalysts: Principles,
Syntheses, and Applications. Elsevier Science: 2015.

178. Hasegawa, G., Studies on Porous Monolithic Materials Prepared via Sol-Gel Processes.
Springer Japan: 2012.

228



179.  Horék, D.; Semenyuk, N.; Lednicky, F., Effect of the reaction parameters on the particle size
in the dispersion polymerization of 2-hydroxyethyl and glycidyl methacrylate in the presence of a
ferrofluid. Journal of Polymer Science Part A: Polymer Chemistry 2003, 41 (12), 1848-1863.

180.  Liu, B.; Wang, Y.; Zhang, M.; Zhang, H., Initiator Systems Effect on Particle Coagulation
and Particle Size Distribution in One-Step Emulsion Polymerization of Styrene. Polymers 2016, 8 (2),
55.

181. Yang, L.; Hu, X.; Guan, P.; Li, J.; Wu, D.; Gao, B., Molecularly imprinted polymers for the
selective recognition of I-phenylalanine based on 1-buty-3-methylimidazolium ionic liquid. Journal of
Applied Polymer Science 2015, 132 (36), n/a-n/a.

182.  Thavasi, V.; Bettens, R. P. A.; Leong, L. P., Temperature and Solvent Effects on Radical
Scavenging Ability of Phenols. The Journal of Physical Chemistry A 2009, 113 (13), 3068-3077.
183.  Beecken, H.; Gottschalk, E. M.; v Gizycki, U.; Kramer, H.; Maassen, D.; Matthies, H. G.;
Musso, H.; Rathjen, C.; Zdhorszky, U., Orcein and Litmus. Biotechnic & Histochemistry 2003, 78 (6),
289-302.

184.  Butler, A. R.; Perkins, M. J., Organic Reaction Mechanisms 1975: An annual survey covering
the literature dated December 1974 through November 1975. Wiley: 2008.

185.  Hladyszowski, J.; Zubik, L.; Kozubek, A., Quantum mechanical and experimental oxidation
studies of pentadecylresorcinol, olivetol, orcinol and resorcinol. Free radical research 1998, 28 (4),
359-368.

186.  Haynes, R. K.; Musso, H., Uber den Nachweis freier Radikale bei der Autoxidation des
Orcins. Chemische Berichte 1974, 107 (12), 3723-3732.

187.  Zhang, Y.; Song, D.; Lanni, L. M.; Shimizu, K. D., Importance of Functional Monomer
Dimerization in the Molecular Imprinting Process. Macromolecules 2010, 43 (15), 6284-6294.

188.  Malosse, L.; Palmas, P.; Buvat, P.; Adeés, D.; Siove, A., Novel Stoichiometric, Noncovalent
Pinacolyl Methylphosphonate Imprinted Polymers: A Rational Design by NMR Spectroscopy.
Macromolecules 2008, 41 (21), 7834-7842.

189.  Ansell, R. J.; Wang, D.; Kuah, J. K. L., Imprinted polymers for chiral resolution of (+/-)-
ephedrine. Part 2: probing pre-polymerisation equilibria in different solvents by NMR. Analyst 2008,
133 (12), 1673-1683.

190.  Ansell, R. J.; Wang, D., Imprinted polymers for chiral resolution of (+/-)-ephedrine. Part
3:NMR predictions and HPLC results with alternative functional monomers. Analyst 2009, 134 (3),
564-576.

191.  Cormack, P. A. G.; Elorza, A. Z., Molecularly imprinted polymers: synthesis and
characterisation. Journal of Chromatography B 2004, 804 (1), 173-182.

192.  Abouzarzadeh, A.; Forouzani, M.; Jahanshahi, M.; Bahramifar, N., Synthesis and evaluation
of uniformly sized nalidixic acid—imprinted nanospheres based on precipitation polymerization
method for analytical and biomedical applications. Journal of Molecular Recognition 2012, 25 (7),
404-413.

193.  Nart, F. C.; Vielstich, W., Noramlization of porous active surfaces. In Handbook of Fuel
Cells, John Wiley & Sons, Ltd: 2010.

194.  Qiu, S.; Ben, T., Porous Polymers: Design, Synthesis and Applications. Royal Society of
Chemistry: 2015.

195.  Bolon, D. A., Free-radical redistribution of phenol dimers. The Journal of Organic Chemistry
1967, 32 (5), 1584-1590.

196.  Joschek, H.-1.; Miller, S. 1., Photooxidation of phenol, cresols, and dihydroxybenzenesl, 2.
Journal of the American Chemical Society 1966, 88 (14), 3273-3281.

197.  Wu, W,; Parent, J. S.; Sengupta, S. S.; Chaudhary, B. I., Preparation of crosslinked
microspheres and porous solids from hydrocarbon solutions: A new variation of precipitation
polymerization chemistry. Journal of Polymer Science Part A: Polymer Chemistry 2009, 47 (23),
6561-6570.

198. Downey, J. S.; Mclsaac, G.; Frank, R. S.; Stéver, H. D. H., Poly(divinylbenzene)
Microspheres as an Intermediate Morphology between Microgel, Macrogel, and Coagulum in Cross-
Linking Precipitation Polymerization. Macromolecules 2001, 34 (13), 4534-4541.

229



199. Downey, J. S.; Frank, R. S.; Li, W.-H.; Stover, H. D. H., Growth Mechanism of
Poly(divinylbenzene) Microspheres in Precipitation Polymerization. Macromolecules 1999, 32 (9),
2838-2844.

200.  Thavasi, V.; Leong, L. P.; Bettens, R. P. A., Investigation of the Influence of Hydroxy Groups
on the Radical Scavenging Ability of Polyphenols. The Journal of Physical Chemistry A 2006, 110
(14), 4918-4923.

201. Naka, Y.; Yamamoto, Y., Preparation of microspheres by radiation-induced polymerization.
I1. Mechanism of microsphere growth. Journal of Polymer Science Part A: Polymer Chemistry 1992,
30 (7), 1287-1298.

202.  Scott, A. 1., Oxidative coupling of phenolic compounds. Quarterly Reviews, Chemical Society
1965, 19 (1), 1-35.

203. Ge, Y.; Turner, A. P. F., Too large to fit? Recent developments in macromolecular
imprinting. Trends in Biotechnology 2008, 26 (4), 218-224.

204.  Verheyen, E.; Schillemans, J. P.; van Wijk, M.; Demeniex, M.-A.; Hennink, W. E.; van
Nostrum, C. F., Challenges for the effective molecular imprinting of proteins. Biomaterials 2011, 32
(11), 3008-3020.

205. Hansen, D. E., Recent developments in the molecular imprinting of proteins. Biomaterials
2007, 28 (29), 4178-4191.

206. Chang, S. K.; Van Engen, D.; Fan, E.; Hamilton, A. D., Hydrogen bonding and molecular
recognition: synthetic, complexation, and structural studies on barbiturate binding to an artificial
receptor. Journal of the American Chemical Society 1991, 113 (20), 7640-7645.

207.  Manesiotis, P.; Hall, A. J.; Sellergren, B., Improved Imide Receptors by Imprinting Using
Pyrimidine-Based Fluorescent Reporter Monomers. The Journal of Organic Chemistry 2005, 70 (7),
2729-2738.

208.  Steinke, J. H. G.; Dunkin, I. R.; Sherrington, D. C., A simple polymerisable carboxylic acid
receptor: 2-acrylamido pyridine. TrAC Trends in Analytical Chemistry 1999, 18 (3), 159-164.

209.  Sherrington, D. C.; Taskinen, K. A., Self-assembly in synthetic macromolecular systems
multiple hydrogen bonding interactions. Chemical Society Reviews 2001, 30 (2), 83-93.

210.  Pap, T. m.; Horvath, V.; Tolokan, A.; Horvai, G.; Sellergren, B., Effect of solvents on the
selectivity of terbutylazine imprinted polymer sorbents used in solid-phase extraction. Journal of
Chromatography A 2002, 973 (1-2), 1-12.

211.  Beijer, F. H.; Sijbesma, R. P.; Vekemans, J. A. J. M.; Meijer, E. W.; Kooijman, H.; Spek, A.
L., Hydrogen-Bonded Complexes of Diaminopyridines and Diaminotriazines: Opposite Effect of
Acylation on Complex Stabilities. The Journal of Organic Chemistry 1996, 61 (18), 6371-6380.

212.  Yu, L.; Schneider, H.-J., Structural Effects on the Stability of Some Hydrogen-Bonded
Complexes with Nucleobases. European Journal of Organic Chemistry 1999, 1999 (7), 1619-1625.
213.  Sijbesma, R. P.; Beijer, F. H.; Brunsveld, L.; Folmer, B. J. B.; Hirschberg, J. H. K. K.; Lange,
R.F. M.; Lowe, J. K. L.; Meijer, E. W., Reversible Polymers Formed from Self-Complementary
Monomers Using Quadruple Hydrogen Bonding. Science 1997, 278 (5343), 1601-1604.

214.  Minch, M. J., An Introduction to Hydrogen Bonding (Jeffrey, George A.). J. Chem. Educ
1999, 76 (6), 759.

215.  Mohajeri, S. A.; Karimi, G.; Aghamohammadian, J.; Khansari, M. R., Clozapine recognition
via molecularly imprinted polymers; bulk polymerization versus precipitation method. Journal of
Applied Polymer Science 2011, 121 (6), 3590-3595.

216.  Umpleby li, R. J.; Baxter, S. C.; Rampey, A. M.; Rushton, G. T.; Chen, Y.; Shimizu, K. D.,
Characterization of the heterogeneous binding site affinity distributions in molecularly imprinted
polymers. Journal of Chromatography B 2004, 804 (1), 141-149.

217.  Turiel, E.; Perez-Conde, C.; Martin-Esteban, A., Assessment of the cross-reactivity and
binding sites characterisation of a propazine-imprinted polymer using the Langmuir-Freundlich
isotherm. Analyst 2003, 128 (2), 137-141.

218.  Chaitidou, S.; Kotrotsiou, O.; Kiparissides, C., On the synthesis and rebinding properties of
[Co(C2H302)2(z-Histidine)] imprinted polymers prepared by precipitation polymerization. Materials
Science and Engineering: C 2009, 29 (4), 1415-1421.

219.  Auzizi, E. S.; Ahmad, M. N.; Islam, A. S.; Arbain, D.; Tahir, I., Porogen effect towards the
quality of curcumin imprinted polymer. Indonesian Journal of Chemistry 2011, 11 (3), 207-211.

230



220.  Haginaka, J., Tabo. H., Kagawa, C., Uniformly sized-molecularly imprinted polymers for d-
chlorpheniramine: influence of porogen on their morphology and enantioselectivity. Journal of
Pharmaceutical and Biomedical Analysis 2008, 46, 877-881.

221. Rogers, R. D.; Seddon, K. R., lonic Liquids--Solvents of the Future? Science 2003, 302
(5646), 792-793.

222.  Forsyth, S. A.; Pringle, J. M.; MacFarlane, D. R., lonic Liquids&#8212;An Overview.
Australian Journal of Chemistry 2004, 57 (2), 113-119.

223. Li,M.C,; Ma, C. A;; Liu, B. Y.; Jin, Z. M., A novel electrolyte 1-ethylimidazolium
trifluoroacetate used for electropolymerization of aniline. Electrochemistry Communications 2005, 7
(2), 209-212.

224.  Snedden, P.; Cooper, A. I.; Khimyak, Y. Z.; Scott, K.; Winterton, N., Cross-Linked Polymers
in lonic Liquids: lonic Liquids as Porogens. In lonic Liquids in Polymer Systems, American Chemical
Society: 2005; Vol. 913, pp 133-147.

225.  Kubisa, P., Application of ionic liquids as solvents for polymerization processes. Progress in
Polymer Science 2004, 29 (1), 3-12.

226.  Biedron, T.; Kubisa, P., Chain transfer to ionic liquid in an anionic polymerization of methyl
methacrylate. Journal of Polymer Science Part A: Polymer Chemistry 2007, 45 (17), 4168-4172.

227.  Kubisa, P., lonic liquids as solvents for polymerization processes—Progress and challenges.
Progress in Polymer Science 2009, 34 (12), 1333-1347.

228.  Vijayaraghavan, R.; MacFarlane, D. R., Charge Transfer Polymerization in lonic Liquids.
Australian Journal of Chemistry 2004, 57 (2), 129-133.

229. Ma, H.; Wan, X., Reverse Atom Transfer Radical Polymerization of Methyl Methacrylate in
lonic Liquids. In lonic Liquids in Polymer Systems, American Chemical Society: 2005; Vol. 913, pp
51-69.

230.  MacFarlane, D. R.; Forsyth, M.; Howlett, P. C.; Pringle, J. M.; Sun, J.; Annat, G.; Neil, W.;
Izgorodina, E. 1., lonic Liquids in Electrochemical Devices and Processes: Managing Interfacial
Electrochemistry. Accounts of Chemical Research 2007, 40 (11), 1165-1173.

231.  Lu,J.; Yan, F.; Texter, J., Advanced applications of ionic liquids in polymer science.
Progress in Polymer Science 2009, 34 (5), 431-448.

232.  Kowsari, E., Advanced applications of ionic liquids in polymer science. In lonic liquids:
applications and perspectives, InTech: February 21, 2011; pp 3-27.

233.  Freemantle, M., DESIGNER LIQUIDS IN POLYMER SYSTEMS. Chemical & Engineering
News Archive 2004, 82 (18), 26-29.

234.  Welton, T., Room-Temperature lonic Liquids. Solvents for Synthesis and Catalysis. Chemical
Reviews 1999, 99 (8), 2071-2084.

235.  Hallett, J. P.; Welton, T., Room-Temperature lonic Liquids: Solvents for Synthesis and
Catalysis. 2. Chemical Reviews 2011, 111 (5), 3508-3576.

236.  Harrisson, S.; Mackenzie, S. R.; Haddleton, D. M., Pulsed Laser Polymerization in an lonic
Liquid: Strong Solvent Effects on Propagation and Termination of Methyl Methacrylate.
Macromolecules 2003, 36 (14), 5072-5075.

237.  Woecht, I.; Schmidt-Naake, G.; Beuermann, S.; Buback, M.; Garcia, N., Propagation kinetics
of free-radical polymerizations in ionic liquids. Journal of Polymer Science Part A: Polymer
Chemistry 2008, 46 (4), 1460-1469.

238.  Jeli¢i¢, A.; Beuermann, S.; Garcia, N., Influence of Ionic Liquid Structure on the Propagation
Kinetics of Methyl Methacrylate. Macromolecules 2009, 42 (14), 5062-5072.

239.  Sun, X.; He, J.; Cai, G.; Lin, A.; Zheng, W.; Liu, X.; Chen, L.; He, X.; Zhang, Y., Room
temperature ionic liquid-mediated molecularly imprinted polymer monolith for the selective
recognition of quinolones in pork samples. Journal of Separation Science 2010, 33 (23-24), 3786-
3793.

240. Yan, H.; Yang, C.; Sun, Y.; Row, K. H., lonic liquid molecularly imprinted polymers for
application in pipette-tip solid-phase extraction coupled with gas chromatography for rapid screening
of dicofol in celery. Journal of Chromatography A 2014, 1361, 53-59.

241.  Harrisson, S.; Mackenzie, S. R.; Haddleton, D. M., Unprecedented solvent-induced
acceleration of free-radical propagation of methyl methacrylate in ionic liquids. Chemical
Communications 2002, (23), 2850-2851.

231



242. Hong, K.; Zhang, H.; Mays, J. W.; Visser, A. E.; Brazel, C. S.; Holbrey, J. D.; Reichert, W.
M.; Rogers, R. D., Conventional free radical polymerization in room temperature ionic liquids: a
green approach to commodity polymers with practical advantages. Chemical Communications 2002,
(13), 1368-13609.

243.  Maryott, A. A.; Smith, E. R., Table of dielectric constants of pure liquids. U.S. Gowt. Print.
Off.: 1951.

244.  Weingartner, H., The Static Dielectric Constant of lonic Liquids. In Zeitschrift fir
Physikalische Chemie, 2006; Vol. 220, p 1395.

245.  Triolo, A.; Russina, O.; Fazio, B.; Triolo, R.; Di Cola, E., Morphology of 1-alkyl-3-
methylimidazolium hexafluorophosphate room temperature ionic liquids. Chemical Physics Letters
2008, 457 (4), 362-365.

246.  Marty, J. D.; Mauzac, M.; Fournier, C.; Rico-Lattes, |.; Lattes, A., Liquid crystal polysiloxane
networks as materials for molecular imprinting technology: memory of the mesomorphic
organization. Liquid Crystals 2002, 29 (4), 529-536.

247.  Marty, J. D.; Tizra, M.; Mauzac, M.; Rico-Lattes, I.; Lattes, A., New Molecular Imprinting
Materials: Liquid Crystalline Networks. Macromolecules 1999, 32 (25), 8674-8677.

248.  Marty, J.-D.; Gornitzka, H.; Mauzac, M., Chiral molecular imprinting in liquid-crystalline
network*. The European Physical Journal E 2005, 17 (4), 515-520.

249. Dima, S.-O.; Nicolae, C.-A.; lordache, T.-V.; Chetraru, O.; Meouche, W.; Faraon, V.-A;
Donescu, D., Thermal analyses as tools for proving the molecular imprinting with diosgenin and
sclareol in acrylic copolymer matrices. Journal of Thermal Analysis and Calorimetry 2015, 120 (2),
1107-1118.

250.  Susan, M. A. B. H.; Kaneko, T.; Noda, A.; Watanabe, M., lon Gels Prepared by in Situ
Radical Polymerization of Vinyl Monomers in an lonic Liquid and Their Characterization as Polymer
Electrolytes. Journal of the American Chemical Society 2005, 127 (13), 4976-4983.

251. Li, Z;Jiang, J.; Lei, G.; Gao, D., Gel polymer electrolyte prepared by in situ polymerization
of MMA monomers in room temperature ionic liquid. Polymers for Advanced Technologies 2006, 17
(7-8), 604-607.

252.  Kanno, S., New Aspects of lonic Liquids as a Novel Initiator of Radical Polymerization.
Molecular Crystals and Liquid Crystals 2012, 556 (1), 61-73.

253.  Antonietti, M.; Caruso, R. A.; Goltner, C. G.; Weissenberger, M. C., Morphology Variation
of Porous Polymer Gels by Polymerization in Lyotropic Surfactant Phases. Macromolecules 1999, 32
(5), 1383-1389.

254.  Broens, L.; Altena, F. W.; Smolders, C. A.; Koenhen, D. M., Asymmetric membrane
structures as a result of phase separation phenomena. Desalination 1980, 32, 33-45.

255. Tominaga, Y.; Kubo, T.; Yasuda, K.; Kato, K.; Hosoya, K., Development of molecularly
imprinted porous polymers for selective adsorption of gaseous compounds. Microporous and
Mesoporous Materials 2012, 156, 161-165.

256.  Whitcombe, M. J.; Kirsch, N.; Nicholls, I. A., Molecular imprinting science and technology: a
survey of the literature for the years 2004—-2011. Journal of Molecular Recognition 2014, 27 (6), 297-
401.

232



	Chapter 1
	Chapter 2
	Chapter 3
	Chapter 4
	Chapter 5
	Chapter 6
	Chapter 7
	1.1.  Synthesis and Formats of Molecularly Imprinted Polymers
	1.2. Factors affecting the efficiency of MIPs.
	1.2.1. Solvents/Diluents/Porogens
	1.2.2. Method of initiation and concentration of initiator
	1.2.3. Cross-linker
	1.2.4. Functional monomer
	1.2.5.1. Template-Monomer Interaction studies.


	1.3. Objectives
	2.1. Materials and Reagents
	2.2. Synthesis of Polymers
	2.3. Determination of the Polymer Composition using NMR
	2.4 Rebinding Studies
	2.4.1. CAF and THP system
	2.4.2. Phenolic templates system
	2.4.3. Imide-containing templates
	2.4.4. PNL system
	2.4.5. Binding isotherm analyses

	2.5. Template-Monomer Interaction Studies
	2.5.1. Phenolic templates
	2.5.2. Imide-containing templates

	2.6. Selectivity Studies
	2.6.1. Phenolic templates
	2.6.2. Imide-containing templates

	2.7. Determination of Degree of Crosslinking
	2.8. Sample Morphology
	2.9. Particle Size Analysis
	2.10. Thermal Analysis
	2.11. X-Ray Diffraction analyses
	2.12. Specific Surface Area and Porosity (Brunauer-Emmett-Teller)

	3.1. Introduction
	3.2. Results and Discussion
	3.2.1. Variation of template to functional monomer ratios (T:FM)
	3.2.1.1. Particle size and morphology
	3.2.1.2.  Polymer composition
	3.2.1.3. Template incorporation
	3.2.1.4. Template rebinding studies

	3.2.2. Variation of functional monomer to cross-linker ratio (FM:XL)
	3.2.2.1. Particle size and morphology
	3.2.2.2. Polymer composition
	3.2.2.3. Template incorporation
	3.2.2.4. Template rebinding studies

	3.2.3. Variation of amount of initiator to total monomer ratio (I: TM)
	3.2.3.1. Particle Size and morphology
	3.2.3.2. Polymer composition
	3.2.3.3. Template incorporation
	3.2.3.3. Template rebinding studies

	3.2.4. Polymer Surface area

	3.3. Summary
	4.1 Introduction
	4.2. Results and Discussion
	4.2.1. Thermally-synthesized imprinted microspheres
	4.2.1.1. 3-5, Dimethylphenol MIPs (T-1OH)
	4.2.1.1.1. Polymer Composition
	4.2.1.1.2. Morphology and Particles Sizes
	4.2.1.1.3. Template Rebinding Studies
	4.2.1.1.4. Characterization of binding sites

	4.2.1.2. 5-Methylbenzene-1,3-diol MIPs (T-2OH)
	4.2.1.2.1. Polymer Composition
	4.2.1.2.2. Morphology and Particle Sizes
	4.2.1.2.3. Template rebinding studies
	4.2.1.2.4. Characterization of binding sites.

	4.2.1.3. Benzene-1,3,5-triol MIPs (T-3OH)
	4.2.1.3.1. Polymer Composition
	4.2.1.3.2. Morphology and Particle Sizes
	4.2.1.3.3. Template rebinding studies
	4.2.1.3.4. Characterisation of binding sites

	4.2.1.4. Comparison of the thermally-synthesized MIP systems
	4.2.1.5. Cross-reactivity studies
	4.2.1.6. Molecular modelling and 1H NMR Interaction Studies
	4.2.1.7. Polymer surface area and porosity
	4.2.1.7.1. Binding with respect to surface area



	4.2.2. Photochemically synthesized imprinted microspheres
	4.2.2.1. 3,5-dimethylphenol MIPs (P-1OH)
	4.2.2.1.1. Polymer composition
	4.2.2.1.2. Morphology and Particle Size
	4.2.2.1.3. Template Rebinding Studies

	4.2.2.2. 5-Methylbenzene-1,3-diol MIPs (P-2OH)
	4.2.2.2.1.Polymer composition
	4.2.2.2.2. Morphology and Particle Size
	4.2.2.2.3. Template Rebinding Studies

	4.2.2.3. Benzene-1,3,5-triol polymers MIPs (P-3OH)
	4.2.2.3.1. Polymer composition
	4.2.2.3.2. Morphology and Particle Size
	4.2.2.3.3. Template Rebinding Studies

	4.2.2.4. Comparison of the photochemically synthesized polymers
	4.2.3. Comparison of Thermal vs Photochemical initiation method.

	4.3. Summary
	The properties and binding efficiency of thermally and photo-chemically synthesized polymers using three phenolic templates were assessed and compared. Additionally, the effect of varying the concentration of initiator was also correlated to the bind...

	5.1. Introduction
	5.2. Results and Discussion
	5.2.1. Synthesis of MIPs
	5.2.1.1. Bulk Polymerisation
	5.2.1.2. Precipitation Polymerisation

	5.2.2. TAU-BAAPy Interaction Studies
	5.2.3. Template rebinding studies
	5.2.3.1. TAU rebinding efficiency
	5.2.3.2. Characterisation of Binding Sites: Binding Isotherms

	5.2.4. Selectivity Studies
	5.2.5. Other Factors
	5.2.5.1. Effect of Initiator Concentration
	5.2.5.2. Effect of Agitation


	5.3. Summary
	6.1. Introduction
	6.2. Results and discussion
	6.2.1. Synthesis of Polymers
	6.2.2. Polymer composition
	6.2.3. Template Rebinding Studies
	6.2.4. Other Physical Characterisation
	6.2.4.1. X-ray diffraction
	6.2.4.2. Differential Scanning Calorimetry
	6.2.5. Characterization of the ionic liquid dispersible fraction from IL-PP polymer (IL-PP-2)

	The DSC test of IL-PP-2 (Figure 6.6) was also completed using the same parameters employed for the IL-PP polymers. It can be seen in Figure 9 that the DSC curve only showed one baseline, and no Tg in comparison with the IL-PP polymers. This indicates ...

	6.3. Summary
	7.1. Summary

	7.2. Recommendations for Future Work



