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na Jumumpuna u Kpacumup M6anobu

,Hama neBw3moxnu newa. Bcuuio e 8s3m0xcn0 camo xeranue mpabba.”






“It's a dangerous business, going out your door.
You step onto the road,

and if you don't keep your feet,

there's no telling where you might be swept off to.”

Yours after ]. R. R. Tolkien, CBE
Bilbo Baggins: The Lord of the Rings: The Fellowship of the Ring






ABSTRACT

Surface-initiated photo-iniferter mediated controlled polymerisation was used as a
technique for the development of advanced and smart materials. Molecularly imprinted
polymer (MIP) shell nanoparticles (NPs) were synthesised in this way from PAMAM
dendrimers, used as a graftable core, in 2 min irradiation time. Surprisingly the so-
synthetised NPs were around 200 nm and had a cubic shape. The NPs showed dissociation
constant, K4 calculated via Biaevaluation software (Biacore), of 1.76 x 10™° M for MIP, and
1.11 x 10® M for Blank (control) for the template compound (acetoguanamine). The
apparent K, calculated for MIP NPs to a close analogue to the template: atrazine
desisopropyl, was 3 x 10® M and 3.2 x 10° M for Blank. Fluorescent core NPs were
prepared using the same composition but using a dendrimer core partially modified with a
fluorescent label (dansyl). They showed high affinity and selectivity towards fluorescent
sensing of the template in solution after just 10 min incubation time. The limit of detection
was calculated to be 3 x 10® M. A new monomer: N-(N’,N’-diethyldithiocarbamoyl ethyl
amido ethyl)-aniline (NDDEAEA), that combines a dithiocarbamate ester (DTCE) part and
an aniline part was synthsised and fully characterised. N-substituted polyaniline (PANI) was
synthesised by both chemical and electrochemical polymerisation. Successful UV-initiated
grafting from polymerisation of different monomers (styrene, methacrylic acid, lauryl
methacrylate and acrylamido-2-methylpropane sulfonic acid) was achieved from different
substrate supports (gold, glass, polypropylene, polystyrene). Poly (NDDEAEA) was further
analysed for conductivity enhancement during UV irradiation. This material performance
was compared with PANI and with another synthesised polymer: poly (S-methyl-N-methyl-
N-ethyl (2-(phenylamino)) dithiocarbamate ester) (poly (MEPDTC)). Greater enhancement
in the conductivity of poly (MEPDTC) was measured. This result was attributed to the fact
that poly (MEPDTC) forms dormant (stable) radicals that induce doping effect in the
polymer. These versatile new materials can be used in biosensing as materials with
integrated functionalities (e.g. conductivity, molecular recognition, catalysis and controlled

transport properties etc.).

Keywords: grafting from, dithiocarbamate ester group, N-substituted polyaniline,

conductivity, fluorescent core MIP nanoparticles.
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AIMS AND OBJECTICES

The aim of the present project is to prepare molecularly imprinted polymer (MIP)
nanomaterials for the selective adsorption and sensing of environmental pollutants.
The project forms part of the EU FP7 Network Project “WATERMIM”, which involves
seven research groups from five EU countries. The aim of this EU project is to develop
MIP recognition element in sensors for water pollutants (pesticides, pharmaceutical
active compounds). The key challenges to overcome in the project are to achieve high
specificity of the sensor to selected pollutants and to make clear detection of analytes
at concentrations in the order of pug L so it would fulfil the rapidly changing
regulations. It is evident that innovative methods for the synthesis of advanced
functional materials with high selectivities are urgently required. This is why as part of
this project the present PhD thesis would involve an exploration of the chemistry of
new monomers and initiation systems for living free radical polymerisation and their
application to the synthesis of molecularly imprinted nanoparticles, nanolayers and
membranes with potential application in biosensing technology. The specific objectives

for the proposed three years study will be:

1. To synthesise new compounds that can act as photoiniferters and to characterise

them by NMR, MS, FT-IR and UV-visible spectroscopy.

2. To synthesise and characterise new photoiniferters which also incorporate

polymerisable functionality.

3. To investigate the polymer chemistry of these materials as initiators and

macroinitiators.

4. To synthesise well-defined MIP nanoparticles, nanolayers, and molecularly

imprinted membranes and to characterise their chemical and physical properties.

6. To investigate the application of the synthesised materials in applications such as

sensing, sequestering and separation.

Xiii



7. To communicate the results of these studies through meetings and reports to the
other EU project partners, through presentation at international conferences and the

preparation of patents and of papers for submission to refereed journals.

The structure of the present thesis is organised as a series of results chapters, each
dealing with an individual aspect of the research and comprising introduction, results
and discussion, experimental and conclusions sections. The introduction of each
chapter focuses on a review of the literature specific to the work presented in that
chapter. A more general literature review is provided at the beginning of the thesis as

Chapter 1.
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1.1 Introduction

In recent years, the extensive exploitation of natural resources and widespread use of
chemicals has led to the accumulation of various pollutants in the environment. This
has lately received much attention due to the adverse effects of pollutants on human
health. In particular several synthetic organic compound such as pesticides and
pharmaceutically active compounds are emerging contaminants. A series of medicines
employed in the treatment of various diseases, such as cancer, hormone imbalance,
osteoporosis etc. end up in the aquatic environment via domestic and industrial
wastewater. This is why the existing regulations for drinking water are constantly
changing (for pesticides the EU regulations for drinking water at present are not more
than 0.1 pg L™). The existing water treatment methods need to be more flexible and
more sensitive ways of detecting of a wider variety of different pollutants need to be

developed.

It is evident that novel smart and very specific materials with high selectivities and
sensitivities for toxic and other contaminants in the sensing technologies are urgently
required. More specifically, innovative methods for the synthesis of advanced “tailor-
made” functional materials with long-term performance stability are demanded. One
of the most promising classes of new and highly selective functional materials is
molecularly imprinted polymers (MIPs). MIPs can be used as selective sorbents for a
wide range of biological, pharmaceutical and environmental applications. These
developments underline the potential use of MIPs in detection and environmental

monitoring of pollutants at very low concentrations (below 0.1 ppb).

This review will largely be concerned with chemical aspects of the design and synthesis
of MIPs in nano-format via surface initiated living radical polymerisation as a way of
synthesis of well defined materials and composites. Each one of the sub-sections will
describe the basic concept behind each type of living radical polymerisation: nitroxide-
mediated free radical polymerisation (NMP), atom transfer radical polymerisation
(ATRP), reversible addition-fragmentation chain-transfer (RAFT) polymerisation and

poto-iniferter mediated polymerisation (PIMP). Surface-initiated reactions would be



the focus for the technologies listed above. Each one of them would be considered for
its application to the creation of MIPs, with examples taken from the recent literature.
The aspect of creating MIPs via different surface initiated living radical polymerisations
would be discussed in details in respect not only to the enhanced imprinting effect and
of the format of the synthesised materials (nanoparticles, nanolayers, nanotubes etc.)
but also from a technological point of view (reaction conditions, reagents,
technological time etc.) which would provide a better idea for the exploitation
characteristics of the process in future applications. The molecular imprinting
philosophy would be explained briefly due to the numerous reviews on the subject.
The different techniques used for the preparation of MIPs in nano-formats (beads,
nanoparticles, nanolayers) will also be discussed briefly herein. In conclusion a critical
comparison between the different methods for polymerisation techniques will be

presented.



1.2 Molecularly Imprinted Polymers (MIPs)

Molecular recognition is a fundamental process for all living systems, being involved in
the translation of the genome, enzymatic catalysis and the workings of the immune
system, among others. Technological exploitation of the phenomenon has, to a large
part, exploited naturally-derived systems (particularly antibodies) as the selective
component of immunoassays, affinity phases and biosensors and as therapeutic
agents. While these technologies already have extensive commercial use, the search
continues for alternatives to antibodies and enzymes which combine their selective
molecular recognition capabilities with greater stability to temperature, pH and
humidity, extremes of which can rapidly degrade protein receptors. Recognition of
organic compounds is a great challenge as the interactions involved are the weak

hydrophobic and van der Waals interactions, and hydrogen bounding.

The first work on molecular imprinting is attributed to Polyakov in 1931. He studied
the polymerisation of sodium silicate in water with ammonium carbonate as gelating
agent. When the polymerisation process was accompanied by an additive such as
benzene or toluene, the silica particles ultimately formed, showed a higher uptake of
this additive than for structurally related ligands. Some kind of memory for the

additives was apparent.

The interest in this new approach of polymerisation, its development and the range of
applications of molecularly imprinted polymers (MIPs) increased dramatically during
the years, which can be easily observed from the number of publications and patents

produced each year (Figure 1.1).
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Figure 1.1: Bar graphics showing the number of MIPs publications and patents for the period
1994-2011 (the data is obtained from mipdatabase.com, last accessed on 19/12/2011).

The modern science defines the concept of molecular imprinting as a process of
polymer formation in the presence of another compound (template) (Figure 1.2). The
template forms a complex with a functional polymerisable monomer. The nature of
the template-monomer interactions can vary (covalent, semi-covalent, non-covalent,
ligand exchange (Mayes and Whitcombe, 2005)). The monomer is crosslinked to form
a polymer mould around the template compound. After removal of the template from
the polymer matrix under certain conditions, cavities complementary in size, shape

and chemistry (binding sites) are created. These binding sites can selectively rebind the
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specific template compound (Chen et al. 2011; Lasakova and Jandera, 2009;
Kloskowski et al. 2009; Ye et al. 2008; Alexander et al. 2006; Haupt and Mosbach et al.
1998; Wulff, 1995; Guan et al. 1931). Among all the other imprinting techniques, non-
covalent imprinting uses the same forces of interactions between template and
monomer typical for biological systems, such as hydrogen bonds, van der Waals forces,
dipole-dipole interactions etc. This method of imprinting originates from the early 80’s
with the work of Mosbach (Arshady and Mosbach, 1981; Norrlow et al. 1984) and is
the predominant method of imprinting used nowadays. It offers more flexible choice
of templates for imprinting and less complex chemistry involved in the formation and
dissociation of the template-monomer complex. There are some drawbacks, including
heterogeneity of the receptor sites produced (huge range of receptor affinity), non-
specific interactions, very low yield of high-affinity receptors and template leaching
(Mayes and Whitcombe 2005). The current trend line of the contemporary imprinting
research focuses on overcoming these problems.
non-;%)alent asimbly
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6 &
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Figure 1.2: Schematic representation of the molecular imprinting process showing some of the
interactions used in creating template-monomer complex (a-e). (a) reversible covalent
interaction; (b) semi-covalent method; (c) electrostatic interaction; (d) non-covalent
interaction; (e) ligand exchange interaction. The scheme is adapted from Alexander et al.

(2006).



MIPs are man-made tailored organic materials that actually represent the creation of
synthetic holes for the molecular key. They combine selective recognition with
chemical robustness (Mayes and Whitcombe 2005). MIPs have already been
successfully applied in solid phase extraction (Beltran et al. 2010; Tamayo et al. 2007)
and in biosensors (Kim et al. 2011; Lautner et al. 2011; Suryanarayanan et al. 2010; Al-
Kindy et al. 2000). The synthesis of these types of materials with molecular
architectures which are well defined on the molecular level is a future priority
development. The imprinting of low molecular weight compounds in MIPs has been
extensively studied. A recent trend has been the development of methods for the
imprinting of proteins which demonstrates the robustness of these systems
(Whitcombe et al. 2011; Zeng et al. 2010; Ge and Turner, 2008). Even more recent
contemporary approach in the application of MIPs is as nucleants for protein
crystallisation where faster formation of large single crystals with improved diffraction
pattern in the presence of MIPs hydrogels was observed (Saridakis et al. 2011;

Whitcombe et al. 2011).



1.3 Nano-MIPs

The application of traditional MIPs as substitutes for antibodies in many applications is
restricted by their bulk format. The preparation of MIPs in the form of nanoparticles
(NPs) would enable their development for applications such as drug delivery or the
development of novel drug leads (Hoshino et al. 2010), as well as in diagnostics and in
drug delivery (Cunliffe et al. 2005). The size and the shape of the particles used for
such applications are of a vital importance. NPs would of course possess the usual
advantages that MIPs have over their natural counterparts such as stability at low and
high pH, pressure and high temperature. NPs however would possess higher surface
area per unit volume and hence a larger number of accessible binding sites than their
bulk counterparts (Poma et al. 2010). This would lead to increased sensitivity in

biosensors.

NPs can be prepared by a number of methods, including precipitation polymerization
(Chaitidou et al. 2008; Yoshimatsu et al. 2007), pre-dilution (Maddock et al. 2004),
post-dilution (Wulff et al. 2006), mini- (Curcio et al. 2009) and micro-emulsion (Shen et
al. 2005), polymerisation grafting from a core nanoparticle (Gao et al. 2007; Carter and
Rimmer, 2005) or early termination of the polymerisation (Guerreiro et al. 2009). Each
of these methods have some disadvantages which include: production of particles with
irregular shapes and sizes, heterogeneous binding sites, decreased affinity due to the
use of surfactants and high polymerisation temperature, long polymerisation time,

relatively low yield, etc.

Molecular imprinting technology could be used in future nanosized devices for
separation, reaction and detection because of its chemical and physical robustness and
its straightforward method of synthesis. Nano-science and imprinting technology are
integral, interdisciplinary fields for the development of these future technologies.
Manipulation, visualization and interorganisation of nanostuctured objects and devices
in highly precise, sensitive and specific manners are some of the anticipated outputs of
contemporary science (Tokonami et al. 2009; Ozin and Arsenault, 2005). MIP

nanostuctures in the form of nanoparticles/nanospheres, nanofibres, nanodisks and



thin films have great promise for a range of applications, such as environmental clean-
up and detection and in nanomedicine. Thus particles with diameters in the
nanometer range provide dramatically increased total surface areas per unit weight of
material and highly active surfaces as well as better accessibility to the imprinted
cavity that leads to a fast analyte equilibration which is important in sensing and

separation events.

A number of reports describing the synthesis of MIP nanoparticles have been
published recently, among these is the synthesis of nanoparticles prepared by MIP
grafting to core-shell silica and latex particles (Gao et al. 2007; Perez-Moral et al.
2007). The main advantages of the core-shell approach are that the MIP layers could
be very thin and uniform and that other functionalities, such as magnetic and
fluorescent properties could be integrated into the core particle. Other nanobeads
preparation techniques such as precipitation and miniemulsion polymerisation have
also been reported (Cucio et al. 2009; Zhu et al. 2007; Yoshimatsu et al. 2007; Wei et
al. 2006; Vaihinger et al. 2002; Ye et al. 2001). MIP nanofibres and nanobrushes have
been reported using sacrificial alumina membranes as the templates (Berti et al. 2010;
Vandevelde et al. 2007; Li et al. 2006; Xie et al. 2006). Other 2D nanostructures such as
nanodisks and squares in MIP format have not yet been reported. This could be done
using appropriate format support by patterning techniques, focusing on microsensor
applications. Monolayer MIP nanofilms deposited on gold substrates using self
assembly process have been reported, and frequently used for the construction of
nano devices (Tabushi et al. 1987; Mirsky et al. 1999; Chen and Nagaoka, 2000;
Takonami et al. 2009).

MIP nano-technology is a very recent development and is a promising tool for future
technologies. Despite the many advantages this technique could bring, it still suffers
from the disadvantage that synthesis of as many different nano-MIPs as the number of
analyte targets would be required. One of the most promising approaches in the
grafting of MIPs to nanoparticles as well as sensor surfaces is the use of controlled

radical polymerisation, which will be analysed in the next part of this chapter.
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1.4 Surface-Initiated Controlled Radical Polymerisation (SI-CRP)

The use of well defined polymer structures in various contemporary applications of
polymers such as biomedical and biosensing applications is of vital importance. The
investigation of the effect of the polymer architecture, size, charge, charge distribution
etc. on the material’s performance depends on the preparation of well defined
polymers. The ability to control such parameters would have huge impact on their

performance on a molecular level.

The architecture, complexity and functionality which can be introduced into a polymer
depend significantly on the chosen type of surface-initiated polymerisation. Surface-
initiated  polymerisations can be classified into  “controlled/living” and
noncontrolled/conventional chain growth polymerisations. Depending on the type of
polymerisation rather simple (linear homo- or co-polymers) or more complex (linear or
branched block-copolymers, etc.) macromolecular architectures can be realised.
Furthermore the type of polymerisation will determine whether a broad and ill-defined
or narrow and well defined molecular weight distribution of the grafted chains will be
obtained (Barz et al. 2011; O’Reilly, 2010; Blencowe et al. 2009; Gao and
Matyjaszewski 2009; Moad et al. 2008).

The typical characteristics of conventional chain growth polymerisations can be
illustrated by considering a conventional “free-radical” chain-growth polymerisation.
Random or gradient copolymer “brushes” are the most complex macromolecular
architectures that can be realised with this type of polymerisation. The molecular
weights of the polymer chains within the “brush” usually show broad molecular weight
distribution, i.e. polydispersities. The polydispersity of a polymer is usually expressed
by the polydispersity index, which is defined as the ratio between the weight and the
number average molecular weight (M,/M,). In an ideal conventional free-radical
polymerisation the lowest theoretical polydispersity index values that can be obtained
depend on the type of termination reaction. Polydispersity index values as low as 2 can
be achieved for termination by disproportionation or chain transfer, while a minimum

value of 1.5 can be expected when termination of chain growth is caused by
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recombination. Practical conventional “free-radical” polymerisations however are
often far from ideal and especially for structurally more complex monomers, higher
polydispersity index values and less defined products with increased batch to batch
variability might be obtained. The origin of these broad molecular weight distributions
can be explained by the random molecular processes that are occurring in “free-
radical” polymerisation. After initiation, the polymer chains grow very quickly by
stepwise addition of monomer units. The lifetime of this propagation process is
however restricted by irreversible termination reactions of the propagating radicals
and typically lies in the range of 5-10 seconds. The random fashion and the pure
statistical distribution of termination reactions lead to the formation of relatively low
as well as high molecular weight polymer chains, which is finally expressed by the

relatively high polydispersity index values of the isolated polymer.

By contrast to a non-controlled polymerisation, in an ideal “living polymerisation” all
polymer chains are initiated at the same time, grow at the same rate and active chain
ends are retained at the end of the polymerisation, without any irreversible chain
transfer or termination. Consequently, the final polymer is characterised by a
homogenous, narrow and well defined distribution of molecular weight. In “living
polymerisation” systems especially, the rate of initiation is much higher or at least
comparable to the rate of chain growth, which causes the ensemble of polymer chains
to grow homogenously and simultaneously, resulting in a narrow molecular weight
distribution of the final product. The term “living polymerisation” was first introduced
by Szwarc in 1956 describing the fact, that chain braking reactions, i.e. termination and
transfer reactions, are virtually absent in these systems (Webster, 1991; Szwarc et al.

1956; Szwarc 1956).

By contrast “free-radical” polymerisations are characterised by the tendency of free-
radicals to recombine and terminate the polymerisation. The main strategy to achieve
a “living free-radical” polymerisation is therefore based on the reduction of the
number of propagating radicals, which leads to an effective retardation of the
polymerisation process. Consequently, modern “living free-radical” polymerisation

techniques are based on the use of special polymerisation mediators, which
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temporarily and reversibly transform propagating radicals into dormant/stable species.
This reversible transformation is either accomplished by reversible deactivation or by
reversible chain transfer. A fast transformation between dormant and propagating
radical species ensures the homogeneous growth of the overall ensemble of polymer
chains. As a result “living polymerisations” are characterised by a linear evolution of
molecular weight with time (for low conversions). Moreover polydispersity values of

typically 1.1 are obtained.

The term controlled polymerisation is used for “living polymerisation” systems, which
yield polymers with well-defined topologies, terminal functionality, composition and
arrangement of comonomers into statistical, periodic, block, graft and gradient
polymers or polymer brushes. Moreover in controlled polymerisations the molecular

weights of the final polymers are predetermined by the ratio of monomer to initiator.

The use of the terms “living” and “controlled” in the concept of the described
polymerisations, according to The International Union of Pure And Applied Chemistry
(IUPAC) “living polymerisation” is “a chain polymerisation from which irreversible chain
transfer and irreversible chain termination (deactivation) are absent” and the term

“controlled” means a particular form of polymerisation.

Controlled surface-initiated radical polymerisation techniques represent the most
powerful tools for the fabrication of well-defined polymers since they allow control
over the composition, molecular weight, polydispersity, macromolecular architecture,
grafting density and chemical nature of end groups of tethered polymer chains at the
molecular level. Mechanistically controlled radical polymerisation (CRP) techniques
proceed via the same steps as conventional “free-radical” polymerisations: initiation of
the polymerisation by generation of radicals, propagation steps, and termination
reactions. Especially termination processes lead to the loss of control over the
properties of the envisaged final product. However in CRPs termination reactions are
suppressed by a simple but effective strategy, i.e. by decreasing the number of free-
radicals that is simultaneously present in the reaction medium to a minimum amount.

This decrease of “free-radicals” is achieved by a temporary and reversible
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transformation of “free-radicals” into dormant species. ldeally the final product
polymer is also isolated in the form of a dormant species, which allows reinitiation of
the polymerisation with other monomers and therefore to allow the fabrication of

block-copolymers.

The techniques for “living polymerisation” through reversible deactivation include the
iniferter method, nitroxide-mediated polymerisation (NMP), atom-transfer radical
polymerisation (ATRP), reversible addition-fragmentation polymerisation (RAFT). All of
them will be discussed in the next sections in respect to surface-initiation processes.
Recent combinations of the above mentioned methods of polymerisation and MIPs in
respect to the system architecture and the format of the imprinted polymer are also

presented.

1.4.1 Surface-initiated nitroxide-mediated free-radical polymerisations (SI-
NMP)

In nitroxide-mediated polymerisation (NMP) propagating free-radical chain ends are
reversibly transformed into the corresponding dormant nitroxide capped species
(Scheme 1.1) (Bertin et al. 2011; Grubbs 2011; Alemdar et al. 2010; Neslihan et al.
2009; Brinks and Studer 2009; Chen et al. 2007; Konn et al. 2007; Zhao et al. 2006;
Studer and Schulte 2005; Hawker et al. 2001; Weimer et al. 1999; Mansky et al. 1997
Hawker et al. 1996). The key mechanism reveals reversible thermal C-O bond
homolytic cleavage of a polymer alkoxyamine to generate the corresponding polymeric
radical and a nitroxide (dormant) radical. Monomer insertion with subsequent

nitroxide trapping leads to chain-extended polymeric alkoxyamine.

14



Pa—O-N
Addition R, Fragmentation
k-add
Termination
Ri PP P® )+nM
.O—N‘ n—nsn
R;
JR1
Prsm—O-N
R,

Figure 1.3: Schematic representation of nitroxide-mediated living radical polymerisation

mechanism.

Hussemann et al. (1999) reported the first example for surface-initiated nitroxide-
mediated polymerisation (SI-NMP). Up to 120 nm thick film of polystyrene brushes
from initiator self-assembled monolayers of 2,2,6,6-tetramethyl-1-piperidinyloxy
(TEMPO) functional chlorosilane supported on silicon substrates was prepared within
sixteen hours polymerisation time and at a reaction temperature of 120 °C. Under
these conditions, the C-ON-bond of the initiator dissociates into a reactive benzyl
radical, which undergoes monomer addition, and a sterically stabilised persistent
TEMPO radical (Hawker et al. 2001). The reversible recombination of the propagating
chain ends and the persistent TEMPO radicals results in a homogeneous chain growth
and a low molecular weight distribution of the final ensemble of polymer chains within
the brush. In SI-NMP the maximum number of persistent TEMPO-radicals that can be
formed is limited by the total number of initiator moieties on the substrate surface.
However especially for planar surfaces with low specific surface areas this total
amount of initiator is relatively low and the reversible capping becomes ineffective due
to quasi infinite dilution of persistent radicals in the reaction medium. As a

consequence a pseudo conventional free-radical polymerisation is observed for these
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systems. In order to increase the concentration of persistent radicals Husseman et al.
(2000) therefore added predetermined amounts of “free” alkoxyamine initiator to the
reaction mixture. An advantage of systems including “free initiator” is that the ratio of
monomer to initiator can be readily used to control the molecular weight of grafted
chains and brush thickness. However the free polymer formed in solution needs to be
removed by thoroughly extracting the brushes after the polymerisation. The
polydispersity index of grafted polymer was found to be slightly lower than the value
found for the polymer formed in solution. This difference was attributed to
autopolymerisation, which increases the polydispersity index of the resulting polymer
in solution but does not influence the polymer formed from surface-initiated
polymerisation. Additionally block copolymer brushes were fabricated by reinitiating
the polymerisation from polystyrene brushes with mixtures of styrene and methyl
methacrylate to form polystyrene-b-(polystyrene-co-poly (methylmethacrylate)) block

copolymer brushes.

A drawback of the TEMPO-based initiators lies in their limitation to styrenic
monomers. As a consequence TEMPO based NMP and copolymerisation of acrylic
monomers has been found to yield polymers with only low molecular weights and
relatively high polydispersity index compared to polymers from styrenic monomers
(Listigovers et al. 1996). Especially irregular polymers were produced with acrylic and
methacrylic monomers due to chain growth and reversible deactivation competing

with B-H-elimination of the growing polymer chain (Goto et al. 2002).

In order to achieve better control over the NMP of acrylic monomers several studies
analysed the effect of the steric and electronic properties of the nitroxide chain growth
moderator on the polymerisation kinetics and the molecular weights and
polydispersities of the resulting polymers (Goto et al. 2002; Benoit et al. 1999). From
these studies the highly sterically hindered open-chain phosphonate alkoxyamine N-
tert-butyl-N-[1-diethylphosphono-(2,2-dimethylpropyl)] nitroxide was identified as a
lead candidate for the controlled polymerisation of acrylic, methacrylic and styrenic

monomers. However slightly higher percentages of termination reactions were
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observed for the N-tert-butyl-N-[1-diethylphosphono-(2,2-dimethylpropyl)] nitroxide-

mediated polymerisation of styrenic monomers (Benoit et al. 2000).

Bartholome et al. (2003) used grafting of polystyrene-brushes from silica
nanoparticles. However the N-tert-butyl-N-[1-diethylphosphono-(2,2-dimethylpropyl)]
nitroxide-mediated polymerisation yielded polystyrene brushes with lower molecular
weight and higher polydispersity index compared to the TEMPO-mediated system
presented by Husseman et al. (2000) and therefore provided further evidence for the
preferred suitability of the N-tert-butyl-N-[1-diethylphosphono-(2,2-dimethylpropyl)]
nitroxide-mediator for the polymerisation of acrylic and methacrylic monomers.
Husemann et al. (2000) reported the successful use of a-hydrido nitroxide (2,2,5-
trimethyl-3-(1-phenylethoxy)-4-phenyl-3-azahexane) as “free initiator” for the SI-NMP
of tert-butyl acrylate brushes from TEMPO-initiator functionalised substrates. This
class of nitroxide initiators and moderator was previously identified to yield well-
controlled bulk polymerisations of acrylic monomers (Benoit et al. 1999). The used
approach is based on a fast interchange of TEMPO and a-hydrido nitroxides between
polymer chains growing in solution and from the surface. Ignatova et al. (2004) used
the same mediator exchange strategy to grow polystyrene and poly (2-dimethylamino)
ethyl acetate brushes as well as poly (2-dimethylamino ethyl acrylate)-b-poly-(butyl
acrylate) block copolymer brushes from stainless steel substrates. Typically researchers
always try to avoid using TEMPO for the polymerisation of acrylates and
methacrylates. Instead of the commercially available poly (oligoethylene glycol)
methacrylate the authors used a 4-(oligoethyleneoxy) oxymethylstyrene monomer to
prepare brushes with high polyethylene glycol content via TEMPO mediated SI-NMP
(Andruzzi et al. 2005).

Nevertheless examples of the polymerisation of acrylates and methacrylates using this
approach exist. Li et al. (2005) reported the TEMPO-mediated surface-initiated vapour
deposition polymerisation of various acrylic monomers including N-isopropyl
acrylamide and styrene. The authors also reported the synthesis of diblock and
triblock-copolymer brushes, e.g. of poly (acrylic acid)-b-polystyrene (polystyrene)-b-

poly (N-(2-hydroxypropyl)-methacrylamide) brushes. A particular difference was noted
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from the comparison between the fabrication of poly (N-isopropylacrylamide) brushes
via surface-initiated vapour deposition polymerisation and the conventional SI-NMP.
While the latter approach completely failed poly (N-isopropylacrylamide) brushes
could be readily prepared from the surface-initiated vapour deposition polymerisation
approach. Unfortunately molecular weights and PDI values of the grafted polymer
chains obtained from the surface-initiated vapour deposition polymerisation approach
were not reported. This prevents making a direct comparison between the degree of
control that can be achieved with surface-initiated vapour deposition polymerisation

and the conventional SI-NMP approach.

Hybrid silica particles comprised of an inorganic core and an organic polymer shell
were synthesized by SI-NMP in the presence of a grafted alkoxyamine as initiator. It
was demonstrated that the “grafting from” or “grafting to” SI-NMP exhibits a control
character with a very low polydispersity and good agreement between
theoretical/experimental molecular weights (Ghannam et al. 2006). 2-(Dimethylamino)
ethyl acrylate was grafted from the surface of alkoxyamine-functionalised crosslinked
poly  (styrene-co-chloromethylstyrene)  microspheres by NMP in  N,N-
dimethylformamide at 112 °C (Bian and Cunningham 2006). Polystyrene-grafted-
titanium dioxide (TiO,) nanoparticles with a diameter of 15 nm were prepared by the
“grafting-from” method using the SI-NMP (Matsuno et al. 2006). When the
polystyrene-grafted-TiO, particles were finely dispersed, the ultraviolet absorption due
to TiO, was strong and the difference in absorbance between the visible and

ultraviolet regions was ten or more times greater than that for non-grafted TiO,.

The synthesis of monodisperse zinc-sulfide high refractive index nanoparticles and
their subsequent coating with concentrated polystyrene brush using SI-NMP, which
proceeded with good control over the molecular weight and polydispersity index of
the grafted chains, was performed (Ladmiral et al. 2006). Polymer grafting of
polystyrene on nanotubes using the technique “grafting onto” has been done and the
result was narrower distribution of the external diameters and their solubilisation in
organic solvents was greatly improved (Dehonor et al. 2007). Wang et al. (2008) have

reported polymer grafting onto nanosilica using TEMPO as mediator. The authors
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reported well controlled grafting with narrow molecular weight distributions of the

poly (styrene-co-maleic anhydride) chains.

Poly (styrene) brushes were grafted from montmorillonitrite surfaces in a three step
procedure using TEMPO-mediated SI-NMP (Shen et al. 2010). The polymerisation was
carried out at 50 °C for 24 hours and this new route demonstrated an easy control of

molecular weight distributions, and architecture of the grafted polymer.

4-Vinylpyridine was polymerised by SI-NMP via TEMPO-mediated polymerisation on
the surface of 3-methacryloxyproyltrimethoxysilane-modified magnetic nanoparticles
at 130 °C (Chen et al. 2010). After the polymerisation the size of the particles increased
from 30 to 150 nm.

SI-NMP of styrene was performed from various types of ordered mesoporous silica
particles (500 nm with different pore sizes and morphologies) using SG1-based
alkoxyamine initiator (Blas et al. 2011) (Scheme 1.1). The polymerisation was
performed at 115 °C for 300 minutes in tert-butanol as a solvent. The polymerisation
kinetics were followed with *H NMR analysis of the remaining styrene and was similar
in all cases. The most important result was observed in the molar mass distribution.
The authors reported that pore diameters of 2 nm are too small to ensure good
diffusion of reactants, 5 nm seemed to be satisfactory, and for more than 5 nm, the

porous morphology of the particles was of high importance.
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Scheme 1.1: Synthetic scheme for the SG1-based alkoxyamine initiator 1, used as a free
initiator and initiator 3 used as grafted initiator in the work of Blas et al. (2011). N-butyl
acrylate was reacted with BlocBuilder alkoxyamine in tert-butanol as a solvent at 100 °C for
1.24 hours to form the alkoxyamine 1. The alkoxyamine 2 was synthesised by reacting 1 with
N-hydroxysuccinimide and dicyclohexylcarbodiimide in THF at 0 °C for 24 hours. The
alkoxyamine 3 was synthesised by reacting 2 with 3-aminopropyldimethylethoxysilane in

dichloromethane at ambient temperature for two hours.

In conclusion, SI-NMP represents a valuable method for the controlled fabrication of
polymer brushes with well-defined polydispersity and molecular architecture of
grafted polymer chains. NMP does not require the use of special polymerisation
catalysts or chain transfer reagent, which becomes especially important for sensitive
applications e.g. in the electronics or in the biomedical sector. In addition, NMP can

also be used for multistep grafting of different monomers which can be used e.g. in
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improving of the surface compatibility with different solvents or adding other
functionality (catalytic, or signalling) to the sensor systems. A clear advantage of the SI-
NMP initiators compared to e.g. azo-initiators is their higher thermal stability.
However this increased stability of NMP initiators also requires higher polymerisation
temperatures of typically 120 °C and might cause problems with polymerisation of
thermally sensible monomers, although new low temperature NMP initiator are being

developed.

The major disadvantage of NMP and SI-NMP is related to strong dependence of the
polymerisation on the combination of monomer type and initiator, i.e. mediator type
that is used. Also NMP initiators are usually not commercially available and have to be

prepared by multistep synthetic procedures.

1.4.2 Surface-initiated nitroxide-mediated free-radical polymerisations (SI-
NMP) and MIPs

Few examples exist describing the use of NMP for MIPs preparation. Boonpangrak. et
al. (2006) and Isarakura-Na-Ayudhya et al. (2005) reported the successful synthesis of
a MIP for cholesterol using semi-covalent imprinting technique and NMP (Figure 1.4).
The nitroxide mediator 3-(4-tert-butylphenyl)-1,1'-dimethyl-3-(2,2',6,6'-
tetramethylpiperidinooxy) propyl cyanide was used to assist the polymerisation of
divinylbenzene in the presence of the template. Cholesterol template was covalently
bounded to a monomer during its copolymerisation with cross-linker at 125 C for 48
hours under argon atmosphere. The template was removed by hydrolytic cleavage.
The resulted MIPs had specific binding sites that could interact with cholesterol via
non-covalent hydrogen bond interactions in a non-polar solvent. The obtained polymer
in the form of a monolith was then ground to small particles. Radio-scintillation was
used as an analytical tool for quantification of the binding capability of the material for
sensor devices application. The efficiency of the MIPs was improved compared with

the same MIPs prepared via traditional radical initiator.

21



c
0 (0]
OJLO OJLO

e
_—
0

Figure 1.4: Preparation of cholesterol-imprinted polymer using NMP. The transient free
radicals generated from 4 (Step a) initiate chain polymerisation of 5 and divinylbenzene (Step
b). The majority of the growing chain radicals are stabilised by their reversible association with
TEMPO (Step c), so that permanent chain termination is avoided. This living polymerisation
finally leads to the formation of imprinted sites in the cross-linked polymer network (Step d),
which after hydrolysis (Step e) afford specific cholesterol binding cavities. The scheme is

adapted from Boonpangrak et al. (2006).

With the development of NPM initiators applicable to low temperature

polymerisations, NMP can be applied to other systems for the preparation of MIPs,
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using different techniques, formats and a bigger variety of monomers. At the moment
however the high temperatures required for initiating polymerisation with NMP will
limit its application to non-covalent MIPs since high temperature is detrimental to the
strength of the complex between template and functional monomers (Piletsky et al.

2002).

1.4.3 Surface-initiated atom transfer radical polymerisation (SI-ATRP)

Atom transfer radical polymerisation (ATRP) is based on the concept that the presence
of dormant radicals in the polymerisation process could be used to reduce the
stationary concentration of active radicals and minimize termination, which represents
the living properties of the process (Ayres, 2011; Min and Matyjaszewski, 2009; Rosen
and Percec, 2007; Kamigaito et al. 2001; Patten and Matyjaszewski, 1998). ATRP
employs atom transfer from an organic halide to a transition-metal complex to
generate the reacting radicals and a back transfer from the transition metal to the
product-radical to form the final product (Figure 1.5). It is chemically versatile
procedure, due to its compatibility with a large variety of monomers (Czaun et al.
2008), including styrenes (Lui and Su et al. 2006), methacrylates (Saito, 2008), dienes,
and acrylonitrile with good control over the molecular weight and molecular weight
distribution of the final product (Wu et al. 2009). It is used for the preparation of chain
end-functionalised polymers. ATRP tolerates a relatively high degree of impurities and
consequently can be performed without the need of ultrapure, anhydrous monomers

or solvents and proceeds even when a small amount of oxygen is present.

23



Activation P,----X----CuX/L
(Kact)

Termination

(ko)

@+nM

Propagation

(kp)

P,X cu'X/L Cu'X,/L P.Py,

Deactivation

P, ----X----CuX/L
" (kdcact)

Figure 1.5: Schematic representation of the catalytic cycle in ATRP: X=Cl, Br; P=polymer;

M=monomer; L=N-ligand.

The mechanism of ATRP, involves rapid activation/deactivation process which is
represented as the equilibrium between active, propagating macroradical, (P,"), and
dormant, halide-terminated propagating macroradical, (P,-X) (Patten and
Matyjaszewski, 1998). It involves various oxidation states of a copper (or other metal)
catalyst and proceeds with activated monomers. The activator is Cu'X/L, and the
deactivator is Cu"Xz/L, where X=Cl, Br, and L=N-ligand (Figure 1.5). The
activation/dissociation process involves transfer of X atom from the initiator (P-X), or
the dormant polymer halide (P,-X) to Cu'X/L via intermediary reduction of the halogen
radical to the halide anion, generating the initiating radical P° or the propagating
radical P,” and oxidation of the catalyst to Cu"Xz/L via an cyclic electron transfer
process. The deactivation step involves the reverse process of atom transfer of
halogen anion back to the propagating radical, which regenerates the dormant
polymer chain and the reduced cu'/L catalyst. K, for P,/P-X depends on the nature of
the halide. This is due to the fact that from iodine to bromine to chlorine the bond

dissociation energies of homolytic cleavage increase sharply.

SI-ATRP could be performed at ambient temperature, which is especially favourable
for the functionalisation of temperature-sensitive substrates. Under these conditions

thermal autopolymerisation in solution is nearly absent. The first example for SI-ATRP
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at ambient temperature was reported by Kim et al. (2000), who prepared 35 nm thick
poly (methyl methacrylate) brushes within twelve hours of polymerisation time using
tris [(2-dimethylamino) ethyl] amine as ligand. Interestingly no deactivating Cu" species

was used in this approach. The grafted chains showed relatively low polydispersities.

Moreover SI-ATRP can be carried out as surface-confined polymerisation, i.e. without
the addition of “free initiator” (Edmondson and Armes, 2008). Most of the standard
ATRP catalyst systems, as well as surface immobilisable initiators such as e.g.
benzylchloride functional silanes are commercially available in ready-to-use quality.
Additionally the important reaction parameters, i.e. the type, ratio and concentration
of the ATRP catalyst, the solvent, the monomer, the polymerisation temperature, the
initiator type, etc. can be readily adapted to the demands of a specific polymerisation
system, which adds to the flexibility of the process. The need for a determination of
the correct conditions for each system could however require more time and effort.
The only restriction on the use of ATRP comes from the necessity to use metal
complexes, such as Cu (l) halide, Ni, Pd, Ru, Fe and other metals, which could be a

problem for some applications.

ATRP was first reported in 1995 simultaneously by Wang and Matyjaszewski (1995)
and Kato et al. (1995).ATRP was described as series of consecutive occurring atom
transfer radical additions (ATRA) (Bellus, 1985; Ancher and Vofsi, 1963). The authors
reported the controlled polymerisation of styrene using 1-phenylethyl chloride as
initiator and CuCl and 2,2’-bipyridine, which represents one of the most common
catalyst pairs in ATRP. The main difference between ATRA and ATRP is the molar ratio
of alkene to alkylhalide. While ATRA is based on equimolar ratios of alkene to
alkylhalide, in ATRP the alkene monomer is used in large excess compared to the

initiating alkyl halide (De Clercg and Verpoort, 2003).

The first example of SI-ATRP was reported by Ejaz et al. in 1998 and comprised the SIP
of poly (methacrylic acid) from 2-(4-chlorosulfonylphenyl) ethyl silane SAMs supported
on silicon substrates. In order to achieve a controlled polymerisation p-toluenesulfonyl

chloride was used as “free initiator” to generate a sufficient amount of deactivator. In
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order to estimate the molecular weight of the tethered polymer chains the authors
compared the polymer layer thickness with the molecular weight of poly (methyl
methacrylate) that formed simultaneously in solution. By this metod a polymer layer
thickness of 70 nm was correlated to M,, of 100 000 Da or a degree of polymerisation

of ~1000.

1.4.4 Surface-initiated atom transfer radical polymerisation (SI-ATRP) and
MIPs

ATRP was used by Li and Husson (2006) and Wei et al. (2005) for synthesis of an
ultrathin (>10nm), surface-confined, MIP film on gold substrates via ATRP. 2-
Vinylpyridine was used as the functional monomer, ethylene glycol dimethacrylate was
the cross-linker and N,N’-didansyl-L-cystine and N,N’-didansyl-L-lysine were used as
template molecules. The MIPs films were selective to the template, compared to the
non-imprinted polymer (NIP) films, and the template removal from this imprinted films
appeared to be 100% efficient. The film parameters: solution pH, polymer layer

thickness and adoption kinetics, were analysed.

Porous anodic alumina oxide nanotube membranes, prepared through template
synthesis, were modified with MIPs via ATRP (Wang et al. 2006) for bioseparations
(ions and drug molecules, DNA and proteins) (Siwy et al. 2005). The 60 um thick
membrane was first modified with 3-aminopropyltrimethoxysilane (Figure 1.6). The
ATRP initiator, 2-bromo-2-methylpropionyl bromide, was then grafted onto the
silanised membrane. The formed macroinitiator was used for the imprinting process
using [B-estradiol as template, 4-vinylpyridine as monomer, ethylene glycol
dimethacrylate as crosslinker and CuBr and 1,4,8,11-tetraazacyclotetradecane (1 to 2

ratio) as organometallic catalyst.
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Figure 1.6: Schematic representation of the process of modification of nanotube membranes
via SI-ATRP to achieve MIP nanotubes (Wang et al. 2006): a) Silanisation with 3-
aminomethyltrimethoxysilane; b) Grafting of the ATRP agent on the membrane via
substitution reaction with 2-bromo-2-methylpropyl bromide; c¢) Polymerisation of 4-
vinylpyridine as functional monomer, ethylene glycol dimethacrylate as cross-linking agent in
the presence of B-estradiol as template. CuBr/1,4,8,11-tetraazacyclotetradecane were used as
ATRP initiators. The reaction was performed in acetonitrile under nitrogen atmospere at 70°C
for 24 hours; d) Removal of estradiol from the imprinted polymer via washing with acetonitrile,

methanol-acetic acid (9:1, v/v), and methanol, followed by drying in vacuo.

Silica gel particles were grafted with MIP via ATRP (Wei and Husson, 2007). High-
performance liquid chromatography column packed with MIP grafted from silica gel
particles showed higher column efficiency and better resolution of the enantiomers
compared to MIP prepared by conventional free radical polymerisation. The formed
materials showed improved mass-transfer properties and also higher binding capacity

per unit mass of polymer.

Nanolayers of the cation-exchanger poly (acrylic acid) were grown from the surface of
regenerated cellulose membranes (average pore diameter 1 um) via SI-ATRP (Singh et
al. 2008). CuCl/2-bromoisobutyryl bromide was used as ATRP initiator and the protein
lysozyme, as template. Measurements of pore-size distributions and permeability
showed that the modification of the membranes resulted in decreased pore size and
permeability. The modified membranes had high static and dynamic binding capacities

for lysozyme, comparable to the commercially available ion-exchange membranes.

The combination of ATRP and precipitation polymerisation in the MIPs field was

described, which produced spherical particles with a mean diameter of 3 um (Zu et al.
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2009). 4-Vinylpyridine was polymerised in the presence of bisphenol A as a template at
60 °C for 24 hours with CuCl/2-chloropropionate as ATRP initiator.The produced
material showed fast template binding kinetics, high-affinity binding site densities on
the surface and high selectivity over structurally related compounds. It also showed
higher high-affinity site densities in comparison with MIP prepared via traditional

radical polymerisation techniques.

The first time ATRP was applied in “bulk” polymerisation of MIPs was described by Zu
et al. (2010). Bisphenol A was imprinted using both ATRP and conventional bulk free
radical polymerisation. The authors obtained MIPs via ATRP that showed lower binding
capacities and similar binding association constants by comparison with the
conventional free radical polymer. This result was explained with the occurrence of
fast gelation process in ATRP, which restricted the mobility of the chemical species,
leading to interruption of the equilibrium between dormant and active radicals and
heterogeneous polymer networks. This example demonstrates that applying controlled
radical polymerisation (CRP) in molecular imprinting does not always benefits the

binding properties of the resultant material.

Gai et al. (2010) showed the imprinting of the protein, lysozyme, on magnetic particles
via SI-ATRP in aqueous media. The magnetic nanoparticles (Fe304 at SiO,) were surface
modified with 2-bromoisobutyryl bromide to achieve the ATRP initiator (FesO, at
initiator). N-isopropylacrylamide was crosslinked in the presence of the template and
CuCl in phosphate buffered saline (PBS) for twelve hours at ambient temperature. The
polymer thickness was about 15 nm and the size of the particles was estimated to be
around 120 nm. The obtained polymer was endowed with higher specific recognition
and selectivity to template when placed in a mixture of standard proteins and real
sample (egg white). Due to the magnetic support, the imprinted material could be

used in fast and easy protein separation processes.

Theophylline imprinted polymers were synthesised on the surface of multiwalled
carbon nanotubes via SI-ATRP (Xu et al. 2011). The thickness of the film was 5 nm

which was determined by transmission electron microscopy. The so synthesised
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polymer demonstrated rapid dynamics and good selectivity towards theophyline,

compared to caffeine.

The controlled polymerisation technique ATRP has been proven to allow the growth of
uniform MIP films with adjustable thicknesses, improving diffusion mass transfer and
achieving relatively higher binding capacities. ATRP has a good potential for the
preparation of MIPs with tailor-made structures and improved binding capacities. This
combination of techniques has been applied to different formats (nanolayer on gold
surface (Wu et al. 2009; Saito 2008), layers on silica gel particles (Wei and Husson,
2007), layers in nanotube membranes (Li and Husson 2006), nanolayers on cellulose
membranes (Singh et al. 2008), micro particles via precipitation polymerisation (Zu et
al. 2009), nanolayers on magnetic nanoparticles Gai et al. (2010), nanolayers on
multiwalled carbon nanotubes (Xu and Chen et al. 2011)) recently. This combination of
techniques is relatively new and promising for future development. It has
demonstrated improved imprinted qualities of the synthesised materials, improved
control over various polymer parameters and increased variety of polymer formats.
Compared to SI-NMP, SI-ATRP could be applied to a wider variety of templates for
noncovalent imprinting, because of the milder synthesis conditions. The preference in
using these techniques should be given to the imprinted materials whose performance
would not be affected by the presence of metal ions in the polymerisation mixture.
The disadvantage of using metals in the polymerisation process could be important in

cases where the synthesised materials are to be used in environmental applications.

1.4.5 Surface-initiated reversible addition-fragmentation chain-transfer (SI-
RAFT) polymerisation

Reversible-addition fragmentation chain-transfer (RAFT) polymerisation was first
reported in 1998 (Le at al. 1998; Chiefari et al. 1998). It is a controlled/living
polymerisation process with respect to the type of monomers and the reaction

conditions which enable the formation of polymer with controlled molecular weight,
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low polydispersity and complex polymeric microstructure (Gregory and Stenzel 2011;

Moad et al. 2011; Destaras 2011; Moad et al. 2008; Barner-Kowollic et al. 2006).

RAFT process is not based on the reversible termination by recombination but on
reversible termination by degenerative chain transfer, in which propagating polymer
chains are reciprocally transformed into dormant chains and vice versa (Figure 1.7). In
RAFT polymerisation special reagents such as dithioesters, trithiocarbonates,
dithiocarbamates and xanthates, are used as chain transfer agents to achieve a
controlled free-radical polymerisation by providing cycled addition-fragmentation
chain-transfer during polymerisation (Chiefari et al. 2003; Chong et al. 2003). These
unsaturated compounds with the general structure of 7 or 9 act as transfer agents by a
two step addition-fragmentation mechanism. In these compounds C=X should have a
double bond that is reactive towards radical addition. X is most often a =CH, group or
sulfur. Z is a group chosen to give the transfer agent an appropriate reactivity towards
propagating radicals and convey appropriate stability to the intermediate radicals (8 or
11, respectively). Examples of A are CH,, CH,=CHCH,, oxygen or sulfur. R is a homolytic
leaving group and R’ should be capable of efficiently reinitiating polymerisation. In all
known examples of transfer agents B is oxygen. The overall RAFT polymerisation
mechanism is divided into two sets of reactions that is the so-called pre-equilibrium,
which involves initialisation of the living process starting from RAFT agent and the
main equilibrium between growing and dormant polymer chains (Barner-Kowollic et al.
2006). In the pre-equilibrium, which takes place in the early stages of the RAFT
polymerisation, propagating oligomeric macro radicals (P,", 6) react with the double
bond of the RAFT agent resulting in formation of a carbon-centred intermediate RAFT
radical (8). The adduct radical undergoes homolytic fragmentation, either to the back
reaction or to the formation of active radical and polymeric unsaturated compound 9,
which constitutes the dormant species. In the main equilibrium a similar set of
reactions takes place in which a propagating macroradical (P,’, 6), reacts with the
polymeric RAFT agent (7). Recurring RAFT events establish the equilibrium between
dormant and living radicals. The individual reactions of these equilibria are described

kinetically via addition rate coefficients (kq.q44) and fragmentation rate coefficients (k.
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add)- The values of each reaction (each cycle) should be considered separately, because

chemically different radical species are involved as attaching and leaving group

radicals.
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Figure 1.7: Schematic representation of the living character of RAFT polymerisation.

A distinct advantage of RAFT polymerisation is its experimental simplicity and
versatility since conventional free-radical polymerisations can be readily converted to
RAFT polymerisations by the addition of an appropriate RAFT agent, while other
reaction parameters (monomers, initiators, solvents and temperatures) can be kept
constant. RAFT polymerisations show all characteristics of a living polymerisation, i.e.
all chains are initiated simultaneously and grow homogeneously until the monomer is
consumed. Furthermore active chain ends are retained at the end of the
polymerisations, which gives access to block copolymers or block copolymer brushes.
Furthermore RAFT polymerisations are compatible with a large variety of monomers
and polymers with the capability to produce a broad range of molecular weights. The
resulting polymer is a priori relatively free of contaminants, which is especially
advantageous compared to ATRP that often requires additional steps to achieve
complete removal of the polymerisation catalyst. As an addition to that which has

already been stated concerning RAFT polymerisation; it can be performed in aqueous
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media and at ambient temperature (Skrabania et al. 2008; Zhang and Deng et al. 2007;
McCormic and Lowe, 2004).

A representative example of SI-RAFT polymerisation was presented by Baum and
Brittain (2002), who polymerised methyl methacrylate, dimethylaminopyrolidine and
styrene from azo-initiator functionalized SiO, substrates in the presence of the chain
transfer agent 2-phenylpropyl-2-yl-dithiobenzoate to form 28 nm thick poly (methyl
methacrylate) brushes in twenty-four hours polymerisation time. Alternatively SI-RAFT
could be performed by grafting a RAFT functional silane on a substrate surface and by
initiating the polymerisation from a conventional free-radical initiator in solution. This
strategy was explored to functionalise silica nanoparticles with RAFT agent to form
core-shell particles (Pearson et al. 2009; Li et al. 2006). A significant advantage of this
approach is the ability to control the surface density of RAFT functional silane. Li et al.
(2006) compared to the rate of solution phase RAFT polymerisation with the rate of SI-
RAFT for methyl methacrylate on colloidal silica nanoparticles. The rate of solution
phase RAFT was reported to be significantly slower than the rate of SI-RAFT. This was
attributed to the high local RAFT agent concentration on the brush surface as well as to
the unique structure and steric constrains of the transitional dithioester radical, which
in SIP bridges two surface tethered polymer chains (Li et al. 2006). Yoshikawa et al.
(2005) reported SI-RAFT of poly (2-hydroxyethyl methacrylate) brushes from plasma
treated poly (tetrafluoroethylene-co-hexafluoropropylene) films. The plasma
treatment was used to create peroxo-groups on the surface of the poly
(tetrafluoroethylene-co-hexafluoropropylene), which were used to initiate the
polymerisation in the presence of a RAFT-agent. The SI-RAFT of charged monomers

from silicon substrates in aqueous medium was reported by Zhai et al. (2004).

By contrast to other living polymerisation techniques, which are based on reversible
recombination, the total number of radicals in RAFT polymerisation and SI-RAFT is
constant and therefore more prone to termination reactions and impurities that might
induce termination reactions. Due to constant number of radicals, the termination of a
single polymer chain will affect the polymerisation rate of the whole polymer

ensemble since it will increase the ratio of chain-transfer agent to radicals in the
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polymerisation mixture and slow down the overall polymerisation process. Compared
to the other SIP techniques SI-RAFT remains experimentally demanding since surface-
immobilisable conventional free-radical initiators or functional RAFT agents are
required, which have to be prepared by multistep synthetic procedures. Another
problem of SI-RAFT is linked to the fact that the rates of termination by recombination
are dependent on the grafting densities of the brushes. This point might restrict the
chemical flexibility of SI-RAFT since the amount of control of the SIP process becomes

dependent on the brush parameters.

1.4.6 Surface-initiated reversible addition-fragmentation chain-transfer (SI-
RAFT) polymerisation and MIPs

Recently, significant interest has been shown in the use of surface initiated controlled
reversible addition-fragmentation chain-transfer (SI-RAFT) radical polymerisation for
the preparation of MIPs (Gonzato et al. 2011; Pan et al. 2011; Chang et al. 2010; Pan et
al. 2010; Li et al. 2009; Pan et al. 2009; Liu et al. 2008; Li et al. 2008; Southard et al.
2007, Macromolecules; Southard et al. 2007, Analitica Chimica Acta; Titirici and
Sellegren, 2006). Titirici and Sellergren (2006) reported the successful grafting of cross-
linked MIP films on the surfaces of mesoporous silica beads through RAFT
polymerisation. Lu et al. (2007) described a general protocol for preparing surface
imprinted core-shell nanoparticles using RAFT agent functionalized silica nanoparticles
as the chain transfer agent. Southard et al. (2007, Macromolecules and
Analyticachimica Acta), prepared europium (lll) containing insoluble or soluble MIPs
for the luminescent sensing of organophosphates by RAFT polymerisation or by a
combination of RAFT polymerisation and ring-closing metathesis. Liu et al. (2008)
prepared a molecularly imprinted monolithic column for selective separation of
enrofloxacin through liquid chromatography via RAFT-mediated living radical
polymerisation. Pan et al. (2009) reported the first combination of RAFT
polymerisation and precipitation polymerisation (RAFTPP), which provided MIP

microspheres with imprinting effect towards the template: 2,4-dichlorophenoxyacetic
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acid. The microspheres also demonstrated fast template binding and high selectivity
over MIPs synthesised via traditional radical precipitation polymerisation. Li et al.
(2009).described the use of SI-RAFT technique to graft thin (1.98 nm) MIP films of
copolymers of methacrylic acid and divinyl benzene in the presence of theophylline as
template from the surface of silica gel particles, which were used as the sorbent in

solid-phase extraction with recovery of more than 90 % (Figure 1.8).
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Figure 1.8: Schematic representation of the process of modification of silica gel particles
(presented by pink rods on the diagram) via SI-ATRP to achieve MIP film (Li et al. 2009): a)
Silanisation with 4-(chloromethyl) phenyltrimetoxysilane (Cl-Silica); b) Substitution reaction
with phenylmagnesium bromide and carbon disulfide to prepare PhC(S)SMgBr, which reacted
with Cl-Silica; c) Grafting of MIP film on the RAFT agent modified silica gel particles using bulk
technique. Methacrylic acid, divinylbenzene, and azobis-(isobutylonitrile) were polymerised in
chloroform under nitrogen atmoshere at 60 °C for 24 hours. Theophylline was used as a
template; d) The template was washed away and the polymer was dried at vacuo at 50 °C for

12 hours.

Core-shell molecularly imprinted beads were prepared via a combination of SI-RAFT
polymerisation and click reaction (Chang et al. 2010). The RAFT agent was synthesised
and attached to the silica particles surface via click chemistry. Imprinted thin films
were prepared in the presence of 2,4-dichlorophenol as template. The polymerisation
was carried out at 55 °C for 24 hours under a nitrogen atmosphere. The imprinted
beads were characterised with a homogeneous polymer film with thickness of around
2.27 nm. The synthesised material demonstrated an imprinted effect towards the
template, fast template rebinding kinetics, and good selectivity over structural

analogues.
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MIPs with both water compatibility (for application in environmental water) and
stimuli-responsive binding properties were described by Pan et al. (2010). SI-RAFT
polymerisation of N-isopropylacrylamide from the MIP nanoparticles to form polymer
brushes was performed in order to increase the hydrophilicity of the nanoparticles and
their thermo-responsive binding properties. Their binding properties were investigated
in both methanol/water (4/1, v/v) and pure water. This approach has great potential
for the preparation of MIP films with functional polymer brushes, for application as
chemical sensors in aqueous environments or as MIP nanoparticles for stimuli-
responsive drug-delivery. Furthermore, the authors reported a continuation of this
work in the shape of the synthesis of narrowly dispersed pure-water-compatible MIP
microspheres with surface-grafted hydrophilic polymer brushes by a one-pot RAFT
precipitation polymerisation (Pan et al. 2011). The synthesised materials showed an

enhancement in their ability to recognise the template in aqueous solutions.

Magnetic molecularly imprinted nanoparticles were synthesised via SI-RAFT
polymerisation (Gonzato et al. 2011). Nanocomposite materials with 40 nm diameter
and 7 nm MIP shell were prepared from commercially available amino functionalised
Fes04 nanoparticles. The last were surface modified with trithiocarbonate agent from
which SI-RAFT polymerisation was initiated. S-propranolol was imprinted at 65 °C for
six hours. The active RAFT fragments present on the surface of the synthesised
materials were further used to functionalise the particles with ethylene
glycolmethacrylate phosphate polymer brushes. The resulting materials retained both

a good imprinting effect and superparamagnetic behaviour.

So far, RAFT polymerisation has shown great potential in preparing MIPs with
improved properties (e. g., faster binding kinetics (Pan et al. 2011; Gonzato et al. 2011;
Chang et al. 2010; Pan et al. 2009; Titirici and Sellergren, 2006), high selectivity and
efficiency (Pan et al. 2011; Gonzato et al. 2011; Chang et al. 2010; Pan et al. 2009; Liu
et al. 2008), uniform pore size distribution (Liu et al. 2008), larger surface area (Liu et
al. 2008), improved mass-transfer properties (Li et al. 2009)), water-compatibility (Pan
et al. 2011; Pan et al. 2010), tailor-made structures (Liu et al. 2008; Li et al. 2006;

Southard et al. 2007, Analitica Chimica Acta and Macromolecules; Titirici and
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Sellergren, 2006), and more adjustable conditions for making monolithic materials
with different morphologies (Pan et al. 2009; Liu et al. 2008)). Disadvantages are the
need for the synthesis of new chain transfer agents and to adjust the polymerisation
conditions for each system. Temperatures reported for RAFT polymerisation are
between ambient and 140 °C (Barner-Kowollik, 2006). Higher temperatures allow
higher rates of polymerisation and shorter reaction times. Higher pressure (5 kbar)
results in higher molecular weight polymers and higher rates of polymerisation
compared with the same reaction at ambient temperature (Barner-Kowollik, 2006). It
should be of great importance to extend the application of RAFT polymerisation to the

synthesis of MIPs with different formats in order to show its versatility.

1.4.7 Surface-initiated photo-iniferter mediated polymerisation (SI-PIMP)

Conventional free radical photo-polymerisation represents a widely used technique in
the field of coatings technology since it brings with it some intrinsic advantages over
thermally initiated polymerisations. Besides their faster initiation rates, photo-initiated
polymerisation systems work under ambient conditions and can therefore be readily
used for the functionalisation of thermally labile substrates or the polymerisation of
thermally labile monomers, like e.g. liquid crystalline materials. Moreover the
polymerisation temperature itself might be varied as a valuable parameter to fine tune
the properties of the final polymeric material without influencing significantly the rate
of polymerisation or the underlying mechanism of the polymerisation (Deng et al.

2009; Ishizu and Katsuhara, 2006; Dyer, 2006).

In surface-initiated “photo-iniferter” mediated polymerisation (SI-PIMP), in contrast to
the previously discussed SIP techniques, photons are used as the energy source to
initiate the polymerisation and to control the position of the equilibrium between
dormant and propagating species via the utilization of “photo-iniferters” as reported by
Matsuda et al. (Matsuda and Otsu, 2005; Nakayama and Matsuda, 1996; Nakayama et
al. 1993).
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The first iniferter, an abbreviation of initiator, transfer agent, and terminator, was
reported by Otsu and Yoshida (1982). The controlled nature of the polymerisation
mechanistically relies on the photolytic dissociation of the iniferter molecule into a
reactive carbon centered (active) and a relatively stable (dormant) dithiocarbamoyl
centered radical. While the carbon centred radical readily undergoes addition of
monomer units to initiate chain propagation, the persistent (dormant) dithiocarbamoyl
radical does not participate in initiation but acts as a transfer agent and induces
reversible termination of the growing polymer chain (iniferter). In the absence of
termination or transfer reactions the polymerisation proceeds only during irradiation
of light and via a predominantly controlled radical polymerisation mechanism, which is

based on reversible termination (Figure 1.9).
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Figure 1.9: Schematic representation of photoiniferter-mediated polymerisation mechanism.

The mechanism of SI-PIMP starts with the photolysis of the surface-immobilised photo-
iniferter yielding a reactive carbon-centred radical on the substrate surface as well as a
relatively stable dithiocarbamoyl radical in solution. After the addition of a certain
number of monomer units the reactive radical at the end of the propagating chain
recombines with the dithiocarbamoyl! radical to restore the dormant species and to

reversibly terminate the polymerisation. The absorption of a new photon leads to

37



photolysis of the dormant species and to a reinitiation of the polymerisation. The
concept of SI-PIMP was presented by de De Boer et al. (2000). In this work glass or
silicon substrates were functionalised with the iniferter-functional silane, benzyl-N,N’-
(diethylamino)-dithiocarbamoyl-(trimethoxy)-silane. SI-PIMP was initiated from the
resulting substrates in the presence of monomer by irradiation with 365 nm UV light.
Typically 100 nm thick poly (styrene) brushes were obtained within fifteen hours of
polymerisation time. These poly (styrene) brushes were subsequently used as macro-
initiators for the SI-PIMP of methyl methacrylate to realise poly (styrene)-block-poly
(methyl methacrylate) block copolymer brushes with block thicknesses of ~100 nm and
~170 nm, respectively. The possibility to reinitiate brush growth as well as a linear
increase of brush thickness with polymerisation time evidenced the presence of a

“living” free-radical polymerisation.

In SI-PIMP the concentration of radicals and therefore the rate of polymerisation are
directly correlated to the intensity of irradiating light. In other words the
polymerisation is spatially and temporally coupled to the location, intensity and
duration of irradiation (Rhane et al. 2005). SI-PIMP can be therefore readily combined
with photolithographic techniques to realize polymer brush surfaces with regionally
precise topographical and chemical micro patterns. Hagashi et al. 1999 and Nakayama
and Matsuda, 1999 extensively used this feature of SI-PIMP to realize complex polymer
brush micro patterns with up to five chemically different zones on polystyrene-co-poly
(vinylbenzyl-N,N -diethyldithiocarbamate)-coated poly (ethylene terephthalate)
surfaces. The authors explicitly point out the advantage of SI-PIMP to achieve complex
surface patterns compared to conventional patterning techniques, such as soft
lithography, which offer the possibility to realize patterns consisting of more than two
chemically different zones. Furthermore polymer brushes with lateral thickness, i.e.
molecular weight gradients were realized via SI-PIMP by either spatially varying the
light intensity using a gradient UV-filter or by spatial variation of the light exposure
time by means of an X-Y controlled step motor. In contrast to the mainly 2D structured
patterns that can be realized by thermal SIP, SI-PIMP therefore offers the additional

possibility to realize 3D microstructured brush surfaces.
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The fact that SI-PIMP is usually carried out without additional “free” deactivating
species has induced a controversial discussion about the controlled nature of this
technique since the concentration of the deactivating dithiocarbamoyl-radicals is
supposed to be not sufficiently high to effectively convert propagating polymer chains
to the corresponding dormant species. Studies of the kinetics of SI-PIMP of methyl
methacrylate performed by Haris and Metters (2006) indicated a pseudo-living
behaviour of the polymerisation, which was mainly attributed to the presence of
bimolecular termination reactions. The same authors interpreted the observed linear
increase of brush thickness with polymerisation time during SI-PIMP as an increase in
grafting density and not as an increase in molecular weight of grafted chains. However
grafting densities as well as molecular weights of grafted chains were only determined
indirectly in these studies and a significant experimental proof of this hypothesis is still
missing. The elucidation of the exact nature of the polymerisation mechanism will

surely require further experimental efforts.

The limitations of SI-PIMP are connected to the fact, that only photostable and
optically transparent surfaces and monomers can be used. Furthermore
microchannels, tubes or small cavities are difficult to functionalise since UV light
cannot be easily coupled into these structures or an inhomogeneous distribution of
light intensity might cause inhomogeneous brush growth on the surfaces of these

structures.

SI-PIMP represents a valuable alternative to the thermally driven SIP approaches that
were previously presented. SI-PIMP especially offers the possibility to realize 2D and
3D micro patterned polymer brushes with versatile lateral and horizontal patterns of
chemically different zones. Additionally SI-PIMP is not particularly limited to special
types of monomers. Furthermore SI-PIMP does not require the removal of
polymerisation catalysts as e.g. in SI-ATRP and was therefore proposed to be especially
suitable for the functionalisation of materials surfaces for biomedical or bioanalytical

applications.
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1.4.8 Surface-initiated photo-iniferter mediated polymerisation (SI-PIMP) and
MIPs

Photo-grafting methods have been applied in molecular imprinted membranes. In the
work of Wang et al. (1997) a surface layer containing molecular imprinted sites of
theophylline was produced on a polyacrylonitrile membrane using acrylic acid as
monomer and N, N’-methylenebisacrylamide as cross-linker. After the removal of the
template the membrane showed high efficiency recognition. Piletsky et al. (2000)
prepared MIP membranes with desmetryn as template. The produced membrane
could be used in a fast preconcentration step and solid phase extraction (Sergeyeva et
al. 2001). SI-PIMP based on dithiocarbamate iniferters has been used to create
molecularly imprinted multi-layer core-shell nanoparticles with propranolol, morphine

and naproxen imprints in aqueous media (Pérez-Moral et al. 2001).

Oxelbark et al. (2007) compared four different MIP formats using a common
monomer-template formulation, in term of their chromatographic performance.
Chromatography was exploited to assess and compare both the degree of imprinting
and thermodynamic parameters such as efficiency, imprinting factors, water
compatibility and reproducibility. For this reason MIPs were prepared in five different
ways: crushed monolith, microspheres via precipitation polymerisation, silica-based
composites using iniferter-modified mesoporous silica beads by “grafting from”
technique, and capillary monoliths using “grafting to” approach. All materials were
imprinted with bupivacaine. The iniferter used was dithiocarbamate-based with UV
irradiation time two hours. The crushed monolith procedure is well established
technique that has some drawbacks to be overcome, such as binding site
heterogeneity, mass transport limitations, selectivity, and water compatibility. In this
particular case the bulk polymer synthesised exhibited high imprinting factors
including in aqueous environments, but also exhibited a significant non-specific
binding. The capillary monoliths provided a miniaturised format which benefited from
low reagent consumption, short run times, and high selectivity. The “grafting from”
technique by controlled radical polymerisation provided tuneable size and porosity of

the synthesised materials. Much faster analysis, good reproducibility, and low non-
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specific binding were observed with both iniferter composites and capillary monoliths.
Among all the different formats only the microparticles did not exhibit significant

imprinting effect.

Sulfamethazine imprinted silica beads were prepared via SI-PIMP (Su et al. 2008).
Methacrylic acid was used as a functional monomer, ethylene dimethacrylate was
used as cross-linker, and N,N-diethyldithiocarbamate was used as iniferter. The
polymerisation was UV-initiated at 10 °C under a nitrogen atmosphere. The resulting
polymer had good selectivity and high column efficiency in HPLC analysis of

sulfamethazine in milk.

MIP layer was “grafted from” the periphery of polystyrene beads via SI-PIMP (Gai et al.
2008). Acrylamide was used as a functional monomer, bovine hemoglobin was used as
a template and N,N’-methylenebisacrylamide as crosslinker in PBS as solvent. The
authors demonstrated that the polymer prepared by SI-PIMP exhibited better
selectivity for the template when compared with composites prepared by a traditional

radical polymerisation method.

Lysozyme protein molecularly imprinted polymer beads were prepared in aqueous
media, creating material with well-distributed pores on the surface (Qin et al. 2009).
Mesoporous chloromethylated polystyrene beads containing dithiocarbamate iniferter
were used as supports for the grafting process via SI-PIMP. The polymerisation was
performed in an ice bath during UV irradiation with various irradiation times in order
for different sizes to be compared. The synthesised materials exhibited better
imprinting effect than the MIP beads prepared via traditional radical polymerisation. In
this study it was shown that iniferter-modified supports could be used successfully to
prepare protein imprinted MIPs. These materials were applied as a stationary phase

for the separation of bioactive compounds in aqueous mobile phases.

Lee and Kim (2009) and Lee et al. (2008) used iniferter-modified carbon nanotubes to
prepare a MIP nanocomposite. Ethylene glycol dimethacrylate was used as cross-
linking agent, methacrylic acid as functional monomer, DTCE as iniferter, and

theophylline as template. The MIP nanotubes showed higher binding capacity and
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selectivity for theophylline over caffeine and theobromine (close structural analogues).
This new material could be incorporated as protein-based sensing elements into

biosensors.

Vaughan et al. (2010) reported for first time the combination of SI-PIMP and MIPs in
order to achieve enhanced template loading, higher affinity and delayed release in
weakly crosslinked gels. Two gel systems were studied: poly (diethylaminoethyl
methacrylate-co-2-hyroxyethylmethacrylate-co-polyethylene glycol 200
dimethacrylate) gel imprinted with diclofenac sodium and poly (methacrylic acid-co-
ethylene glycol dimethacrylate) gel imprinted with ethyladenine-9-acetate.
Tetraethylthiuram disulfide was used as iniferter. The polymerisation was carried out
at 14 °C during UV-irradiation. The experimental evidence provided showed that the
template diffusion coefficients are strongly influenced by the binding affinity of the
template. It was shown that in the case of SI-PIMP MIPs the affinity to the template is
higher and the release is slower by at least two times when compared with MIPs
prepared by conventional free-radical polymerisation. In this work for first time anti-
inflammatory imprinted hydrogels were prepared which could have applications in

anti-inflammatory therapeutic contact lenses.

Barahona et al. (2010) imprinted thiabenzadole using two different imprinting formats:
core-shell microspheres by precipitation polymerisation and grafted MIP layers via SI-
PIMP with DTCE as photo-inifeter. SI-PIMP was carried out at 15 °C for four hours
under UV-irradiation whereas the precipitation polymerisation was in two steps at 60
°C for 26 hours. The two types of materials were loaded in to HPLC columns as the
stationary phases. Both materials demonstrated good imprinted properties. SI-PIMP
MIPs were prepared in a one step fast procedure and using only a fraction of the

reagents typically used to prepare particles from bulk polymers.

A novel restricted access MIP was synthesised using SI-PIMP (Xu et al. 2010). The
material was prepared by “grafting from” polymerisation via DTCE iniferter of two
layers of polymers with different functions on a silica support. The internal polymer

layer was imprinted poly (methacrylic acid) with sulfamethazine template during UV
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irradiation in ice-water bath. On the exterior of the material the hydrophilic poly
(glycidyl methacrylate) was grafted during UV irradiation at 40 °C. The result showed
that this restricted access MIP structure had good selectivity for the template and the
ability to exclude bovine serum albumin. This result demonstrated that the thus
synthesised material could be successfully applied to sample extraction and clean-up

of sulphonamides in real samples such as bovine milk.

The first report of precipitation polymerisation via SI-PIMP to produce MIPs was also
introduced (Li et al. 2010). The imprinted 2 um diameter poly (ethylene glycol
dimethacrylate) microspheres for the herbicide 2,4-dichlorophenoxyacetic acid were
characterised with narrow polydispersity, high selectivity over structural analogues,
and fast template rebinding kinetics. As iniferter benzyl dithiocarbamate was used. The
polymerisation was performed at 37 °C for ten hours under UV irradiation. The
iniferter surface groups were further used in the “grafting from” technique to form
polymer brushes of poly (N-isopropylacrylamide) which contributed to the polymer

water compatibility.

Molecularly imprinted membranes for the selective transport and separation of
lysozyme were synthesised in a novel way (Chen et al. 2010). The poly (acrylonitrile-co-
N,N’-diethylaminodithiocarbamoylmethylstyrene) imprinted membrane was prepared
via a phase inversion method and surface modified with the photosensitive DTCE
group for SI-PIMP. The results indicated excellent selectivity and separation
performance of the membrane that were assigned to the size and structure of the
imprinted sites, which offers great potential for separation and purification in

commercial applications.

Prasad et al. (2011) reported the creation of a biosensor for L-histidine produced via
“grafting from” approach with iniferter. The electrocatalytic activity of the material
was enhanced due to the Cu®" ion-mediated imprinting on graphite electrodes. The
limit of detection was as low as 1.98 ng mL™. The authors reported no cross-reactivity

and non-specific binding in real samples for enantioselective sensing.
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The combination of SI-PIMP and MIP is beneficial due to the improved characteristics
of the materials, more flexible systems in terms of variety of MIP formats and better
control over the process. The evidence for this fact over the last five years lies in the
extremely rapid increase in the number of the publications related to the topic. The
better control over the polymerisation process contributes to better imprinted
properties of the materials. Nevertheless the production processes are shorter and
simpler. There is no need to apply high temperature during polymerisation which is
favourable for non-covalent imprinting and increases the number of templates
available for imprinting and the affinity to the template. There is no need for the use of
extra compounds such as initiators or metal ions that are not incorporated into the
structure of the synthesised polymer that will affects the purity of the resultant
polymer, thus more thorough washing procedures could be avoided and more
environmentally friendly materials could be synthesised. The use of a specific iniferter
is not directly connected to a monomer which could be polymerised in a certain
system. This provides a very flexible polymerisation technique that does not need to
be connected with good synthetic chemistry abilities. Future work on the topic should
contribute to the development of different formats of MIPs with higher binding

energies and enhanced selectivity.
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1.5 Conclusions

MIPs are a promising tool for the development of “tailor-made” sensing elements.
Their formulation in nanoscale formats, such as nanoparticles and nanolayers, could be
advantageous for their better processability and sensitivity. The application of SI-CRP
techniques in the production of MIPs leads to enhancements of their imprinted
properties. It also leads to very well tunable thickness of the polymer layer and also to
the possibility of reinitiation of the process to provide layer-by-layer grafting of
different polymer layers. The last could provide a better tuning of the compatibility of
a specific composite in different polarity media and change in the surface properties of
a particular material. SI-CRP also introduces specific surface functionalities on the

synthesised materials which could be further used for additional surface modification.

From the known SI-CRPs, SI-NMP has received the least attention due to the need of
high polymerisation temperatures (above 100 °C) during the polymer synthesis
process. This restricts its application in non-covalent imprinting because of the
detrimental influence of high temperatures on the non-covalent monomer-template
interaction. The number of templates that could be applied in SI-NMP is very limited as
well. In SI-ATRP the polymerisation temperatures are significantly reduced but the use
of metal ions is required as part of the initiation mechanism, which requires longer
washing procedures of the resulting polymer. SI-RAFT polymerisation involves a
number of organic initiators that require precise and specific tuning of the
polymerisation conditions for each target-monomer mixture. SI-PIMP is the most
promising tool for the synthesis of well defined MIPs. It is the fastest and the simplest
of all. It could be conducted even at sub-zero temperatures, does not involve any
additional initiators or metal ions that are not incorporated in the polymer matrix, and
does not require additional tuning of the polymerisation conditions for the different
template-monomer mixtures. A disadvantage of this technique could be the restricted
application for UV sensitive templates such as proteins, although there are examples in

the literature of the successful application of the technique in protein imprinting.
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For the reasons stated above SI-PIMP with DTCE was chosen as the most appropriate
polymerisation technique for the work presented in this thesis. In Chapter 2 it was
applied in the form of the “grafting from” technique where dendrimers, modified on
their periphery with DTCE groups, were used as the core in the synthesis of core-shell
MIP NPs, imprinted with the pesticide acetoguanamine. In Chapter 3 a new N-
substituted polyaniline (PANI) was synthesised. Each of the polymer units contains a
DTCE unit in the side chain that can be used in surface-confined grafting of different
polymer layers. The technique provides a rapid metod of surface modification of the
conductive polymer layer that could be deposited for example, on a sensor surface.
The enhancement of conductivity upon UV irradiation in variety of N-substituted PANIs

bearing DTCE groups is discussed in Chapter 4.
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2 Cubic MIP Nanoparticles — Building Blocks for a Bright Future
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2.1 Introduction

The fast, sensitive and selective detection of organic pollutants is of a vital importance
for human health and for the environment. Molecularly imprinted polymers (MIPs) are
one of the leading contenders, combining selective recognition with chemical
robustness (Mayes and Whitcombe 2005; Chen et al. 2011; Ye and Mosbach, 2008;
Alexander et al. 2006; Haupt and Mosbach, 1998; Wulff 1995). MIPs have already been
exploited in biosensors (Kim et al. 2011; Lautner et al. 2011; Suryanarayanan et al.
2010; Al-Kindy et al. 2000). The synthesis of these types of materials with molecular
architectures which are well defined on the molecular level is a future priority
development. For this reason preparation of MIPs via surface-initiated controlled
radical polymerisation (SI-CRP) has been extensively studied during the last decade
(see Chapter 1, Literature Review). Preparation of MIPs in nanoformats would benefit
from increased surface area per unit mass and hence a larger number of accessible

binding sites (Poma et al. 2010).

Recognition of organic compounds is a great challenge as the involved interactions are
the weak hydrophobic and van der Waals interactions, and hydrogen bonding.
Fluorescence sensing is so far the dominant analytical tool for environmental analysis
and for biological imaging (Liu et al. 2011; Basable-Desmonts et al. 2007). The direct
detection of binding in MIPs and other artificial receptors would be a desirable
property and one method of achieving this aim is through allowing binding to influence
the fluorescent properties of the material. Fluorescent MIP nanoparticles (NPs), with
their large surface areas, enable them to amplify the fluorescent signal of detection for
higher sensitivity in bioassays. The fluorescent label could be incorporated in the

template, in the MIP shell, or in the core of MIP NPs.

When the template is fluorescently-labelled a precise physical quantification of the
binging events could be achieved (Harz et al. 2011; Lalo et al. 2010; Gultekin et al.
2009; Wang et al. 2008; Lu et al. 2007). All examples characterise the binding event
with a quenching of fluorescence. In this approach each binding event would be

characterised with direct fluorescent responce. It has the drawback of requiring
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additional synthetic steps in order to chemicaly modify of the target analyte, which is

not convenient in many cases.

In the preparation of fluorescent MIP shell NPs in general two approaches have been
introduced. In the first one a fluorescent functional monomer is used for the synthesis
of the composite (Liu et al. 2011; Hoshino and Koide et al. 2010). In the second
approach the fluorescent label is attached to the accesible part of the MIP shell after
the synthesis (Yang et al. 2009; Gao et al. 2008). In these approaches quenching of
fluorescence was observed when binding occurred. An interesting approach was that
used by Frasconi et al. (2010) where thioaniline-functionalized gold NP composites
were prepared during electropolymerisation in the presence of different template
molecules that had m-acceptor groups, the latter forming fluorescent m-donor-acceptor
complexes between the substrates and the thioaniline units of the NPs. Fluorescent
guenching was induced when the template molecule was rebound. These approaches
also involve additional synthetic modification steps, but this time of the polymer
matrix itself, rather than to the monomers prior to synthesis. This leads to limitations
in the choice of imprinted molecules. When the fluorescent modification is done after
polymerisation it could influence the binding event in case of modification occurring in
the binding sate. Another disadvantage could be the enhanced fluorescent leaching of

the dye when exposed to direct contact with different solvents.

There are only two different reported approaches for florescent core MIP NPs. In one
of the cases this was the cost ineffective quantum dots coated with MIP (Ye et al.
2011; Zhang et al. 2011). And in the second two layer NPs were created, where the
first layer was a fluorescently-labelled polymer and the second, outer layer was the
MIP (Li et al. 2011). Fluorescent quenching was observed when binding occurred. The
advantage of this approach is that the fluorescent label is shielded in a polymer shell
where it is protected from the environment, and also there is no restriction on the
type of template chosen or the monomer used in the imprinting process. In both of the
given examples though, no precise control over the fluorescent labelling could be

established.
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The approach we applied was to use dendrimers as the core from which to graft a MIP
shell to form imprinted NPs (Scheme 2.1). Dendrimers are biocompatible, soluble,
highly-branched well defined and organised structures that have low solution viscosity
compared to linear polymers of the same molecular weight, with a strictly defined
number of surface functionalities, and regular shape and size (Suarez et al. 2011;
Klajnert and Bryszewska, 2007) (Figure 2.1). Using dendrimers as the core in a
controlled or “living” polymerisation would ensure precise control of grafting at the
molecular level. An earlier example of the use of dendrimers in the production of MIP
NPs was reported in the work of Zimmerman et al. 2002: a dendrimer bearing allylic
terminal groups was cross-linked, by olefin metathesis, around a single porphyrin
template at the core of the molecule. The method had the advantage of
thermodynamic control during the cross-linking process, but necessitated the use of
covalent imprinting. In addition the monomolecular imprinted NPs formed had only
one binding site at the centre of the particles and involved a long and tedious
synthesis. The use of dendrimer-based macro-initiators for the synthesis of star
polymers and NPs using atom transfer living radical polymerisation (Ogawa et al. 2010)
and microemulsion polymerisation (Yi et al. 2004) have been reported. Unfortunately
the polymerisation conditions are mostly incompatible with the imprinting process
(high temperature, presence of ions etc.). Much more favourable conditions are
associated with use of iniferters (initiation, transfer agent, termination) (Otsu, 2000)
and nitroxide-mediated polymerisation (NMP). TEMPO-based stable radicals were
attached to the interior of dendrimers of various sizes and used to initiate NMP of
styrene, vinyl acetate, and (meth) acrylates at 90 °C (Matyjaszewski et al. 1996),
however as pointed out in Capter 1, the high temperatures demanded by NMP are
unsuitable for use in imprinting. For these reasons the iniferter method was chosen for

the work presented in this chapter.
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Development of Advanced Molecularly Imprinted Polymers via Surface-Initiated ”“Living” Polymerisation
Chapter 2: Cubic MIP Nanoparticles-Building Blocks for a Bright Future
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Scheme 2.1: Schematic representation of the synthesis of the NPs. S-(carboxypropyl)-N,N-
diethyldithiocarbamic acid (CNDDA) was reacted with the primary amino groups at the surface
of the dendrimer via EDC coupling. The macroiniferter formed in this way was used further in a
UV-initiated living radical polymerisation to create MIP NPs. The template was
acetoguanamine which is known to form complexes with methacrylic acid (functional

monomer). The resultant NPs were fractionated by affinity chromatography.
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Figure 2.1: Schematic representation of the structure of polyamidoamines (PAMAM) 25% C;,
(N-(2-hydroxydodecyl) groups) dendrimers, generation 4.

In this chapter a novel approach towards the synthesis of water compatible MIP NPs
will be discussed and described in details. Surface-initiated photo-inifeter mediated
polymerisation (SI-PIMP) will be applied in the preparation methodology. The
preparation protocol does not use surfactants or high temperatures and is achieved in
just two minutes polymerisation time. A unique versatile and highly controlled
technique  combining  dendrimer  macroiniferters,  living  polymerisation,

nanotechnology, molecular imprinting and fluorescent sensing is demonstrated herein.

The organic compound acetoguanamine (6-methyl-1,3,5-triazine-2,4-diamine) was
used as the imprinted template. It is a triazine-based compound that is a close
structural analogue of melamine (Wang et al. 2011) and of the herbicide atrazine (Xu
et al. 2011). When melamine is combined with cyanuric acid and related compounds it
forms melamine cyanurate and related crystal structures, which were implicated as
contaminants in recent cases of food adulterations, such as the contamination of dried

milk that occurred in China (www.bbc.co.uk, “China milk poisoning cases rise”,

22/09/2008). Melamine was involved in poisoning due to its illegal addition to food

stuffs. It was discovered that melamine-adulterated food causes severe kidney
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damages in children and pets. Atrazine is one of the most widely used herbicides
worldwide. Its use is banned in the EU due to widespread contamination of drinking
water and its associations with birth defects and menstrual problems when consumed

by humans.
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2.2 Results and Discussion

2.2.1 Surface modification and characterisation of PAMAM dendrimers

Dendrimers are biocompatible macromolecules possessing highly defined regularly-
branched structures, a well defined shape, size and number of peripheral
functionalities. Iniferter units were attached on the periphery of polyamidoamine
(PAMAM) dendrimers, (25% Cy, [N-(2-hydroxydodecyl)], generation 4), (Scheme 2.2, 4)
creating a soluble macroiniferter which was then used as a core for the synthesis of the
nanoparticles (NPs). As iniferter S-(carboxypropyl)-N,N-diethyldithiocarbamic acid
(CNDDA, 1) was used. CNDDA was synthesised following a protocol described in a
previous work (lvanova-Mitseva et al. 2011). The dithiocarbamate ester (DTCE)
functionalised with carboxylic acid was coupled to the peripheral primary amino
groups of the dendrimers via 1-ethyl-3-(dimethylaminopropyl)-carbodiimide
hydrochloride, (EDC, 2) coupling reaction. The modified dendrimers were
characterised by nuclear magnetic resonance (NMR), fluorescence-labelling to
determine primary amino groups and dynamic light scattering (DLS) measurements of

the hydrodynamic diameter, before and after modification.
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Scheme 2.2: The surface modification of PAMAM, 25% C,,, generation 4, dendrimer (4) with
iniferter groups (CNDDA, 1) via standard EDC (2) coupling reaction leading to the formation of

macroiniferter (5).

EDC is a water-soluble derivative of carbodiimide. EDC reacts with carboxyl groups to
form reactive o-alkylisourea intermediates (3). In the absence of water these

intermediates form stable amide bonds by reaction with primary amines. The only by-
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product of this reaction is a water- soluble urea derivative (6), which is easily removed
by extraction. Different methods for the product purification were tried: ethyl
acetate/water extraction, filtration through a 20,000 M,, centrifuge filter, Saphadex
size-exclusion column separation and dialysis. Ethyl acetate/water extraction had some
disadvantages: namely poor solubility of the dendrimers and very slow phase
separation, on the other hand the method has the advantages of simplicity and
relative speed. For the filtration method, the process was very slow and part of the
product could not be recovered from the membrane. The Sephadex size-exclusion
approach needed optimisation, involved long separation times, and required large
volumes of solvent. The procedure chosen for the isolation of the product was

extraction, as it was the fastest and simplest method.

The hydrodynamic size of the macromolecules was measured and compared using DLS
(Nano-S, Malvern Instruments, Malvern, UK, Figure 2.2). A clear increase of particle
diameter of approximately 4 nm was observed. This was good evidence that some
structural changes occurred which resulted in an increase of the particles
hydrodynamic diameter. Both of the samples analysed demonstrated narrow size

distributions.
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Figure 2.2: Dynamic light scattering (DLS) size distribution for (blue diamonds) PAMAM, 25 %
C1, with maximum peak intensity at 6.5 nm and (pink squares) macroiniferter, with an intensity

peak maximum at 10.1 nm.

The isolated macroiniferter was characterised using 'H and *C NMR spectroscopy
(Figure 2.3 and Figure 2.4, respectively). Figure 2.3 shows the appearance of two broad
signals at around 3.9 ppm and around 3.7 ppm in the spectrum of the modified
dendrimer. These two signals were as assigned to the two methylene groups from the
ethyl groups connected to the nitrogen of the DTCE residues. They are non-equivalent
due to restricted rotation around the -C(=S)-N- bond. The broadening of the peaks as
compared to the native spectrum of CNDDA was also an expected characteristic when

this functional group is attached to macromolecular species such as dendrimers.
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Figure 2.3: 'H NMR spectra; A. CNDDA; B. macroiniferter; C. PAMAM 25% C,,, generation 4,
dendrimer. All spectra were recorded in methanol — D,. The arrows (in A and B) indicate the
signals assigned to the methylene groups of the diethyldithiocarbamate residue ethyl

substituents.

Figure 2.4 shows the appearance of a peak at around 200 ppm in the spectrum of the
modified dendrimers, assigned to the diethyldithiocarbamate thiocarbonyl residue,
which is absent on the spectrum of the unmodified dendrimers. This was taken as clear

evidence that the modification was successful and the CNDDA unit was present.
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Figure 2.4: BC NMR spectra; A. macroiniferter; B. PAMAM 25% C,, dendrimer. All spectra were
recorded in methanol — D,. The characteristic peak of the carbonyl residue from the

dialkyldithiocarbamate group at around 200 ppm is shown circled in red.

The interpretation of the spectra of such macromolecules as dendrimers is a challenge
even for specialists in the field of NMR spectroscopy. The explanation of this is the
presence of groups with similar shifts in multiple repeat units. One peak in the
spectrum could therefore be due to several groups in structurally and magnetically
similar environments. Table Apx A.1 (5A.1, page 213) shows the theoretically
calculated values of the molecular weight, molecular formula and number of different
groups, including the number of different non-equivalent protons from the different
methylene groups present in perfect dendrimers of the PAMAM type with 25 % Cy,
substitution, for generations from 0 to 5. Table Apx A.2 (5A.1, page 213) includes the

same type of information but for the synthesised macroiniferter.

In order to evaluate the degree of modification of the dendrimers the quantification of
the number of primary amine groups on the dendrimer surface was performed. The
chemistry used was based on nucleophilic addition of a mercaptan (Scheme 2.3, 8) to o-
phthaldialdehyde (7) which resulted in the formation of hemithioacetal (9), which

reacted almost immediate with the free primary amino groups (10) to form a
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fluorescent isoindole (11) at ambient temperature. The rate of the chemical reaction
was monitored as a function of time by measuring the fluorescence intensity maximum
after twenty minutes, as by this the reaction was judged to be complete (no further

increase in fluorescence emission intensity, data not shown).
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Scheme 2.3: The reaction between o-phaldialdehyde (7), a mercaptan (8) and a primary amine
(10), via a hemithioacetal intermediate (9), leading to the formation of a fluorescent isoindole

(11).

The protocol was adapted from Piletska et al. 2000. Methanol was used as solvent due
to the limited solubility of the dendrimers in water. In order to maintain the basic
environment required for this reaction to proceed, triethylamine was used in place of
phosphate buffer, due to the nature of the solvent used. The excitation and emission
spectra were different from those reported in the cited work. The excitation and
emission maxima were 250 and 430 nm, respectively (instead of 347 and 400-460 nm)
(Piletska et al. 2000) as can be seen from the 3D spectrum shown below (Figure 2.5, A).
The shift in the excitation maximum could be explained by the fact that there was a
different format of spherical macro fluorescent species, namely dendrimers. This
phenomenon could be due to the presence of tertiary amino groups in the dendrimer
core and in the branches. It could be assumed that the backbone of the dendrimer
plays a key role in forming the novel fluorescent centre with strong blue

photoluminescence in pH range down to 6 (Dongjun and Imae, 2004).

60



EEM for 14070901.SPC (Exposure: 1s)

689.212

626.584

568.555

508.226

447 898

387.569

Excitation (nm)

327.24

266.912 Q

206.583

146.254

85.9258

227.733 276.341 324.945 373.556 422.164 470.772 519.38 567.988 616.596 665.204 713.512
Emission (nm)

700000

600000

500000

400000

300000

Intensity [a.u.]

200000

100000

0 T T S T T 1

300 350 400 450 500 550 600
Wavelength [nm]

Figure 2.5: Fluorescence spectrum: A. 3D spectrum of isoindole complex the periphery of
PAMAM 25% C;, dendrimer in methanol; B. Emission spectra of isoindole dendrimers in

methanol: (pink solid line) PAMAM 25% C,, dendrimer and (blue dashed line) macroiniferter.

The strong blue luminescence produced after the treatment of the dendrimers with
thioacetal, originates from the derivatised surface amino groups of the PAMAM
dendrimers. From the 2D emission fluorescence spectrum (Figure 2.5, B) it could be
seen that there was almost no fluorescence after modification with DTCE groups. This
result was attributed to the fact that there were no free amino groups left on the

surface of the dendrimers after the modification with CNDDA. The excitation maximum
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was set to 250 nm and the emission spectrum was measured between 300 and 600
nm. Lee et al. (2004) reported that the surface groups bring highest impact on
dendrimer fluorescence. Although he did the experiments with hydroxyl-surfaced
dendrimers, the results shown in this work represents the same conclusion. This blue-
luminescent chemical species may have potential applications as a novel fluorophore
for molecular diagnostic, chemosensors and optoelectronics (Georgiev and Bojinov,

2010; Grabchev et al. 2010).

Based on the experiments shown above, (*H and *C NMR spectra, DLS hydrodynamic
diameter measurements and fluorescence spectroscopy), it can be concluded that the

modification of the dendrimers was successfully accomplished.

2.2.2 Synthesis of MIP NPs

In order to first characterise the properties of dendrimer-core NPs, a non-fluorescent
core was first used. The polymerisation was initiated simultaneously from potentially
48 points per dendrimer moiety by activation with UV light (Scheme 2.1). In just two
minutes irradiation time the organic MIP NPs were synthesised. The use of UV-initiated
living radical polymerisation, besides imparting better control over the size
distribution, has another fundamental advantage. The polymerisation process can be
re-initiated by UV exposure, where the already synthesised NPs will act as a
macroinitiator (Otsu, 2000), allowing many possibilities for further modification of the

particle surface properties.

A model system based on crosslinked methacrylic acid polymers imprinted with the
triazine derivative 2,4-diamino-6-methyl-1,3,5-triazine (acetoguanamine), which is a
close structural analogue to melamine, was chosen. Triazines have been successfully
imprinted before, using similar monomer compositions (Guerreiro et al. 2009;
Sergeyeva et al. 1999; Muldoon and Stanker, 1997). The use of high monomer
concentration in the present method favours the formation of stable template-

monomer interactions and should lead to the formation of high affinity binding sites in
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the MIP (Guerreiro et al. 2009). Control (Blank) polymers were prepared following the
same protocol but in the absence of template. The NPs produced were characterised
by DLS measurements (Figure 2.6). UV initiation was utilized to ensure the formation
of polymer recognition binding sites in a controlled manner. Grafting from the surface
of the dendrimer macroiniferter was achieved in solution and without the use of
surfactants. The NPs were separated by affinity purification to isolate a fraction with

high affinity for the template (Guerreiro et al. 2009).

—e— Blank
18 - —=— MIP

Intensity [%)]
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Figure 2.6: Size distribution of (blue diamonds) Blank NPs separated on affinity column at 4-6
minutes with mean hydrodynamic diameter of 220 nm and (pink squares) MIP NPs, affinity

separated with mean hydrodynamic diameter of 246 nm.

The zeta potential of MIP and Blank NPs, dispersed in three different solvents, was
determined using a Zetasizer Nano ZS. A summary of the results shows significant
variation in the zeta potentials, depending upon the solvent used (Table 2.1). These
results correlate with and help to explain the changes in observed particle size of the
samples. It was shown that both sample types (MIP and Blank) exhibit particle sizes of
around 250-350 nm when dispersed in acetonitrile, however apparent particles size
increased after replacing the solvent with water or phosphate buffered saline (PBS).
The size of the MIP NPs in acetonitrile was measured as 341.9 nm, however sizes of

662.7 or 827.8 nm were measured in PBS or water respectively. Similarly the diameter
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of Blank NPs in acetonitrile was 253.7 nm, increasing to 905.8 nm in PBS and 765.4 nm
in water. This observation correlates well with the zeta potential measured for both
samples. Zeta potential gives an indication of a material’s stability in suspension and
liability to agglomeration. A large zeta potential indicates a high degree of repulsion
between adjacent particles and assures that the dispersion will be stable. A small zeta
potential means the attraction between particles will exceed repulsion and the
dispersion will tend to flocculate or aggregate. Zeta potential values between +10 and
130 are characteristic for dispersions which are considered as incipiently unstable
(Callejas-Fernandez et al. 1993). Blank NPs shows a high zeta potential in acetonitrile,
indicating a well dispersed and stable suspension, but in water/PBS the zeta potential
is fairly low, suggesting the sample may be aggregating which explains the increase in
particle size. Although the magnitudes of zeta potential of MIP NPs are similar in both
aqueous and organic media, the sample exhibits a positive zeta potential when
dispersed in acetonitrile and negative zeta potentials in water/PBS. This means that,
upon displacement of the acetonitrile, the sample must pass through 0 mV, allowing
aggregation of the particles to occur and hence resulting in an increase in the observed
particle size. This inversion of charge was not observed with Blank NPs. The
explanation of this could be due to the fact that these are two different polymers
although synthesized in a similar but not exact manner. The recorded low values are
still near 30, which means that the process of aggregation is not fast. Despite the
observed change in diameter dependant on the solvent used, the synthesised NPs
show narrow size distributions, comparable to that of the dendrimers. This is as a

result of the controlled polymerisation.
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Table 2.1: Measured size and zeta potential for MIP and Blank NPs in different solvents.

type NPs MIP Blank

solvent PBS water  acetonitrile PBS water acetonitrile
size[nm] 662.7 827.8 341.9 905.8 768.4 253.7
PDI* 0.408 0.251 0.457 0.243 0.216 0.725
zeta potential [mV] -23.7 -16.5 17.5 -22.8 -20.5 -56.8

*Poly-dispersity index (PDI)

MIP and Blank NPs were analysed by SEM (Figure 2.7.A and Figure 2.7.B). Surprisingly,

the analysed samples were found to contain particles approximately cubic in shape,
with sizes between 200 and 300 nm. Reducing the irradiation time for formation of the
imprinted shell to one minute resulted in the formation of 100 nm, and to thirty
seconds of 60 nm, NPs. The shape however was consistent in all cases (Figure 2.7.D
and Figure 2.7.E). Additional images and electron diffraction patterns of Blank NPs
were recorded using transmission electron microscopy (TEM) (Figure 2.7.C). The cubic
shape and size are consistent with the scanning electron microscopy (SEM) images.
Electron diffraction of the particles suggested they are amorphous rather than
crystalline in nature (Figure 2.7.F). Chemical analysis using energy-dispersive X-ray
(EDX) showed major peaks for carbon and oxygen, with a weak peak due to silicon
(Figure 2.7.G). Peaks assigned to copper came from the support grid. No other
elements were observed to be present. The weak silicon peak may come from the
detector (Smith, 1979) or may be present in the sample. Glassy SiO, can show an
amorphous structure, however, the peak due to silicon would be much larger in the
case of a glassy SiO, particle. The possibility of glassy SiO, particle can be completely
excluded on the basis of the sample preparation as well. Thus the organic nature of the
cubic-shaped organic NPs could be unambiguously confirmed. A survey of the
literature failed to show any similar morphology in organic polymer particles from

homogenious solution, suggesting that the cube-like appears to be a novel
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observation, the shape presumably arises as a result of polymerisation from a

dendrimer core.

Figure 2.7: (A) SEM micrographs of MIP NPs (scale bar 200 nm); (B) SEM micrographs of Blank
NPs (scale bar 200 nm); (C) TEM of Blank NPs (scale bar 200 nm); (D) SEM micrographs of MIP
NPs prepared by one minute irradiation time (scale bar 100 nm); (E) SEM micrographs of MIP
NPs prepared by thirty seconds irradiation time (scale bar 100 nm); (F) Electron diffraction
pattern of a cube-like particle; (G) EDX spectrum of a cube-like particle suggested it is rich in

both carbon and oxygen.
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2.2.3 Polymer affinity testing

The ability of the synthesised NPs to bind to the target compound was demonstrated
by surface plasmon resonance (SPR) using the Biacore 3000 instrument. The surface of
the Biacore chip was modified with melamine, a structural analogue of the template
compound. Melamine (1,3,5-triazine-2,4,6-triamine) is similar to acetoguanamine (6-
methyl-1,3,5-triazine-2,4-diamine) in that both possess the diamino-triazine motif
imprinted into the polymer, but the former has an additional amino group (useful for
attachment to the sensor chip) whereas the latter has a methyl group. Attachment of
melamine via one of its amino groups to an aldehyde-functionalised SPR chip exposed
the common recognition motif at the sensor surface. The aldehyde-modified surface
was prepared by reaction of glutaraldehyde with a self-assembled monolayer (SAM) of
2-mercaptoethylamine on the gold surface (liang et al. 2003). This modification
procedure was followed by static contact angle measurements of the surface at each

stage of modification (Table 2.2).

Table 2.2: Static water contact angle in air for surface-modified gold Biacore chips after each

stage of modification.

) ‘ atrazine
i -mercapto
nature of b|a.|core gold P glutaraldehyde melamine deisopropyl
surfaces chip ethylamine

134 57.7 49.9 57.2 45.7
Water contact 5 ) 57.3 49.0 57.2 46.0
angle [deg]

12.1 57.3 48.6 57.0 45.1
Average [deg] 12.9 57.4 49.2 57.1 45.6
Standard 0.71 0.26 0.65 0.13 0.48
deviation

Representative SPR sensorgrams, obtained during a series of MIP sample injections of
increasing concentration, is shown in Figure 2.8. The concentration of the NPs in PBS
was determined by UV/Vis spectrometry (Amax = 277.5 nm) using a calibration curve,

obtained from gravimetric analysis of dried samples. The concentration of accessible
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binding sites was estimated using the method described in 5A.2 (page 217, Figure Apx

A.1 and Figure Apx A.2). The estimates of binding site concentration were based on a

number of assumptions; hence the calculated dissociation constants should not be
regarded as absolute values, rather they provide a valid basis for comparison of
materials. On the basis of these estimates, the apparent dissociation constant, K, was
determined using the Biaevaluation software, provided by Biacore, to be 1.76 x 10 m
for MIP, and 1.11 x 10 M for Blank NPs. Since Blank particles were also subjected to
affinity separation some binding to the melamine chip would be expected. Indeed
Shea and co-workers (Hoshino and Haberaecker et al. 2010) recently showed that the
high affinity NPs for a complex biological target could be selected from a population of
non-imprinted NPs by affinity separation alone. However, as it is proven in the present
case, the affinity of Blank NPs is clearly not as high as the affinity of MIP NPs which

originates from the imprinting process itself.
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Figure 2.8: Above: Sensogram showing binding of MIP NPs to the specific ligand (melamine,

solid line) and to a non-specific analogue (atrazine desisopropyl, dashed line) immobilised on
Biacore sensor chips. Concentration of surface-accessible imprinted binding sites estimatedto
be present in the undiluted dispersion of MIP NPs in PBS was 2.19 mM (Figure_Apx A.1, 5A.2,
page 217). Injections were made in order of increasing concentration using dilutions of:
1/10000; 1/1000; 1/100; 1/10; 1 with respect to the stock NPs dispersion. Below: schematic

representation of the binding between the immobilised ligand (A. melamine and B. atrazine
desisopropyl) and MIP NPs.

To assess the selectivity of the MIP NPs, an analogue of the template, 2-amino-4-
chloro-6-ethylamino-1,3,5-triazine (also known as atrazine desisopropyl) was used to
modify the surface of the Biacore chip, in place of melamine, following the

fictionalisation procedure described above. Both compounds possess a triazine core

but have different substituents. Analogously to the above experiment, SPR

sensorgram, obtained during a series of MIP NPs sample injections of increasing



concentrations, is shown in Figure 2.8. The apparent K, calculated for MIP NPs was 3 x
10® M and 3.2 x 10 M for Blank on the non specific surface. The MIP NPs showed
higher affinity (lower Kg) for both surfaces compared with Blank, however the affinity
of MIP NPs for the non-specific surface was lower than that of the Blank NPs to the
specific surface. The K, for MIP binding to the specific surface is 2 orders of magnitude
lower than that of the Blank binding to the same, while the K4 for MIP binding to the
non-specific surface is 2 orders of magnitude higher than that for MIP binding to the
specific surface. Therefore the MIPs show 100-fold higher selectivity for the template

with respect to an analogue and with respect to the Blank binding to the template.

2.2.4 Fluorescent sensing

In order to investigate how NPs made by this approach would perform as a fluorescent
sensor, a fluorescent label (dansyl, Scheme 2.4, 14) was covalently attached to 50 % of
the core dendrimer peripheral amine groups (13) by coupling with dansyl chloride
before polymerisation of the shell to form the fluorescent macroiniferter (15). Prior to
this modification 50% of the amino groups of the PAMAM dendrimer (12) were
modified with iniferter group (1) to form the graftable core (13). MIP shell was created
over the dendrimer core by irradiation for one minute using a polymerisation mixture
four times more diluted than previously used in order to create a thinner polymer
shell. A better sensitivity of the core would be achieved in this way. Cubic NPs with the

dimensions of 50 nm were created in this way (Figure 2.9).
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Scheme 2.4: Schematic representation of the synthesis of fluorescent macroiniferter (15).
PAMAM dendrimer, generation 4 (12) was 50% surface modified with CNDDA (1) to form the
product (13). The rest of the free amino groups from the periphery of (13) were modified with

the fluorescent dye dansyl chloride (14).

Figure 2.9: Scanning electron micrographs of fluorescent core NPs prepared by one minute

irradiation time of: A. MIP and B. Blank (scale bar 500 nm).

The method allows the formation of NPs with a precisely controlled quantity of
fluorescent label per each particle. Covalent attachment of the flourophore to the core
prevents their migration within the polymer shell and shields them from the
environment. The template was removed with series of washes (acidic and basic) using

centrifuge filtration tubes.

Exposing the fluorescent-core NPs to solutions containing different concentrations of
the template (Scheme 2.5, (16)) for just ten minutes resulted in a concentration

dependant increase in the NPs fluorescence (Figure 2.10). The local environment of the
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dansyl group, including the hydrophilic/hydrophobic nature of the solvent, determines
its fluorescent properties (Srivastava et al. 2011). Binding of template to the imprinted
polymer shell will lead to expulsion of solvent molecules and changes in conformation
of the polymer shell which have an indirect effect on the fluorophores located at the
core-shell boundary. In this particular case this led to an observed increase in
fluorescence of dansyl-labeled NPs on interaction with e.g. haemoglobin have been
reported (Liu et al. 2011). Almost no response was detected under the same
conditions with the Blank NPs. Almost no change in the level of fluorescence was seen
under the same conditions with Blank NPs, or with MIP or Blank NPs in the presence of
analogues of the template (Scheme 2.5, Atrazine desisopropyl (18) or Simazine (19)).
Both of the polymers were used without affinity separation. The limit of detection was

calculated to be 3 x 10 M.
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Figure 2.10: Intensity of the fluorescent response of MIP and Blank NPs to different
concentrations of the template and close analogues (Atrazine Desisopropyl or Simazine) in
acetonitrile after ten minutes incubation time. Iy is the intensity of the emission maximum of
the NPs without the template and | is the intensity of the emission maximum of the NPs with

different concentrations of the template. Error bars represent +1 standard deviation (n=3).
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Scheme 2.5: Schematic representation of the chemical structures of: Acetoguanamine (16);

Melamine (17); Atrazine desisopropyl (18) and Simazine (19).
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2.3 Experimental Details

2.3.1 Materials

PAMAM — 25% C;, dendrimer, generation 4 (10 wt. % in methanol), 1,1’-azobis-
(cyclohexenanecarbonitrile), 1-(3-dimethylaminopropyl)-3-ethyl-carbodiimide
hydrochloride, acetic acid, acrylic acid, ethyleneglycol dimethacrylate, methacrylic
acid, trimethylolpropane trimethacrylate, 2-mercaptoethanol, o-phthaldialdehyde,
sodium diethyldithiocarbamate trihydrate, 3-aminopropyl trimethyloxysilane, extra dry
dimethylformamide (DMF), and extra dry acetonitrile were purchased from Sigma
Aldrich (UK). Sodium hydroxide and hydrochloric acid were purchased from Fisher
Scientific (UK). Atrazine desisopropyl was purchased from Riedel-de-Haen (Germany).
Glass beads (75 um) were purchased from Supelco Analytical (Bellefonte PA, USA).
NMR solvents were obtained from Goss Scientific (UK). Ultrapure water (Millipore) was
used for analysis. All chemicals and solvents were analytical or HPLC grade and used

without further purification unless stated otherwise.

2.3.2 Apparatus

NMR measurements were made using a JEOL ECX 400 MHz NMR and FT-IR spectra
were recorded using KBr disks on a ThermoNicolet Avatar-370 spectrometer (Nicolet,
US). For UV irradiation, a Philips type HB 171/A self-tanning UV lamp, fitted with 4
CLEO 15W UVA fluorescent tubes (Philips) with continuous output in the region 300-
400 nm, delivering 0.09 W cm™ at a distance of 8 cm, was used. Sessile water contact
angle (CA) measurements were made using a Cam 100 optical Angle Meter (KSV
Instruments Ltd., Finland) along with the software provided. Elemental analyses were
provided by Medac Ltd, Egham, UK. Mass spectra were obtained using a Waters LCT
Premier XE mass spectrometer. Optical densities were recorded using a UV/VIS

spectrophotometer (UV-1800 Schimadzu, Japan).

Dynamic light scattering (DLS) was used to characterize variation of the size of the

species using a Nano-S (Malvern Instruments, Malvern, UK) at 25 °C in a 10 mm path
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length glass cuvette. The data were analysed using the solvent parameters for
acetonitrile (dielectric constant 37.5, viscosity 0.343 mPa s, refractive index 1.34). The
parameters for the measured material, polystyrene latex was chosen (refractive index
1.59; absorption 0.01), as being the closest approximation to the present system. The
instrument was allowed to automatically select the attenuator position based upon
the observed scattering. The measurement duration and the number of runs were also

set to automatic. Three measurements were made per sample.

The analysis of zeta potentials for Blank and MIP NPs in acetonitrile was performed
using the technique of photon correlation spectroscopy using a Zetasizer Nano ZS in
conjunction with a zeta dip cell and 10 nm glass cuvettes at 25 °C. Five measurements
were done per sample. For the calculation of zeta potential, Henry’s function F (ka)
(the function of the dimensionless parameter) (Zaucha et al. 2011) was set to 1.0
(Huckel approximation). The data were analyzed using the same solvent parameters as
for DLS analysis. The instrument was allowed to automatically select the attenuator

position based upon the observed scattering. The voltage was fixed to 5 V.

Detailed examination of surface nanostructures (1.5 nm resolution) has been achieved
with a high resolution FEI XL30 SFEG analytical SEM. A JEOL 2000FX TEM equipped with
an Oxford Inca energy dispersive X-ray (EDX) was used to analyze the sample

microstructure and chemical composition.

Excitation and emission of solutions were measured in a 3 cm? quartz cuvette using a
FluoroMax-2 fluorimeter (ISA Instruments S.A (UK) Ltd., Jobin Yvon-Spex, Middlesex,
England) with Datamax software (v2.20; GRAMS/32 v4.11 level 1) by Jobin Yvon-Spex.

A Biacore 3000 (G.E. Healthcare, UK), which is a surface plasmon resonance (SPR)
instrument with a continuous flow system and four flow channels, and Au-coated chips
(SIA Kit Au) purchased from Biacore (Sweden) were used in this work. All the
experiments were performed at 25 °C. The change in Biacore response units (RU) is
directly proportional to the change of surface mass (1 RU is approximately equivalent
to 1 pg mm™). Typically each experiment was held at a flow rate of 15 pL min* and 75

uL injection volume (MIP and Blank NPs suspensions in PBS, pH 7.4). Prior to use the
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gold chips were cleaned for three minutes using oxygen plasma at 40 W in a plasma

chamber (Emitech, UK).

2.3.3 Synthesis of S-(carboxypropyl)-N, N-diethyl-dithiocarbamic acid (CNDDA)

S-(carboxypropyl)-N,N-diethyl-dithiocarbamic acid (CNDDA) (Scheme 2.2, 1) was
synthesised using a method adapted from the patent disclosed by Hook et al. (1957)
Acrylic acid (0.5 mol, 36.0 g, 1 equiv), diethylamine (0.5 mol, 36.5 g, 1 equiv) and
carbon disulfide (0.6 mol, 41.5 g, 1.1 equiv) were added dropwise in that order to a
cooled (0 °C) solution of sodium hydroxide (0.5 mol, 20.0 g, 1 equiv) in 200 mL water.
The mixture was stirred for thirty minutes at ambient temperature and then for thirty
minutes at 60 °C (bath temperature). After cooling in ice, the solution was acidified
with hydrochloric acid to pH 5.5. The oil formed in the reaction solidified on vigorous
stirring. This solid was filtered off and washed well with distilled water. The pale yellow
crystals (30% yield) were dried. UV (acetonitrile): Amax = 275 nm, (¢ = 4280 M 7(1);
334nm, (e=73M ' A7),

Spectroscopic data (CNDDA) (Scheme 2.2, 1):
IR (KBr) cm™ 700-600 (C-S), 1500-1470 (N-C=S), 1420-1210 (COOH), 1700 (C=0);.

'H NMR (400 MHz, DMSO-D, 25 °C) & 4.23-4.18 (2H, m, CH,CHs), 3.99-3.94 (2H, m,
CH,CHs), 3.63 (2H, t, ] = 6.88, CH,CH,COOH), 2.89 (2H, t, J = 5.96, CH,CH,COOH), 1.45-
1.4 (6H, m, N(CH,CHs);) ppm.

'H NMR (400 MHz, DMSO-Dg, 130 °C) & 3.88 (4H, t, N(CH,CHs),), 3.45 (2H, t, CH,S), 2.64
(2H, t, HOOCCH,), 1.23 (6H, t, N(CH,CHs), ppm.

3C NMR (400 MHz, DMSO-Ds, 25°C) & 193.56 (C(S)S), 172.77 (C(O)OH), 50.00
N(CH,CH;),, 48.00 N(CH,CHs),, 33.38 (HO(O)CCH,), 31.38 (CH,S), 12.29 (N(CH,CHs),),
12.33 (N(CH,CHs),) ppm.
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3¢ NMR (400 MHz, DMSO-Ds, 130 °C) & 193.88 (C(S)S), 171.52 (C(O)OH), 47.80
N(CH,CHjs);, 31.50 (HOOCCH,), 30.50 (CH,S), 11.20 (N(CH,CH3s),) ppm (The assignments
were based on COSY, DEPT and HMQC experiments made in DMSO-Dg).

HRMS (ES) Exact mass calculated Ci5sH»;N,05S; [M+H]+: m/z: 221.05 (100.0%), 223.05
(9.1%), 222.06 (8.9%), 222.05 (2.0%), found: 221.05.

2.3.4 Surface modification and characterisation of PAMAM dendrimers

S-(carboxypropyl)-N-diethyl-dithiocarbamic acid, (CNDDA, prepared as described
(lvanova-Mitseva et al. 2010) (20.77 x 10 mol, 4.57 g, 1.2 equiv) and 1-(3-
dimethylaminopropyl)-3-ethyl-carbodimide hydrochloride (EDC, 31.16 x 10 mol, 5.97
g, 1.5 equiv) were added in that order to 60 mL extra dry acetonitrile, in a round-
bottomed flask, equipped with magnetic stirring bar and septa under an argon
atmosphere (Scheme 2.2). The mixture was left to stir at ambient temperature for one
hour in the dark. Polyamidoamine (PAMAM) dendrimer, 75% amino and 25% N-(2-
hydroxydodecyl) surface groups (25% Ci,), generation 4 (9.94 x 10°® mol dendrimer,
representing 0.017 mol free surface primary amino groups, 2 mL, 10 wt. % in
methanol, 1 equiv) was added to the mixture. The mixture was left to stir for three
hours. The solvent was evaporated in vacuo. The residue was dissolved in 200 mL ethyl
acetate and twice extracted with 200 mL water. The organic layer was collected and
this solution was evaporated to remove ethyl acetate and the product dissolved in
absolute ethanol (50 mL) and evaporated again to remove the ethanol. This
dissolution/evaporation procedure was repeated five times to remove water as an
azeotrope. The product was characterized using *H and *C NMR (Figure 2.3 and Figure
2.4). Measurements of particles size via dynamic light scattering (DLS) were performed

using a Nano-S (Figure 2.2).

The covalent reaction between a dialdehyde, a mercaptan and free amino groups of
the dendrimers was used to evaluate the degree of the modification by measuring the

fluorescence of the isoindole product. Solutions of 2-mercaptoethanol (0.3 mL of a
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0.35 mg ml™ solution in methanol) and o-phthaldialdehide (0.3 mL of a 0.7 mg mL*
solution in methanol), methanol (2.4 mL) and triethylamine (3 uL) were prepared and
combined. This solution (3 mL) and PAMAM 25% C;,, generation 4, dendrimer (5 uL, 10
wt. % in methanol) were mixed and the fluorescence spectrum was taken as a function
of time (excitation wavelength, Eex = 250 nm, emission 300-700 nm) (Scheme 2.3 and
Figure 2.5). All measurements were made in triplicate. Excitation and emission of
solutions were measured in a 3 cm® quartz cuvette using a FluoroMax-2 fluorimeter.

The procedure is adopted from (Piletska et al. 2000).

2.3.5 Synthesis of MIP and Blank NPs

A mixture of freshly vacuum distilled methacrylic acid (monomer, 3.16 x 107 mol,
0.176 g), 2,4-diamino-6-methyl-1,3,5-triazine (template, 1.909 x 10-4 mol, 2.388 x 10-2
g), trimethylolpropane trimethacrylate (crosslinker, inhibitor removed by passing
through an Al,0; column, 5.263 x 10™ mol, 0.178 g), ethylene dimethacrylate
(crosslinker, inhibitor removed by passing through an Al,03 column, 9.474 x 10 mol,
0.188 g) and the surface modified PAMAM dendrimer 25% C,,, generation 4 (1 mL 10
wt. % solution in DMF) were mixed in 0.24 mL DMF. The mixture was degassed under
high vacuum with nitrogen via a triple freeze/pump/thaw method and polymerized
under UV radiation, for two minutes in a closed 12 mL glass bottle whilst stirring. An
identical procedure was used for the preparation of the Blank NPs but in the absence
of the template. This method was adapted from (Guerreiro et al. 2009). The NPs
suspensions were then separated on an affinity column packed with glass beads
surface-modified with melamine, a template analogue. The hydrodynamic size of the
obtained fractions of MIP and Blank NPs were measured using DLS using the Nano-S

instrument.
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2.3.6 Preparation of affinity adsorbent

Glass beads (75 um), were activated by boiling in 4 M sodium hydroxide for ten
minutes, washed with deionized water and acetone and then dried at 80 °C for two
hours. The beads were then incubated in toluene containing 2% (v/v) 3-aminopropyl
trimethoxysilane for three hours, washed with acetone and dispersed in PBS buffer (pH
7.2) containing 7% (v/v) glutaraldehyde for thirty minutes followed by washing with
water. The template (melamine) was then immobilised on the surface of the beads by
incubation in a solution of melamine (0.1 mg mL?) in PBS (pH 7.2) containing N-
methyl-2-pyrrolidone (10% v/v) for four hours. The resulting melamine coated particles

were washed with water, dried and then used for affinity chromatography.

2.3.7 Affinity separation on a glass beads column

The beads surface-modified with melamine (see previous section, 1.2 g) were loaded
into an empty SPE cartridge (polypropylene, 1 cm?, Phenomenex) with frit for 1 cm’®
SPE tube (polyethylene, 20 um porosity, Phenomenex). The end of the cartridge was
supplied with a needle. The crude solution after polymerisation (0.5 mL) was sonicated
twenty minutes prior to dilution with acetonitrile (50 %). Half of this mixture (0.5 mL)
was loaded on the column and 0.5 mL of fresh acetonitrile was added. The column was
closed by inserting the needle end into a rubber bung, and the cartridge was placed in
an ice bath for five minutes. The column was then washed to remove the particles with
no affinity to the template. The affinity fractions were collected by adding a fresh
portion of acetonitrile (0.5 mL) to the column which was then closed and placed in a
hot water bath (60 °C) for five minutes. The solvent was eluted and another portion of
acetonitrile (0.5 mL) was added to the column for flushing. Five fractions were
collected in the described manner one after another. The column was washed for the
next loading from the same crude mixture. This was done by loading of fresh
acetonitrile (5 mL) in the column and placing it in the hot water bath for five minutes,
thereby washing away any residues. The same procedure was applied to both MIP and

Blank NPs. Fresh columns were used for the two materials. After fractionating, the
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solvent was exchanged following concentration in centrifuge filtration cartridges
(molecular weight cut-off 50 000, Millipore, USA). Prior to loading in the filtration
cartridges, the fractions were diluted with PBS. The resulting concentration of

acetonitrile was 20 %.

2.3.8 Polymer affinity testing

A Biacore 3000, which is a surface plasmon resonance (SPR) instrument was used in
this work. Prior to injection, each sample was sonicated for five minutes. Each injection
was repeated three times per channel. Different concentrations of the NPs were
injected one after another in order of increasing concentration. MIP and Blank NPs
surface binding sites concentration was 2.19 mM and 3.34 mM respectively (5A.2,

page 217, Figure Apx A.2). Dilutions in increasing order were: 1/10000; 1/1000; 1/100;

1/10; 1. The concentration of the NPs was determined by UV/Vis spectrometry using a
calibration curve of the maximum absorbance at 277.50 nm of gravimetric samples.
The concentration of binding sites was calculated as a function to the surface area of

the particles (5A.2, page 217, Figure Apx A.1). MIP NPs used were from the fifth

fraction eluted from the affinity column, Blank NPs were from the first fraction.

2.3.9 Treatment of gold chips

Biacore sensor chips were used in order to assess the ability of the synthesized organic
NPs to bind to the analyte used. For that purpose the chips were surface modified with
an analogue of the template. Prior to use the chips were cleaned for three minutes
using oxygen plasma at 40 W in a plasma chamber. After this procedure was
completed the chips were immersed in ethanol for ten minutes. The procedure for the
chip modification was adopted from (Jiang et al. 2003). The cleaned chip was
immersed in a solution of 0.2 mg mL™* 2-mercaptoethylamine in ethanol at 4 °C for 24
hours. After thorough rinsing with water, the modified electrode was treated with a

7% (v/v) agueous solution of glutaraldehyde solution (10 mM in PBS, pH 7.0) at 25 °C
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for twenty minutes and then rinsed with water and acetone and dried under a flow of
nitrogen. The electrode was then immersed in 1/10 (v/v) melamine (for the affinity
test) or Atrazine Desisopropyl (for the selectivity test) diluted in PBS (pH 7.0). The chips
were thoroughly rinsed with water and dried with nitrogen gas. Each of the described

modification steps was followed using static contact angle measurements (Table 2.2).

2.3.10 Scanning electron microscopy (SEM) and transmission electron
spectroscopy (TEM)

Detailed examination of surface nanostructures (1.5 nm resolution) has been achieved
with a high resolution FEI XL30 SFEG analytical SEM. Samples of MIP and Blank NPs
suspended in water were prepared in the following way: (1) samples were
ultrasonicated for five minutes, (2) using a Pasteur pipette, a drop of the solution was
placed on a piece of microscope glass slide, (3) the sample was allowed to dry in air for
12 hours, (4) samples were sputter-coated with carbon prior to analysis. The TEM
preparation procedures involved: (1) ultrasonication of the sample solution for five
minutes, (2) application of a drop of the solution to a carbon-film coated copper mesh
grid, (3) drying of the sample in air for thirty minutes, after which it was ready for TEM
characterization. TEM equipped with an energy dispersive X-ray (EDX) was used to
analyze the sample microstructure and chemical composition. Copper was always
present in the EDX spectra because carbon film coated copper grids were used to

support the samples.

2.3.11 Fluorescent labelling of PAMAM dendrimers

S-(carboxypropyl)-N-diethyl-dithiocarbamic acid (CNDDA, prepared as described
(lvanova-Mitseva et al. 2010) (0.225 x 103 mol, 0.049 g, 0.5 equiv) and 1-(3-
dimethylaminopropyl)-3-ethyl-carboimide hydrochloride (EDC, 0.338 x 10 mol, 0.065
g, 1 equiv) were added in that order to 2 mL extra dry acetonitrile, in a round-

bottomed flask, equipped with magnetic stirring bar and septa under an argon
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atmosphere (Scheme 2.4). The mixture was left to stir at ambient temperature for one
hour in the dark. Polyamidoamine (PAMAM) dendrimer, generation 4 (0.45 x 107 mol
free surface primary amino groups, 1 mL, 10 wt. % in methanol, 1 equiv) was added to
the mixture. The mixture was left to stir for three hours. The solvent was evaporated in
vacuo. The residue was dissolved in 200 mL ethyl acetate and twice extracted with 200
mL water. The organic layer was collected and this solution was evaporated to remove
ethyl acetate and the product dissolved in absolute ethanol (50 mL) and evaporated
again to remove the ethanol. This dissolution/evaporation procedure was repeated
five times to remove water as an azeotrope. The remaining approximately 50 % of the
surface free amino groups were used to attach the fluorescent label, using dansyl

chloride as described from Tanaka et al. (2007).

2.3.12 Synthesis of fluorescent core MIP and Blank NPs

The so modified dendrimers (as described above) were used as a fluorescent
macroiniferter for the synthesis of MIP and Blank NPs. The procedure was analogous to
the one described previously. The only modifications done were that four times
dilution of the polymerisation mixture was used and the irradiation time was
decreased to one minute. Centrifuge filtration cartridges were used to separate the
particles from any impurities (MW cut off 50 000). In order to remove the template
from the MIP NPs and to process the Blank NPs in the same manner, both materials
were washed with 1% acetic acid (three times), 1 M sodium hydroxide (three times),
and water (three times). Both of the synthesised materials were concentrated to 2 mL
volume. No further affinity separation was done. 10 uL out of these volumes were

placed in 3 mL quartz cuvette for the fluorescent measurements.
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2.4 Conclusions

In conclusion, the present work has demonstrated the synthesis of organic NPs with
regular and reproducible shape and size for both MIP and Blank polymers. For the first
time cube-like organic NPs are reported. Cubic NPs were an unexpected result and the
origin of this morphology could be the subject of future study, however this shape may
be an advantage where close-packing of NPs-based material is required, such as in
dense coatings. This result was achieved by employing a unique combination of
advances in the modern polymer chemistry. Dendrimer-based macroiniferters were
used as the core in the synthesis of core-shell NPs, imprinted in the shell.
Photochemical living radical polymerisation was used to imprint template compound
(acetoguanamine) in the shell. The use of nano-sized dendrimer-based macroiniferter
cores gave excellent control over the size and the shape of the final core-shell
particles. It proved possible to process the NPs as if they were biological entities,
including fractionation according to their affinity for the target compound and
characterisation by surface plasmon resonance (SPR). We demonstrated very good
specificity of the synthesised material to the specific template via SPR. High selectivity
of the particles over close analogue to the template was also successfully
demonstrated. Assumptions made in order to fit the Biacore data probably resulted in
an underestimate of the affinity of the imprinted particles to the target. Fluorescent
core cubic MIP NPs were prepared. They demonstrated excellent selectivity and
affinity after just ten minutes incubation time with the template and with close
analogues to the template. Advantageous such as precise control of the number of the
covalently attached fluorescent label per particle and its polymer shielding are
reported for first time as a new technique. Particles prepared in this way are promising
materials to replace antibodies in sensors and immunoassays and in drug delivery and

diagnostics.
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3 Conjugated Polymers with Pendant Iniferter Units — Versatile
Materials for Grafting
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3.1 Introduction

Surface grafting of polymers is an important process for introducing interfacial and
functional properties to both microscopic and macroscopic objects. Examples include
modifying the hydrophilicity/hydrophobicity, adhesive, electronic or electrical
properties of the surface and the introduction of features, such as molecular
recognition or fluorescence. In this context, “living” polymerisation processes (Barbey
et al. 2009; Moad et al. 2008; Braunecker and Matyjaszewski, 2007) (atom-transfer
radical polymerisation (ATRP) (Gam-Derouich et al. 2010; Coessens et al. 2001),
reversible addition-fragmentation chain transfer (RAFT) (Smith et al. 2010; Li et al.
2009; Southard et al. 2007; Chiefari et al. 1998), nitroxide-mediated polymarisation
(NMP) (Brinks and Studer 2009; Boonpangrak et al. 2006) and photo-iniferter mediated
polymerisation (PIMP) (Barahona et al. 2010; Bossi et al. 2010; Perez-Moral et al. 2007;
Sellergren et al. 2002; Otsu, 2000) offer a number of advantages (see Chapter 1,
Literature Review). These include: control of the grafting process due to the step-wise
addition of monomers, resulting in a more homogeneous growth of polymer and the
possibility to prepare block copolymer architectures by re-initiation in the presence of
new monomers (Borner et al. 2001). Of these, the use of photo-iniferters, based on
dithiocarbamate esters (DTCE), is especially convenient for selective grafting to
surfaces, since the process can readily be controlled and confined by the selective

application of long wavelength UV light.

Grafting by any of these methods however requires the immobilisation of a suitable
initiator species on the surface to be grafted. In the case of iniferters, this requires the
in situ formation or attachment of a suitable DTCE. This has been achieved in the past
by polymer analogous reaction of side chain residues, such as chloromethylstyrene
groups, with a dithiocarbamate salt (Perez-Moral et al. 2007; Sellergren et al. 2002), by
use of a polymer bearing DTCE groups (Garcia-Con et al. 2010; Luo et al. 2002; Qin and
Qiu, 2001; Otsu et al. 1986), by attachment of a surface-reactive DTCE, such as a silane
derivative (Bossi et al. 2010; Kobayashi et al. 1992) or by photochemical activation of
surface-confined double bonds with a soluble DTCE (Mijangos et al. 2009; Lakshmi et

al. 2009). In this chapter the application of a novel conjugated polymer with pendant
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iniferter groups synthesised from a polyaniline precursor bearing a DTCE group is

presented.

Conducting polymers (CPs), especially polyanilines (PANIs) have received much
attention as a result of their promise in optical and electronic applications such as solar
cells, sensors, and light-emitting diodes (Malkaj et al. 2006; Mu et al. 1997; Novak et
al. 1997). PANI was recognised as one of the most promising materials with its air and
moisture stability in its doped, conducting form and in its de-doped, insulating form
(MacDiarmid, 1997; Salaneck et al. 1985; MacDiarmid et al. 1985). It is also unique in
its easy doping/de-doping chemistry (Scheme 3.1). It shows sensitivity to the proton
activity of its environment because of the nitrogen atom, which is part of the aromatic
ring system. Upon oxidation and protonation of the polymer, positively charged
macromolecules are formed. For compensation of the charge, anions from the
supporting electrolyte, called dopant ions or counterions, are incorporated. The
different oxidation states of the polymer chains also determine the properties of the

material. Only the emeraldine base is a conductive material.
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Scheme 3.1: Molecular structure formulas of PANI in its various states of oxidated or

protonated forms. The scheme is adopted form MacDiarmid, 1997.
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PANI and the polymers of substituted anilines can be formed by chemical or
electrochemical oxidation. The mechanism of polymerisation of PANI has been subject
of many investigations, devoted to identify the steps of the process and the
intermediates. Knowledge of the polymerisation mechanism could contribute to the
better control over the properties of the polymer. Formation of a nitrenium cation is
believed to be the first step of the process (Scheme 3.2) (Nalwa, 2001). Once the
nitrenium ion is formed, it leads to all the three possible dimers that is, head-to-tail,
tail-to-tail, and head-to-head which are capable of growing into polyaniline in the

presence of aniline.

In fact, the oxidation of the aniline to N-phenyl-1,4-benzequinonediimine can happen
in acidic, neutral and alkaline media, when ammonium peroxidisulfate is used, as its
oxidation potential does not depend on the pH of the medium. This is not the slowest
step, but a step that requires the highest electrochemical potential (Gospodova et al.
1998). The formation of Nl—phennbeenzene—1,4—diamine has lower potential and is
considered as the initiation stage of the aniline polymerisation. The formation of new

growing sites occurs probably at the initial stage of the polymerisation only.

The propagation of the polymer chains proceeds through a redox process between the
growing chain, as an oxidant, and aniline, as a reductant, with addition of a monomer
to the chain end. The polymerisation, as a whole, is an exothermic process. The
termination is a result of the establishment of a thermodynamic equilibrium in the
redox process, corresponding to chain propagation. Aniline polymerisation can be
considered as a redox process, characterised by a sequence of defined oxidation
potentials. Their value is determined by the degree of protonation of the chain. The
value of the oxidation potential of PANI chains determines the direction of the redox

process.
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Scheme 3.2: Pathways for the initial steps of aniline oxidation and deprotonation and

mechanism of aniline polymerisation, proposed by Wei et al. (1990).

The different ways of polymerisation give the opportunity for the deposition of PANI
over plastic surfaces. Chemical polymerisation is an easy way of producing huge

amounts of polymer which is in the form of a powder that is difficult to process. The
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processability of PANI and its derivatives is still poorly developed. The design of new
monomers as a means of introducing functional groups into conjugated polymers, has
led to improvements in surface hydrophilicity, biocompatibility and adhesion
properties. Improvements of this type allow the polymer films to be used in many
potential applications such as transparent electrodes, chemical and biological sensors,
organic electrical conductors, optically active materials and others by combining the

appropriate functional groups with a conjugated polymer backbone.

Some reported attempts to improve the processability are based on alkyl-substituted
polyanilines, the use of special counterions that are present in the conducting form of
the polymer (Cao et al. 1992), copolymerisation (Kim et al. 2002). Approaches to
soluble PANI also have been reported, using organic proton acids of a large molecular
size as counterions (Lia et al. 1987). Recently, one example was reported in which a
conjugated polymer backbone was combined with the double bond functionality of a
methacrylamide group in the form of the novel monomer N-phenylethylenediamine
methacrylamide (NPEDMA) (Lakshmi et al. 2009). NPEDMA undergoes chemical
(oxidative) or electrochemical polymerisation to form PANI-based materials derivatised
with double bonds. Furthermore the same material can be utilized as the basis for the
construction of an electrochemical sensor (for catechol) by grafting a layer of a
catalytically-active molecularly imprinted polymer (MIP) over an electropolymerised
layer of poly (NPEDMA), deposited on a gold electrode (Lakshmi et al. 2009) or
prepared as nanotubes (Berti et al. 2010). The sensors proved to be superior to
electrodes prepared by immobilisation of MIP particles of essentially the same
composition at the surface of a screen-printed electrode. This phenomenon was
explained by the conjugated polymer acting as a “molecular wire” resulting in more
intimate contact between the catalytically-active imprint sites and the conjugated
polymer layer than was achievable by immobilisation of an electrically-insulating
polymer onto an unmodified electrode. Grafting of the MIP layer was achieved by
irradiating the double-bond bearing poly (NPEDMA) layer in the presence of N,N-
diethyldithiocarbamic acid benzyl ester. This resulted in the partial conversion of the

pendant double bonds into groups capable of initiating further polymerisation. It
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would be desirable however to avoid the use of an additional activation step. This
could be achieved if the conjugated polymer precursor was already derivatised with
DTCE groups, rather than double bonds. Such a material would allow for the formation
of conjugated PANIs, derivatised with DTCE groups and capable of direct UV-activated

grafting of addition polymers.

In this work therefore the synthesis, characterisation and polymerisation behaviour of
a new bifunctional monomer, N-(N’,N’-diethyldithiocarbamoyl ethyl amido ethyl)
aniline (NDDEAEA) is described (Scheme 3.3). NDDEAEA can undergo
electropolymerisation and chemical oxidative polymerisation in a similar manner to
NPEDMA to give a conducting form of polyaniline, bearing a high density of DTCE
pendant groups. Poly (NDDEAEA) can be formed as thick or thin films, powder,
particles, microparticles or NPs, all of which can act as a macroiniferter in UV-activated
graft polymerisation. In addition the use of polymers of NDDEAEA as a means of
activating a range of surfaces towards grafting of polymer and block copolymers and

their characterisation is reported as well.
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Scheme 3.3: Schematic representation of different polymerisation techniques and polymer

structure of NDDEAEA monomer.
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3.2 Results and Discussion

3.2.1 Synthesis of N-(N’,N’-diethyldithiocarbamoyl ethyl amido ethyl)-aniline
(NDDEAEA)

A new monomer, N-(N’,N’-diethyldithiocarbamoyl ethyl amido ethyl)-aniline
(NDDEAEA) (Scheme 3.4, 13) was prepared by coupling S-(carboxypropyl)-N,N-diethyl-
dithiocarbamic acid (CNDDA, 12), prepared by reaction of acrylic acid, carbon disulfide
and diethylamine in the presence of base (Hook et al. 1957), with N-phenylethylene

diamine.
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Scheme 3.4: Schematic representation of the synthesis of NDDEAEA (13) from CNDDA (12) and
its polymers. Poly (NDDEAEA) (14) formed via electrochemical polymerisation or chemical
oxidative polymerisation giving rise to polyaniline chains with pendant DTCE moieties. Addition

of monomer (M), by UV grafting giving rise to poly (M)/poly (NDDEAEA) graft copolymers (15).

NDDEAEA was fully characterised via 'H and 3¢ NMR, IR spectrum (5B.1, page 219,

Figure Apx B.1), mass spectroscopy (5B.1, page 219, Figure Apx B.2), and elemental
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analysis (Experimental Details, 3.3.3). The 'H NMR spectrum of NDDEAEA, recorded at
room temperature (Figure 3.1) showed that some signals were split due to the
existence of two conformers as a result of hindered rotation around the N-C(=S) single
bond (Garcia-Con et al. 2010). NMR spectra recorded at 100 °C and 130 °C (Figure 3.2
and Figure 3.3) showed coalescence of these signals to single peaks. This can be
explained by overcoming the torsional barrier at higher thermal energy, resulting in

rapid interconversion of the two forms on the NMR timescale (Garcia-Con et al. 2010).
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Figure 3.1: 400 MHz 'H NMR spectrum of NDDEAEA (2) in DMSO-Dg and 100 MHz *C NMR

spectrum of NDDEAEA in DMSO-Dg at 25 °C showing two peaks due to two conformations for

the NDDEAEA around the N-C(=S) single bond.
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Figure 3.2: 400 MHz '"H NMR spectrum of NDDEAEA (2) in DMSO-D6 and 100 MHz *C NMR

spectrum of NDDEAEA in DMSO-Dg at 100 °C showing single high resolution peaks.
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Figure 3.3: 400 MHz 'H NMR spectrum of NDDEAEA (2) in DMSO-Dg and 100 MHz *C NMR

spectrum of NDDEAEA in DMSO-Dg at 130 °C.

Polymerisation of the aniline functionality of NDDEAEA should result in the formation
of a conjugated polymer bearing a high density of DTCE group (iniferter) as pendant

side-chains. The ability of polyaniline to form stable coatings on both hydrophilic and
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hydrophobic surfaces (Piletsky et al. 2003; Bossi et al. 2000; Piletsky et al. 2000),
suggests that this approach would allow a range of materials with different surface
characteristics to be coated with “living” initiator species. The conjugated nature of
the polymer may also have a number of advantages in the construction of
electrochemical sensors (Lakshmi et al. 2009) and other electronic devices. While there
are examples of styrene- and methacrylate-based polymers bearing DTCE side chains,
there are practically no examples of conjugated polymer backbones derivatized with
iniferter groups. The polymeric macroinifeters of Lutsen et al. (2006), consisting of poly
(vinylene phenylene) with pendant DTCE side groups, formed by the partial elimination
of DTCE groups from a precursor polymer are a marked exception. However these
polymers neither carry a high density of DTCE groups nor do they have a continuously
conjugated structure since each remaining iniferter group is a result of incomplete

elimination from the precursor.

The aniline functionality of NDDEAEA has the potential to be polymerised both
electrochemically and using chemical oxidants such as ammonium persulfate. It was
important to ascertain whether either route could be employed with this monomer
and to show whether the integrity of the DTCE groups was compromised by either

method of polymerisation.

3.2.2 Electropolymerisation of NDDEAEA

Electropolymerisation of NDDEAEA was carried out in cyclic voltammetry (CV) mode.
Figure 3.4 shows the CV obtained during the electropolymerisation (twenty cycles) of a
solution of NDDEAEA in a 3/1 v/v mixture of hydrochloric acid (0.75 M) and
acetonitrile. The CV clearly shows oxidation and reduction peaks at +0.65 V and +0.52
V (vs. Ag/AgCl) respectively. The observed electrochemical behaviour is quite similar to
that obtained during the polymerisation of aniline and ring-substituted anilines
dissolved in acidic solutions (Lakshmi et al. 2009; Bidan et al. 1989; Diaz and Logan,
1980; Schomburg and McCarley, 2001; Hayes and Shannon, 1996; Ulgut et al. 2006).

The large currents observed at the maximum positive potential are due to the

100



superposition of two distinct processes: one is electron transfer from poly (NDDEAEA),
corresponding to the oxidation of the PANI film and the other is electron transfer from
the monomer, NDDEAEA, to the electrode, corresponding to the oxidation of
NDDEAEA to produce a precursor of polyaniline formation. In order to investigate the
stability of poly (NDDEAEA) films, the electropolymerised electrodes were dipped into
a solution of hydrochloric acid (0.75 M) and the CV measured. The CV showed quasi-
reversible peaks: one at +0.12 V which corresponds to oxidation of the
leucoemeraldine to protonated emeraldine form and also a peak at +0.65 V resulting
from the oxidation of emeraldine and deprotonation of the polymer (Inzelt and
Horanyi, 1990). Both these peaks are quite stable. It has been reported that during the
electropolymerisation of substituted anilines in acidic aqueous solutions an
intermediate with high stability is formed (Malinauskas and Holze, 1997; Malinauskas
and Holze 1998). It is therefore possible to perform both kinetic and mechanistic

studies of the polymerisation reaction of poly (N-alkylaniline) derivatives.
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Figure 3.4: Cyclic voltammogram obtained during deposition of electropolymerised NDDEAEA
films on gold screen-printed electrodes. Electropolymerisation of NDDEAEA (0.1 M in 0.75 M
hydrochloric acid 25% acetonitrile in water) on a screen printed gold electrode by cyclic
voltammetry (potential range: -0.2 V to 0.9 V versus Ag/AgCl, at 100 mV s™ scan rate, 20

sweeps), under nitrogen atmosphere and in the dark, giving rise to poly (NDDEAEA).

The electrochemistry of poly (N-alkylanilines) is less complicated by comparison with
PANI due to the absence of the pH-sensitive emeraldine base-emeraldine salt
transition. Polymerisation of NDDEAEA, which contains both aniline and DTCE groups,
may offer more advantages, provided the latter are stable under the conditions of
polymerisation. Dithiocarbamate anions are unstable under aqueous acidic conditions
(Ewing et al. 1980), undergoing protonation and subsequent decomposition into
carbon disulfide and amine, so there was some initial concern about the stability of the
esters under the conditions necessary to polymerise NDDEAEA. It was also not clear
whether the iniferter groups would be affected by the electrical potential needed for
electropolymerisation of the monomer. It appears however that these fears were
unfounded and suitable conditions were discovered for electropolymerisation of
NDDEAEA, in which the integrity of the pendant groups were preserved (Figure 3.4).

The existence of a high density of iniferter groups was confirmed by XPS analysis and
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through grafting experiments. NMR measurements on NDDEAEA and its polymer also

show no significant spectral changes with time under acidic conditions.

3.2.3 Molecular modeling of NDDEAEA and poly (NDDEAEA)

We utilised molecular modelling of NDDEAEA and poly (NDDEAEA) to investigate the
structural changes before and after electropolymerisation in 0.75 M hydrochloric acid.
The neutral and protonated forms of NDDEAEA monomer were modelled by
calculating the charges for each atom on the template and the structures refined using
molecular mechanical methods and Sybyl software. Figure 3.5 shows the energy
minimized structure of neutral (left) and protonated (right) NDDEAEA. The oxygen
atoms are shown in red and the nitrogen atoms are shown in dark blue. The white
atoms are carbon and the light blue atoms are hydrogen. The energies of the neutral
and protonated structures are -18.11 and -22.72 kcal/mol, respectively. The lower
energy structure of the protonated NDDEAEA could be attributed to the additional
intramolecular hydrogen bonding shown below (Figure 3.5) highlighted as a dotted
blue line. When it is in its protonated form it was more stable and during

electropolymerisation, the aniline group remains in protonated form.
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Figure 3.5: The energy minimized structure of neutral (left) and protonated (right) NDDEAEA

showing intramolecular hydrogen bonding.

It was interesting to model the structure of the chain of poly (NDDEEA), doped with
hydrochloric acid, therefore sixteen repeating units of aniline moieties of NDDEAEA in
cationic form were modeled from quantum-mechanical point of view to determine
their structure in the polymer matrix. For the purpose of predicting the possible
configuration of poly (NDDEAEA), molecular modeling experiments were performed
where the NDDEAEA monomer was used as an nitrogen substituted chain on aniline
which was then used in the design of a conducting polyaniline structure of sixteen
repeating aniline units with alternating positive charge (+1) on the nitrogen atoms of
aniline (shown below in Figure 3.6 as blue balls). Molecular dynamics calculations were
carried out on this structure (simulated annealing) at 300K and the resulting structure
was then minimized to 0.05 kcal mol™. The molecular complex of poly (NDDEAEA)

looked like a twisted stranded protein chain.
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Figure 3.6: Postulated structure of poly (NDDEAEA) (n=16) which shows polyaniline chains with
DTCE side groups.

Clearly, the chain structure of poly (NDDEAEA) is not linear but spiral and helical due to
the presence of bulky DTCE side chains. The structure appears to form two strands
which are likely to be in close contact in a side-by-side manner. There appears to be
significant steric crowding especially around the central nitrogen atoms resulting in a

“ribbon like” structure typically found in proteins.

3.2.4 Surface-confined photo grafting of various polymers

Surface-confined grafting of polymers was readily initiated upon UV irradiation of
electropolymerised poly (NDDEAEA) layers in the presence of deoxygenated solutions
of monomers such as acrylamido-2-methylpropane sulphonic acid (AMPSA), (Table 3.1)
methacrylic acid (MAA) or styrene (Figure 3.7). This allowed precise control of the
macromolecular architectures of the grafted surfaces (Figure 3.7). Grafting was readily
achieved despite the highly-colored nature of the polyaniline backbone, presumably
due to the high density of DTCE groups available at the surface. XPS analysis and water
contact angle measurements (Table 3.1), performed before and after grafting provided

evidence that polymerization proceeded at the surface only during photo-irradiation.
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The results of XPS measurements (Figure 3.8 and Table 3.2), revealed an appreciable

amount of sulfur in the electropolymerised poly (NDDEAEA) surfaces even after twenty
minutes of UV irradiation and that irradiation in the presence of monomers can be
used to graft any other layer onto the poly (NDDEAEA). SEM and AFM observations

showed the surface morphology of grafted surfaces (5B.2, page 220, Figure Apx B.3;

Figsure Apx B.4 and Figure Apx B.5).
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Figure 3.7: Electropolymerised poly (NDDEAEA) films UV irradiated for twenty minutes in the
presence of styrene or methacrylic acid (0.1 M, acetonitrile), leading to surface-confined
grafted polymer layers. Also the layer-by-layer (block copolymer) grafting of poly (styrene)
over a grafted poly (methacrylic acid) layer is displayed. The static water contact angle shows
changes consistent with the uppermost surface layer of the grafted polymer, such that
polystyrene grafted over poly (MAA) shows the same contact angle as a single polystyrene

grafted layer (lvanova-Mitseva et al. 2010).

Grafted polymeric surfaces were characterised by contact angle measurements. Table
3.1 shows the static water contact-angles for various grafted polymeric surfaces.
Control of the surface contact angle through changes in the surface functionality, while
retaining the bulk material properties, is useful for many applications, including
sensors, flow control and cell patterning. Layer-by-layer grafting of polymers, as shown

in Figure 3.7, provides evidence for “living” iniferter-initiated polymerisation at the
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poly (NDDEAEA) surface. According to the literature, initiation with this type of
iniferter can result in undesirable side reactions during photolysis of end groups on
poly (methyl methacrylate) and low reactivity with acrylate ester monomers,
potentially resulting in a less efficient grafting of a second layer (Manga et al. 1998;
Turner and Blevins, 1990). However, in the reported experiments, two dimensional
photopolymerisation processes, due to the presence of high density of DTCE groups;
therefore the surface-growing polymer end explores only a two-dimensional space and
grows in a uniform way for the first and second polymeric layer was confirmed. As
expected, the contact angle (CA) measurements demonstrate that the
electropolymerised poly (NDDEAEA) was quite hydrophilic, with CA of 29.4° (probably
because it was deposited from an acidic solution and so exists in a protonated form).
Considering these results together with those from XPS analysis, photoactivation of the
DTCE unit was confirmed (Nakayama and Matsuda, 1996). The poly (methacrylic acid)
grafted layer was relatively more hydrophobic with a contact angle of 45.1°, while poly
(AMPSA) was more hydrophilic (CA of 33.0°), due to the sulfonic acid moiety. On the
other hand, polystyrene grafting led to increased hydrophobicity with a CA of 64.4°. A
contact angle consistent with grafting of the second monomer (styrene, CA = 64.5°), on
top of an initial methacrylic acid grafted layer (CA = 45.1°) was found, as expected
(Table 3.1). The thickness of the poly (NDDEAEA) layer on the modified SPEs was
measured as ~150 - 200 nm and the grafted polymethacrylic acid and poly (AMPSA)

layers were ~50 nm as revealed by Dektek analysis.
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Table 3.1: Static water contact angles in air for various substrates, substrates modified with

poly (NDDEAEA) and after surface-grafting of polymers.

water
nature of the surface contact
angle [deg]
pretreated screen-printed gold electrode (SPE) 66.0°
electropolymerised poly (NDDEAEA) 29.4°
poly (MAA) surface-grafted to electropolymerised poly (NDDEAEA) film 45.1°
poly (AMPSA) surface-grafted to electropolymerised poly (NDDEAEA) film 33.0°
polystyrene surface-grafted to electropolymerised poly (NDDEAEA) film 64.4°
polystyrene over poly (MAA) surface-grafted to electropolymerised poly (NDDEAEA) film 64.5°
(layer-by—layer grafting) )
bare polypropylene membranes 132.3°
poly (NDDEAEA) grafted layer over PP membrane by chemical oxidative polymerisation 85.2°
poly (MAA) surface-grafted to chemically polymerised poly (NDDEAEA) film onto PP 57.6°
membrane '
poly (AMPSA) surface-grafted to chemically polymerised poly (NDDEAEA) film onto PP 379°
membrane '
polystyrene surface-grafted to chemically polymerised poly (NDDEAEA) film onto PP 77.8°
membrane '
glass microscope slides 27.9°
poly (NDDEAEA) chemically polymerised over glass surface 55.6°
polystyrene surface-grafted to chemically polymerised poly (NDDEAEA) film onto glass 88.3°
slide '
poly (AMPSA) surface-grafted to chemically polymerised poly (NDDEAEA) film 35.3°

From SEM and AFM images it is possible to observe grafting of monomers onto

electropolymerised poly (NDDEAEA) (5B.2, page 220, Figure Apx B.3; Figure Apx B.4

and Figure Apx B.5). In general, the uniformity of the grafted polymer on the modified

electrode surface is usually crucial to control the grafting efficiency. SEM reveals a

globular structure of the pre-treated SPE surface which displays an obvious change

(some holes appear) associated with the electropolymerisation of NDDEAEA. After
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grafting of hydrophilic monomers, MAA and AMPSA onto electropolymerised poly
(NDDEAEA), the films show rather smooth surfaces and compact film structures
compared to the surface with grafted styrene which displayed some uneven hollow
structures. These results imply that the phase separation and structural heterogeneity
are dependent on the monomer used. Surface characterisations of the grafted
electrodes were also performed using XPS. Figure 3.8 shows the XPS spectra of
electropolymerised poly (NDDEAEA) films before and after UV irradiation.
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Figure 3.8: XPS spectra of electropolymerised film of poly (NDDEAEA) on a gold screen-printed

electrode before UV irradiation (solid line) and after UV irradiation (dotted line).

The XPS spectra of NDDEAEA powder, and electropolymerised poly (NDDEAEA) films
before and after UV irradiation exhibited N 1s and S 2p peaks due to the presence of
the polyaniline and DTCE groups which were of comparable intensities. In addition, the
S 2p (¥174 eV) and N 1s (~411 eV) peaks were still observable after
electropolymerisation and UV-irradiation. This indicates that a substantial amount of
DTCE groups remained in the surface layer of poly (NDDEAEA) There was also no
significant change in the elemental composition (wt %) which also provides evidence

that the DTCE groups were still located at the surface.
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XPS measurements allow the determination of elemental ratios within the films (Table
3.2). It was observed that the peak intensities of NDDEAEA corresponding to sulfur and
carbon (296 eV) did not vary greatly before and after electropolymerisation. Upon
twenty minutes UV irradiation of the poly (NDDEAEA)-coated electrode in 0.75 M
hydrochloric acid solution and subsequent-washing with water, the S 2p peak was still
observed, although the intensity is reduced by about 30% of the initial-value. No

appreciable spectral change is observed after extensive washing with water.

Table 3.2: XPS element composition (wt %) of the NDDEAEA monomer and its polymers.

compound S N O C Au Bi total S2p N 1s ratio
intensity intensity S/N
NDDEAEA monomer 5 8 11 76 100 3.83 4.74 0.8
electropolymerised NDDEAEA 4 7 10 79 100 3.26 4.5 0.73
UV irradiated 3 7 13 77 100 2.332 4.79 0.49

electropolymerised NDDEAEA
bare electrode 28 60 7 5 100

3.2.5 Deposition of poly (NDDEAEA) films using chemical oxidation

Polymerisation of NDDEAEA can also be achieved using chemical oxidizing agents, such
as persulfate, to deposit a layer of the conductive polymer onto a range of substrates,
such as microtitre plates, cuvettes, membranes, glass, etc. This layer of DTCE-
functionalised PANI can function as a vehicle to further coat the material with a layer
of grafted addition polymer in a controlled manner (Lakshmi et al. 2009). PANIs have
previously been employed in the development of sensor devices by deposition as thin
films over various surfaces followed by immobilisation of various species capable of
sensing applications. It is a popular material due to its good optical properties, its pH
and redox sensitivity, conducting nature and stability. To obtain poly (NDDEAEA) films
by chemical oxidative polymerisation over hydrophobic polypropylene membranes and
on glass surfaces (or any suitable substrate), the first step was to optimise the various

deposition parameters within polystyrene cuvettes and microtitre plates by measuring
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the optical densities after chemical oxidative polymerisation of NDDEAEA with varying
concentrations of monomer, oxidant, pH, time of polymerisation etc. Two protocols
were identified and optimised by variation in the concentrations of the reagents,
according to whether thin transparent films for optical measurement were to be
prepared or thicker coatings required. The details are presented in the (5B.3, page 227,

Figure Apx B.6; Figure Apx B.7; Figure Apx B.8 and Figure Apx B.9). For thin films, a

monomer concentration of 0.025 M in the presence of hydrochloric acid (0.225 M) and
ammonium persulfate (0.0183 M) for two hours in 25% acetonitrile in water was

judged to be optimum (5B.3.1, page 227, Figure Apx B.6). Similarly thicker films for

grafting experiments were obtained at a monomer concentration of 0.08 M in the
presence of hydrochloric acid (0.6 M) and ammonium persulfate (0.05 M) in 25%

acetonitrile in water polymerised for one hour (5B.3.2, page 229, Figure Apx B.7;

Figsure Apx B.8 and Figure Apx B.9).

To determine the effect of pH on contact angles, microtitre plates coated with thin
poly (NDDEAEA) films were treated with solutions of varying pH for one hour and their
contact angle measured after drying. Contact angles decreased with decreasing pH;
thus at pH 12.0 the films were relatively hydrophobic with a contact angle of 82.2°
whereas at pH 1.0 the contact angle was 39.5°, behavior consistent with that reported

in the literature for polyaniline (Blinova et al. 2008).

It was shown that deposition of poly (NDDEAEA) onto solid surfaces is quite
reproducible. IR spectra of the chemically oxidized poly (NDDEAEA) polymers which
had been deposited onto microtitre plates, scraped off and redispersed in KBr discs,

were obtained (5B.3.2, page 229. Figure Apx B.10) and showed two intense

absorption bands at 1208 cm™ and 1491 cm™’, respectively which are assigned to
stretching  vibrations  (N-C(S)). Other bands characteristic of  N,N-
diethyldithiocarbamate were also confirmed by the presence of absorption bands at:
2921 cm™, 1375 cm™* and 1175 cm™ (CHj; stretching and bending vibrations and the
C=S stretching vibration respectively). Also a peak at 1350 cm™ was observed due to
bending vibrations of CH,. Other peaks at 1021 cm™, 910 cm ™ and 1452 cm™ which

are also characteristic of DTCE group were seen. There were peaks at 3430 cm ™ due to
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N-H stretching vibrations, 700 cm ‘due to aromatic C-H bending, 1140 cm *due to C-N
bending and at 1600 and 1480 cm™ due to the presence of quinoid and benzenoid
rings in the polyaniline backbone, respectively (Garcia-Con et al. 2010; Williams and

Fleming, 1995; Kobayashi et al. 1992).

The UV spectrum of a solution of poly (NDDEAEA) (1 mg mL™ in methanol) showed
absorption peaks at Amax = 247 nm and 275 nm. These were attributed to the DTCE

group (5B.3.2, page 229, Figure Apx B.11). The spectrum also showed three

characteristic absorption bands due to PANI at around 320, 400 and 735 nm. The
characteristic peaks of PANI appear at about 320 nm due to the ©-n* transition of the
benzenoid ring and at about 400-430 nm and 730-825 nm due to polaron-n* and m-
polaron band transitions respectively, showing that PANI is present in the doped state

(Abdiryim et al. 2005).

A second substrate of choice was hydrophobic polypropylene microfiltration
membranes onto which oxidative polymerisation of poly (NDDEAEA) was performed
which resulted in the deposition of a thin, bluish-greenish layer of functionalized PANI
coating across the membrane surfaces (see Experimental Details, Figure 3.9 and

5B.3.3, page 233, Figure Apx B.12). Contact angles were measured (Table 3.1) and the

degree of grafting determined gravimetrically. PP membranes showed a 13.28% mass

increase for thin films and up to 54.2% for thick film deposition (Figure 3.9a).

) .

Figure 3.9: a) polypropylene membrane (left) and poly (NDDEAEA)-coated membrane (right)
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and b) microtitre plate showing deposition of poly (NDDEAEA) in the wells.
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Further grafting experiments with poly (NDDEAEA) chemically deposited onto
microtitre plates (Figure 3.9b) showed that MAA, AMPSA and lauryl methacrylate
could be successfully grafted (giving rise to contact angles of 52.2°, 30.6° and 102.5°
respectively). Control experiments were performed using unfunctionalised polyaniline-
coated microtitre plates which did not show any change in contact angle after
irradiation in the presence of monomers, confirming the necessity of the DTCE
functionality for photografting experiments. Similarly, photochemical polymerisation
over poly (NDDEAEA)-modified PP membranes allowed the growth of various
hydrophobic and hydrophilic polymers (AMPSA, MAA and styrene) as shown by

changes in the contact angles (Table 3.1).

Glass slides were also coated with poly (NDDEAEA) using similar condition and the
contact angle was measured to confirm successful polymerisation (Table 3.1). By
successively masking two sides of a coated glass slide (aluminium foil) it was possible
to graft poly (AMPSA) and polystyrene on adjacent areas of the glass, producing areas
with very different contact angles on the same slide (Figure 3.10). The measured

contact angles are reported in Table 3.1.

=

Figure 3.10: Water contact angle image of chemically polymerised poly (NDDEAEA) over glass
slide after UV grafting of poly (acrylamido-2-methylpropane sulfonic acid) (left) and

polystyrene (right).
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3.2.6 Grafting of poly (N-(3-aminopropyl)-methacrylamide) over chemically
polymerised poly (NDDEAEA) through a TEM grid

Poly (NDDEAEA), cast from solution in methanol onto a gold-sputtered glass slides was
then grafted with poly (3-aminopropyl methacrylamide) from a solution of the
monomer in 20% acetonitrile in water, via UV-initiation through a TEM grid. Confocal
microscopy clearly confirms the growth of polymer in a pattern determined by the

shape of the TEM grid (Figure 3.11).

512 1024 153.6 204.8 256.0um

Figure 3.11: Confocal micrograph of poly (aminopropyl methacrylamide) grafted over poly
(NDDEAEA) cast film over gold sputtered glass slide through chemical polymerisation. a) Before
the removal of the TEM grid and b) after the removal of the TEM grid. Features are of the

dimensions 200 pm x 200 pum.
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3.3 Experimental Details

3.3.1 Materials

Carbon disulfide (99%) and sodium hydroxide (97%) were purchased from Acros
Organics. 1-(3-Dimethylaminopropyl)-3-ethyl-carbodiimide hydrochloride (98%) was
purchased from Alfa Aeser. Acrylic acid (99%) and N-phenylethylenediamine (98%)
were purchased from Sigma Aldrich and diethylamine (98%) was obtained from Fisher
Scientific. All other chemicals and solvents used within this work were purchased from
Sigma-Aldrich and were of analytical grade and used as received unless stated

otherwise. MilliQ distilled water was used in all experiments.

3.3.2 Apparatus

NMR measurements were made using a JEOL ECX 400 MHz NMR (Japan) and FT-IR
spectra were recorded using KBr disks on a ThermoNicolet Avatar-370 spectrometer
(Nicolet, US). For UV irradiation, CERMAX® Xenon Arc Lamp (Perkin-Elmer
Optoelectronics, Inc., USA) fibre optic light source (300 W) or a Philips type HB 171/A
self-tanning UV lamp, fitted with 4 CLEO 15W UVA fluorescent tubes (Philips,
Germany) with continuous output in the region 300-400 nm, delivering 0.09 W cm™? at
a distance of 80 mm, were used. Sessile water contact angle (CA) measurements were
made using a Cam 100 optical Angle Meter (KSV Instruments Ltd., Finland) along with
the software provided. Elemental analyses were provided by Medac Ltd (Egham, UK).
Optical densities were recorded using a micro plate reader (for microtitre plates) or a
UV spectrophotometer (UV-1800 Schimadzu, Japan). An Autolab PSTAT-10 instrument
(Eco-Chemie BV, Utrecht, Netherlands) was utilized for all electrochemical
experiments. AFM experiments were performed using a DI3000 AFM (Digital
Instruments, New York, USA) in tapping mode in air. SEM images were recorded with
an FEI XL30 SFEG (Scanning Field Emission Gun) microscope. Mass spectra were
obtained using a Waters LCT Premier XE mass spectrometer. X-Ray photoelectron
spectroscopy (XPS) measurements were carried out using a VG ESCAlab (East

Grinstead, UK) Mark-2 X-ray photoelectron spectrometer. The X-ray gun was operated
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at 14kV and 20 mA. Spectra were collected at 20 eV pass energy with Mg Ka 1253.6 eV
radiation at an analysis chamber pressure of 10° mBar. Elemental composition was
calculated using peak areas and tabulated atomic sensitivity factors. A confocal Laser
Scanning 3D colour microscope Olympus LEXT - Model OLS3000 was used for the
imaged layers of chemically polymerised NDDEAEA and a Dektek 3 surface profiler

(Veeco, New York, USA) was used for thickness measurements of grafted electrodes.

3.3.3 Synthesis of N-(N’,N "-Diethyldithiocarbamoyl ethyl amido ethyl)-aniline
(NDDEAEA)

A solution of CNDDA (Scheme 3.4, 1) (0.004 mol, 0.922 g, 1 equiv) in 20 mL of
anhydrous acetonitrile was prepared in a dried 50 mL round bottomed flask, under
argon atmosphere with exclusion of light. To this mixture, N-phenylethylenediamine
(0.004 mol, 0.545 g, 1 equiv) and 1-(3-dimethylaminopropyl)-3-ethyl-carbodiimide
hydrochloride (0.008 mol, 1.6 g, 2 equiv) were added in that order. After three hours
of stirring, the solvent was removed in vacuo. The crude mixture was dissolved in 40
mL ethyl acetate and extracted five times with 40 mL distilled water, the organic layer
dried with anhydrous sodium sulfate, filtered and the solvent evaporated in vacuo to
obtain an oily product that solidified to a white waxy material in 50 % overall yield (98
% purity by NMR). The product N-(N’,N’-diethyldithiocarbamoyl ethyl amido ethyl)-

aniline (NDDEAEA, Scheme 3.4, 2) was used without further purification.

Spectroscopic data for NDDEAEA (Scheme 3.4, 2): IR (KBr) 1647.26 (C=0), 1603.77
((S)C-N), 1508.10 (N-C(0)), 1351.55 (C=S), 1268.93 (C-NC6H5), 981.92 (C-N), 755.80
((S)C-S), 694.92 (S-CH3) cm™ (5B.1, page 219, Figure Apx B.1).

'H NMR (400 MHz, DMSO-Dg, 25 °C, Figure 3.1) § 7.96 (1H, t, NHCgHs), 7.01 (2H, t, J =
7.68 Hz, CeHs), 6.51 (2H, d, J = 7.68 Hz, CeHs), 6.30 (1H, t, J = 7.34 Hz, C¢Hs), 5.49 (1H, t,
J = 5.27, NHCO), 3.90-3.87 (2H, m, CH,CHs), 3.65-3.61 (2H, m, CH,CHs), 3.35 (2H, t, J =
6.99, CH,S), 3.20-3.12 (2H, m, CH,NHC(0)), 3.09-2.90 (2H, m, CgHsNHCH,), 2.44 (2H, t,
NHC(O)CH,), 1.18-1.1 (6H, m, N(CH,CHs),) ppm.
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'H NMR (400 MHz, DMSO-Ds, 130 °C, Figure 3.3) § 7.51 (1H, s, NHCgHs), 7.00 (2H, t, J =
7.68 Hz, CeHs), 6.52 (2H, d, J = 7.68 Hz, CeHs), 6.48 (1H, t, J = 7.34 Hz, CeHs), 5.04 (1H, s,
NHCO), 3.88-3.74 (4H, m, N(CH,CHs),), 3.40 (2H, t, J = 6.99, CH,S), 3.24-3.20 (2H, m,
CH,NHCO), 3.20-3.00 (2H, m, CH,NHC(0)), 2.47 (2H, t, J = 6.99 Hz, NHC(O)CH,), 1.18
(6H, t, N(CH,CHs),) ppm.

3¢ NMR (100 MHz, DMSO-Dg, 25°C, Figure 3.1) & 193.86 (C(S)S), 170.40 (C(0)), 148.57,
128.89, 115.69, 111.91 (C¢Hs), 49.60 (CH,CHs), 46.80 (CH,CHs), 42.10 (CsHgNHCH,),
39.00 (CH;NHC(0)), 34.30 (NHC(O)CH,), 32.40 (CH,SC(S)), 12.23 (CH,CHs;), 11.36
(CH,CHs3) ppm.

3¢ NMR (100 MHz, DMSO-Dg, 130 °C, Figure 3.3) & 194.33 (C(S)S), 169.75 (C(O)),
148.18, 128.11, 115.40, 111.77 (Cg¢Hs), 48.50 (CH,CH3), 42.10 (CsH¢NHCH,), 38.00
(CH,NHC(0)), 34.00 (NHC(O)CH,), 32.00 (CH,SC(S)), 11.21 (N(CH,CH3),) ppm (The
assignments were based on COSY, DEPT and HMQC experiments made in DMSO-Dg).

HRMS (ES) Calculated mass for Ci¢H,sN3NaOS, [M+Na]*: m/z: 362.13 found: 362.14;
elemental analysis (C16H25N30S;): C, 56.60; H 7.42; N 12.38, 0 4.71, S 18.89; found 1: C
57.85, H 7.65, N 13.01, S 18.25; Rf = 0.24 (50 % ethyl acetate in hexane) (5B.1, page
219, Figure Apx B.2).

3.3.4 Electropolymerisation of the aniline group of NDDEAEA

Screen printed gold electrodes (SPE) (4.0 mm diameter, from Dropsens) were used,
with gold working and counter electrode and Ag/AgCl reference electrode. Before
polymerisation each new electrode was cleaned and pre-treated by cycling the
potential between 0 to + 0.7 V, 50 mV s scan rate in 1.5 M hydrochloric acid, 5 cycles.
For the deposition step, electrodes were cycled (twenty times) between -0.2 V and +
0.9 V at a scan rate of 100 mV s™, (step potential 7 mV) in a 0.2 M solution of NDDEAEA
in 0.56 M hydrochloric acid in a 25 % acetonitrile in water. Stock solution was prepared
by adding 1.25 mL acetonitrile solution of 0.8 M NDDEAEA into a 5 mL beaker

containing 1.87 mL of 1.5 M hydrochloric acid and 1.9 mL of water. Solutions were
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mixed well and degassed for ten minutes by purging with argon or nitrogen and the
solution kept covered with aluminium foil to protect from light before deposition. CV
measurements were performed by placing 50 uL of the test solution of NDDEAEA onto
the surface of the SPE for electropolymerisation. Electropolymerisation was carried out
under argon and in the dark. Electropolymerised films were rinsed with deionized
water (once), dried in a stream of nitrogen and stored dry and in the dark. A blue-

green layer of poly (NDDEAEA) was observed to have formed on the working electrode

(Figure 3.4).

3.3.5 Molecular Modeling of NDDEAEA and poly (NDDEAEA)

The neutral and protonated forms of NDDEAEA monomer and poly (NDDEAEA) were
modelled by calculating the charges for each atom on the template and the structures
refined using molecular mechanical methods. This was carried out on a PC using the
Sybyl 7.3™ software package (Tripos Inc., Missouri, 63144, USA) running under Linux.
Energy minimization was performed to a value of 0.001 kcal/mol using Tripos force
fields, Gasteiger-Huckel charges and refined by the molecular mechanics method

applying an energy minimization using the MAXIMIN2 command.

3.3.6 Surface-confined photo grafting of various polymers onto
electropolymerised films of NDDEAEA

An electropolymerised poly (NDDEAEA)-modified SPE was placed horizontally in a glass
vial and the working electrode covered with 50 pL of a 0.1 M solution of unsaturated
monomer in acetonitrile under dark conditions. The monomer solutions had been
purged with nitrogen for ten minutes to remove oxygen prior to irradiation. The vial
was sealed with Parafilm® and continuously purged with nitrogen to maintain an inert
atmosphere over the solution during irradiation. The electrode surface was then UV-
irradiated for twenty minutes with a fibre optic light source (CERMAX xenon arc lamp).

The photografted electrodes were then rinsed in a mixture of 50 % methanol in
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deionized water and dried in a stream of nitrogen. Contact angle measurements were
used to characterise changes that had occurred in the functionality and

hydrophobic/hydrophilic nature of the polymeric film after grafting.

Several polymers were grafted onto poly (NDDEAEA) following the protocol described
above. Solutions (0.1 M) of MAA, AMPSA or styrene were utilized to produce grafted
films of the respective polymers via UV-irradiation. As well as grafting single polymer
onto poly (NDDEAEA), layered (block copolymer grafted) structures, MAA followed by
styrene, could also be constructed. For the layer-by-layer grafting experiment, a poly
(MAA) grafted SPE electrode, prepared as described in above, was treated with a
solution of styrene (50 uL of 0.1 M in acetonitrile) and irradiated under the same
conditions as described above for the grafting of polymer layers. The contact angles of
the grafted films were measured and their thickness determined by Dektek analysis. All

surfaces were characterised using SEM and AFM (5B.2, page 229, Figure Apx B.4 and

Figsure Apx B.5).

Polymerisation of NDDEAEA by chemical oxidation could also be used for the
formation of thick or thin (transparent) coatings on a range of supports (polystyrene
microtitre plates, cuvettes and polypropylene filtration membranes). Experimental
parameters were optimised in order to obtain films of the desired thickness, which
could then be used as substrates in a number of grafting procedures (5B.3.1, page 227,

Figure Apx B.6 and 5B.3.2, page 229, Figure_Apx B.7; Figure Apx B.8 and Figure Apx

B.9) for the effect of varying the experimental parameter on film growth).
Polymerisation resulted in the formation of green coatings of poly (NDDEAEA) on the
surfaces of the microplate wells. The washed wells were filled with dilute acid (0.01 M
hydrochloric acid, pH = 1) and the absorbance measured at 405 nm. Thin transparent

layers (absorbance = 0.17, 5B.3.1, page 227, Figure Apx B.6) were formed under the

conditions: NDDEAEA (25 mM), hydrochloric acid (225 mM) and ammonium persulfate
(18.3 mM), polymerised for two hours in 25 % acetonitrile in water. Similarly thicker
films were obtained (absorbance (measured in water at 550 nm) = 3.5, 5B.3.2, page

229, Figure_Apx B.7; Figure Apx B.8) under the conditions: NDDEAEA (80 mM),
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hydrochloric acid (0.6 M) and ammonium persulfate (50 mM), polymerised for one

hour in 25 % acetonitrile in water.

3.3.7 Chemical oxidative polymerisation of NDDEAEA on polypropylene (PP)
ultra-filtration membranes (thinner films)

PP membranes (with a nominal cut-off pore diameter of 0.2 um and thickness of 150
um, PP 2E-HF, Membrana, Germany) were cut into small discs of 25 mm diameter.
Membranes were pre-treated with methanol for one hour in a Petri dish. Oxidative
polymerisation was performed using ammonium persulfate under the following
conditions: 0.018 M ammonium persulfate, 0.025 M NDDEAEA, 0.225 M hydrochloric
acid, 25% acetonitrile in water, 1.45 hours polymerisation in the dark at room
temperature. The reaction mixture was prepared by combining 0.75 mL of NDDEAEA
(0.1 M in acetonitrile) with 0.6 mL of an aqueous solution of ammonium persulfate
(0.0915 M), 675 uL hydrochloric acid (0.1 M) and 0.98 mL of water. Polymerisation
resulted in the deposition of a thin, green layer of functionalised PANI coating over the
membrane surfaces. Poly (NDDEAEA) coated PP membranes were washed in three
cycles of water, followed by 0.1 M hydrochloric acid. The degree of grafting was
determined gravimetrically and expressed as a percentage change in mass. The

following equation was used:
DG (%) = (W1 - W) / W1 x 100 %

Here Wy and W, represent the weights of the membrane before and after grafting,

respectively. Contact angles were also measured.

3.3.8 Photografting by UV polymerisation of monomers onto chemically
oxidized poly (NDDEAEA)-modified PP membranes and glass slides

The pre-weighed poly (NDDEAEA)-coated membranes were immersed in a Petri dish
containing 3 mL of 0.1 M monomer solution (methacrylic acid or AMPSA were

dissolved in water and styrene in acetonitrile) which had been degassed by bubbling
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with nitrogen for ten minutes (SAppendix B: Figure Apx B.12). The Petri dish was then

placed inside a homemade box supplied with an inlet for continuous flow of nitrogen
throughout the period of polymerisation and irradiated (Philips UV lamp) for forty five
minutes. After drying at 45 °C overnight, the degree of grafting was calculated. Contact
angles were measured before and after grafting. Similarly, chemical oxidative
polymerisation of NDDEAEA was performed onto glass microscope slides to obtain
thicker films. The slide was placed in a 500 mL glass beaker and 30 mL of a solution
containing 0.08 M NDDEAEA, 0.6 M hydrochloric acid and 0.05 M ammonium
persulfate in 25% acetonitrile in water was added. The polymerisation was allowed to
proceed at ambient temperature for one hour. The glass slide was then rinsed with
water and dried at ambient temperature for twelve hours. Half of the poly (NDDEAEA)-
modified glass slide was then masked with aluminum foil and UV photografting of a
hydrophobic monomer (styrene) was performed on the unmasked half. The sample
was then rinsed, the styrene modified area masked and the other half was grafted with
a hydrophilic monomer (AMPSA) as described above (Figure 3.10). Again contact

angles were measured for the coatings.

3.3.9 Surface-confined photo grafting of various monomers on poly
(NDDEAEA)-modified microtitre plates

Poly (NDDEAEA)-coated polystyrene microtitre plates were placed horizontally in a
Petri dish. A solution of monomer (200 uL, 0.1 M, degassed with nitrogen for ten
minutes) was placed in each of the wells in which grafting was to be carried out, in the
dark. The Petri dish and microplate were placed inside a sealed homemade box purged
with nitrogen. Monomer solutions were made up in water (methacrylic acid or AMPSA)
or acetonitrile (lauryl methacrylate). The contents of the box were irradiated for forty
five minutes using a Philips UV lamp, mounted at a distance of 8 cm from the well
bottoms. The photografted surfaces were rinsed with deionized water and dried in a

stream of nitrogen. Contact angle measurements were performed on the grafted films.
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Control experiments were performed in the same manner using unsubstituted PANI in

place of the poly (NDDEAEA) films.

3.3.10 Spatially-confined grafting of poly (N-(3-aminopropyl)-methacrylamide)
over chemically polymerised poly (NDDEEA) using a TEM grid as a photomask

A solution comprising NDDEAEA (0.08 M), hydrochloric acid (0.6 M) and ammonium
persulfate (0.05 M) in 8 mL 25% acetonitrile in water was allowed to react for one hour
in the dark. The resultant polymer formed as a precipitate at the bottom of the vial
was washed several times by the addition and decantation of water. The washed
residue was dissolved in 1 mL of methanol. One drop of this solution was placed on a
pre-cleaned gold coated glass slide (2 x 2 cm) and the solvent allowed to evaporate to
deposit a cast film of poly (NDDEAEA). A TEM grid (G213, Bal-Tec, 200 mesh copper
with 100 um x 100 um square holes) was placed on the surface of the polymeric film
and then a drop of a previously degassed solution of N-(3-aminopropyl)-
methacrylamide (0.43 M in 20% acetonitrile in water mixture) was placed onto the
grid. The grid was covered with a standard microscope cover glass slide and the
assembly then placed in a plastic bag with nitrogen atmosphere. After five minutes
purging with nitrogen, the assembly was UV irradiated for twenty minutes with the
Philips UV lamp. The slide was rinsed with water and left to dry for twelve hours at
room temperature. Confocal microscopy (10 x magnification) was used to record 3D
images of grafted poly-N-(3-aminopropyl)-methacrylamide structures, before and after

removal of the TEM grid (Figure 3.11).
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3.4 Conclusions

A new bi-functional monomer, N-(N’,N’-Diethyldithiocarbamoyl ethyl amidoethyl)-
aniline (NDDEAEA), incorporating both aniline and dithiocarbamate ester (DTCE)
groups, was synthesised and fully characterised. Conjugated poly (NDDEAEA),
consisting of N-substituted PANI backbones bearing a high density of DTCE groups
(iniferter) was produced, either by electrochemical polymerisation or chemical
oxidation using ammonium persulfate. Polymerisation of the aniline functionality of
NDDEAEA was performed on a number of substrates, namely: polystyrene (cuvettes
and microtitre plates), polypropylene filtration membranes, screen-printed gold
electrodes and glass. UV-activation of the DTCE-based iniferter groups of these
polymeric materials, deposited on solid surfaces allowed grafting of further addition
polymers, or block copolymers. Monomers utilized for grafting were: methacrylic acid,
styrene, acrylamido-2-methylpropane sulfonic acid, lauryl methacrylate and 3-
aminopropyl methacrylamide. That these polymers were also capable of re-initiating
polymerisation upon reapplication of UV light was confirmed by the grafting of
polystyrene over a poly (MMA) grafted film. UV-initiated surface graft polymerisation

was also shown to be capable of producing fine surface designs via a masking process.

Photochemical grating of various monomers and XPS studies (before and after
polymerisation) clearly indicated that the DTCE groups survived oxidative
polymerisation and retain their “living” behaviour. This versatile new material has the
potential for the creation of materials with integrated functionalities (e.g. conductivity
and molecular recognition, catalysis, controlled transport properties etc.) for
application in sensors, microfluidic devices, and in surface patterning. Our results
suggest that NDDEAEA is a versatile monomer for use within the fabrication of sensors

and optoelectronic devices and in polymer and material chemistry applications.
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4 Enhancement of Conductivity by UV Irradiation in Polyanilines
N-Substituted with Dormant or Active Radical Species
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4.1 Introduction

The interaction of mater with energy is a basic phenomenon which sits behind most of
the modern analytical devices and all physical events in general. Creating
photoresponsive materials with well-defined molecular structures in nanoscale is one
of the main challenges in the field of optoelectronic devices and molecular electronics
(Cho et al. 2010). Converting optical irradiation into electrical signals in a well-
controlled manner is a state-of-the-art ongoing task (Hayden et al. 2006, Ahn et al.

2005; Freitag et al. 2003).

Electrically conducting organic polymers are a class of “synthetic metals”’ that combine
the chemical and mechanical properties of polymers with the electronic properties of
metals and semiconductors. These polymers become conductive on partial oxidation
or reduction, a process commonly referred as doping. With the doping process a
polymer with insulator properties is reversibly converted to its “metallic” conductive
form. It has been demonstrated that the electrical properties of conductive polymers
can be reversibly changed over the full range from an insulator to a “metallic”

conductor (MacDiarmid 1997).

Polyaniline (PANI) is one of the conductive polymers that receive most attention due
to the relatively cheap price of the monomer used (aniline/aniline hydrochloride), the
polymerisation reaction can be well controlled for higher yields and the polymer shows
high thermal and chemical stability (Salaneck et al. 1985). One of the unique features
of PANI is that its nonconductive form can be converted to the conductive state by
proton doping or oxidation—reduction reactions (Heeger, 2002). Reversible charge
injection by ‘doping’ can be accomplished in a number of ways: chemical doping by
charge transfer, electrochemical doping, photo-doping or charge injection at a metal—

semiconducting polymer interface (Heeger, 2002).

Studies of the interaction of PANIs with different sources of energy have been
conducted. Energy sources used include electromagnetic radiation (Molina et al.
2011), gamma radiation (Bodugoz-Senturk and Guven, 2011; Araujo et al. 2011; Guven,
2007), beta radiation (Kane et al. 2010), ultrasound irradiation (Bardavid et al. 2011;
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Xia and Wang, 2002) and ultraviolet (UV) irradiation (Yow-Jon et al. 2007). It is well
known that PANI strongly absorbs electromagnetic radiation, particularly in the
microwave range which leads to heating of the polymer (Molina et al. 2011). The
authors showed that PANI nanoparticles (NPs) synthesised via precipitation
polymerisation could be absorbed in a macroporous thermosensitive hydrogel (poly
(N-isopropylacrylamide-co-(2-acrylamido-2-methyl propane sulfonic acid)). When this
composite was subject to microwaves or irradiated by laser light the encapsulate PANI
NPs increased in temperature and induced the phase transition in the thermosensitive

hydrogel matrix, resulting in release of the internal solution.

It has been shown that ionising gamma radiation is an effective tool to induce and
control conductivity in PANI blends with poly (vinylidene chloride-co-vinyl acetate)
(Guven, 2007; Bodugoz-Senturk and Guven, 2011; Araujo et al. 2011). The conductivity
of the cast films was measured as a function of polymer composition, film thickness,
irradiation dose and the temperature (Guven, 2007; Bodugoz-Senturk and Guven,
2011). It was shown that the conductivity increases with increasing dose up to certain
level but dropped rapidly with continued irradiation. It is well known that the
conductivity increases with increasing polymer thickness. The conductivity also
increases with increases in temperatures, up to about 200 °C the conductivity was
increasing. This is a very common observation for semi-conductor materials. In
general, when the temperature of a semiconductor is raised, intrinsic conductivity
increases because more free electrons cross the band-gap and holes are produced in
the valance band. For temperatures about ~200 °C a decrease in conductivity can be

observed due to decomposition.

After beta-irradiation PANI showed decreased conductivity by several orders of
magnitude (Kane et al. 2010). This fact was attributed to the extensive chain scission
that occurs, leading predominantly to chain recombination (cross-linking). The
conductivity changes were speculated to be limited to physical changes in the polymer

structure. PANI was shown to be very sensitive to oxidative degradation.
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Xia and Wang (2002) showed that ultrasound can enhance the doping level in PANI.
When PANI was deposited on the surface of nano-TiO,, the crystalline behaviour of
PANI is hampered and the degree of crystallinity decreases, leading to an increase in
conductivity. An increase in the conductivity of PANI on exposure to ultrasound was
reported by De Azevedo et al. (2006). This was explained in terms of redox and doping
transition in the polymer. The experiments were conducted in DMSO as solvent in the
presence of water. The ultrasonic waves interacted with the water molecules which
induced homolytic dissociation of the water molecules producing radical species.
These radicals interacted with the dissolved PANI modifying its oxidation and doped

state.

Yow-Jon et al. (2007) found that the UV irradiation could lead to a decrease in the
electrical conductivity of PANI as a result of an increase in the surface band bending

and a reduction in the work function (Figure 4.1).

k-
--

0.2V 0.5eV

incresing energy

insulator semiconductor PANI after PANI before metal
UV irradiation UV irradiation

- energy level in conduction band

energy level in valance band

Figure 4.1: Simple band energy dsiagram, showing the difference between insulator,
semiconductor, PANI after UV irradiation, PANI before UV irradiation and metal (W: work

function).

Bardavid et al. (2011) investigated the effect of UV irradiation on the conductivity of

PANI covalently grafted with photo-reactive molecules of spiropyran. Upon irradiation
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with UV light spiropyran was transformed to its merocyanine form, which is a molecule
containing a large dipole. The authors observed reversible increases in conductivity of
two others of magnitude that was explained by an increase in the hole mobility which
lead to an increase in the hopping probability from one conducting system to the

other. It was also shown that there was a decrease in the band gap energy.

An interesting question arises from the above. Would the conductivity of PANI be
influenced by an increase in the density of unpaired electrons attached to the polymer
chain and would differences in the lifetime of the radicals influence the conductivity in
a different way? The reaction between dormant radical and conductive PANI in
methanol has been reported in the literature (Gizdavic-Nikolaidis et al. 2004). The
authors explained that dormant radicals extracted protons and oxidised each reduced
PANI unit. This mechanism would give rise to a doping effect on the PANI chain and a

consequent increase in conductivity.

The electron spin resonance (ESR) signal of the N-substituted PANI, poly (N,N-
dimethylaniline) increased when placed in ethanol solution with the stable radical 1,1-
diphenyl-2-picrylhydrazyl (Zheng et al. 1997). The authors explained this effect as
being due to an electron transfer process from nitrogen atoms of the polymer to those
of the radical, which eliminated the radical and formed more stable radical cations on
the polymer. The magnitude of this effect was dependent on the concentration of the

free radicals used.

Within this work N-substituted anilines with an iniferter group attached to the
substituent were synthesised (Scheme 4.1). As the iniferter, dithiocarbamate ester
(DTCE) group was chosen due to its UV activity (Otsu, 2000). When irradiated with UV
light a homolitic cleavage of the C-S bond occurs. This process leads to the formation
of two new species: a relatively stable dormant radical on sulfur and a short
living/unstable active radical on carbon. The design of the N-substituted PANI was
arranged in this way that the DTCE part would be attached to the aniline part either
with its N-end or with its S-end. N-substituted PANIs were prepared by oxidative

polymerisation, as described in Chapter 3 and in the related publication (lvanova-
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Mitseva et al. 2010). During irradiation in a dry state one of the polymers would bear a
dormant radical on each of its side-chain units while the other would bear a short-lived
active radical on the PANI backbone. This difference would be explored in connection
with the change of the conductivity of these PANIs in the dry state during UV
irradiation. As a control PANI was used. Conductivity measurements, UV spectroscopy,
electron spin resonance (ESR) spectroscopy, cyclic voltammetry (CV) and confocal

microscopy were engaged to follow the process.
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: ester part (DTCE)
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Scheme 4.1: Schematic representation of the designed structures of monomers in terms of the

structures of their individual sub-units and their polymerisation to N-substituted PANIs.
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4.2 Results and Discussion

Two monomers were designed and synthesised that comprised an aniline and a
dithiocarbamate ester (DTCE) part. N-(N’,N’-diethyldithiocarbamoyl ethyl amido ethyl)-
aniline (NDDEAEA, Scheme 4.2, 13) and S-methyl-N-methyl-N-ethyl (2-(phenylamino))
dithiocarbamate ester (MEPDTC, 16) were synthesised. NDDEAEA was synthesised as
described in Sections 3.2.1 and 3.3.3 (page 116). The synthesis of MMDTCE is discussed

below.
LiJ
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f ,& radical  radical
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Scheme 4.2: Schematic representation of the structures of the monomers NDDEAEA (13) and
MMDTCE (16) and their oxidative polymerisation leading to the formation of the
corresponding N-substituted PANIs (14 and 17). During UV irradiation the polymers will form

active and dormant radicals, respectively along the PANI chain.
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4.2.1 Synthesis of S-methyl-N-methyl-N-ethyl (2-(phenylamino))
dithiocarbamate ester (MMDTCE)

A highly efficient and simple synthesis of dithiocarbamates based on the one-pot
reaction of aliphatic amines, carbon disulphide, and alkyl halides without the use of
any catalyst, under solvent-free conditions and at ambient temperature has been
adopted for the synthesis of S-methyl-N-methyl-N-ethyl (2-(phenylamino))
dithiocarbamate ester (MMDTCE). Generally, the solvent-free reactions are
experimentally simple. However, due to the immediate solidification of the reaction
mixture, efficient stirring was prevented, leaded to a low yield. For this reason
experiments with tetrahydrofuran and methanol as solvents were performed. The best
results and most homogeneous reaction mixtures were achieved in tetrahydrofuran.
Therefore all the experiments for the synthesis for this compound were conducted in
tetrahydrofuran as solvent. MMDTCE (Scheme 4.3, 16) was synthesised via simple
electrophilic substitution of N-methyl-N’-phenyl-1,2-ethylenediamine (MPEDA, 18)
with carbon disulphide, in the presence of sodium hydroxide as base. Methyl iodide
was added to the resultant dithiocarbamate salt to form the ester.

H |
HNSNS HN/\/N\H/ ~

NaOH
+ C + Mel ——»
THF/H,0

18 16

Scheme 4.3: Schematic representation of the synthesis of MMDTCE (16) via electrophilic
substitution of MPEDA (18) with carbon disulfide. Methyl iodide was added to the

dithiocarbamate salt to form the ester.

The obtained product was isolated as yellow oil and characterised by 'H, **C and DEPT

NMR, MS and EA (4.3.4, page 161 and 5C.1, page 234: from Figure Apx C.4 to

Fisure Apx C.11).

MPEDA (18), that is a precursor in the above reaction, was synthesised in house as
well. The 1,2-ethanediamines are an important class of materials which are useful for

various applications such as intermediates in the synthesis of pharmaceuticals and for
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use in photographic applications. This is why their synthesis has been well explored,
and ways for use of environmentally friendly reagents were investigated (Taniguchi et
al. 2009; Azizi et al. 2006; Altman et al. 2002; Heinrich et al. 2001; Salerno et al. 1997
Poindexter et al. 1992; Poindexter, 1981). For the synthesis of MPEDA a synthetic
method that was adopted from Poindexter (1981) was applied. The process involved
the aminoethylation of aniline hydrochloride with one equivalent of N-methyl-2-
oxazolidinone at 140 °C. Under these conditions, the N-methyl-2-oxazolidinone is ring-
opened at the fifth position and decomposes to form carbon dioxide as a by-product
and the desired aminoethylated aromatic amine hydrochloride. Neutralisation of the

hydrochloride salt with base affords the free aminoethylated aromatic amine.

The ability of aromatic amine salts and of aliphatic amine salts to promote ring-
opening, could be explained as a function of the relative acidities of their
corresponding conjugate acids. Aromatic amine salts have a pK; around 5, whereas in
contrast aliphatic amine salts have a pK; of around 10. That is why aliphatic amines are

not strong enough acids to initiate this reaction.

The mechanism of the reaction is illustrated in Scheme 4.4. Protonation of 19 by the
amine salt at high temperatures could lead directly to intermediate 20, followed by
ring-opening by nucleophilic attack at C-5 with aniline, leading to intermediate 22. Loss
of carbon dioxide leads to the product 23. Alternatively, ring-opening could also occur
through an aziridinium species, such as 21. Nucleophilic attack at the C-2 position of

21, would result the intermediate 22, and the product 23.
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Scheme 4.4: Schematic representation of the mechanism for the synthesis of MPEDA

hydrochloride (23). The mechanism is adapted from Poindexter et al. (1992).

MPEDA was successfully synthesised and characterised by 'H, *C and DEPT NMR
(4.3.3, page 160 and 5C.1, page 234: Figure Apx C.1,Figure Apx C.2 and Figure Apx

C3).

4.2.2 Conductivity enhancement of chemically polymerised poly (NDDEAEA)
and poly (MMDTCE) during UV irradiation

NDDEAEA, MMDTCE and aniline hydrochloride were chemically polymerised and
deposited over interdigitated microsensor electrodes (IMEs) (Figure 4.2). Thick layers
were formed on the surface of the electrodes as the polymer thickness is in important

characteristic in sensors (Bodugoz-Senturk and Guven, 2011) (5B.3.2, page 229:
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Figure Apx B.7 and Figure Apx B.8 and 5C.2, page 243: Figure Apx C.12 and

Figure Apx C.13). For all three different materials similar conditions of polymerisation

were applied in order to achieve comparable results. The potential of poly (NDDEAEA),
poly (MMDTCE) and PANI (control) deposited over IMEs was monitored during UV
irradiation, using a lock-in-amplifier. The current was calculated from Ohm’s law. N-
alkyl substituted PANIs have conductivities in the range of 102107 S cm™ (Long et al.
2004) as was observed in this case as well. The different materials were compared in
their doped and dedoped states. When the doped state was used, a reversible increase
in the current with application of UV light was observed. This increase was dependent
on the intensity of the light and showed saturation behaviour at 50 % lamp intensity.
The response was immediate with starting or stopping the UV light source and was

constant over the whole irradiation period. The increase in current was greater with

poly (NDDEAEA) and poly (MMDTCE) than with PANI (Figure 4.3, Figure 4.4 and Figure
4.5). All the materials showed unstable baselines. When the dedoped state was used

the polymers did not show any response in their conductivity during UV irradiation.
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electrodes (IME) D - dithiocarbamate ester group
— - N-substituted PANI

Figure 4.2: Conductivity measurements experimental set up diagram and principal idea behind

the expected result.
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For poly (NDDEAEA) the baseline at the beginning of the experiment was at 1.46 x 10
S cm™ which showed a constant slow increase up to 1.465 x 10% S cm™ (Figure 4.3).
This increase could be due to a decrease in the band gap energy (Bardavid et al. 2011).
Also cross-linking could occur, predominantly due to chain scission, which leads to
increase in the conductivity after UV irradiation. After applying 50 % light intensity the
current jumped rapidly to 1.49 x 102 S cm™ from 1.463 x 102 S cm™. This could be
explained by an increase in the hole mobility, leading to an increase in the hopping
probability from one conducting system to the other (Bardavid et al. 2011). With UV
irradiation more polymer bonds break and intrinsic conduction increases because
more free electrons and holes are produced, thus resistance of the polymer decreases,
resulting in increasing conductivity. This behaviour was observed for all the three
tested materials. During irradiation poly (NDDEAEA) forms short lived active radicals
on each one of the polymer units. These could recombine with other active radicals
from the neighbouring chains faster than they can participate in the hopping

mechanism. This leads to the increase in the conductivity after each step of irradiation.
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Figure 4.3: Change in conductivity observed for poly (NDDEAEA), doped with 1 M hydrochloric
acid, coated onto IMEs during UV irradiation. The intensity of the UV source was varied from

10 to 50 %. Each intensity level was repeated three times per electrode.
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With poly (MMDTCE) the baseline settled down to 3.25 x 10> S cm™ in the beginning
of the experiment which dropped to 2.65 x 102 s ecm™ during the course of the
experiment (Figure 4.4). This phenomenon could be due to decreasing electrical
conductivity of the polymer as a result of an increase in the surface band bending and
a reduction in the work function (Yow-Jon et al. 2007). Also this fact could be
attributed to the chain scission after UV irradiation that could occur predominantly to
chain recombination (Kane et al. 2010). The baseline conductivities changes were
limited to the physical changes in the polymer structure. When 50 % intensity was
applied, there was an immediate response of 3.20 x 102 S ecm™ from 2.65 x 10° S cm™
baseline. The last peak at 60 % was much higher than the rest but this result was not a
reproducible event. The response with poly (MMDTCE) was higher than with poly
(NDDEAEA). This could be due to the formation of longer lived dormant radicals along
the polymer chain. They are able to live long enough to participate in the hopping
mechanism and to increase the doping level of the polymer (Gizdavic-Nikolaidis et al.

2004).
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Figure 4.4: Change in conductivity observed for poly (MMDTCE) coated IMEs doped with 1M
hydrochloric acid, during UV irradiation. The intensity of the UV source was varied from 10 to

50 %. Each intensity level was repeated three times per electrode.
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In the case of PANI the initial baseline signal was at 1.43 x 10> S cm™, which value was
increasing constantly during the whole experiment up to 1.82 x 10°Scm™ (Figure 4.5).
This event was analogous to the one observed with poly (NDDEAEA). Here also a cross-
linking could occur predominantly to chain scission, which leads to increase in the
conductivity (Bardavid et al. 2011). The material showed a jump in the current from
1.79 x 10 Scm™ to 1.96 x 10 Scm™ with 50 % intensity. The UV initiated response

was weaker than the one registered for poly (MMDTCE).
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Figure 4.5: Change in conductivity observed for PANI, doped with 1 M hydrochloric acid,
coated IMEs during UV irradiation. The intensity of the UV source was varied from 10 to 50 %.

Each intensity level was repeated three times per electrode.

The baseline instability was higher for PANI - an increase of around 0.39 x 10> S cm™,
than for poly (MMDTCE) - a decrease of around 0.6 x 102 S cm™, and the lowest
change was seen with poly (NDDEAEA) — an increase of around 0.01 x 10> S cm™. The
observed baseline instability can be attributed to physical and/or structural changes
that may have occurred in the polymer, such as cross-linking (increase in conductivity)
or scission of the polymer chain (decrease in conductivity). The N-substituted PANI
used showed greater stability during UV irradiation than its unsubstituted structural

analogue due to the showed higer stability of the baceline. The difference in the
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behaviour of the three materials is due to the different oxidation potential needed for
redox process or for destruction of the chain. Poly (MMDTCE) is less stable under UV
irradiation and decomposes faster (decrease in the baseline after UV irradiation) than
poly (NDDEAEA). In the case of poly (NDDEAEA) the increase in the baseline
conductivity is clear evidence for cross-linking (active radical recombination) having

occurred in the course of UV irradiation.

The highest change of conductivity was calculated to be with poly (MMDTCE): 0.6 x 10°
>S cm™, than with PANI: 0.17 x 102 S cm™, and the lowest was with poly (NDDEAEA),
0.03 x 10° S cm™. Poly (MMDTCE) forms dormant radicals along the polymer chain
during UV irradiation. These radicals could live long enough that instead of
recombining instantly, they may participate in the hopping mechanism (Gizdavic-
Nikolaidis et al. 2004). This hopping leads to an increase in the doping state of the

polymer.

Due to the fact that PANIs are very sensitive to oxidation, all the experiments were
conducted under a flow of nitrogen. The temperature on the surface of the electrode
during irradiation was measured with a thermocouple in order to determine if the
effect observed upon irradiation was due to increases in temperature (Table 4.1). The
response to UV irradiation of the working surface of the electrode was immediate. It

did not following the pattern of temperature change which was very slow.
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Table 4.1: Measurement of the electrode surface temperature with thermocouple with

nitrogen gas flow and in air. The readings were taken at the end of a five minutes irradiation

period.

light intensity [%] Temperature, N, flow [°C] Temperature, air [°C]
0 24.4 241

10 255 24.6

20 25.0 26.5

30 254 27.2

40 25.5 28.6

50 25.9 295

In order to investigate the influence of the method by which the monomers were
polymerised on the enhancement of the current during UV irradiation, different
polymerisation methods were compared. Conductivity measurements were also
performed with doped electropolymerised materials on the surface of the IME. Via
electropolymerisation higher order polymers are created which should lead to higher
enhancement in the conductivity. Changes in the conductivity dependent upon the UV
irradiation with the electopolymerised materials were not monitored. The reason
behind this result is that the polymers on the surface of gold electrodes could not form
as thick layer as the chemically deposited materials. For the conventional film sensors,
the current response is strongly affected by the film thickness (Guven, O. 2007 and
Bodugoz-Senturk, H. et al. 2011).

4.2.3 UV spectroscopy of chemically polymerised poly (NDDEAEA) and poly
(MMDTCE) before and after UV irradiation

Poly (NDDEAEA), poly (MMDTCE) and PANI were deposited on the walls of cuvettes as
films during chemical polymerisation using the same conditions as those used for the

conductivity measurements (5B.3.2, page 229: Figure Apx B.7 and Figure Apx B.8 and
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5C.2, page 243: Figure Apx C.12 and Figure Apx C.13). The materials were dried and in

the quvettes nitrogen atmosphere was established. UV measurements before and
after UV irradiation were taken (Figure 4.6). Samples in the doped and dedoped state
were compared. Spectra were taken every five minutes for twenty minutes total
irradiation time per sample. There was no change in the spectra of poly (NDDEAEA)
and PANI after irradiation neither in the doped nor in the dedoped state. Poly
(NDDEAEA) and poly (MMDTCE) showed absorption peaks at Ayax = 247 and 275 nm
which are attributed to the —S-C=S and S=C-N groups of DTCE groups respectively.

0.19
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! -~
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i N T T poly (MMDTCE) dedoped, 20 min
poly (NDDEAEA) doped, 20 min
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Wavelenght [nm]

Figure 4.6: UV spectra of chemically polymerised PANI, poly (NDDEAEA) and poly (MMDTCE)

deposited on the walls of quarts cuvettes. For reference nitrogen gas was used.

The spectrum of doped poly (NDDEAEA) showed three characteristic absorption bands
due to PANI at around 300, 400 and 600 nm. The characteristic peaks of doped PANI

appear at about 320 nm due to the n—m transition of the benzenoid ring and at about
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400-430 nm and 730-825 nm due to polaron-m. and m-polaron band transitions
respectively, showing that PANI is present in the doped state (Abdiryim et al. 2005;
Stafstrom et al. 1987). When the dedoped state of poly (NDDEAEA) and PANI was
analysed the characteristic peaks of the PANI chain showed the expected shift to 300

nm and 600 nm, respectively (lvanova-Mitseva et al. 2010; Stafstrom et al. 1987).

The characteristic peaks for the DTCE group in the spectra of poly (MMDTCE) were
present, analogously to the case with poly (NDDEAEA) but they were increasing by
intensity with the irradiation time. This phenomenon could be due to the fact that
when irradiated this material frees a dormant radical that is attached to the PANI chain
and an active methyl radical that could be volatile. The possible recombination of the
dormant radicals formed in this way should be with another dormant radical from the
nearest neighbour chain. This event would lead to small increasing in the
concentration of the dithiocarbamete moeities. The formation of an even end optically
transparent layer with this material was extremely hard, although many attempts were
made to create a better layer, but all proved unsuccessful. The material deposited on
the walls did not forme an even layer. This was due to the fact that the polymer was
precipitating at the bottom of the cuvette faster than the other materials and the
absorption to the cuvette walls was hampered. The characteristic peaks for PANI
backbone were with very low intensity at around 550 nm for the doped state and at

around 600 nm for the dedoped state (Stafstrom et al. 1987).

These results were in correspondence with the results from the conductivity
measurements and with the proposed mechanism as there were no DTCE structural
changes in the polymers after UV irradiation. In the case of poly (NDDEAEA) the DTCE
groups were predominantly recombining after irradiation in dry state and that is why
no change in their concentration was observed by UV spectroscopy. With poly
(MMDTCE) the recorded slight increase in the concentration of the DTCE group was a
logical representation of the fact that thiuram disuflfides were formed after the
removal of the highly volatile active methyl radical after irradiation. This cross-linking

would lead to increased polymer density and to higher conductivity enhancement.
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4.2.4 Electron spin resonance (ESR) of chemically polymerised poly
(NDDEAEA), poly (MMDTCE) and PANI

Chemically polymerised poly (NDDEAEA), poly (MMDTCE) and PANI (5B.3.2, page 229:
Figure Apx B.7 and Figure Apx B.8 and 5C.2, page 243: Figure Apx C.12 and

Figure Apx C.13) were analysed with ESR spectroscopy in dry state, in nitrogen

atmosphere, before and during UV irradiation (Figure 4.7, Figure 4.8 and Figure 4.9) at

120 K temperature. In all the samples very strong signals were observed,
corresponding to the delocalised conducting electrons of the PANI chain (Langer, J. J.
et al. 2001). All anilines were strongly paramagnetic materials with EPR spectral
characteristics dependant on the electrical conductivity (Langer, J. J. et al. 2001).
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Figure 4.7: ESR spectrum of poly (NDDEAEA) before (solid line) and after (dotted line) UV
irradiation at 120 K.
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Figure 4.8: ESR spectrum of poly (MMDTCE) before (solid line) and after (dotted line) UV

irradiation at 120 K.
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Figure 4.9: ESR spectrum of PANI before (solid line) and after (dotted line) UV irradiation at
120K.

EPR is a sensitive tool to detect the electron transfer processes. During irradiation
increase of the conductive band of PANI was observed with PANI and with poly
(MMDTCE). With PANI the signal increased from around 0.4 to 1.0 in intensity (Langer
et al. 2001). This increase as well as the initial value was higher with poly (MMDTC) —
from 0.9 to 2.2 (3356). The increase in the signal of poly (MMDTCE) is due to electron
transfer from nitrogen atoms of PANI backbone chain of poly (MMDTCE) to the
dithiocarbamate stable radicals, which makes PANI backbone chain form more radical
cations than before and reduces the dithiocarbamate free radicals (Zheng et al. 1997).
This result is in correspondence with the increase of conductivity and the hopping

mechanism discussed previously.

With poly (NDDEAEA) the intensity changes were from 153 before irradiation to 127
during irradiation (3356). This slight decrease in the signal intensity could not be
explained by the same mechanism. On the other hand the intensity of the signal was

the highest with poly (NDDEAEA) even before irradiation. The difference in the
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intensity of poly (NDDEAEA) and poly (MMDTCE) was significant, almost 150 times
higher. The possible reason behind this result could be due to the presence of the
active instead of dormant radicals on each building block of the polymer which can

lead to predominantly recombination with dormant or active radicals.

4.2.5 Confocal laser scanning microscopy of chemically polymerised poly
(NDDEAEA), poly (MMDTCE) and PANI

For a better understanding of the properties of the three materials used in this work,
confocal laser scanning microscopy was used to analyse the surface of the materials

(from Figure 4.10 to Figure 4.15). All three materials were chemically polymerised

(5B.3.2, page 229: Figure Apx B.7 and Figure Apx B.8 and 5C.2, page 243: Figure Apx

C.12 and Figure Apx C.13) over 96 % Al,03 supports.

96.000um

72.000

48.000

24.000

102.400 1
128.000um

Figure 4.10: Confocal 3D laser topography of PANI layer deposited over 96 % Al,0; support

(blue top corner).
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Figure 4.11: Confocal 3D laser colour model of PANI showing a blue, fine structure continuous

organic layer over 96 % Al,03 support (the white top corner).

The image above depicts a 3D laser colour model of PANI, showing a blue-light green,
finely porous structure of an uninterrupted continuous PANI layer over 96 % Al,03
support (Figure 4.11, white area, top left). The black top left spikes are artificial of
analytical method and indicate light absorbing areas. The PANI layer is horizontal to

the mineral substrate surface and adheres sufficiently to it.
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Figure 4.12: 2D laser monochromatic con-focal surface reproduction of PANI at a 2300 times

magnification (scale bar 15 um).

The PANI, analysed at this higher resolution (approximately 2300 times, Figure 4.12),
exhibits clearly a fine porous structure (including sub-micron nonporous). The
statistically analysed area of the picture (1, yellow rectangle, right bottom) shows a
3021 sg. um surface versus a 3240 sq. um area, indicative of mild texture unevenness
and, again, porosity. Further statistical analysis reveals an average surface roughness

of SRa 310nm, which is homogeneously distributed.
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Figure 4.13: 2D laser monochromatic con-focal image of poly (NDDEAEA) (left) over an Al,O;
96% substrate support (right) (scale bar 20 pm).

The poly (NDDEAEA) layer is continuous, smooth, however, deep circular opening are
observed on the surface, which could be a result of an outgassing process, or fast
drying (Figure 4.13). The microstructure of poly (NDDEAEA) (left) is much finer and
smoother than that of the alumina crystalline substrate (right) and to that of PANI.
Poly (NDDEAEA) has a surface of 10187 sg. um and an area of 10320 sq. um, allowing
for the much coarser openings. Poly (NDDEAEA) measured surface roughness,

analysed using the SRa methodology, is 130 nm.
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Figure 4.14: 3D laser con-focal surface topography model of poly (MMDTCE).

The topography demonstrates a much coarser surface structure, as compared to PANI
and poly (NDDEAEA), consisting of approximately evenly distributed peaks and valleys
(Figure 4.14).
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Figure 4.15: 3D laser con-focal surface texture model of poly (MMDTCE).
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The texture of poly (MMDTCE), as imaged above consists of agglomerate-like particle
clusters of even shapes, resembling crystal agglomerations (Figure 4.15). Poly
(MMDTCE) possesses a surface of 7906 sq. um versus a surface area of 16597 sq. um
reflecting the much greater surface roughness and inhomogeneity. The SRa equals
1670 um, which is significantly greater than the other two analysed samples: PANI and
poly (NDDEAEA), respectively.

Compound roughness coefficients of the analyzed materials in increasing order were:

poly (NDDEAEA) 1.013, PANI 1.072 and poly (MMDTCE) 2.099.

4.2.6 Conductivity measurements of electrochemically polymerised poly
(NDDEAEA), poly (MMDTCE) and PANI during UV irradiation

The three materials of interest were polymerised not only chemically but also
electrochemically on the surface of screen-printed electrodes, in order to compare
their CV behaviour during UV irradiation this time in electrolyte solution. Figure 4.16
shows the CV obtained during the electropolymerisation (20 cycles) of NDDEAEA in a
3:1 mixture of hydrochloric acid (0.75 M) and acetonitrile solution, clearly displaying
oxidation and reduction peaks at +0.57 V and +0.47 V (versus Ag/AgCl) respectively
(lvanova-Mitseva et al. 2010; and 3.2.2, page 100). The obtained electrochemical
behaviour is quite similar to that obtained during the polymerization of aniline and
ring-substituted anilines dissolved in acidic solutions (Lakshmi et al. 2009; Ulgut et al.
2006; Schomburg and McCarley, 2001; Bidan et al. 1989; Hayes and Shannon, 1996;
Diaz and Logan, 1980). The large currents observed at the positive end of the CV are
due to the superposition of two distinct processes: one is the electron transfer from
the poly (NDDEAEA) film corresponding to the oxidation of the PANI film and the other
is the electron transfer from the NDDEAEA monomer to the electrode corresponding

to the oxidation of the NDDEAEA monomer to produce a precursor for the PANI film.
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Figure 4.16: Cyclic voltammogram obtained during deposition of electropolymerised poly
(NDDEAEA) films on gold screen-printed electrodes. The electropolymerisation of NDDEAEA
(0.1 M in 0.75 M hydrochloric acid 25% acetonitrile in water) was obtained by cyclic
voltammetry (potential range: -0.2 V to 0.9 V versus Ag/AgCl, at 100 mV s™ scan rate, 20
sweeps), under nitrogen atmosphere and in the dark which afforded the generation poly

(NDDEAEA).

In order to investigate the CV behaviour during UV irradiation of poly (NDDEAEA) films
in electrolyte solution, the electropolymerised electrodes were dipped in hydrochloric
acid (0.1 M) and the CV measured. The CV of poly(NDDEAEA), (Figure 4.17) showed
quasi reversible peaks at +0.25 V which indicates the oxidation of leucoemeraldine to
protonated emeraldine and also the peak at +0.50 V resulting from the oxidation of
emeraldine and deprotonation of the polymer (lvanova-Mitseva et al. 2010 and Inzelt
and Horanyi, 1990). During irradiation, a decrease of the current was observed. This
decrease could be due to a loss of material due to increased solubility during UV
irradiation. It could not be attributed to the stability of the polymer in electrolyte on its
own as discussed by Ivanova-Mitseva et al. (2010) and in 3.2.2, page 100. CV is giving
different type of information than the recorded current increase during irradiation. It is
showing the stability of the formed layer in electrolyte solution under UV irradiation

and the transformation between the different oxidative states of the polymer.
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Figure 4.17: Cyclic voltammogram of electropolymerised poly (NDDEAEA) films obtained
during UV irradiation (light intensity 0%, 10% and 50 %) in hydrochloric acid (0.1 M, 5 mL
solution) on gold screen-printed electrodes by cyclic voltammetry (potential range: -0.2 V to

0.9 V versus Ag/AgCl, at 100 mV s * scan rate), under nitrogen atmosphere and in the dark.

For comparison reasons the same experimental conditions were applied to the other
two materials. MMDTCE showed similar behaviour to that of NDDEAEA (Figure 4.18).
The peaks are with lower height and shifted to smaller potentials when compared to

the ones observed with NDDEAEA.
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Figure 4.18: Cyclic voltammogram obtained during deposition of electropolymerised poly
(MMDTCE) films on gold screen-printed electrodes. The electropolymerisation of MMDTCE
(0.1 M in 0.75 M hydrochloric acid 25% acetonitrile in water) was obtained by cyclic
voltammetry (potential range: -0.2 V to 0.9 V versus Ag/AgCl, at 100 mV s™ scan rate, 20
sweeps), under nitrogen atmosphere and in the dark which afforded the generation poly

(MMDTCE).

When the electropolymerised poly (MMDTCE) on screen-printed electrodes was
inserted in electrolyte bath and irradiated the same behaviour typical for the previous

analysed material was observed (Figure 4.19).

155



2.50E-05

2006054 T 0 % intensity
3.65E-04 — —- = . .
1.50E-05 o 30 % intensity
3.156-04 — 1.00E-05 - 50 % intensity
5.00E-06 —
2.65E-04 —| ”
0.00E+00 -+~
215604 < -5.00E-06 ~
<
= -1.00€-05
S 165604 —
5 B . L.
a3 1.50E-05 :
1.15E-04 —
6.50E-05 —|
1.50€-05 —|
-3.50E-05 : : | | |
02 0 02 0.4 0.6 0.8

Potential [V]

Figure 4.19: Cyclic voltammogram of electropolymerised poly (MMDTCE) films obtained during
UV irradiation (light intensity 0%, 10% and 50 %) in hydrochloric acid (0.1 M, 5 mL solution) on
gold screen-printed electrodes by cyclic voltammetry (potential range: -0.2 V to 0.9 V versus

Ag/AgCl, at 100 mV s™ scan rate), under nitrogen atmosphere and in the dark.

Aniline was elecropolymerised under the same conditions used for NDDEAEA and

MMDTCE (Figure 4.20).
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Figure 4.20: Cyclic voltammogram obtained during deposition of electropolymerised PANI
films on gold screen-printed electrodes. The electropolymerisation of PANI (0.1 M in 0.75 M
hydrochloric acid 25% acetonitrile in water) was obtained by cyclic voltammetry (potential
range: -0.2 V to 0.9 V versus Ag/AgCl, at 100 mV s scan rate, 20 sweeps), under nitrogen

atmosphere and in the dark which afforded the generation poly (PANI).

The same behaviour was observed with PANI (Figure 4.21). This reproducible result
with PANI and its N-substituted derivatives can be attributed to the redox processes
involving the PANI backbone on the electrode surface, and to the loss of material

during irradiation in solution.

157



......... o/ 1 .
5.00E-05 - 0% intensity
- - =30%intensity . _ . )
K ~ ..... '...:
3.00E-05 1 50%intensity.,.}"/ R .
< 100805 {1 L L
c
2 .
3 1006054/
B.00E-05 {  =Eu.
-5.00E-05 . s | | |

-0.2 0 0.2 0.4 0.6 0.8
Potential [V]

Figure 4.21: Cyclic voltammogram of electropolymerised PANI films obtained during UV
irradiation (light intensity 0 %, 10 % and 50 %) in hydrochloric acid (0.1 M, 5 mL solution) on
gold screen-printed electrodes by cyclic voltammetry (potential range: -0.2 V to 0.9 V versus

Ag/AgCl, at 100 mV s scan rate), under nitrogen atmosphere and in the dark.

These polymers, apart from the expected electrochemical activity due to the cation
transportation, seem to be potentially attractive for optoelectronic devices, storage

devices and sensor fabrication.
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4.3 Experimental Details

4.3.1 Materials

N-Phenylethylene diamine (98 %), ammonium persulfate (98 %), methyl iodide (99 %),
butyl lithium 2.5 M in hexane, ethylene dimethacrylate (98 %), acrylic acid (99 %), 1-(3-
dimethylaminopropyl)-3-ethyl-carbodiimide hydrochloride (98 %), silica gel 60 (particle
size 0.063-0.2 mm), 3-methyl-2-oxazolidinone (99.5 %), 2-(2-methoxyethoxy)ethanol (>
99 %), aniline (99.5 %), aniline hydrochloride (99%), and sodium hydroxide (100 %)
were purchased from Sigma Aldrich (US). Carbon disulfide (99 %), diethyl amine (> 99
%), triethylamine (> 99 %), sodium hydrogen carbonate (99 %), sodium sulfate
anhydrous (100 %), hydrochloric acid (36 %) were purchased from Fisher Scientific
(UK). Tetrahydrofuran (99,85 %, extra dry) was purchased from Acros Organics. NMR
solvents were obtained from Gross Scientific (UK). Ultra pure water (Millipore) was
used for all analysis. All chemicals and solvents were analytical or HPLC grade and were
used without further purification unless specified otherwise. Interdigitated monolitic
gold microsensor electrodes (IME 1525.3-M-Au-U) were purchased from Abtech
Scientific, Inc. (USA).

4.3.2 Apparatus

NMR measurements were made using a Jeol ECX 400 MHz NMR (Japan). Mass spectra
and elemental analysis were provided by Medac Ltd (UK). The change in alternating
current potential and phase was monitored using a lock-in-amplifier (Stanford
instruments, SR830 DSP, USA). With the use of a reference resistor and custom
software the resistance and the conductivity were calculated and monitored over time
(frequency - 1000 Hz; amplitude - 100 mV; phase - 0 degrees; harmonics — 1; time
constant - 1 x1 s, 12 dB; sensitivity - 5 x10 mV; signal output - A, AC, float; reserve - low
noise; filters — none; resistor box - was adjusted to measure about 50 % of the
amplitude, so about 50 mV). The irradiation was performed using Xenon Fibre-Optic
Light Source (PerkinElmer Optoelectronics, XL3000, USA). An Autolab PSTAT-10 (Eco-

Chemie BV, Utrecht, Netherland) was utilized for all electrochemical experiments.
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Conventional screen printed platinum electrodes (4 mm diameter) from Dropsens
were used with platinum working and counter electrodes and an Ag/AgCl reference
electrode. Bruker ESP-300E EPR spectrometer (Japan) operating at X band was used for
the electron spin resonance measurements. Confocal laser scanning 3D colour
microscope Olympus LEXT - Model OLS3000 was used for the imaging. The polymer
films were deposited over polycrystalline, 96 % Al,03 substrates with thickness 635um.
Optical densities were recorded using a micro plate reader (for microtitre plates) or a

UV spectrophotometer (UV-1800 Schimadzu, Japan).

4.3.3 Synthesis of N-methyl-N’-phenyl-1,2-ethylenediamine (MPEDA)

A mixture of aniline hydrochloride (13. 00 g, 0.10 mol, 1 equiv), 3-methyl-2-
oxazolidinone (11.00 g, 0.109 mol, 1.1 equiv) and 35 ml of 2-(2-metoxyethoxy) ethanol
were placed in a 100 mL three-necked round-bottomed flask, equipped with magnetic
stirring bar, condenser and thermometer, and heated to 170 °C in an oil bath (Scheme
4.4). The reaction mixture became yellow homogenous liquid and carbon dioxide
evolution occurred on heating. After seventeen hours, the reaction was allowed to
cool to ambient temperature. Most of the solvent was removed in vacuo to give a dark
oily residue. This residue was taken up in 100 mL of aqueous sodium hydroxide (10 %)
and extracted with three portions of 40 mL chloroform. The combined chloroform
extractions were then dried over anhydrous sodium sulphate. After filtration, the
chloroform was removed in vacuo to afford 20.4 g of the crude diamine as a brown
liquid. Distillation at 105 °C to 110 °C (0.4 mm Hg), afforded isolation of 81 % distilled

yield of the product as a clear liquid.

Spectroscopic data for MPEDA (Scheme 4.3, 18):

'H NMR (400 MHz, MeOH-Ds, 25 °C): 6 7.84 (2H, t, J = 8.37 Hz, C¢Hs), 7.34 (2H, d, J =
7.68 Hz, C¢Hs), 7.29 (1H, t, J = 6.53 Hz, CeHs), 3.86-3.82 (2H, g, J = 6.08 Hz, CH;NHC¢Hs),
3.43 (2H, t, J = 6.30 Hz, CH,NHCHs), 3.08 (3H, s, CHs), 2.37 (1H, s, NHCHs) ppm (5C.1,

page 234: Figure Apx C.1);
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3C NMR (100 MHz, MeOH-D3, 25 °C): 6 146.23(C¢Hs), 126.07 (CeHs), 112.73 (CeHs),
109.21 (CgHs), 47.67 (CH,CeHs), 39.73 (CH,NHCH;), 33.20 (CHs) ppm (5C.1, page 234:

Figure Apx C.2);

DEPT 135 NMR (100 MHz, MeOH-Ds, 25 °C): & 130.19 (up, CeHs), 116.85 (up, CeHs),
113.33 (up, CeHs), 51.79 (down, CH,NHCgHs), 43.84 (down, CH,NHCH3), 37.32 (up, CHs)

ppm (5C.1, page 234: Figure Apx C.3).

4.3.4 Synthesis of S-methyl-N-methyl-N-ethyl (2-(phenylamino))
dithiocarbamate ester (MMDTCE)

A mixture of sodium hydroxide (1.59 g, 39.9 mmol, 3 equiv) in 10 mL water, MPEDA
(2.00 g, 0.0133 mol) and carbon disulfide (1.22 g, 15.98 mmol, 1.1 equiv) were placed
in a 50 mL one-necked round-bottomed flask equipped with magnetic stirring bar and
argon atmosphere, at 0 °C bath temperature (Scheme 4.3). After thirty minutes
stirring, iodomethane (1.89 g, 13.3 mmol, 1 equiv), in 20 mL tetrahydrofuran was
added at 0 °C bath temperature. After thirty minutes stirring, the mixture was allowed
to warm up to ambient temperature, and left to stir for two hours. After that, the
solvent was removed in vacuo. The mixture was dissolved in 30 mL ethyl acetate and
extracted three times with 30 mL water. The ethyl acetate layer was collected, dried
over anhydrous sodium sulphate, filtered and the solvent was evaporated in vacuo.
This procedure afforded 81 % purity of the product, as yellow oil. Purification of the
residue by column chromatography over silica gel (25% ethyl acetate/hexane) afforded

pale yellow oil (Yield 55 %).

Spectroscopic data for MMDTCE (Scheme 4.3, 16):

'H NMR (400 MHz, DMSO-Dg, 25 °C): 6 7.03 (2H, t, J = 7.34 Hz, CHs), 6.60-6.58 (2H, d, J
= 7.79 Hz, CeHs), 6.49 (1H, t, J = 7.34 Hz, C¢Hs), 5.78 (0.33H, t, J = 6.19 Hz, NHCgHs), 5.71
(0.67H, t, J = 6.19 Hz, NH CgHs), 4.12 (1.35H, t, J = 6.99 Hz, CH,NHCgHs), 3.88 (0.65H, t, J
= 6.99 Hz, CH,NHCgHs), 3.42 (1.07H, s, C(S)SCH3) 3.34-3.23 (2H, m, CH,N(CH5)C(S)S),
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3.29 (1.8H, s, C(S)SCH3s), 2.53 (3H, s, CH3NC(S)S) ppm (5C.1, page 234: Figure Apx
C.4Figure Apx C.1);

'H NMR (400 MHz, DMSO-Dg, 130 °C): § 6.96 (2H, s, CeHs), 6.52 (2H, s, CeHs), 6.41 (1H,
s, CeHs), 5.18 (1H, s, NHCgHs), 3.99 (2H, s, CH,NHCgHs), 3.29 (3H, s, C(S)SCH3) 2.75 (2H,
s, CH,N(CH3)C(S)S), 2.49 (3H, s, N(CH3)C(S)S) ppm (5C.1, page 234: Figure Apx C.5);

13C NMR (100 MHz, DMSO-Ds, 130 °C): 6 198.52 (C(S)S), 147.79 (CeHs), 128.28 (CeHs),
115.00 (CgHs), 111.89 (CgHs), 55.61 (CH,NHC6HS5), 40.80 (CH,N(CHs)C(S)S), 39.63
(CH3SC(S)) 19.81 (N(CH3)C(S)S) ppm (5C.1, page 234: Figure Apx C.7);

DEPT 45 NMR (100 MHz, DMSO-Ds, 25 °C): & 129.52 (CeHs), 116.89 (CeHs), 112.49
(CeHs), 56.23 (CH,NHCgHs), 41.21 (CH,N(CHs)C(S)S), 39.63 (CHsSC(S)), 20.39
(N(CH3)C(S)S) ppm (5C.1, page 234: Figure Apx C.8);

DEPT 90 NMR (100 MHz, DMSO-D3, 25 °C): 6 129.52 (C¢Hs), 116.39 (CeHs), 112.49
(CeHs) ppm (5C.1, page 234: Figure Apx C.9);

DEPT 135 NMR (100 MHz, DMSO-D;, 25 °C): & 129.52 (up, CeHs), 116.39 (up, CeHs),
112.49 (up, CeHs), 56.23 (down, CHNHCgHs), 41.21 (down, CH,N(CH3)C(S)S), 39.63 (up,
CH3SC(S)), 20.39 (up, N(CH3)C(S)S) ppm (5C.1, page 234: Figure Apx C.10).

HRMS (ES) Exact mass calculated for C11H1gN>S, [M+H]+: m/z: 240.08 (100.0 %), 241.08
(12.1 %), 242.07 (9.1 %), 241.07 (2.3 %), 243.07 (1.2 %), found: 241.08 (60 %), 210.15
(100 %) (5C.1, page 234: Figure Apx C.11);

Elemental analysis (C11H1N,S;): C, 54.96; H 6.71; N 11.65, S 26.68; found 1: C 54.07, H
7.51, N 11.63, S 24.50; found 2: C53.88, H 7.68, N 11.60, S 24.66;

R = 0.3 (25 % ethyl acetate/hexane).

4.3.5 Polymer deposition over interdigitated microsensor electrodes (IMEs)

Interdigitated microsensor electrodes were used for detection of the current change

upon UV irradiation of poly (NDDEAEA), poly (MMDTCE) and PANI. The materials were
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deposited on the electrodes during chemical polymerisation the conditions of which

were previously optimised (5B.3.2, page 229: Figure_Apx B.7 and Figure Apx B.8 and

5C.2, page 243: Figure Apx C.12 and Figure Apx C.13). The reaction conditions chosen

as optimum were as follows:

NDDEAEA: 8 mL solution of 0.08 M NDDEAEA, 0.6 M hydrochloric acid and 0.05 M
ammonium persulfate in 25 % acetonitrile in water were placed in a 10 mL glass bottle

(height 70 mm, diameter 15 mm).

MMDTCE: 8 mL solution of 0.08 M MMDTCE hydrochloride and 0.05 M ammonium
persulfate in 25% ethanol in water was placed in a 10 mL bottle (height 70 mm,

diameter 15 mm).

PANI: 8 mL solution of 0.5 M aniline, 0.1 M hydrochloric acid and 0.05 M ammonium
persulfate in 25 % acetonitrile in water were placed in a 10 mL bottle (height 70 mm,

diameter 15 mm).

The polymerisation was performed at ambient temperature for one hour. The
electrodes were rinsed first with water and then with hydrochloric acid (1 M) or
sodium hydroxide (1 M), to give fully doped or fully dedoped materials respectively.
The electrodes were dried at ambient temperature in the dark for twelve hours. poly
(NDDEAEA) (0.7 mg), PANI (0.7 mg) and poly (MMDTCE) (8.3 mg) were deposited on

the surface of the electrodes.

4.3.6 Measuring the electrical properties of poly (NDDEAEA), poly (MMDTCE)
and PANI during UV irradiation

The change in alternating current potential and phase was monitored using a lock-in-
amplifier. With the use of a reference resistor and custom software the resistance and
the conductivity were calculated and monitored over time (frequency - 1000 Hz;
amplitude - 100 mV; phase - 0 degrees; harmonics — 1; time constant - 1 x1 s, 12 dB;
sensitivity - 5 x10 mV; signal output - A, AC, float; reserve - low noise; filters — none;

resistor box - should be adjusted to measure about 50% of the amplitude, about 50
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mV). The irradiation was performed using Xenon Fibre-Optic Light Source. The
irradiation distance was 100 mm. The light intensity was varied from 10 to 50 % in 10
% interval. Each irradiation interval was five minutes with five minutes break between
the intervals. The measurements were performed while nitrogen gas was purged in a
plastic bag with the connected electrode in it. Each single change of the light intensity
was performed in triplicates per one electrode. This experiment was repeated three
times with each polymer. The temperature was monitored with a thermocouple and a
multimeter over period of five minutes with the different intensities of the light. The

temperature was read at the end of the fifth minute.

4.3.7 UV spectroscopy of chemically polymerised poly (NDDEAEA), poly
(MMDTCE) and PANI before and after UV irradiation

Layers of poly (NDDEAEA), poly (MMDTCE) and PANI were deposited over quarts
cuvettes (HeIIma® absorption cuvettes, standard cells, Macro Herasil quartz, limit 200-
2,500 nm spectral range, path-length 10 mm, chamber volume 3,500 pL) during
chemical polymerisation. The protocol for the polymerisation was as described in 4.3.5
(page 162). The polymerisation volume was decreased to 4 mL. The polymerisation
time was one hour in the dark. After the polymerisation was completed the cuvettes
were rinsed with water and dried at ambient temperature, in the dark for twelve
hours. Prior to analysis nitrogen atmosphere was established. UV measurements were
performed before and after irradiation every five minutes in twenty minutes total
irradiation interval. The irradiation was performed using Xenon Fibre-Optic Light

Source (50 % intensity of the light). The irradiation distance was 100 mm.

4.3.8 Cyclic voltamometry of electrochemically polymerised poly (NDDEAEA),
poly (MMDTCE) and PANI during UV irradiation

The screen printed platinum electrodes, prepared as described in previous section

(3.3.4, page 117) with all three different materials (in triplicates), were tested for
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conductivity changes during UV irradiation with cyclic voltammetry in electrolyte
solution. All voltammograms were obtained using AutoLab between -0.2Vto 0.9V ata
scan rate of 100 mV s™ in hydrochloric acid (0.1 M). The irradiation was performed
using Xenon Fibre-Optic light source. The irradiation distance was 100 mm. The light
intensity was varied from 10 % to 50 % in 10 % interval. Five cycles were performed
per light intensity and five cycles in between without irradiation. Measurements were
performed under nitrogen atmosphere. The electrolyte solution was degassed with

nitrogen gas for two minutes prior to use.
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4.4 Conclusions

The newly synthesised N-(N’,N’-diethyldithiocarbamoyl ethyl amido ethyl)-aniline
(NDDEAEA, Scheme 4.2, 13) and S-methyl-N-methyl-N-ethyl (2-(phenylamino))
dithiocarbamate ester (MEPDTC, 16) that incorporate both aniline and
dithiocarbamate ester (DTCE) parts were chemically polymerised from their aniline
part to form the N-substituted polyanilines (PANIs) poly (NDDEAEA) and poly
(MMDTCE), respectively. The so-prepared materials were deposited on the surface of
interdigitated microsensor electrodes (IMEs) and their conductivity measured as a
function of time during ultraviolet (UV) irradiation. As a reference PANI was used. All
three materials, when in their doped state exhibited reproducible and reversible
enhancement of the conductivity during UV irradiation. This increase in the
conductivity was proportional to the intensity of the light. The biggest increase was
with poly (MMDTCE) at 50 % intensity of the light (0.6 x 10 Scm™). This was attributed
to the fact that during irradiation this material forms dormant free radical on each of
the aniline unit from the polymer that indulged hopping effect from the PANI chain
and leads to a doping effect. In the case of the other analysed polymer poly
(NDDEAEA), this showed similar behaviour but the increase in the conductivity during
irradiation was less than that observed with PANI (0.03 x 102 Scm™). This was
attributed to the fact that during irradiation this material forms active free radicals on
each one of the aniline units from the polymer that could lead to predominantly
recombination with a dormant or with another active free radical. The increase of the
current baseline after irradiation suggests that the cross-linking process dominates.
When the dedoped state of the materials was used for analysis no change in the
conductivity was observed. The UV spectra of the materials in the dry state after
irradiation show that there are no changes in the oxidation state of the DTCE group.
Electron spin resonance (ESR) spectroscopy was used to detect the electron transfer
processes. Confocal laser scanning microscopy was applied to analyse the surface of
the materials. Compound roughness coefficients in increasing order were: poly
(NDDEAEA) 1.013, PANI 1.072 and poly (MMDTCE) 2.099, which is in correspondence

with the observed increases in conductivity. When the materials were
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electropolymerised no increase in the current was observed even in their doped state.
This was related to the fact the polymer film thickness when electropolymerised was
much less that when chemically polymerised. This new materials could be potentially

attractive for optoelectronic devices, storage devices and sensor fabrication.

167






5 General Conclusions and Future Work

A close look at the current literature on molecularly imprinted polymers (MIP)
synthesised via “living” or controlled radical polymerisations (CRP) techniques was
presented in Chapter 1. Different CRP techniques such as surface-initiated nitroxide-
mediated free-radical polymerisation (SI-NMP), surface-initiated atom transfer radical
polymerisation (SI-ATRP), surface-initiated reversible addition-fragmentation chain-
transfer (SI-RAFT) polymerisation, and surface-initiated photo-iniferter (initiator,
transfer agent and terminator) mediated polymerisation (SI-PIMP) were introduced.
Their application in MIP synthesis has recently received a lot of attention due to the
possibility of a better control over the polymerisation process. This has enabled precise
tuning of the thickness of the polymer layer and led to facile routes to the
development of a variety of MIP formats, such as nano-scaled objects with improved
imprinted properties. These nano-MIP composites should find future applications in

the development of more sensitive biosensors with faster analysis times.

Among the presented SI-CRP techniques, SI-PIMP has proven to be the most
promising. It has demonstrated the fastest polymerisation times even at sub-zero
temperatures, the biggest choice of monomer-template compositions that could be
used and the simplest preparation procedures. SI-PIMP does not require the use of
additives, such as surfactants, initiators or metal ions, that are not incorporated in the
polymer structure, and that would require additional and long washes of the resultant
polymer. This is why this technique was chosen in the present work to be further
explored in respect to the synthesis of different MIPs formats, as a grafting technique

form different surfaces and as a source of new sensing materials and techniques.

In Chapter 2 the synthesis of MIP nanoparticles (NPs) via “grafting from” approach was
described and discussed. As a graftable core, dendrimers were used. On their
periphery dithiocarbamate ester (DTCE) groups (iniferter) were covalently attached to
form a soluble macroiniferter. Photo-initiated living polymerisation was initiated
spontaneously from 48 points per dendrimer to form a MIP shell imprinted with the

herbicide acetoguanamine in just two minutes irradiation time. For this time around
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200 nm particles were synthesised. Surprisingly the shape of the particles proved to be
cubic. All different techniques employed: scanning electron microscopy (SEM),
transmission electron microscopy (TEM), electron diffraction, and chemical analysis
using electron-dispersive X-ray (EDX), unambiguously confirmed the shape of the NPs
and their organic nature. This result was attributed to be a property of the dendrimer
core, as the result was reproducible, as shown by a decreased irradiation time giving

rise to smaller particles but still exhibiting the cubic shape.

The particles showed very good affinity to the analyte compound. For this purpose,
surface plasmon resonance (SPR) was used as an analytical technique. Biacore chips
were surface covalently modified with the target analyte and samples of MIP NPs were
injected at a range of concentration. The dissociation constant, Ky calculated via
Biaevaluation software, provided by Biacore, was calculated to be 1.76 x 10™° M for
MIP, and 1.11 x 10 M for Blank (control) NPs. Their selectivity was demonstrated by
injecting samples on a Biacore chip modified with close analogue to the template:
atrazine desisopropyl. The apparent K calculated for MIP NPs was 3 x 10°® M and 3.2 x

10 M for Blank on the non specific surface.

In order for fluorescent sensing to be exploited with these particles, ~¥50 % of the
available amine groups at the periphery of a PAMAM dendrimer core was modified
with a fluorescent label (dansyl chloride), the remainder being modified with the
iniferter group. The MIP shell was formed afterwards, forming fluorescent core MIP
NPs. This is a novel technique for the preparation of fluorescent MIP NPs that provides
two important advantages: precise control over the quantity of the fluorescent label
per each particle, and shielding of the fluorescent label from the environment. These
NPs have demonstrated very good affinity to the template analyte and excellent
selectivity over close structural analogues (atrazine desisopropyl and simazine) of the
template. When placed in a solution of the template, the particles showed
fluorescence emission maxima enhancement after just ten minutes incubation time.
Almost no response was observed in the case of the Blank polymer or of the MIP or
Blank in the presence of the analogues. The limit of detection was calculated to be 3 x

10® M. Enhancement of the fluorescent emission is another event that has rarely been
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reported. Usually the detection of the fluorescent MIP sensors is based on reduction of
the intensity with the binding events. This discovery would lead to improved sensitivity

of the devices for small concentrations and rapid detection.

These NPs could be used in biosensors for fast and sensitive detection of target
compounds. Their shape could be advantageous for applications were close packing is
required. This aspect of the discovery should be further investigated. For example
dendrons could be used as a graftable core instead of dendrimers. This would most
probably provide nanoparticles with pyramidal shape. The application of these nano-
MIP shapes should further be investigated in respect of improved qualities of
biosensors and in nanomedicine as drug delivery systems. Future studies could also be
aimed at providing a deeper understanding of the mechanism involved behind the
core fluorescent sensing. Another future development of the florescent core MIP NPs
could be the synthesis of MIPs imprinted with different targets. For each one of the
targets used different a fluorescent label could be attached to the core, each having a
narrow emission band centred on a unique wavelength. A mixture of this nanoparticles
could provide fast and quantative analysis of mixtures of their respective analytes.
Another possible future work involving fluorescent sensing could be a comparison of
surface-modified fluorescent NPs with these in which fluorescent groups are attached

to the core.

Within this work new N-substituted polyaniline (PANI) bearing a DTCE group on each
one of the monomer units was prepared and presented in details in Chapter 3. This
new material was fully characterised and used in a “grafting from” technique to
deposit, layer-by-layer, different polymer layers in a controlled and well defined way.
For the purpose, a new monomer N-(N’,N’-diethyldithiocarbamoyl ethyl amido ethyl)-
aniline (NDDEAEA), incorporating both DTCE and aniline groups was synthesised and
fully characterised. This monomer has demonstrated the ability to polymerise its
aniline part via both electropolymerisation and chemical polymerisation. As a result
PANI bearing DTCE pendant units was synthesised. Surface-confined photo-grafting of
various polymers was conducted, from both electropolymerised and chemically

polymerised material, deposited on different surfaces such as glass, gold,
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polypropylene and polystyrene substrates. The monomers grafted were: methacrylic
acid, styrene, acrylamido-2-methylpropane sulfonic acid, lauryl methacrylate and 3-

aminopropyl methacrylamide.

This new material has the potential for creating materials with different integrated
functionalities, such as conductivity, MIPs, and materials with changed surface
polarity. This material could have application in biosensors and surface patterning in
microelectronic devices. Future development could include grafting of MIP layer from
the conductive surface in analogy to Lakshmi et al. (2009) but without one of the
modification steps. Another possible future development of the polymer could be its
preparation in the form of NPs. This would provide conducting core surface graftable

material.

Investigation on the conductivity enhancement in N-substituted PANIs with DTCE
groups upon UV irradiation was investigated in Chapter 4. Two different materials
were synthesised: one with dormant radicals on the PANI chain (S-methyl-N-methyl-N-
ethyl-(2-(phenylamino) dithiocarbamate ester), MEPDTC), and a second with active
radicals on the PANI chain during UV irradiation (poly (NDDEAEA)). Reproducible
enhancement of the conductivity during irradiation in the dry state was observed in
both cases. The enhancement was greater with poly (MEPDTC), which was attributed
to the longer living dormant radicals introduced along the polymer chain. The formed
radicals participated in hopping mechanism than leads to doping effect in the polymer.
In the case of poly (NDDEAEA), smaller enhancement than that seen with PANI (used
as a control) was observed. This was attributed to the fact that the introduced active
radicals along the polymer chain were too short lived to participate in hoping

mechanism. The events were proven to be not arising from changes in temperature.

MEPDTC could be applied in UV sensors. A suggestion for future work would be to
conduct theoretical calculations of the electrons energy level in order to obtain a

better understanding of the mechanism behind these events to be elucidated.

In conclusion different new materials were synthesised using iniferters and SI-PIMP.

Their properties were investigated and obvious improvements in their qualities were
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observed. This has contributed to development of new horizons of future applications

in the field of biosensors.
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APPENDICES

Appendix A Cubic MIP Nanoparticles — Building Blocks for a
Bright Future

A.1 Characterisation of PAMAM dendrimers

Table Apx A.1: Calculated values based on theoretical prediction of the perfect structure of
dendrimer PAMAM 25 % C,,, generations from 0 to 5, of the molecular weight, molecular
formula, and number of different groups, including number of different non-equivalent

protons from the different methylene groups presented.

v c H ¢ 5 9 d W ¢ H oo [ 0 d oy c N g
N N _~ ~N N _A~ ~N N _~
a b d N{ X N X b d N[ N Y b f NH;
o) A H o} A H o]
272729202

PAMAM G4
e H i jmxk
N\h/\N/Y\n/\/\/\/\
d 0 H OH !
25% of PAMAM

surface C;, groups

Polyamidoamine (PAMAM) 25% C;, (N-(2-hydroxydodecyl) groups)

Generation Ne 0 1 2 3 4 5

Molecular weight 700 1786 3988 8372 17140 33876

Molecular formula Q QND ] q = z
Z & 2 28 g T
g J @) S S @)

Total Ne -CH,- groups 28 70 154 322 658 1330

Ne terminal groups 4 8 16 32 64 128

Ne -NH, groups 3 6 12 24 48 96

Ne Cy, groups 1 2 4 8 16 32

Ne terminal -CH,- groups 8 16 32 64 128 256

Neo -OH groups 1 2 4 8 16 32
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Polyamidoamine (PAMAM) 25% C;, (N-(2-hydroxydodecyl) groups)

Generation Ne 0 1 2 3 4 5

Molecular weight 700 1786 3988 8372 17140 33876

Molecular formula Cé: % 3 S = Z
= =z 5 % &
O O O O O O

Ne -CH,- (core & branches) 18 50 114 242 498 1010

Ne -CH,- (a) groups 2 2 2 2 2 2

Ne -CH,- (b) groups 4 12 28 60 124 252

Ne -CH,- (c) groups 4 12 28 60 124 252

Ne -CH,- (d) groups 0 4 12 28 60 124

Ne -CH,- (e) groups 0 4 12 28 60 124

Ne -CH,- (f) groups 3 6 12 24 48 96

Ne -CH,- (g) groups 3 6 12 24 48 96

Ne -CH,- (h) groups 1 2 4 8 16 32

Ne -CH,- (i) groups 1 2 4 8 16 32

Ne -CH,- (j) groups 1 2 4 8 16 32

Ne -CH,- (k) groups 1 2 4 8 16 32

Ne -CHs groups (I) 1 2 4 8 16 32

Ne >CH- groups (m) 1 2 4 8 16 32

Ne >C=0 groups 4 12 28 60 124 252

No -NH- amido-groups 5 14 32 68 140 284

Ne >N- tertiary amino-groups 2 6 14 30 62 126
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Table Apx A.2: Calculated values based on theoretical prediction of the perfect structure of
dendrimer PAMAM 25 % C,, — modified (macroiniferter), generations from 0 to 5, of the
molecular weight, molecular formula, and number of different groups, including number of

different non-equivalent protons from the different methylene groups presented.

v c H ¢ b o a Y ¢ H ¢ b 9 d Y c H g 9 N s
a b o d A c g ¢ b o d A cC g e b o f g n p\
a4 RNRH1ZAHAL

PAMAM G4 -modified

e H\/I\ jmk
< Y N/Y\n/\/\/\/\l
o] H oH

25% of PAMAM - modified
surface C;, groups

Polyamidoamine (PAMAM) 25% C;, (N-(2-hydroxydodecyl) groups) - modified

Gene-ration Ne 0 1 2 3 4 5
Molecular weight 1279 2990 6376 13196 26888 55172
o N KX 8 X
© XL L Q @] (@)
Molecular formula % S ol < g8 g
O 2 2 g = =
a g > =2 o) ~
z % 3 & 3 g
T 3 & 3 =
&} @) @) I @) @)
Total Ne -CH,- groups 46 106 226 466 946 1906
Ne terminal groups 4 8 16 32 64 128
Ne -NH; groups 0 0 0 0 0 0
Ne -C(=S)-S -groups 3 6 12 24 48 96
Ne Cy, groups 1 2 4 8 16 32
Ne terminal -CH,- groups 8 16 32 64 128 256
Ne -OH groups 1 2 4 8 16 32
Ne -CH,- (core & branches) 10 34 82 150 370 754
Ne -CH,- (a) groups 2 2 2 2 2 2
Ne -CH,- (b) groups 4 12 28 60 124 252
Ne -CH,- (c) groups 4 12 28 60 124 252
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Polyamidoamine (PAMAM) 25% C;, (N-(2-hydroxydodecyl) groups) - modified

Gene-ration Ne 0 1 2 3 4 5
Molecular weight 1279 2990 6376 13196 26888 55172
Molecular formula gf Cc): ?z CZ?; zﬁ CZ%
= 2 2 & =B
] O @) &} O o
Ne -CH,- (d) groups 0 4 12 28 60 124
Ne -CH,- (e) groups 0 4 12 28 60 124
Ne -CH,- (f) groups 3 6 12 24 48 96
Ne -CH,- (g) groups 3 6 12 24 48 96
Ne -CH,- (h) groups 1 2 4 8 16 32
Ne -CH,- (i) groups 1 2 4 8 16 32
H,- (j) groups 1 2 4 8 16 32
Ne -CH,- (k) groups 1 2 4 8 16 32
Ne -CH,- (n) groups 3 6 12 24 48 96
Ne -CH,- (o) groups 3 6 12 24 48 96
Ne -CH,- (p) groups 6 12 24 48 96 192
2- (q) groups 6 12 24 48 96 192
Ne -CHs groups (I) 1 2 4 8 16 32
Ne >CH- groups (m) 1 2 4 8 16 32
Ne >C=0 groups 7 18 40 84 172 348
Ne -NH- amido-groups 8 20 44 92 188 380
Ne >N- tertiary amino-groups 5 12 26 54 110 222
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A.2 Determining the concentration of the nanoparticles

Concentration (mg/ml) Absorbance

0.164 1.184

0.082 0.609

0.041 0.316

0.021 0.173

0.01 0.09

0.005 0.046
1.4

1.21 /.
038 /
/

0.6

Absorbance

y=T71251x + 0.0194

0.4
// R*=0.9998
0.2

0 0.05 0.1 0.15 0.2
Concentration (mg/ml)

Figure Apx A.1: Calibration curve obtained from gravimetric analysis of dried samples.
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Blank polymer, non-affinity (x=197.4 nm)- 0.180
Particle diameter = 278 nm
Assume sphencal particles Volume of 1 particle =
Density of particle assume 1. g/ml
mass of 1 panticle

therefore 1 ml of suspension contains

1 ml contains

x=(y-0.0194)7 1251
radius = 0.000013%kcm

Y, adsorbance Calculations (mg/mil)
0.18 0.022540035

pi = 3141593

1.12495E-14 cm3

1.12495E-14 g
2.00365E+15 particles

3.32T21E-09 males

maolar cancentration of particles = 332THE-0E M 0.003327215 mM 3.327215 M 3327.215 nM
Assume 1 binding site per X A (square Angstrom) X= 100 A per binding site
Surface area of a sphere = 4 pi radius (A) = 1390 Angstrom
Area of particle = 24279484 66 sq. A
binding sites per particle = 242794 B466
Concentration of binding sifes therefore = 0.807830563 M B07.8305634 mM 8078306 M £.08E+08 nM

Figure Apx A.2: Copy of spreadsheet calculation used to estimate concentration of binding

sites (in mol L") from concentration of nanoparticles (in mg mL™, obtained from the calibration
plot shown in Figure Apx A.1). In the worked example, an absorbance of 0.18 at A = 197.4 nm
gives a particle concentration of 0.023 mg mL™". From the measured diameter (Nanosizer) of
278 nm, the volume of an individual particle (assuming a sphere) is 1.12 x 10™ cm”>. Assuming
a density of 1 g mL™, the mass of one particle is calculated to be 1.12 x 10™ g. This gives a
figure of 2.0 x 10" particles in 1 mL or 3.33 x 10”° moles of particles per mL, from which a
molar concentration of particles: 3.33 uM can be estimated. A further assumption is that there
will be one binding site per 100 A of particle surface. Calculation of the surface area, gave a
figure of 2.4 x 10" A? per particle or 2.4 x 10° binding sites per particle. Multiplying this figure
by the molar particle concentration gives a binding site concentration of 0.8 M. This figure was

used in the Biacore software to provide the estimates of K, for the imprinted nanoparticles.
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Appendix B Conjugated Polymers with Pendant Iniferter Units —
Versatile Materials for Grafting

B.1 Characterisation of NDDEAEA
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Figure Apx B.1: Infra-red spectra of NDDEAEA monomer (Scheme 3.4, 2).
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Figure Apx B.2: MS spectrum of NDDEAEA (Scheme 3.4, 2), actual mass: 362. 1352; calculated
mass: 362.1337.
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B.2 Surface-confined photo grafting of various polymers

Figure Apx B.3: SEM images of surface morphology of (left) pre-treated gold screen-printed

electrode and (right) electropolymerised NDDEAEA electrode (0.2 M NDDEAEA and 0.75 M

hydrochloric acid in 25% acetonitrile).

Figure Apx B.4: SEM images of surface morphology of electropolymerised NDDEAEA grafted

with (left) MAA, (centre) AMPSA and (right) styrene.
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AFM images of grafted polymers over poly (NDDEAEA) modified electrodes
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Roughness Analysis
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Figure Apx B.5: AFM of (A and B) bare pre-treated gold SPE, mean roughness 285.54 nm; (C

and D) electropolymerised NDDEAEA film on pre-treated gold SPE, mean roughness 124.15nm;
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(E) electropolymerised NDDEAEA, after fifteen minutes of UV-irradiation, mean roughness
164.26 nm; (F and G), poly (methacrylic acid) film grafted over electropolymerised NDDEAEA
by iniferter activation using UV irradiation mean roughness 7.474 nm; (H and 1), poly (AMPSA)
film grafted over electropolymerised NDDEAEA by iniferter activation using UV irradiation,
mean roughness 155.33 nm; (J and K), poly (styrene) film grafted over electropolymerised
NDDEAEA by iniferter activation using UV irradiation, mean roughness 116.12nm; (L), layer by
layer grafting of poly (styrene) film over poly (methacrylic acid) over electropolymerised

NDDEAEA by iniferter activation using UV irradiation, mean roughness 65.097nm.

B.3 Optimisation of conditions for chemical oxidative polymerisation of
NDDEAEA

B.3.1 Optimisation of condition A for chemical oxidative polymerisation of
NDDEAEA to obtain optically transparent layers over microtitre plates,
cuvettes, and polypropylene membranes

The effect of monomer (NDDEAEA) concentration and hydrochloric acid concentration
on the polymerisation of NDDEAEA by oxidation with ammonium persulphate (0.0183
M) was assessed by preparing solutions in which the concentration of NDDEAEA was
varied between 0.01 M and 0.025 M and the concentration of hydrochloric acid was
varied between 0.225 M and 0.45 M in a 4 x 4 grid. Polymerisation was conducted in
25% acetonitrile in water for two hours in the dark at room temperature. Bluish-green
films of poly (NDDEAEA) were seen to form on the inner surfaces of the cuvettes or
microtitre plate wells or on the surface of polypropylene ultra filtration membranes.
Poly (NDDEAEA) films were washed with water and 1 M hydrochloric acid. Optical
densities were recorded under various pH conditions. Similarly the effect of varying the
ammonium persulphate concentration between 0.001 M and 0.03 M and NDDEAEA
concentration, varied between 0.025 M and 0.045 M, was assessed at a concentration

of 0.225 M, also in a 4 x 4 grid (Figure Apx B.6).
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Figure Apx B.6: Chemical polymerisation conditions (condition A): (A) The effect of monomer

concentration and hydrochloric acid concentration on the optical density of chemically
polymerised films of poly (NDDEAEA) at constant (0.0183 M) ammonium persulphate
concentration (measured at pH 1) and (B) the effect of monomer concentration and
ammonium persulphate concentration on the optical density of chemically polymerised films

of poly (NDDEAEA) at constant (0.225 M) hydrochloric acid concentration (measured at pH 1).
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B.3.2 Optimisation of conditions B for chemical oxidative polymerisation of
NDDEAEA to obtain thicker, even layers: Microtitre plates were used for
optimisation of the chemical polymerisation

The concentration of hydrochloric acid was kept constant at 0.6 M. The concentration
of ammonium persulfate was varied between 0.001 M and 0.05 M, and the
concentration of the monomer was varied between 0.01 M and 0.5 M, and 0.01 M and

0.08 M in 8x8 grids.

The concentration of ammonium persulfate was varied on the vertical site of the

matrix of 8x8 grids on microtitre plate as given here:
0.001 M, 0.008 M, 0.015 M, 0.022 M, 0.029 M, 0.036 M, 0.043 M, 0.05 M.

The concentrations of the monomers were varied on the horizontal site of the matrix

as given here:
A.0.01 M, 0.08 M, 0.15 M, 0.22 M, 0.29 M, 0.36 M, 0.43 M, 0.5 M;
B.0.01 M, 0.02 M, 0.03 M, 0.04 M, 0.05 M, 0.06 M, 0.07 M, 0.08 M.

The solvent used was 25% acetonitrile in water. The polymerisation time was one hour
in the dark. The microtitre wells were then rinsed with water, and left to dry at
ambient temperature, in the dark for twelve hours. The optical density was measured
for each well. These experiments were repeated twice for each monomer (Figure_Apx

B.7; Figure Apx B.8 and Figure Apx B.9).
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Absorption

Figure Apx B.7: Absorption (at 550 nm) of chemically polymerised poly (NDDEAEA) films

deposited on a microtitre plate with variation of the concentration of the monomer (0.5 M,
0.43 M, 0.36 M, 0.29 M, 0.22 M, 0.15 M, 0.08 M, 0.01 M) and of the ammonium persulfate
(0.05, 0.043, 0.036, 0.029, 0.022, 0.015, 0.008, 0.001). The concentration of the hydrochloric

acid was kept constant at 0.6 M in 25% acetonitrile in water.
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Absorption

Figure Apx B.8: Absorption of chemically polymerised poly (NDDEAEA) films deposited on a

microtitre plate (condition B) with variation of the concentration of the monomer (0.08 M,
0.07 M, 0.06 M, 0.05 M, 0.04 M, 0.03 M, 0.02 M, 0.01 M) and of the ammonium persulfate
(0.05, 0.043, 0.036, 0.029, 0.022, 0.015, 0.008, 0.001). The concentration of the hydrochloric

acid was kept constant at 0.6 M in 25% acetonitrile in water.

17.000um
8.500

96.000um

72.000
48.000
0.000um
102.400
128.000um

Figure Apx B.9: Confocal microscopic images of chemically polymerised poly (NDDEAEA) (the

green material) using condition B on microtitre plate (the white part of the image).
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Figure Apx B.10: IR spectra of chemically polymerised poly (NDDEAEA) scraped off a

microtitre plate and redispersed in KBr.
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Figure Apx B.11: UV spectrum of poly (NDDEAEA) solution 1 mg mL™ in methanol in a quartz

cuvette.
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B.3.3 Chemical oxidative polymerisation of NDDEAEA on polypropylene (PP)
ultrafiltration membranes (thicker films)

NDDEAEA was deposited onto polypropylene (PP) membranes (25 mm diameter) using
chemical polymerisation. The reaction conditions were as follows: 8 ml solution of 0.08
M NDDEAEA, 0.6 M hydrochloric acid and 0.05 M ammonium persulfate in 25%
acetonitrile in water was placed in a 20 mL glass beaker. The polymerisation was
performed at ambient temperature for one hour. The membranes were washed in
water for thirty minutes three times and then with 20% acetonitrile in water for thirty
minutes. After washing they were dried at ambient temperature for twelve hours.
Weights of the membranes were 13.7 mg before polymerisation, 29.9 mg after

polymerisation (16.2 mg poly (NDDEAEA) deposited, degree of grafting 54.2 %).

Figure Apx B.12: SEM images of chemically polymerised poly (NDDEAEA) on (top left)

microtitre plates, (top right) as bulk polymer (showing bead type structure of the polymer) and

(below) over PP membranes.

233



Development of Advanced Molecularly Imprinted Polymers via Surface-Initiated “Living” Polymerisation
Appendices

Appendix C Enhancement of Conductivity by Ultraviolet
Irradiation in Polyanilines N-substituted with Dormant or Active
Radical

C.1 NMR spectroscopic characterisation of MPEDA and MMDTCE
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Figure Apx C.1: "H NMR (400 MHz, MeOH-D;, 25 °C) of MPEDA.
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Figure Apx C.2: *C NMR (100 MHz, MeOH-Ds, 25 °C) of MPEDA.
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Figure Apx C.3: DEPT 135 NMR (100 MHz, MeOH-Ds, 25 °C) of MPEDA.
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Figure Apx C.4: "H NMR (400 MHz, DMSO-Ds, 25°C) of MMDTCE.
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Figure Apx C.5: 'H NMR (400 MHz, DMSO-Ds, 130 °C) of MMDTCE.
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Figure Apx C.6: *C NMR (100 MHz, DMSO-Dg, 25 °C) of MMDTCE.

TTTTI T[T A T[T A [T T[T [ [ [ I [T I [T [ I [T T I [T T [ I [ TP T i [ I [T [ I [T T I [ rrrr[rrrr[rri
2200 2000 180.0 1600 140.0 120.0 1000 80.0 60.0 40.0 20.0 0 -10.0
field [parts per Million]

Figure Apx C.7: *C NMR (100 MHz, DMSO-Ds, 130 °C) of MMDTCE.
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Figure Apx C.8: DEPT 45 NMR (100 MHz, DMSO-Dg, 25 °C) of MMDTCE.
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Figure Apx C.9: DEPT 90 NMR (100 MHz, DMSO-Ds, 25 °C) of MMDTCE.
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Figure Apx C.10: DEPT 135 NMR (100 MHz, DMSO-Ds, 25 °C) of MMDTCE.

210.1497 1: TOF MS ES+

100 - : 6.38e3
241.0843
= 1146.0689
4
273.1585
148.0252 207.0962|211.1533
232.1324(242.0878
191.0648 282 1094
Hiprterptttbpeebbprrseprebippesthberrrrtrbe I'—' HetrrtrrrprHre LJ‘ it piepbert l Letbeprerepiirithener lpererpeld
U T T T T T L T T bl bd T | 1 Iz

150 160 170 180 190 200 210 220 230 240 250 260 270 280m

Figure Apx C.11: Mass spectrum of MMDTCE.
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C.2 Optimisation of the conditions for chemical oxidative polymerization
of MMDTCE and aniline

The chemical polymerisation of the synthesised monomers was investigated in order
to achieve the optimum conditions that would be suitable for a particular application
like deposition of a polymer layer on an electrode. For the purpose, the concentration
of the ammonium persulfate and of the monomers used was varied to achieve
optimum ratio between them in respect to the intensity of the layer formed at
absorption at 550 nm and to the thickness and smoothness of the layer (Figure 4.5).
For this reason a protocol for the polymerisation of PANI was adopted from Bossi et al.
(2000) and was used as a base for the further optimisation. The protocol for the
optimisation procedure of NDDEAEA was described earlier (B.3.2, page 229). The same
protocol was applied to the other two materials (MMDTCE and aniline). In order to
improve the solubility of MMDTCE in the proposed conditions that were proved
efficient for NDDEAEA, hydrochloride of the monomer was used for the
polymerisation. In each case an immediate pink coloration was observed the intensity
of which increased in the following order: aniline<NDDEAEA<MMDTCE. This coloration
persisted for approximately one minute for aniline and five minutes for NDDEAEA and
MMDTCE. After this the mixtures changed colour to dark blue for aniline and to dark
green for NDDEAEA and MMDTCE, which at the end of the polymerisation time (one
hour) changed to brownish green for MMDTCE. This difference in the polymerisation
behaviour could be attributed to the different oxidation energy required for the

initiation and the propagation of the redox process (Gospodova et al. 1998).

The first set of experiments for optimisation of the concentration ratio of ammonium
persulfate and the monomer resulted in formation of a thick uneven layer of polymer
on the bottom of the wells for concentrations of the monomer between 0.5 and 0.15

(Figure _Apx B.7). This is why varying of the monomer concentration between 0.08 M

and 0.01 M was required.

Figure Apx B.8 shows the absorption maximums of the poly (NDDEAEA) film formed

with varying the monomer concentration between 0.08 M and 0.01 M. For formation
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of an even thin film of polymer the ratio ammonium persulfate/NDDEAEA of 0.625
(0.05 M ammonium persulfate and 0.08 M NDDEAEA) was chosen as optimal with an

absorption of 3.452.

When polymerisation of MMDTCE under the same conditions was performed, a yellow
rather than green layer was formed. This was attributed to the decreased solubility of
the monomer in these conditions. Preparation of hydrochloric salt of the monomer
improved the solubility and resulted in brownish-green layers. For the preparation of
the layer of polymer over electrode, the same ratio ammonium persulfate/MMDTCE

was chosen as for NDDEAEA 0.625 with absorption 1.432 (Figure Apx C.12).
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Figure Apx C.12: Absorption (at 550 nm) of chemically polymerised poly (MMDTCE) films

deposited on a microtitre plate with variation of the concentration of the monomer (0.08 M,
0.07 M, 0.06 M, 0.05 M, 0.04 M, 0.03 M, 0.02 M, 0.01 M) and of the ammonium persulfate
(0.05, 0.043, 0.036, 0.029, 0.022, 0.015, 0.008, 0.001). The concentration of the hydrochloric

acid was kept constant at 0.6 M in 25% acetonitrile in water.

The same experiment was performed with aniline. It resulted in optically transparent
layers on the microtiter plates. This is why the monomer concentration was increased

and varied from 0.5 M to 0.01 M. The thickest layers were formed with ratio
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ammonium persulfate/aniline 0.1 (0.05 M ammonium persulfate, 0.5 M aniline) with
absorption 0.201, and this were the conditions of the formation of a polymer layer

over electrode that were chosen (Figure Apx C.13).
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Figure Apx C.13: Absorption (at 550 nm) of chemically polymerised PANI films deposited on a

microtitre plate with variation of the concentration of the monomer (0.5 M, 0.43 M, 0.36 M,
0.29 M, 0.22 M, 0.15 M, 0.08 M, 0.01 M) and of the ammonium persulfate (0.05, 0.043, 0.036,
0.029, 0.022, 0.015, 0.008, 0.001). The concentration of the hydrochloric acid was kept

constant at 0.6 M in 25% acetonitrile in water.
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