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Abstract 

The synthesis of processable core crosslinked star (CCS) polymers via iniferter and 

RAFT mediated radical polymerisation has been investigated for their potential 

application in the field of molecular recognition.  Molecular imprinted CCS polymers 

have potential as delivery systems in solution and, by virtue of its improved 

processability, may be used to produce thin films with recognition capability for 

sensing applications.  

 

Synthesis of CCS polymers, consist of poly(ethylene glycol dimethacrylate) core and 

polystyrene (PS) arms, via the arm-first method proved to be more straightforward 

than the core-first method. The length of the PS arm could be controlled by varying the 

ratio of styrene monomer to the iniferter or RAFT agent and polymerisation time. 

Although lower polydispersity (PDI) of PS arms were produced via RAFT (PDI values 

between 1.2 – 1.6) compared to those of the iniferter (PDI values between 1.8 – 12.2), 

synthesis of arm-first CCS polymers via iniferter was more successful than RAFT. 

Synthesis of CCS polymers via the core-first method was deemed more suitable for the 

preparation of molecular imprinted CCS since the imprinted core can be accessed for a 

more comprehensive characterisation and, unlike the CCS via arm-first, there is no 

contamination from unreacted PS arms. 

 

CCS molecular imprinted polymers (MIPs) were synthesised employing the core-first 

method. The molecular imprinted microspheric cores were prepared using methacrylic 

acid as functional monomer and ethylene glycol dimethacrylate as crosslinker at 

various concentrations of iniferter/RAFT (i.e. 5, 10 and 20 mol % with respect to the 

total monomer) in the presence of benzylpiperazine (BZP) as template. The large 

difference in size between the MIPs and their NIP counterparts, which translated to a 

large difference in the specific surface areas of the microspheres, has implications on 

the assessment of binding efficiency generally normalised against NIPs with respect to 

mass. Therefore, the binding efficiency of the MIPs was also expressed with respect to 

specific surface area. Among the formulations, MIP microspheres prepared with 5% 

BDDC and MCEBTTC exhibited the best binding performance in their respective series, 
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with BDDC MIP cores exhibiting higher binding capacity and greater specific binding 

compared to the RAFT MIPs. Further investigation revealed that the 5%BDDC MIP 

exhibited higher maximum number of binding sites (N) and greater high affinity 

binding sites (about 90% and 2.5-fold higher, respectively) as well as stronger affinity 

towards the BZP template (lower Kd value) compared to those of the 5%RAFT MIP. 

 

Selectivity studies were carried out on the 5%BDDC MIP against 1-phenylpiperazine 

(PHP) and (1R,2S)-(-)-ephedrine (EPH) having closely related structures to that of BZP.  

The MIP exhibited better selectivity towards BZP over PHP but better selectivity 

towards EPH over BZP in the non-competitive binding environment. In the competitive 

binding environments, the MIP exhibited better selectivity towards BZP over PHP but 

showed equivalent selectivity towards both BZP and EPH, which was attributed to the 

smaller size and stronger hydrogen bonding ability of EPH compared to BZP.  

 

Several fractions of CCS MIPs, which differ in their degree of dispersibility in THF, were 

obtained when polystyrene (PS) arms were grafted to 5%BDDC MIP. Our results show 

that dispersibility improved with increasing arm length, although it did not necessarily 

contribute to better binding performance. The presence of PS arms around the 

imprinted core resulted in a decrease in binding capacity of the CCS MIPs compared to 

the core precursor in acetonitrile, a bad solvent for the arm. Similar results are 

obtained in THF, a good solvent for the PS arm. However, contrary to the binding 

results in acetonitrile where binding capacity seemed to decrease with increasing arm 

length, greater binding capacity was exhibited by the CCS MIPs with longer arms than 

those with shorter arms in THF. In this study, we have demonstrated that 

processability of MIP microspheres can be readily introduced by attaching linear 

polymeric arms. However, it was difficult to obtain comprehensive binding assessment 

using the conventional comparison of the MIP with the NIP due to the presence of 

difference number and/or arm length around the CCS polymers.  
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 Chapter 1

Introduction  

 Star Polymers 1.1

Star polymers are hyperbranched polymers with a large number of arms emanating 

from a central core.1 A structurally well-defined star polymer contains only one central 

branching point (the core of the star) and multiple radial arms (Figure 1.1). Based on 

the chemical composition of the arm species, star polymers can be further classified 

into two categories: homoarm star polymer (Figure 1.1a) and miktoarm (or heteroarm) 

star polymer (Figure 1.1b).1 While homoarm star polymers consist of a symmetric 

structure comprising radiating arms with similar molecular weight and identical 

chemical composition, a miktoarm star molecule contains arm species with different 

chemical compositions and/or molecular weights. 

 

  

Figure 1.1. Schematic diagrams of a (A) homoarm and (B) miktoarm or heteroarm star 
polymers. 

The three-dimensional globular compact structure of star polymers results in a unique 

set of physical properties, such as high functionality and low viscosity when dispersed 
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in a solvent as compared to their linear analogues with similar molecular weight.2 This 

generates a wide range of potential applications for star polymers, including drug 

delivery, cosmetics, coatings, membranes, or lithography.3-7 

 Star Polymer Synthesis 1.2

The synthesis of well-defined star polymers has become an important field in 

macromolecular chemistry due to their unique geometry and rheological properties 

and has been the subject of a number of studies.8-10 The synthesis of well-defined star 

polymers with uniform size, desired functionality and various architectures generally 

involves living polymerisation techniques, and this has been extensively investigated in 

anionic, cationic, ring opening metathesis and group transfer polymerisations.1  

 

Among the drawbacks of ionic and group transfer polymerisations are their stringent 

synthetic requirements such as high sensitivity to oxygen, moisture, very low 

temperatures (<-70 C) and restriction to certain functional groups. In contrast, free 

radical polymerisation (FRP) is more tolerant to impurities and is capable of 

polymerizing a great variety of vinyl monomers. Other advantages include fast reaction 

times, rapid formation of high molecular weight polymers and relatively easy 

manufacturing techniques. However, due to high termination rates, and combination 

and disproportionation reactions, free radical polymers have a broad molecular weight 

distribution and varying macromolecular structure.11  

 

One method to attain molecular control of the polymer structure is by creating a living 

radical polymerisation in which there is little or no termination. The primary definition 

of a living polymerisation is that termination and chain transfer reactions do not occur. 

In a free radical polymerisation, it can be very difficult to meet all of these criteria. 

Realistically, irreversible termination is only minimized, thus these free radical 

polymerisations are termed controlled or living polymerisations.12 However, recently 

the International Union of Pure and Applied Chemistry (IUPAC) task group has 

recommended the term reversible-deactivation radical polymerisation (RDRP) to 

describe these types of radical polymerisations.13 RDRP routes such as atom transfer 
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radical polymerisation (ATRP), nitroxide mediated polymerisation (NMP) and reversible 

addition-fragmentation chain transfer (RAFT) have proven to be very promising for the 

synthesis of low polydispersity linear polymers, block copolymers and star polymers.14 

All these RDRP techniques have a common mechanism, which is the alternating 

activation–deactivation process, where the dormant but potentially active species can 

be activated to become a polymer radical.15  

 

Preparation of star polymers via RDRP techniques can be divided into two broad 

approaches namely the ‘arm-first’ and the ‘core-first’ methods.6, 7 In the arm-first 

approach, monofunctional, living linear macromolecules are initially synthesized, 

followed by crosslinking reaction with a divinyl crosslinker to form star polymers with a 

crosslinked core.16 In the core-first approach, either multifunctional initiators are used 

to grow chains from a central core resulting in star polymers with well-defined 

structures in terms of both arm number and length17 or a highly cross-liked core 

containing multiple initiating sites in a statistical distribution was prepared by 

homopolymerisation of crosslinker before growth of arms to afford the star polymer.18 

 Arm-first method 1.2.1

 General Characteristics 1.2.1.1

The arm-first method was first developed via anionic polymerisation19 followed by 

group transfer polymerisation in the mid 1980s.20 The method has been later 

extensively employed using different RDRP techniques6 for the synthesis of various 

functional star polymers due to the straightforward experimental set up and broad 

range of suitable monomers.  

 

The synthesis of star polymers via the arm-first method involves the reaction of living 

or macromonomers20 or macroinitiators21 with a difunctional monomer to form a 

densely crosslinked core from which the arms radiate (Scheme 1.1).18  By using the 

arm-first approach, star polymers with very large numbers of arms22 can be produced 

with relative ease and the star polymers possess a significantly sized crosslinked core 
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(relative to the overall molecular weight of the macromolecule).23, 24 Due to the 

densely crosslinked structure of the cores which typically account for 10–30% of the 

polymers’ molecular weight,25 this class of star polymer are sometimes referred to as 

‘core crosslinked star’ (CCS) polymers,6 thus distinguishing them from star polymers 

which possess discrete and well-defined core moieties of relatively small molecular 

weight compared to the overall macromolecule molecular weight. Where appropriate, 

this term will be used throughout the whole thesis.  

 

Scheme  1.1. Synthesis of star-shaped polymers via arm-first methods. 

Among the most popular RDRP techniques that have been applied to the synthesis of 

CCS polymers by crosslinking living linear chains using a divinyl crosslinker are ATRP,26 

NMP27 and RAFT.28 Other RDRP techniques such as degenerative chain transfer 

mediated by iodine29  or other groups,30, 31 transition metal-mediated stable FRP32 and 

iniferter33 have to date focussed on optimizing polymerisation conditions to achieve 

the synthesis of linear block copolymers with various monomers, well-defined 

structure and high chain-end functionality.  

 Macroinitiator Approach 1.2.1.2

The arm-first method, based on crosslinking of a linear macroinitiator (MI) with a 

divinyl compound is the easiest way to synthesize CCS polymers containing multiple 

arms and functionalities and allows preparation of various miktoarm CCS polymers.34, 

35 The proposed mechanism of CCS polymer formation from living macroinitiators and 
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a divinyl crosslinker is as follows (Scheme 1.2).6  Initially, the addition of a crosslinker 

to a solution containing linear living macroinitiator forms short block copolymers. The 

block copolymers can then react with more crosslinker, macroinitiators or with the 

pendant vinyl groups present on other block copolymers. As more of the block 

copolymers link together, a star polymer with a lightly crosslinked core is formed. Star–

star coupling can occur if the cores of these star polymers are sterically accessible to 

each other which results in the formation of higher molecular weight macromolecules 

leading to a broader molecular weight distribution (MWD, Mw/Mn > 1.5) for the 

resultant CCS molecules.36 Simultaneously, block copolymers and macroinitiators could 

also add to these lightly crosslinked star polymers. Once the majority of the block 

copolymers have been immobilised into the star structure, intramolecular crosslinking 

within the stars is likely to dominate producing CCS polymers with denser crosslinked 

cores.  

 

Scheme  1.2. Proposed mechanism for the synthesis of CCS polymers from a living 
macroinitiator and a crosslinker. 
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Apart from having a broad MWD due to the significant level of star–star coupling 

reactions, another drawback to CCS polymer synthesis using a linear macroinitiator as 

the arm precursor is that caution has to be taken in order to avoid macroscopic 

gelation37 when too much star–star coupling occurs. Star–star coupling reactions can 

be decreased by using less divinyl crosslinker, e.g., a lower molar ratio of crosslinker to 

arm precursor, and/or carrying out the reaction under dilute solution conditions. 

However, the molecular weight and the yield of the obtained CCS molecules decrease 

significantly.21, 38 In addition, the final CCS product formed via crosslinking the linear 

macroinitiators is often contaminated by the presence of residual unincorporated 

linear polymers,21, 39 which requires an extra purification step such as fractional 

precipitation or dialysis protocols in order to obtain a CCS polymer with higher purity 

and narrower MWD.4 

 Macromonomer Method 1.2.1.3

Macromonomers (MM), which consists of a combination of a macromolecular chain 

and a polymerisable end group, have been widely and successfully used as building 

blocks for the synthesis of an enormous number of branched macromolecular 

architectures.40 CCS polymers utilizing the macromonomer method have been 

synthesised using RDRP techniques such as ATRP16, 41, 42 and RAFT.43, 44 Employing 

ATRP, CCS polymers with high molecular weight and low polydispersity in high yield 

were synthesised via copolymerisation of linear MM with a divinyl crosslinker in one-

pot.16 The method was then extended to the synthesis of low polydispersity CCS 

polymers with core functionality by using a low molar mass functional ATRP initiator41 

as well as low polydispersity miktoarm CCS copolymers.42 RAFT polymerisation was 

utilised in the synthesis of peptide CCS polymers by crosslinking linear poly(amino acid) 

MM with divinyl benzene in homogeneous media.43 By using a multibatch approach, 

the star yield was found to be increased while maintaining narrow MWD. Very 

recently, CCS polymers of high yield and low polydispersity were successfully 

synthesised via a one-step RAFT-mediated emulsion polymerisation in aqueous 

media.44 Using this technique, no surfactant was required as the CCS polymers were 

self-stabilised or dispersed in water.  
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In the macroinitiator method, both initiating sites and arms in the CCS molecule are 

derived from the macroinitiator resulting in their identical numbers in each star. On 

the other hand, in the macromonomer method, the numbers of initiating sites and 

arms can be independently controlled since they are derived separately from the 

initiator and the macromonomer. Therefore, the number of initiating sites per star 

molecule may be much smaller than the number of arms when a low molar ratio of 

initiator to macromonomer was used. A lower number of initiating sites in the star 

core decreases the possibility of star-star reactions and results in the formation of CCS 

polymers with narrower MWD.16 In addition, since the macromonomer, initiator, and 

crosslinkers can be added in several steps, the flexibility of star synthesis is increased. 

An extra advantage of this macromonomer method for the synthesis of CCS polymers 

is that additional functional groups can be easily introduced into the star core via 

functional initiators.41 

 

The use of macromonomers, however, is accompanied by several drawbacks that 

emerge from their homo- and copolymerisation characteristics,45 such as: (a) the 

polymerisation is performed in a solution of increased viscosity, (b) the concentration 

of the polymerisable end groups is very low, (c) the polymerisation proceeds through 

the interaction of polymer chains and, (d) the steric hindrance of the active centre of 

the developing polymer chain is increased during the polymerisation. All of the above 

may lead to products of increased compositional and chemical heterogeneity. 

Although the synthesis of linear macromonomers46 is not as straightforward or as easy 

as the synthesis of linear macroinitiators,36 the macromonomer method could be 

extended as a general method in conventional radical polymerisation,47, 48 and other 

RDRP techniques for the synthesis of CCS polymers with high star yield, high molecular 

weight and low polydispersity.16, 44  

 

The structure (e.g., number of arms (f), radius of gyration (Rg), core size and molecular 

weight) as well as yield of CCS polymers are influenced by a large variety of 

experimental factors such as the type of macroinitiator/macromonomer and 

crosslinker used, the degree of polymerisation (DP) of the 
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macroinitiator/macromonomer, the molar ratio of crosslinker to 

macronitiator/macromonomer, the molar ratio of initiator to macromonomer, the 

concentration of the macroinitiator/macromonomer, the incorporation of a spacer 

group during core formation and the nature of the solvent.6 Among them, the three 

most important factors to consider when preparing CCS polymers via the arm-first 

method are the concentration and the DP of the macroinitiator, as well as the 

crosslinker/macroinitiator ratio. However, the structure and reactivity of the 

crosslinker as well as the structural composition of the macroinitiator also affect these 

variables to some extent.  

 

Despite the complexity of having a large number of variables to consider in the 

preparation of CCS polymers via the arm-first method, some general trends can be 

noted. An increase in the macroinitiator concentration or crosslinker/macroinitiator 

molar ratio, up to a certain point, leads to an increase in CCS polymer molecular 

weight and yield.6 Further increases in the former or latter result in the formation of 

star–star coupling producing CCS polymers with high polydispersities and even 

insoluble gels.39 The molecular weight and yield of the CCS polymers also generally 

increase with increasing DP of the macroinitiator.23, 38 

 Core-first Method 1.2.2

The core-first method involves the use of a multifunctional initiator (Scheme 1.3), and 

the number of arms per star polymer is determined by the number of initiating 

functionalities on each initiator. The initiating sites on the star polymers can be further 

used for chain extension with a second monomer to form star block copolymers. For 

the synthesis of well-defined star polymers with uniform arms, controllable molecular 

weights and low molecular weight distribution using this technique, reactive sites of 

the multifunctional initiator must be equally reactive and initiation must be rapid 

relative to propagation.1  
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Scheme  1.3. Preparation of star-shaped polymers by a core-first method. 

Among the most beneficial aspects of the core-first approach are the very high yields 

and the ease with which the pure star polymer can be isolated, since the crude 

reaction mixture only requires separation of any unreacted monomers. However, this 

approach is not well suited to the preparation of miktoarm stars unless specially 

designed multifunctional initiators with orthogonal initiating functions are employed. 

In addition, the preparation of stars with high arm number (>30) requires the synthesis 

of complex and highly functionalised initiators.  Although the number of arms can be 

indirectly determined via several methods, including end-group analysis, 

determination of branching parameters and isolation of the arms after cleavage, the 

molecular weight of the arms cannot be measured directly. Another drawback that 

applies when RDRP methods are employed for the core-first approach is the need for 

special precautions to prevent star–star coupling.6 

 

A new method termed as “star from in situ generated core” was reported for the 

synthesis of CCS polymers containing a highly crosslinked core and many radiating 

arms via ATRP (Scheme 1.4).49 The CCS polymers were prepared by sequential 

polymerisation of crosslinker and monomer. In this synthetic method, a highly cross-

liked core was prepared by homopolymerisation of crosslinker (ethylene glycol 

dimethacrylate) before the growth of arms. Therefore, this method may also be 

categorised as the core-first method. In this method, large amount of different acrylate 

monomers was injected into the reaction system at high conversion of the crosslinker 

to afford CCS polymers with different arm chemical compositions. Compared to the 

star polymers synthesized from the traditional core-first method, this new strategy 
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skipped the tedious synthesis of the multifunctional initiator before polymerisation. 

The CCS polymers synthesised by this core-first method had a similar structural 

compactness to those formed via the arm-first method. However, in contrast to the 

latter, where the dormant initiating sites were present in the star core, the initiating 

sites of the former were preserved at the chain ends, the periphery of the star. 

Therefore, the chain of the CCS macroinitiator can be extended by polymerisation of a 

second monomer to form CCS block copolymers.49  

 

Scheme  1.4. Synthesis of star polymers with a crosslinked core via ATRP by the “star in 
situ generated core” method.49 

The applicability of RDRP toward the formation of star polymers via the core-first 

approach has been demonstrated in several studies.50-54 However, comparably few 

studies report the application of RDRP in the synthesis of CCS polymer formation via 

the core-first approach.49, 55  

 Reversible-Deactivation Radical Polymerisation  1.3

Generally, three different mechanisms of intermittent activation are employed in 

RDRP: dissociation-combination (e.g. NMP or organometallic radical polymerisation); 

catalytic atom (group) transfer (ATRP) and degenerative chain transfer (e.g. iodine 

mediated polymerisation or RAFT). During these RDRP processes, the active radicals 

participate in degenerative transfer reaction in RAFT, but they undergo a reversible 

activation/deactivation processes in NMP and ATRP. Another method, which is called 

iniferter, is based on reversible combination of growing chains with a terminator 
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molecule.56 Here, however, only the most relevant of these RDRP techniques to this 

thesis including the most widely applied method for controlling radical polymerisation, 

ATRP57-59 will be discussed.  

 Atom Transfer Radical Polymerisation  1.3.1

Atom transfer radical polymerisation (ATRP) involves the reversible activation of 

dormant alkyl halides (R-X) to form radicals via halogen abstraction by low-oxidation 

state transition metal complexes (Mt
n/Ligand).60, 61 The dynamic equilibrium between 

the alkyl halides and radicals is greatly shifted toward the dormant alkyl halides. The 

low concentration of radicals suppresses the contribution of radical termination 

reactions and maintains a constant number of propagating polymer chains (Scheme 

1.5). 

 

 

Scheme  1.5. General scheme of the ATRP polymerisation process. 

The construction of CCS polymers via ATRP generally involves the preparation of a 

living macroinitiator followed by crosslinking with a divinyl (or higher) crosslinker in 

either a one-pot or two-pot strategy (Scheme 1.6).62 The one-pot strategy involves the 

addition of crosslinkers to the macroinitiator formation reaction at a certain monomer 

conversion, whist the two-pot strategy involves the synthesis and isolation of the 

macroinitiator followed by a second reaction with crosslinkers. The synthesis of the 

macroinitiator is stopped prior to complete consumption of the monomer in order to 

maintain a high proportion of living polymer chains in the initial stage. This is due to 

the fact that side reactions become apparent at low monomer concentrations.62 As a 

result of the incorporation of a spacer group (the remaining monomer from the 
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macroinitiator synthesis) in the one-pot strategy, the one-pot and two-pot strategies 

lead to CCS polymers with slightly different crosslinking densities within the core.  

 

Scheme  1.6. Synthesis of star polymers with a crosslinked core via ATRP using the 
arm-first method. 

The first synthesis of star polymers with a crosslinked core by ATRP was reported in 

1999 by Xia et al.21 Star-shaped polystyrenes were prepared by the coupling of 

polystyrene macroinitiators in the presence of divinylbenzene (DVB) using copper-

mediated ATRP. They discovered that using DVB as a crosslinker led to the formation 

of CCS polymers with the best controlled structure as compared to other crosslinkers 

such as ethylene glycol diacrylate (EGDA) and ethylene glycol dimethacrylate (EGDMA). 

However, the star product was contaminated with residual linear chains and exhibited 

a broad MWD due to star–star coupling reactions. Following the same approach, 

poly(tert-butyl acrylate) (PtBA) CCS polymers were synthesized through the use of 

functional ATRP initiators for the synthesis of linear PtBA macroinitiators.63 Various 

functional groups such as epoxy, amino, cyano or bromo, were introduced into the 

chain end of each arm, the periphery of the star.  

 

(PolytBA)n-poly(DVB-co-tBA) CCS polymers were successfully prepared in a one-pot 

reaction in high yield without the need to isolate and purify the linear PtBA 

macroinitiators.62 The timing of addition of the subsequent DVB at different tBA 

conversions significantly affected the structure of the CCS polymers formed in these 

reactions. The addition of DVB at lower tBA conversion caused the incorporation of 

more monovinyl monomer into the star core, which decreased the crosslinking density 
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of the core, facilitated incorporation of more arms into each star molecule, and 

increased the star size and star yield. Employing shorter arm lengths and using more 

crosslinker produced CCS polymers of higher molecular weight and yield, having more 

arms per star and exhibited a more compact structure. One of the significant findings 

was that the CCS copolymer with a core containing both DVB and tBA units, from the 

one-pot process, had a higher star molecular weight and yield when compared to the 

CCS copolymer with a core containing the same number of pure DVB units from the 

two-pot process. This confirmed that the introduction of monovinyl monomer units 

during the star core formation decreased the steric congestion of the core and 

facilitated the incorporation of more arms into each CCS molecule. 

 

ATRP via the macromonomer method was recently applied to the high-yield synthesis 

of low-polydispersity CCS polymers by means of copolymerisation of a linear 

macromonomer and divinyl crosslinker, using a low molar mass ATRP initiator in a 

homogeneous solution.16, 64 Employing the copolymerisation of a linear 

macromonomer with a crosslinker to incorporate arms into a star completely bypassed 

the requirement of chain extension of linear macroinitiator.21, 62 The incorporation of 

linear macromonomers into the preformed CCS polymer increased the star yield but 

kept a low polydispersity of the resultant stars.16 The CCS polymer continued to grow 

until the core was fully covered by the linear arms and reached a steric saturation 

state, thus further star growth ceased. Addition of another batch of crosslinker and 

initiator at this stage introduced more pendant vinyl groups and initiating sites to the 

star core, expanding its size and functionality. This expansion decreased core 

congestion and made further incorporation of linear chains into the star polymer 

possible. With appropriate amounts of additional crosslinker and initiator, it is possible 

to conduct star-linear macromonomer reactions with limited star–star coupling 

reactions. Therefore, the newly added crosslinker and initiator increased the star yield 

and star molecular weight while avoiding broadening of the MWD. Star-linear 

macromonomer reactions stopped when the CCS polymer reached its new saturated 

size. However, the addition of a second batch of crosslinker and initiator expanded the 
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core and allowed further star growth. This process could be repeated until the star 

yield essentially reaches 100% incorporation of the initially added macromonomer.16  

 

Several researchers have described the use of ATRP for synthesis of star polymers by 

the core-first approach.65-67 In addition to the necessary high initiation efficiency 

required for the core-first approach,68 synthesis of high-molecular-weight star 

polymers demands a low extent of chain transfer and termination reactions69 while 

maintaining a moderate reaction rate. ATRP has also been applied to the synthesis of 

CCS polymers by using a new core-first method, where the crosslinker was 

polymerised first to form a star core, followed by addition of monomer to grow the 

arms.49  

 

ATRP is a very versatile technique for preparing polymers with predefined structures70, 

71 and is among the most popular techniques to synthesise CCS polymers.6, 7 However, 

any parameters in ATRP such as the structures and concentrations of the utilized 

monomers, catalysts (metals/ligands) and initiators, solvents, reactant ratios, and 

reaction temperatures can significantly influence the controllability of polymerisations. 

This makes the optimization of reaction conditions very time consuming, in particular 

when a new reaction system is investigated.72 Another disadvantage of ATRP is that a 

high concentration of a catalyst is usually required61 and thus has to be removed from 

the obtained polymers typically by a manual chromatographic process prior to their 

characterization (e.g. the determination of the molecular weights and polydispersity 

indices of the polymers by size exclusion chromatograph) and application.73  

 Iniferter 1.3.2

Iniferters are initiators that induce radical polymerisation that proceeds via initiation, 

propagation, primary radical termination, and transfer to initiator. The term iniferter 

(initiator-transfer agent-terminator) was proposed by Otsu et al. in 1982.74 The 

concept was introduced for the radical polymerisation of monofunctional and 

bifunctional oligomers and polymers. The use of well-designed iniferters would give 

polymers or oligomers bearing controlled end groups. If the end groups of the 
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polymers obtained by a suitable iniferter serve further as a polymeric iniferter, these 

polymerisations proceed in a living radical polymerisation mechanism in a 

homogeneous system. Initiators containing carbon-sulphur or sulphur-sulphur bonds 

were discovered to serve as excellent photoinferters by Otsu and Kuriyama.75 

 

There are two types of iniferter: A-B and B-B types. A-B type iniferters can be either 

thermally or photochemically dissociated into two different radicals:  

     

where A• is the reactive radical, which participates only in initiation, and B• is the less 

or non-reactive radical which cannot participate in initiation and acts as a primary 

radical termination. Examples of this type of iniferter are benzyl N,N-

diethyldithiocarbamate (BDDC), and 1-(N,N-diethyldithiocarbamyl) ethylbenzene 

(StDC). These iniferters thermally or photochemically dissociate at the weak bonds, 

and then monomer molecules are inserted by propagation, followed by primary radical 

termination and/or chain transfer to give polymers which also contain iniferter bonds 

at the chain end:   

            

On the other hand, the B-B type iniferters such as tetraethylthiuram disulphide (TED), 

p-xylene bis(N,N-diethyldithiocarbamate) (XDC) and mercaptobenzothiazole disulphide 

(MBTS) dissociate into two identical radicals as follows:  

              

where B• is a radical which can participate in both initiation and primary radical 

termination. As a result, these radicals yield polymers having iniferter fragments at 

both chain ends.  For a more efficient synthesis of polymers with controlled structure, 

the A-B type iniferters have proved to be more useful than the B-B type.76 The 

functionality of the iniferters can be controlled by changing the number of A-B bonds 

introduced into an inferter molecule, for instance using B-A-B as a bifunctional 

iniferter.  

(1.1) A  B                                     A      +       B 
 or h  

A  B       +       n M                                 A  M  B 
 or h  

 n
 (1.2) 

B  B                                     B      +       B 
 or h  

  (1.3) 
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From the viewpoint of controlled polymer synthesis, iniferters can be classified into 

several types: thermal or photoiniferters; monomer or macromonomer iniferters; 

monofunctional, difunctional, trifunctional, or polyfunctional iniferters as well as 

monomeric, polymeric, or gel iniferters.33 These lead to the synthesis of various 

monofunctional, telechelic, block, graft, star, and crosslinked polymers. Very few 

structures exhibit photoiniferter properties, among these benzyl dithiocarbamate 

(BDC) is the most popular one.75, 77 In contrast with thermal iniferters, polymerisation 

using compounds having a photodissociable dithiocarbamate (DC) group as 

photoiniferters can be performed at low temperature, such as room temperature. 

Many DC derivatives with various structures can be readily prepared, demonstrating 

that the functionalization and molecular structure design are relatively 

straightforward.78  

 

The ideal mechanism of the photoiniferter-mediated polymerisation proposed by Otsu 

et al.77 is shown in Scheme 1.4.79 The key to this polymerisation is that the polymer 

chain must photodissociate into a reactive, carbon-centred radical and a less reactive 

sulphur radical. This then allows for successive insertion of monomer molecules. In 

general, photoiniferters dissociate into reactive (R•) and less reactive (X•) radicals. 

Reactive radical R• can react with a given vinyl monomer to initiate the polymerisation 

reaction. The recombination of the less reactive radical X• with the propagating radical 

is photochemically reversible and provides a living character to the reaction. In 

comparison to the propagation process, the exchange between the propagating radical 

R-Mn• and the dormant species R-Mn-X must be rapid. The photodissociation of the 

polymer chain end and further propagation occur repeatedly. As a result, molecular 

weight of the resulting polymer increases with monomer conversion (the total number 

of chains is expected to be constant).33, 79  
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Scheme 1.7. General mechanism of a photoiniferter-mediated polymerisation. X is 
usually a sulphur radical whilst R may be either a sulphur radical or a carbon radical.  

There are several important features for polymerisations initiated by iniferters such as: 

(i) the molecular weight of the polymer increases with time; (ii) the DP increases 

linearly with conversion of monomer; (iii) the rate of polymerisation decreases with 

time and then later remains unchanged after reaching a limiting value; (iv) starting 

from a certain instant, the number of iniferter fragments in the polymer does not alter 

with conversion (v) polymerisation products are macroinitiators capable of continuous 

growth of their molecular weight.80 

 

After the first attempt by Otsu to polymerise methyl methacrylic acid (MMA) in the 

presence of phenylazotriphenylmethane and benzyl dithiocarbamate,81 his route has 

been followed by many researchers to synthesize complex macromolecular 

architectures,76 such as block78, 82, 83 and graft84, 85 copolymers, hyperbranched,86 

crosslinked87 as well as star polymers,75, 88, 89 using dithiocarbamate iniferters. The 

studies, however, were mostly focused on the living radical graft polymerisation.90-92 

For example, Mijangos et al. developed a new polymeric macroinitiator and used it for 

grafting of monomers such as AA, MA and EGDMA onto poly(trimethylolpropane 

trimethacrylate) (polyTRIM) particles using 2,2-diethyl dithiocarbamic acid benzyl ester 

(DDCABE) as an initiator.92 The living nature of the iniferter modified macroradicals 

was found to permit easy consecutive grafting of multiple polymeric layers, allowing 

straightforward functionalisation of particles. However, the effectiveness of the 

grafted initiator decreased with each cycle of polymerisation. 

 

Photo-cleavage: R  X                                     R      +       X 

Initiation: R    +      M                               RM 

Propagation: RM    +     n M                               RM
n
 

Termination: RM
n
    +     X                             RM

n
  X 

h  

h  
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So far, only a few papers have been published on the synthesis of star polymers via the 

iniferter technique.75, 77, 93 For example, four-arm methyl methacrylate star polymers 

have been synthesized by Kuriyama and Otsu using a tetrafunctional iniferter, 

1,2,4,5—tetrakis(N,N-diethyldithiocarbamylmethyl)benzene.75 Later, Doi et al. 

synthesized a star polymer of methyl methacrylate using a two-component iniferter by 

combining benzyl N,N-diethyldithiocarbamate and tetraethylthiuram disulfide (TD), 

but the resultant star polymer had a very broad molecular weight distribution.93 

Recently, the synthesis of star block copolymers with a crosslinked core using 

dithiocarbamate iniferter under ultraviolet (UV) irradiation has been reported by Ishizu 

et al.88 The CCS block copolymers (PtBA-block-PMMA arm) were synthesized by the 

radical polymerisation of the corresponding diblock initiator initiated by (4-cyano-4-

diethyldithiocarbamyl)pentanoic acid (CDPA) with EGDMA under UV irradiation. 

However, the star yield was low possibly due to the slow and incomplete initiation of 

alkyl dithiocarbamate under UV irradiation and loss of chain-end functionality via the 

potential dimerization of dithiocarbamyl mediating radicals.  

 

The polymers synthesized using a DC iniferter have an unstable terminal DC group. 

Stabilization of the chain end of the polymers, i.e. decomposition or removal of the DC 

group may be carried out using one of the following methods: hydrolysis of the DC 

group with sodium hydroxide as a nucleophile, thermal decomposition of the DC group 

e.g. at 230 C and removal of the group through a photoinduced transfer to thiol e.g. 

mercaptan.94 However, only the third method (chain transfer to thiol) is found to be 

suitable for the polymer design because both the hydrolysis and decomposition 

methods involved the undesired coupling between the polymer chains leading to an 

increase in the molecular weight of the polymer.  

 

One of the advantages of iniferter radical polymerisation compared to other RDRP 

techniques is that the polymerisation can be initiated photo-chemically which is a 

faster process than thermal initiation. Apart from that, the polymerisation can be 

carried out at room temperature and might be useful considering some functional 

monomers that are thermally unstable. In addition, the dithiocarbamate end group is 



  Chapter 1 

 
 

19 

 

easily convertible to the thiol (–SH) functionality that could be used for further 

transformations.95 

 Reversible Addition-Fragmentation Chain Transfer  1.3.3

The reversible addition-fragmentation chain transfer (RAFT) is a relatively new RDRP 

technique discovered by researchers at Commonwealth Scientific and Industrial 

Research Organisation (CSIRO) in Australia,96 which involves the use of a chain transfer 

agent (RAFT agent or CTA). The general structure of a common thiocarbonylthio RAFT 

agent is shown in Figure 1.2. Z denotes the activating/stabilizing group that controls 

the reactivity of the C=S bond toward radical and fragmentation,97 whereas R is the 

free radical homolytic leaving group that is responsible for re-initiating the 

polymerisation.98  

 

 

Figure 1.2. General structure of a RAFT agent. 

The currently accepted mechanism for the RAFT process is outlined in Scheme 1.8.99, 

100 Its overall kinetics and polymerisation rate resemble a conventional radical 

polymerisation process with slow initiation and fast termination reactions.60 Although 

conventional initiator is used for radical initiation, the chain transfer agent employed is 

present at a much higher concentration than the radical initiator and quickly 

exchanges a group/atom among all growing chains. Thus, the transfer agent plays the 

role of the dormant species to provide control over molecular weight and 

polydispersity. As illustrated in the reaction scheme, the initiator radical I• reacts with 

monomer molecules to form a propagating radical Pm•, which further adds to the 

thiocarbonylthio compound (RSC(Z)=S) (1) yielding a carbon-centered intermediate 

RAFT radical (2).  Fragmentation of these intermediate radicals produces a polymeric 
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thiocarbonylthio compound (PmS(Z)C=S) (3) and a new radical R•, which is able to 

reinitiate polymerisation by reacting with monomer molecules, thus forming a new 

propagating radical (Pn•). Ultimately, the existence of a rapid equilibrium between the 

active propagating radicals (Pm• and Pn•) and the dormant polymeric thiocarbonylthio 

compounds (3) provides equal probability for all chains to grow and allows for the 

production of narrow polydispersity polymers with a thiocarbonylthio end group. The 

desired product of a RAFT polymerisation is typically a linear polymer with an R group 

at one end and a thiocarbonylthio moiety at the other end. However, since free radical 

intermediates are involved in RAFT polymerisation, some radical-radical termination 

could not be avoided resulting in an amount of dead polymer.101   

 

Scheme  1.8. Mechanism of RAFT polymerisation. 

Depending on the nature of the activating (Z) group, the thiocarbonylthio RAFT agents 

can be classified into four classes: (i) dithioesters (Z = aryl or alkyl), (ii) 

dithiocarbamates (Z = substituted nitrogen), (iii) dithiocarbonates (xanthates) (Z = 

substituted oxygen) and (iv) trithiocarbonates (Z = substituted sulfur).102, 103 With 

appropriate choice of RAFT agent and reaction conditions, RAFT polymerisation can be 

used to produce polymers with narrow polydispersity and predetermined molecular 

weights. These can be controlled by the extent of conversion and concentration of the 
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RAFT agent. It has been reported that the effectiveness of RAFT agents depend 

strongly on (a) the nature of the Z and R groups, (b) the monomer and (c) the 

polymerisation conditions.97, 104  

 

In an arm-first CCS polymerisation, a simple approach to carry out the chain extension 

of the preformed arm (a macroRAFT agent) may be utilized.105 The thiocarbonylthio 

end groups can be reactivated in a polymerisation using divinyl compounds. This leads 

to the formation of star-shaped structures or microgels with a branch length 

determined by the size of the macroRAFT agent (Scheme 1.6).  

 

 

Scheme  1.9. Schematic of the synthesis of CCS polymers using RAFT via the arm-first 
approach. 

The possibility of using the arm-first method in RAFT polymerisation for the synthesis 

of star polymers with a crosslinked core was first proposed by Moad et al.106 but the 

first experimental proof of the synthesis was reported by Lord et al.,107 followed by 

Zhang and Chen.108 The CCS polymers were synthesized from dithiobenzoate 

terminated living polystyrene and DVB as the crosslinker.  However, the resultant 

polystyrene CCS polymers were poorly controlled with low star yield and high 

polydispersity as a result of side reactions involving the intermediate radicals53 and 

potentially, core and chain shielding effects.109 Crosslinker concentration and reaction 

time have to be carefully adjusted to avoid the formation of a broad range of products 

with a varying number of branches. Better-defined products are usually obtained when 

CCS with amphiphilic block structures in each arm are prepared.105, 110 Amphiphilic 

block copolymers can self-assemble in micelles using a selective solvent. The 
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subsequent crosslinking captured the well-defined structure of the micelle, leading to 

CCS polymers with narrower molecular weight distributions.100 Macromonomer 

approach has also been applied in the synthesis of CCS polymers via the arm-first RAFT 

polymerisation.43 The star yield increased while maintaining narrow MWD when a 

multi batch approach (step-wise addition of initiator and crosslinker) was applied in 

the synthesis. Very recently, cleavable miktoarm CCS copolymers containing three 

different arm compositions (hydrophobic, hydrophilic and cationisable) were 

successfully synthesised by RAFT polymerisation via the arm-first approach.35 The star 

assembly and crosslinking occurred in a single step, which involved copolymerisation 

of a multiolefinic monomer mediated by a macroinitiator or macro-transfer agent. 

Both the molecular weight and MWD of the CCS polymers were found to be influenced 

by the proportion of the hydrophobic arms and amount of crosslinker used. Recent 

advancement in the synthesis of CCS polymers via arm-first RAFT is based on 

heterogeneous polymerisation (either emulsion or dispersion polymerisation) in order 

to afford low-dispersity CCS polymers.44, 111  

 

The particular strength of RAFT chemistry lies in its high tolerance to functional 

monomers such as acid (e.g. acrylic acid), acid salt (e.g. styrenesulfonic acid sodium 

salt), hydroxy (e.g. hydryoxyethyl methacrylate) or tertiary amino (e.g. 

dimethylaminoethyl methacrylate) groups,96 and the non-demanding reaction 

conditions (e.g., tolerance to oxygen and low temperatures) under which the 

polymerisations can be carried out.53 In addition, a wide range of monomers with 

varying reactivity including vinyl acetate and N-vinyl pyrrolidone can be polymerized in 

a controlled manner.53, 112 RAFT polymerisation offers substantial versatility when it 

comes to the synthesis of complex architectures105, 113-115 and is also applicable to 

emulsion-polymerisation processes.116, 117 Moreover, it can be performed at low 

temperatures,118 in water,117, 119 and using either UV120 or  irradiation121 as an 

initiation source.  
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 CCS Polymer Applications 1.4

The combination of unique rheological properties and the ability to employ RDRP 

techniques to obtain well-defined structures make CCS polymers very attractive for 

use in a variety of applications such as catalysis,122 drug delivery,123 polyelectrolytes124 

and molecular imprinting.122 In this thesis, the focus is on molecular imprinting and 

thus is discussed in the subsequent section.  

 Molecular Imprinting  1.4.1

Molecular imprinting is a method of inducing molecular recognition properties into 

synthetic polymers in response to the presence of a target species (template) during 

formation of the three-dimensional structure of a polymer.125, 126 Compared to 

biomolecules such as antibodies and enzymes, molecular imprinted polymers (MIPs) 

possess advantages of physical robustness, rigidity, resistance to elevated 

temperatures and pressures, and inertness towards acids, bases, metal ions and 

organic solvents.125, 127-129  

 

Molecular imprinting126, 128 involves arranging polymerisable functional monomers 

around a template and is described schematically in Figure 1.3. The arrangement is 

achieved either by utilizing non-covalent interactions such as hydrogen bonds or ion-

pair interactions (non-covalent imprinting) or reversible covalent interactions (covalent 

imprinting) between the template and the functional monomers. The complexes 

formed are then incorporated by polymerisation into a highly crosslinked macroporous 

polymer matrix. Extraction of the template leaves sites in the polymer with specific 

shape and functional group complementary to the original template. In that way, a 

molecular memory is introduced into the polymer, which is now capable of selectively 

rebinding the target.  
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Figure 1.3. General principle of molecular imprinting. 

The methodologies available for molecular imprinting are both flexible and robust and 

imprints can now be made against a wide variety of small molecules as well as some 

large molecules such as oligopeptides130, 131 and proteins132-134 with confidence that 

the resulting polymers will have a high affinity and selectivity for the template.125, 135 

As a generalization, covalent imprinting gives better defined and more homogeneous 

binding sites, but non-covalent imprinting is much more flexible in the range of 

functionalities which can be targeted and thus the range of templates which can be 

used. The latter is also much easier practically, since little or no chemical derivatization 

is required. 

 

Studies have shown that enantiomeric and substrate selective recognition properties 

of molecular imprinted polymers are largely dependent on the size, shape, the physical 

or chemical properties and relative position of the functional groups of the recognition 

sites and the sample molecule.136 In organic media, polar interactions (hydrogen 

bonding, ionic interactions, etc.) are mainly responsible for the binding and 
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recognition, whereas in aqueous media, hydrophobic interactions play an important 

role.137-139 

 

As mentioned above, a MIP is a recognition tool that can be targeted to specific 

molecular species. The recognition event can be coupled to a range of detection 

technologies and the more complex the target species, the more specific and exclusive 

the recognition event. The important processes in creating a recognition based 

polymer are (1) creating well-defined sites during the polymerisation by the design of 

relevant interactions; (2) preserving the structure of imprinted sites intact; and (3) 

allowing for ease of diffusion of solutes into and out of the network.122 The ideal 

imprinting effect, although difficult to achieve, would be one in which the imprinting 

creates an on/off switch such that only the template is bound and all other molecules 

are rejected. Among the major factors affecting the creation of specific sites are the 

interaction between the monomers and the template and having an increased number 

of point interactions.  

 

Since the molecular imprinting process involves the generation of cavities containing 

functional sites within a highly crosslinked polymer matrix and is based on the initial 

formation of a template-functional monomer pre-polymerisation complex, it is very 

important to strengthen this pre-polymerisation complex.  It is the polymerisation of 

this complex that will yield a defined spatial configuration within the highly crosslinked 

polymer matrix, leaving behind the cavities that are complementary in shape and 

chemical functionality to the template after its removal. There are three important 

factors that affect the formation of the pre-polymerisation complex: 140 

(i) The type of functional monomer employed during the polymerisation 

(ii) The relative ratio of the functional monomer to the template  

(iii) The solvent (porogen).  

 

In the non-covalent approach, the functional monomer should be able to interact with 

the template either via hydrogen bonding, electrostatic, or hydrophobic interactions to 

form special binding sites before the crosslinked co-polymerisation occurs.141 The 
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degree of complexation of the template is determined by the relative ratio of the 

functional monomer to the template142 and on the strength and the number of the 

interactions between the functional monomer and the template.143 

 

The porogen should be able to dissolve all the reagents and allow the formation of the 

pre-polymerisation complex. The latter can be enhanced by choosing a porogen that is 

capable of facilitating the interactions required for the template-monomer pre- 

polymerization complex to reduce the interferences during the template-monomer 

pre-polymerisation complex formation.144, 145  Apart from that, the pore size and 

surface area are also influenced by the porogen used during polymerisation. Porosity, 

which affects the mass transfer of template molecules, arises from phase separation of 

the porogen and the growing polymer during polymerisation.  

 

MIPs have been used in many different applications, such as affinity separation, for 

directed synthesis, catalysis and slow drug release, as selective solid-phase extraction 

media, antibody mimics in immunoassays, as well as the recognition elements in 

biosensors.146-150 Compared with their natural counterparts (antibodies or enzymes), 

MIPs possess several advantages such as having a superior chemical and physical 

stability, which facilitates their storage and handling as well as their integration in 

standard industrial fabrication procedures.151 In addition, they can be regenerated and 

are potentially reusable, and may thus be less costly than biomacromolecules.  

 

The majority of reports on MIPs described organic polymers synthesized from vinyl or 

acrylic monomers by conventional free-radical polymerisation152 due to the rather 

straightforward synthesis of these materials and to the vast choice of available 

monomers with different functional groups. The lack of control over chain propagation 

and termination in the conventional FRP has resulted in the formation of polymer 

networks with heterogeneous structures, which affect the quality of the binding sites 

formed within the networks and also leads to a broad distribution of binding sites.153 

RDRP methods such as iniferter, RAFT and ATRP offer the ability to create imprinted 

polymers having more homogeneous network structures and thus enhanced binding 
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properties.154-159 However, these techniques have not been extensively applied in the 

field of molecular imprinting.  

 

The iniferter method was mainly used to achieve the synthesis of thin MIP films on 

supports by surface-initiation.160 The application of iniferter-initiated polymerisation in 

MIP was first demonstrated by Wang et al., who photografted a crosslinking polymeric 

layer of N,N-methylenebisacrylamide (MBAA) and acrylic acid in the presence of a 

theophylline template on a polyacrylonitrile membrane modified with a 

diethyldithiocarbamate iniferter.155  The resultant membrane was found to exhibit high 

selectivity towards theophylline template compared to caffeine. Recently, iniferter-

induced ‘‘living’’ radical polymerisation (ILRP) mechanism has been introduced into 

precipitation polymerisation in the one-pot synthesis of molecular imprinted 

microspheres.161 The resultant MIP microspheres exhibited obvious molecular 

imprinting effects towards the template (either 2,4-Dichlorophenoxyacetic acid (2,4-D) 

or 2-chloromandelic acid (CMA) template rebinding kinetics, and appreciable 

selectivity over structurally related compounds. More recently, combination of 

iniferter polymerisation with post dilution proposed by Wulff et al.162 has been 

reported, which produced higher yield of molecular imprinted nanoparticles than using 

UV irradiation alone.163 Using this technique, high monomer and template 

concentrations could be employed, thus the probability of forming highly specific 

binding sites is maximised. 

 

RAFT polymerisation has been used to successfully synthesise MIPs with different 

formats, where the focus was on surface-imprinted polymer preparation. The 

immobilization of RAFT agent on the surface of supports such as silica nanoparticles 

was found to allow the growth of uniform MIP shells with adjustable thicknesses.164 

Similar to iniferter, RAFT polymerisation has also been used in combination with 

precipitation polymerisation which is known as RAFT precipitation polymerisation 

(RAFTPP) to synthesise molecularly imprinted polymer microspheres.165 The RAFT 

polymerised microspheres were reported to exhibit higher binding capacity per unit 

surface area over the conventionally synthesised MIP microspheres. Recently, the 
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RAFTPP method was applied in the synthesis of narrowly dispersed pure-water-

compatible MIP microspheres with surface-grafted hydrophilic polymer brushes. The 

obtained MIP microspheres showed significantly enhanced surface hydrophilicity and 

excellent template recognition ability in pure aqueous solutions. Liu et al. compared 

the separation efficiency of monolithic MIP columns synthesized by conventional FRP 

and RAFT.157, 166 The separation on the RAFT MIP was found to be improved owing to 

an increased specific surface area. More recently, Gonzato et al. compared the 

imprinting of S-propranolol acrylic and methacrylic matrices via RAFT and FRP.167 It was 

found that more homogeneous networks were achieved by RAFT compared to FRP 

which led to higher affinity for the template. 

 

One of the characteristics of MIPs is that they are crosslinked polymers. This 

crosslinking is necessary in order to maintain the conformation of the three-

dimensional binding sites obtained through the molecular imprinting process, and thus 

the ability of the polymer to specifically and selectively recognize its target molecule. 

The insolubility of these crosslinked polymers, however, limits the applicability of MIPs 

by imposing tedious or difficult processes for their inclusion in organic electronic 

devices such as organic light emitting diodes (OLEDs), photovoltaic cells (OPVCs) and 

organic field-effect transistors (OFETs).168, 169 They have to be either prepared as 

monoliths and ground into powders or are prepared in situ on a support. New 

nanoparticle-based MIPs and new dispersible MIPs may be suitable for potential 

application in detection methods.170, 171 This can be achieved via a CCS polymer where 

the central core is imprinted and crosslinked while the arms of the star provide 

solubility. 

 

Only a few papers have been published on the application of star polymers in 

molecular imprinting.122, 172-175 For example, Oral and Peppas reported the synthesis of 

responsive and recognitive polymeric networks based on custom made polyethylene 

glycol (PEG) star polymers.122 By imprinting the star polymer building blocks with the 

desired template, D-glucose, polymeric networks that could distinguish between the 

template and a similar sugar; D-fructose were obtained. Using copolymerisation with 
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methacrylic acid, star polymer networks with pH-sensitivity, which showed a sharp 

transition in swelling around a pH of 4.5 were obtained. Later, Southard et al. have 

developed dispersible and processable MIP technologies with good sensitivity and very 

high selectivity.173 The MIPs have been prepared using RAFT polymerisation followed 

by ring-closing metathesis (RCM). Crosslinking of the polymer core which consisted of 

a dithiobenzoate-substituted tris(-diketonate)-europium(III) complex, was performed 

using a second generation Grubbs catalyst. The high polydispersity of the three arm 

star polymers due to inter star crosslinking was improved by crosslinking in very dilute 

solution. Although an imprinting effect was not clearly demonstrated and a non-

imprinted control polymer was not prepared, the polymer was found to be selective 

for dicrotophos over the related compounds dichlorvos, diazinon, and dimethyl 

methylphosphonate.  Recently, the first example of using a MIP to amplify a surface 

plasmon resonance signal for analyte detection was reported by Izenberg et al.172 They 

have synthesised water-soluble processable star polymers using RAFT polymerisation 

via the core first method. Biotin-imprinted 3-arm star polymers were prepared by 

crosslinking the polymers with 1,4-diaminobutane using N-(3-dimethylaminopropyl)-

N-ethylcarbodiimine (EDC) / N-hydroxysuccinimide (NHS) coupling which were then 

coupled to a SPR analyte capture method for the detection of low molecular weight 

amines.  

 

The synthesis of CCS MIPs however has not yet been extensively investigated and thus 

may be worth exploring. The only report on the synthesis of a CCS MIP was via the 

arm-first method using benzyl diethyldithiocarbamate iniferter.174 The CCS MIP, 

intended as a drug carrier was prepared by crosslinking linear poly(methyl 

methacrylate) (PMMA) with arylamide N,-methylenebisacrylamide in the presence of 

methacrylic acid (MAA) as well as L-phenylalanine (PA) as the functional monomer and 

the template respectively.175 A liquid membrane experiment was conducted and the 

result showed that less than 3% of the PA template was transported during 120 hr 

operation of the experiment. They concluded that the star MIP was suitable for 

extremely slow administration of drug delivery system.    
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Comparing the above RDRP techniques in the context of MIP, the major limitation for 

ATRP is the small choice of monomers with suitable functional groups.151 Typical 

monomers used for molecular imprinting (e.g. methacrylic acid and trifluoromethyl 

acrylic acid) are incompatible with the metal–ligand complex involved in ATRP. 

Moreover, with certain monomers such as methacrylamide and vinylpyridine, it is 

difficult to achieve high monomer conversion. Template molecules also often carry 

functional groups that may inhibit the catalyst. In addition, the ATRP method is 

complicated by the fact that the catalysts need to be removed at the end of the 

polymerisation. Hence, ATRP may not the best choice for molecular imprinting due to 

the difficulty of obtaining high conversion in the presence of certain functional groups 

on monomer and template. On the other hand, iniferter-initiated and RAFT 

polymerisations have the advantage of being compatible with the majority of 

functional monomers and template commonly used in molecular imprinting. In 

particular, the dithicarbonyl reagents and the dormant macroradicals of RAFT are non-

reactive towards polar and ionic groups, thus RAFT is best suited for polymerisation 

involving polar species especially in the imprinting system where template/monomer 

interaction is based on hydrogen bonding or ionic interactions.176  As for the iniferter 

polymerisation, since the polymerisation can be initiated photochemically, the iniferter 

radical polymerisation process is faster than thermal initiation and can be carried out 

at room temperature, which is also very useful in the molecular imprinted polymer 

(MIP) preparation where the template/monomer complexes are stable at low 

temperature.136, 177  

 

In view of the above evidence in the literature pertaining to the synthesis of CCS 

polymers and molecular imprinting, iniferter and RAFT are among the two RDRP 

techniques that have the potential to be employed in the synthesis of CCS MIPs. Since 

the aim of this study is to synthesise dispersible and processable CCS MIPs using a 

simple and robust method, iniferter and RAFT techniques therefore seem to be a more 

satisfactory choice.  
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 Project Outline 1.5

 

The aim of this project is to synthesise CCS MIPs that are readily dispersible by 

reversible-deactivation radical polymerisation (RDRP) techniques, i.e. iniferter and 

RAFT so that they can then be processed to become thin films, via a simple method 

such as drop coating or spin casting the MIP solution onto a substrate, and has the 

potential to improve the quality, capacity or ease of synthesis of the films for their 

inclusion in sensing devices.   

 

We begin our investigation with the synthesis of CCS non-imprinted polymers via 

iniferter and RAFT, which are discussed in Chapter 2 and Chapter 3, respectively. For 

this purpose, a series of CCS polymers were synthesised via both the arm-first and the 

core-first methods. A two-pot strategy was employed in the preparation of the arm-

first CCS polymers, where the linear PS arm was synthesised and isolated before being 

crosslinked by EGDMA to form the arm-first CCS polymers. The effect of changing 

several parameters such as polymerisation time, ratio of crosslinker to linear arm, 

concentration of arm as well as arm length on the CCS formation were investigated. 

The core-first CCS polymers were also synthesised by utilising the two-pot strategy in 

which the core was synthesised and isolated before being subjected to further 

polymerisation in the presence of styrene to afford the CCS polymers. A comparison 

between the iniferter and RAFT methods in the synthesis of CCS polymers are 

presented at the end of Chapter 3. 

 

Based on the results presented in Chapters 2 and 3, core-first method was chosen as 

the best method to prepare the CCS MIPs. One of the most important aspects in the 

synthesis of CCS MIPs via the core-first method was the preparation of the MIP core 

precursors as the imprinting sites were created during their preparation. Hence, it is 

crucial to prepare MIP cores with optimised binding properties such as binding 

capacity, optimum binding time as well as type and number of binding sites. For this 

purpose, Chapter 4 is dedicated to the preparation of MIP microspheres using 

iniferter-induced ‘‘living’’ radical polymerisation (ILRP) and RAFT precipitation 
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polymerisation (RAFTPP). Benzylpiperazine has been chosen as the model template. 

Binding properties, particle size, morphology, surface area and porosity of the 

polymers were investigated and compared between the microspheres prepared via 

iniferter and RAFT methods.  The selectivity of the BZP imprinted polymer towards the 

BZP template was then investigated under non-competitive and competitive 

environments over other structurally related drugs such as (1R,2S)-(-)-ephedrine (EPH) 

and 1-phenylpiperazine (PHP).  

 

Based on the results presented in Chapter 4, i.e. preparation of MIP microspheres, 

iniferter was chosen as a better method to prepare the CCS MIPs over RAFT. Thus, a 

pilot study was carried out to synthesise CCS MIPs using the best formulation obtained 

during the preparation of the MIP microspheres as the core precursor. The CCS MIP 

preparation and assessment of their binding performance are presented in Chapter 5. 

To the best of my knowledge, this work is first on the CCS MIP synthesis via the two-

pot core-first method for benzylpiperazine (BZP) template and, thus, is novel.  
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 Chapter 2

Core Crosslinked Star Polymers Via a Photoiniferter 

 

 Introduction 2.1

This chapter deals with the preparation of core-crosslinked star (CCS) polymers via the 

iniferter technique. The focus is on the CCS polymers prepared via the arm-first 

method, although some preliminary results on the CCS polymers preparation via the 

core-first method are also included. As mentioned in Chapter 1 (see §1.2), there are 

several methods that can be used to prepare star polymers which involve the use of 

macroinitiators, macromonomers, multifunctional linking agents, difunctional 

monomers or multifunctional initiators.1, 6 Employing the two-pot approach, we 

prepared our arm-first CCS polymers using the macroinitiator method i.e. by 

crosslinking living linear chains endcapped with diethyldithiocarbamate using a divinyl 

crosslinker (Scheme 1.1, §1.2.1), whereas the core-first CCS polymers were prepared 

by growing arms from a highly crosslinked core with an active surface (Scheme 1.4, 

§1.2.2).   

 

The use of diethyldithiocarbamate-mediated living radical polymerisation techniques 

has been reported in the synthesis of star block copolymers88, 178 and benzyl N,N-

diethyldithiocarbamate (BBDC) iniferter was employed in the preparation of CCS 

polymers via the arm-first method.174, 175  The synthesis of CCS polymers via the core-

first  ATRP technique in one-pot has also been reported,49 however, the use of BDDC 
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iniferter in the formation of CCS polymers via the two-pot core-first method, to the 

best of my knowledge, has never been reported.  

 Experimental 2.2

 Materials 2.2.1

Sodium N,N-diethyldithiocarbamyl trihydrate and benzyl chloride (99%) were obtained 

from Sigma-Aldrich and used as received.  Styrene (St) and ethylene glycol 

dimethacrylate (EGDMA) were obtained from Sigma-Aldrich (≥ 98% purity), and were 

passed through a column of activated basic alumina (Aldrich, Brockmann I, standard 

grade, 150 mesh, 5.8 nm) to remove radical inhibitors. Bulk grade methanol and 

ethanol were obtained from Merck and were distilled prior to use.  All water was 

purified by reverse osmosis prior to use. Deuterated chloroform (CDCl3, 99.6 atom %), 

for NMR analysis, was obtained from Aldrich. HPLC grade tetrahydrofuran (THF) was 

obtained from Scharlau and used for synthesis and GPC analysis.  HPLC grade 

acetonitrile was obtained from Merck and used for synthesis and HPLC analysis. 

Potassium bromide (KBr) was obtained from Sigma-Aldrich and used for FTIR analysis. 

Benzyl N,N-diethyldithiocarbamate (BDDC, [1]) was synthesised following the 

procedure described in §2.2.2. 

 Synthesis of BDDC Iniferter 2.2.2

BDDC [1] is classified as a photoiniferter and was synthesised according to the 

following proposed reaction scheme:179 

 

 

Scheme  2.1. Reaction scheme for the synthesis of BDDC [1]. 

[1] 
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A solution of sodium N,N-diethyldithiocarbamyl trihydrate (10.3 g, 0.046 mol) and 

distilled ethanol (50 mL) were placed in a 200-mL three-necked flask equipped with a 

stirrer, a dropping funnel, and a reflux condenser. To this solution, 10 mL of ethanol 

solution of benzyl chloride (4.8 g, 0.038 mol) was added dropwise at 0 °C. The solution 

was stirred for 24 h at ambient temperature. Then 150 mL of water was added and 

extracted with diethyl ether (200 mL, 3 times). The organic phase was washed with 

water, dried on anhydrous sodium sulphate (Na2SO4), filtered, and evaporated under 

vacuum. The residue was then recrystallized three times from methanol. Yield of 

benzyl N,N-diethyldithiocarbamate (BDDC [1]: 8.36 g (92%). 1H-NMR (CDCl3, 400 MHz, 

ppm):  7.40-7.2 (m, 5H, C6H5), 4.54 (s, 2H, CH2S), 4.05 (q, 2H, N(CH2CH3)2),  3.73 (q, 2H, 

N(CH2CH3)2), 1.28 (m, 6H, -N(CH2CH3)2). 13C-NMR (CDCl3, 400 MHz, ppm):  195.2, 

136.0, 129.4-127.4, 49.4, 46.7, 42.2, 12.5, 11.6. FTIR (cm-1): 3028 (aromatic C-H), 2924 

(aliphatic C-H), 2000—1665 (aromatic overtones), 1600 and 1452 (C-C), 1485 (C-N), 

1267 (S-C=S), 1008 (C-S), 750 and 700 (aromatic C-H).  

 Preparation of CCS Polymers via Arm-First  2.2.3

 Synthesis of PS Arm using BDDC Iniferter 2.2.3.1

A typical polymerisation procedure for the synthesis of linear PS with 

diethyldithiocarbamate (DDC) end functionality is as follows. Styrene (6 mL, 52.2 

mmol) and BBDC (240 mg, 1.00 mmol) were mixed in a test tube. The mixture was 

deoxygenated by purging with nitrogen for 30 minutes, sealed and then placed under 

UV irradiation (on either an Efos Acticure A4000 with a high pressure 100 Watt 

mercury vapour short arc bulb and a liquid-filled light guide or a 450 W medium 

pressure mercury vapour, quartz UV lamp (Ace glass, No. 7825-34) in a photochemical 

reaction cabinet) at ambient temperature. After polymerisation for the desired time, 

the polymerisation was quenched by immersing the test tubes in an ice-water bath. 

The resulting products were diluted with THF and the polymers were precipitated by 

adding the polymerisation mixtures dropwise into an excess of methanol under 

vigorous stirring. The polymers obtained were then purified twice by reprecipitation 
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from THF into methanol, followed by drying in a vacuum oven at 40 C. The yield of the 

polymers was determined gravimetrically.  

 Preparation of Arm-first CCS Polymers  2.2.3.2

For the synthesis of a CCS polymer via the arm-first method, a typical experimental 

procedure is as follows: Previously synthesised linear PS arm (200 mg) and EGDMA 

(0.163 mL, 0.862 mmol) were dissolved in THF (11.5 mL) in a test tube. The reaction 

mixture was purged with nitrogen for 30 min, sealed and placed under UV irradiation 

from a 450 W medium pressure mercury vapour, quartz UV lamp (Ace glass, No. 7825-

34) in a photochemical reaction cabinet at room temperature. After polymerisation for 

5 h, the polymerisation was quenched by immersing the test tubes in an ice-water 

bath. The polymer was precipitated by adding the polymerisation mixture dropwise 

into an excess amount of methanol under vigorous stirring. The polymer obtained was 

then purified twice by reprecipitation from THF into methanol, followed by drying in a 

vacuum oven at 40 C. The yield of the star polymers was determined gravimetrically. 

 Preparation of CCS Polymers via Core-first 2.2.4

 Synthesis of PEGDMA Core using BDDC Iniferter 2.2.4.1

For the PEGDMA core synthesis, a typical experimental procedure is as follows: 

EGDMA (2.5 mL, 13.3 mmol) and BDDC (127 mg, 0.530 mmol) were mixed in THF (40.0 

mL) in a test tube. The reaction mixture was purged with nitrogen for 30 min, sealed 

and placed under UV irradiation using a similar set up described in §2.2.3.2 at room 

temperature. After polymerisation for 24 h, the polymerisation was quenched by 

immersing the test tubes in an ice-water bath. The viscous reaction mixture was then 

added dropwise into a large amount of methanol to obtain a white solid, washed twice 

in methanol followed by drying in a vacuum oven at 40 C. The core yield was 

determined gravimetrically. 
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 Preparation of Core-first CCS Polymers  2.2.4.2

The previously synthesised PEGDMA core from §2.2.4.1 was then used as the core 

precursor to prepare the CCS polymer. A typical experimental procedure is as follows: 

PEGDMA core (30 mg), St (3.0 mL, 26.1 mmol) and THF (1.5 mL) were added to a test 

tube. The reaction mixture was purged with nitrogen for 30 min, sealed and placed 

under UV irradiation using a similar set up described in §2.2.3.2 at room temperature. 

After polymerisation for 24 h, the polymerisation was quenched by immersing the test 

tubes in an ice-water bath. The non-dispersible polymer (fraction 1) was removed by 

centrifugation and washed with methanol whereas the dispersible polymer (fraction 2) 

was precipitated by adding the supernatant dropwise into an excess amount of 

methanol under vigorous stirring. The resultant polymer was then purified twice by 

reprecipitation from THF into methanol, followed by drying in a vacuum oven at 40 C.  

 Characterisation 2.3

 Nuclear Magnetic Resonance  2.3.1

1H and 13C Nuclear Magnetic Resonance (NMR) spectra of the polymers were 

measured using a Bruker Avance 400 MHz spectrometer in CDCl3. 

 Fourier Transform Infrared  2.3.2

Fourier Transform Infrared (FTIR) spectra were recorded on a Shimadzu FTIR 8400S 

spectrophotometer using IR Solution software and a PIKE technologies 30SPEC EasiDiff 

diffuse reflectance accessory. The FTIR spectra of mixed powders of sample and KBr 

were obtained by scanning between 4000 – 600 cm-1.  

 Gel Permeation Chromatography 2.3.3

The average molecular weight and molecular weight distribution of the polymers were 

measured with a Shimadzu Gel Permeation Chromatography (GPC) instrument 

equipped with a pump, refractive index (RI) and photodiode array (PDA) detectors, and 



  Chapter 2 

 
 

38 

 

two Waters Styragel columns (HR5E and HR3), operating at 40°C, using THF as an 

eluent at a rate of 1.0 mLmin-1. Approximately 2 mg of a sample was dissolved in 1 mL 

of THF and the mixture was filtered using a 0.45 micron polytetrafluoroethylene (PTFE) 

syringe filter. Then 100 μL of the filtered solution was injected using the auto sampler. 

Linear polystyrene standards (Shodex®) in the molecular weight (Mn) range 530 - 505 

kDa were used for calibration (Figure 2.1) and the data were analysed using Shimadzu 

LCsolution 10A software. The area fractions of both the CCS and linear polymers were 

determined by deconvolution of the GPC curves using the Solver function (non-linear 

curve fitting)180 in Microsoft Excel 2010 software. In the literature, the Gaussian 

function with modifications has been used for deconvolution of chromatograms.181-184 

In this study, for simplicity, the following Gaussian function has been used for this 

purpose:185 

𝑦(𝑥) = ℎ𝑚. 𝑒
− ln 2[

(𝑥−𝑥𝑚𝑎𝑥)

(𝑤
2⁄ )

]
2

    (2.1) 

 

where y = amplitude of the peak at point x, hm is the peak height, x is point x with 

amplitude y,  xmax is x at hm and w is the peak width. An example of the deconvoluted 

GPC curve is shown in Figure 2.2 and the mathematical function to describe the 

chromatogram is as follows:  

ℎ(𝑡) = ℎ𝑚. 𝑒
− ln 2[

(𝑡−𝑡𝑅)

(𝑤
2⁄ )

]
2

     (2.2) 

 

where h(t) is the intensity of the peak at time t, hm is the peak height, t is the time with 

height h, tR is the retention time (at hm) and w is the peak width. 

 

Solver uses iterative numerical methods beginning with starting values (also called 

initial values) for the adjustable parameters (i.e. hm, tR and w). These values are 

changed during every regression step, and the similarity between the measured and 

calculated values is analysed and compared with the preceding iteration in order to 

make changes in the parameters for the subsequent iteration. In some cases, where 

the curve fitting did not yield good results, the position of the peak maxima (tR) had to 

be fixed so that it was equal or close to its position in the measured GPC curves. As 
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shown in Figure 2.2, the best fit between the measured GPC curve and the fitted GPC 

curve (sum of the deconvoluted curves) was obtained using the Solver function by 

minimising the sum of the squares of the differences between the measured and the 

fitted GPC curves (2). The percentage of fractions of polymer with different MW was 

determined by dividing the area under each curve (G1 or G2) with the total areas of 

the two curves.   

 

 

Figure 2.1. An example of a polystyrene calibration curve used for the molecular 
weight (MW) determination. 
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Figure 2.2. Deconvolution of a GPC curve (CCS-I6, Table 2.4) carried out using the 
Solver function in Microsoft Excel 2010. G1 and G2 represent the high and low MW 
polymers, respectively. The solid blue (height) and the black dashed (Y) lines are the 
measured and fitted GPC curves, respectively. 

 Dynamic Light Scattering 2.3.4

The particle size of the polymers was determined by dynamic light scattering (DLS, 

Malvern Zetasizer Nano ZS) with a detection angle of 175° via the in-built non-invasive 

back scatter technology using a glass cuvette. The DLS experiment was performed at 

20 °C with a He-Ne laser system tuned at a wavelength of 632.8 nm in THF and a 

mixture of THF and methanol (60:40, vol%).  The size distribution calculated by the 

Nano software is derived from a non-negative least squares (NNLS) analysis. To avoid 

any possible dust contamination during preparation of the solutions, the dispersants 

were filtered using syringe filters with pore size of 200 nm. The samples were then 

filtered through a 450 nm membrane filter prior to measurement. Three repeat 

measurements were performed on each sample to check count rate reproducibility. 

 Scanning Electron Microscopy 2.3.5

Scanning electron microscope images of the arm-first CCS polymers were generated 

using a Philips XL30 SEM and Oxford ISIS EDS (1997) software.  The SEM images of the 
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core-first CCS polymer and its core precursor were generated using Zeiss Sigma VP FE-

SEM. Surface micrographs were taken at various magnifications ranging from 5000 – 

30000X. 

 Results and Discussion 2.4

 Arm-First CCS Polymers via Iniferter 2.4.1

The synthesis of CCS polymers via the arm-first method using BDDC iniferter was 

carried out in a two-pot reaction as shown in Scheme 2.2. As can be seen from the 

scheme, the first step in the synthesis the CCS polymer was the preparation of linear 

PS, which was then isolated before undergoing further polymerisation with EGDMA to 

afford the CCS polymers. For this purpose, a series of PS arms were prepared by 

varying parameters such as polymerisation time and the mole ratio of styrene 

monomer to BDDC iniferter. The results are discussed in the subsequent sections.  
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Scheme 2.2. Synthetic route of CCS polymers via the arm-first iniferter polymerisation. 

 Preparation of Linear PS Arm Precursor 2.4.1.1

The linear PS was prepared using the previously synthesised BDDC iniferter and then 

further used as the arm precursor for the preparation of CCS polymers. The 

photopolymerisation of styrene in the presence of BDDC iniferter is expected to 

proceed as proposed in reaction Scheme 2.2.  

 

Among the N,N-diethyldithiocarbamate (DDC) derivatives, benzyl N,N-

diethyldithiocarbamate (BDDC, [1]), was found to serve as an excellent photoiniferter 

in the bulk polymerisation of styrene (St) as it produced a benzyl radical similar to the 

propagating radicals of St.77 As can be seen from Scheme 2.2, under the UV irradiation, 

BDDC photoiniferter dissociates through the C-S bond into two radicals: the active 

benzyl radical that can initiate propagation and the unreactive dithiocarbamyl radical 
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that reacts reversibly with the growing radicals to form dormant species.33, 78 The 

polymerisation is expected to proceed via a living radical mechanism through the 

insertion of monomer in between the C-S bond of the iniferter,76, 78 which leads to PS 

with two iniferter fragments as shown in Scheme 2.2. The obtained linear PS molecules 

are macroiniferters that can be used for further polymerisation with styrene leading to 

chain extension,186 or with other monomers to form block copolymers.186-188 In this 

study, the purified linear PS with DDC end functionality was crosslinked with EGDMA 

to afford the CCS polymers (Scheme 2.2). By using this method, the DDC moiety was 

preserved at the core of the CCS polymers.  

 PS-DDC End-Group Analysis 2.4.1.2

The end group of the synthesised linear PS was characterized by FTIR, UV-GPC as well 

as 1H and 13C NMR spectroscopic analyses. Figure 2.3 shows a typical FTIR spectrum of 

the linear PS arm (PS-I17, Table 2.6). The characteristic peak of the DDC end group can 

be observed in the spectrum at 1266 and 1004 cm-1, which are attributed to the C=S 

and C-S stretching, suggesting the successful incorporation of the end group in the 

arm. The bands with peak locations at 3081, 3058 and 3023 cm-1 are attributed to the 

C-H stretching of the aromatic rings of PS, whereas the bands with peak positions of 

2917 and 2848 cm-1 are assigned to the aliphatic C-H stretching. The absorption peaks 

at 1600, 1492, and 1451 cm-1 are attributed to the C=C stretching, whilst the peaks at 

757 and 698 cm-1 are assigned to the out-of-plane C-H bending vibration of the 

aromatic rings of PS. Some of these peaks are also observed in the FTIR spectrum of 

pure BDDC (see the peak assignment in §2.2.2), which are attributed to the benzyl 

moiety in the structure. 
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Figure 2.3. FTIR spectrum of linear PS prepared via BDDC iniferter. 

A typical 1H NMR spectrum of a linear PS arm (PS-I19, Table 2.6) synthesised using the 

BDDC iniferter is depicted in Figure 2.4.  In this spectrum, the peaks assigned to the 

methyl and methylene protons of the terminal DDC group can be clearly seen at about 

1.25 ppm (H4) and between 3.4 – 4.2 ppm (H3), respectively, confirming the presence 

of N,N-diethyl dithiocarbamate (DDC) at the end of the chains (Scheme 2.2 ,§2.4.1). 

Peaks in between 4.7 – 5.3 ppm (Hg) were attributed to the methine proton in the PS 

unit adjacent to the terminal DDC group, whereas the peak centred at 2.3 ppm (H2) 

was assigned to the methylene protons of the benzyl group of the BDDC iniferter. The 

peaks attributed to the backbone aromatic protons of PS are observed between 6.4 – 

7.4 ppm (Hc), which overlapped with the aromatic protons of the iniferter (H1). Finally, 

the peaks at about 1.5 and 1.9 ppm ((Hd) and (He) respectively) are assigned to the 

backbone methylene and methine protons of PS. These results suggest that BDDC 

induced living radical polymerisation where the DDC end groups bond to the head 

position of the terminal styrene units.  
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Figure 2.4. A typical 1H NMR spectrum of a living linear PS arm prepared via BDDC 
iniferter. Numbers and letters refer to the end groups and backbone protons, 
respectively.  

The corresponding 13C NMR of the linear PS arm (PS-I19, Table 2.6) is depicted in 

Figure 2.5. The signals assigned to the backbone methylene and methine carbon of 

polystyrene are observed between 40 - 41 ppm (Cf) and 41.5 – 45 ppm (Ce) 

respectively. The characteristic signals of aromatic carbon of PS could be seen between 

125 – 146 ppm (Cc,d), which overlapped with that of the benzyl moiety (C1,2) of the 

iniferter. Signals between 11 – 13 ppm (C6) and 49.5 ppm (C5) are attributed to the 

methyl and methylene carbon of DDC end group, respectively, which suggests the 

incorporation of the end group in the linear PS arm. The signal between 194 – 196 ppm 

(C4) attributed to the quaternary carbon (CS2)189 of DDC end group strongly support the 
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successful incorporation of the BDDC iniferter. This is confirmed by the appearance of 

signals at 54 ppm (Ch), attributed to the terminal carbon adjacent to sulphur and signal 

at 38 ppm (Cg), which is assigned to the backbone carbon next to it. A signal attributed 

to the methylene protons of benzyl moiety of the BDDC iniferter could also be 

observed at about 34 ppm (C3).  

 

Figure 2.5. A typical 13C NMR spectrum of a living linear PS arm prepared via iniferter. 
X denotes peak attributed to CDCl3. 
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Apart from FTIR and NMR, GPC with a photodiode array UV detector was also used for 

the analysis of the photosensitive DDC end group. Figure 2.6(A) and (B) shows the UV-

GPC traces of the synthesised PS (PS-I18) compared to that of a commercial PS at 254 

and 282 nm.  The absorption observed at 282 nm in the GPC curve of the synthesised 

PS (Figure 2.6(A)) is attributed to the presence of DDC end group (-C(=S)-N)81 in the 

functionalised chains since PS obtained from conventional thermal polymerisation 

does not show any significant UV absorption above 260 nm (Figure 2.6(B)).190 This 

result confirmed the successful incorporation of DDC moiety at the end of the linear PS 

chain. 

 

 

Figure 2.6. UV-GPC traces of (A) synthesised PS and (B) commercial PS (Mn = 3.7 and 
10.5 kDa, respectively). 
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 Effect of Monomer to Iniferter Ratio 2.4.1.3

Preliminary experiments were carried out to study the effect of using different mole 

ratio of St monomer to BDDC iniferter in the polymerisation of styrene. Following the 

polymerisation procedure in §2.2.3.1, six different St to BDDC mol ratios (30:1, 50:1, 

155:1, 625:1, 1040:1 and 1560:1) were used in polymerisation conducted in bulk for 3 

hours using an Efos Acticure A4000 UV/Visible Spot Cure System. GPC analysis was 

then run to determine the Mn (number average molecular weight), Mw (weight 

average molecular weight), Mp (peak molecular weight) and PDI (polydispersity index, 

PDI) of the linear PS and the results are presented in Table 2.1.  

Table 2.1. Photopolymerisation of styrene using various St to BDDC mole ratios.a 

PS arm [St]:[BDDC] 
Conversion b 

(%) 

Mn 
c
  

(kDa) 

Mw 
c
 

(kDa) 

Mp 
c
 

(kDa) 
PDI d 

PS-I1 30 2.2 3.5 6.5 4.2 1.87 

PS-I2 50 8.0 3.7 7.2 5.1 1.93 

PS-I3 155 7.0 5.1 9.7 6.8 1.91 

PS-I4 625 5.0 12.0 39.4 21.2 3.28 

PS-I5 1040 4.4 19.2 75.2 39.1 3.91 

PS-I6 1560 3.0 32.4 87.9 44.5 2.72 

a
 Polymerisation conditions: bulk; reaction time: 3 h (Efos Acticure A4000 UV/Visible Spot Cure 
System) 

b
 Monomer conversion (%) was calculated based on the gravimetric method. 

c
 Number average molecular weight (Mn), weight average molecular weight (Mw) and peak 
molecular weight (Mp) obtained by GPC. 

d
 Polydispersity index (PDI) = Mw/Mn. 

 

To further investigate the relationship between the ratio of St to the BDDC iniferter 

and the conversion of the monomer, a plot of percent conversion versus [St]:[BDDC] 

used in the polymerisation was then drawn and compared with the molecular weight 

(Mn) of the PS arms obtained (Figure 2.7). From Table 2.1 and Figure 2.7, it can be seen 

that the number average molecular weight (Mn) of the PS arm and hence the degree of 

polymerisation (DP) increased with increasing [St]:[BDDC] ratio. On the contrary, the 

percent monomer conversion initially increased as the [St]:[BDDC] ratio was increased 
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from 30:1 to 50:1, but tended to decline as the [St]:[BDDC] ratio was further increased 

to 1560:1. This suggested that there was a critical value of the St to BDDC mole ratio 

for the maximum conversion, which is consistent with the reported result for the 

polymerisation of isoprene191 and methyl methacrylate192 using BDDC iniferter. 

Increasing the concentration of BDDC iniferter (or decreasing the [St]:[BDDC] ratio) 

resulted in a higher number of benzyl radicals that can initiate the polymerisation, thus 

producing a higher number but shorter PS chains. However, as the BDDC concentration 

was further increased, more DDC end capping agents were available to cap the 

propagating chains, thus reducing the probability of the propagating chains reacting 

with the monomers.192 This could lead to the formation of relatively even shorter 

chains of PS, some of which were readily soluble in the precipitating solvent and thus 

were not isolated in the final product. This could explain the lower percentage of 

conversion at [St]:[BDDC] ratio of 30:1 compared to that of 50:1. 

 

 

Figure 2.7. Relationship between percent conversion of St and mole ratio of St to 
BDDC as well as resultant molecular weight (Mn) of PS (polymerisation time: 3 h). 

From Figure 2.7, it can also be noticed that when the experiment was stopped after 3 

h, the percent conversion of the monomer was quite low (the highest was only about 
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8%, when a [St]:[BDDC] ratio of 50:1 was used). This indicates that a longer 

polymerisation time is required to increase the percent conversion of the monomer, 

which will in turn result in a higher yield of the polymer. 

 

The effect of the monomer:iniferter ratio was then re-investigated at longer 

polymerisation times using the UV photoreactor (Ace glass, No. 7825-34) and from this 

stage onwards, all the polymerisations involved were carried out using this set up. The 

polymerisation was undertaken at a fixed amount of styrene while the amount of 

BDDC was varied. Following the polymerisation procedure in §2.2.3.1, four different St 

to BDDC mol ratios (i.e. 155:1, 390:1, 625:1 and 6250:1) were prepared and the 

polymerisation was conducted for 24 h. The resulting polymers were characterized by 

GPC and the results are presented in Table 2.2. Their GPC traces are shown in Figure 

2.8, where the retention time is inversely proportional to the molecular weight of the 

polymers. 

 

Figure 2.8. GPC traces of PS arms as a function of different [St]:[BDDC] ratios. 
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Table 2.2. Relationship between [St]:[BDDC] ratio and molecular weight of PS arm.a 

PS arm [St]:[BDDC] Conversionb (%) 
Mn

c
  

(kDa) 

Mw
c
 

(kDa) 

Mp
c
 

(kDa) 
PDId 

PS-I7 155 47 33.2 251 63.5 7.6 

PS-I8 390 39 37.3 268 76.9 7.2 

PS-I9 625 25 39.6 332 83.6 8.4 

PS-I10 6250 17 59.2 723 130 12.2 

a
 Polymerisation conditions: bulk; reaction time: 24 h (450 W medium pressure mercury 
vapour, quartz UV lamp (Ace glass, No. 7825-34)). 

b
 Monomer conversion (%) was calculated based on the gravimetric method. 

c
 Number average molecular weight (Mn), weight average molecular weight (Mw) and peak 
molecular weight (Mp) obtained by GPC. 

d
 Polydispersity index (PDI) = Mw/Mn. 

 

As can be seen from Figure 2.8, the elution peaks shifted to higher molecular weight 

(shorter retention time) with increasing [St]:[BDDC] ratio. From Table 2.2, it can be 

seen that increasing the molar ratio of styrene to BBDC from 155 to 6250 results in 

decreasing percentage conversion of monomer but increasing MW of the PS arm, 

which is consistent with the polymerisation trend obtained at 3 h. In other words, 

using a lower amount of BDDC iniferter resulted in a longer chain length of the PS arm. 

This was because at a lower concentration of BDDC, fewer initiating species, having a 

relatively long propagating chain length were created, which contributed to the higher 

viscosity of the reaction tube. Hence, each propagating chains has more chance to 

react with the monomers, which results in higher molecular weight or kinetic chain 

length.191, 192
  Fewer initiating sites also lead to a reduced monomer conversion since 

the number of propagating chains was also decreased. Nevertheless, the percentage 

conversion was higher when the experiment was conducted for 24 h, where the 

highest conversion (47%) was obtained at [St]:[BDDC] ratio of 155:1, which is about 6-

fold higher compared to that obtained at 3 h (7%, Table 2.1). It can also be noted that 

the polydispersity tended to increase with increasing ratio of styrene to BDDC iniferter. 

In other words, using a lower concentration of BDDC resulted in PS arms with higher 

polydispersity.  This could be attributed to the increase in the viscosity of the reaction 

mixture due to the increase in the propagating chain length,193 thus reducing the 
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diffusion rate of radicals and monomers.194 As a result, the interaction between the 

propagating chains and the end-capping agent was reduced, resulting in higher 

polydisperisty.192  

 Effect of Polymerisation Time  2.4.1.4

To study the effect of reaction time, four tubes containing the same mole ratio of 

styrene to BDDC (155:1) were prepared and polymerized at different reaction times 

(i.e. 3, 6, 12 and 24 h), following the polymerisation procedure in §2.2.3.1. The 

resulting polymers were characterized by GPC (as shown in Figure 2.9) and the results 

are summarized in Table 2.3.  From the figure, it can be seen that the elution peaks 

shifted to high-molecular weight (low retention time) with increasing polymerisation 

time. 

 

Figure 2.9. GPC traces of PS arms as a function of different irradiation time. 

As can be seen in Table 2.3, the percentage conversion of monomer, the molecular 

weight (Mn) and polydispersity of the PS arms increased with increasing reaction time. 

To emphasise this polymerisation behaviour, a plot of Mn versus monomer conversion 

was plotted as shown in Figure 2.10. From the plot, it can be observed that Mn 
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increases approximately linearly with conversion. The results suggested that the 

polymerisation proceeded via a living mechanism.195 In living polymerisation, 

propagating chains are expected to be free from bimolecular termination and more 

monomers are consumed by the reactive propagating chains at longer reaction time.  

Table 2.3. Effect of reaction time on the molecular weight of PS arm.a 

PS arm Time (h) 
Conversion 

(%)b 

Mn 

(kDa)c 

Mw 

(kDa)c 

Mp 

(kDa)c 
PDId 

PS-I11 3 20 10.1 27.3 15.1 2.7 

PS-I12 6 24 13.0 43.6 23.1 3.4 

PS-I13 12 37 18.8 117 51.8 6.2 

PS-I7 24 47 33.2 251 63.5 7.6 

a
 Polymerisation conditions: bulk; [St]:[BDDC] ratio = 155:1.  

b
 Monomer conversion (%) was calculated based on the gravimetric method. 

c
 Number average molecular weight (Mn), weight average molecular weight (Mw) and peak 

molecular weight (Mp) obtained by GPC.
d
 Polydispersity index (PDI) = Mw/Mn. 

 

 

Figure 2.10. Mn-conversion relation for bulk polymerisation of St with BDDC iniferter. 
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These results are similar to those observed by Otsu and Kuriyama,94 who found that 

bulk polymerisation of styrene with BDDC proceeded via the living mechanism as 

shown by an increase in molecular weight as well as conversion with reaction time.  It 

should also be noted that the highest percentage yield of the polystyrene arm 

obtained was only about 47%, even after 24 h of polymerisation.  This may be 

attributed to the slower propagation rate of styrene due to the stability of its 

propagating radical by resonance.102 As the reaction time was increased from 3 to 24 

h, the length of the propagating chains and the viscosity of the mixture in the reaction 

tube also increased,193 which in turn reduced the interaction between the propagating 

chains and the end-capping agent. The BDDC iniferter therefore could not act as a 

transfer agent and/or a terminator effectively at high conversion, resulting in high 

polydispersity.192 This increase in polydispersity with reaction time suggested that 

polymerisation at a relatively short time, i.e. up to 6 h, is advantageous with regard to 

producing low polydispersity PS arms.  

 Arm-first CCS Polymers  2.4.1.5

The preparation of CCS polymers were carried out following the procedure in §2.2.3.2 

by crosslinking the linear PS samples prepared beforehand with EGDMA, as shown in 

Scheme 2.2. The influence of several parameters such as polymerisation time, 

[EDGMA]:[PS] arm ratio, concentration of PS arm as well as chain length of PS arm on 

the formation of the CCS polymers were investigated as these parameters dictate the 

structure and yield of CCS polymers.6 

 Structural Confirmation and Morphology of CCS Polymers  2.4.1.6

FTIR and 1H NMR spectroscopic analyses were carried out to confirm the structure of 

the synthesised arm-first CCS polymer.  A typical FTIR spectrum of an arm-first CCS 

polymer (CCS-I8, Table 2.4) is shown in Figure 2.11 and compared with that of the PS 

arm precursor (PS-I15). The strong peak at 1730 cm-1 and the broad peak at 1154 cm-1 

in the spectrum of the CCS polymer (Figure 2.11(B)) are assigned to the carbonyl (C=O) 

and C-O-C stretching vibrations of the EGDMA unit in the core, respectively. These 

peaks which are not present in the spectrum of the PS arm precursor (Figure 2.11(A)) 
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indicate the successful formation of the CCS polymer. However, the characteristic peak 

of the DDC group at 1003 cm-1 (C-S) is barely observed in the spectrum of the CCS 

polymer (Figure 2.11(B)), possibly due to its very low intensity. 

 

 

Figure 2.11. FTIR spectra of (A) a CCS polymer and (B) the corresponding PS arm 
precursor. 

Figure 2.12 shows a typical 1H NMR spectrum of an arm-first CCS polymer (CCS-I14, 

Table 2.6). As can be seen in the spectrum, the peak between 4.0 - 4.5 ppm is assigned 

to four protons of PEGDMA (e), which confirms the crosslinking of PS arm by EGDMA 

to form the core of the CCS polymer. The low intensity observed for these protons in 

the spectrum illustrates the low mobility of the core in solution due to the highly 

crosslinked network. The signals between 0.5 to 2.3 ppm (Ha, Hb and Hd, respectively) 

were attributed to the backbone methylene protons of both PS and PEGDMA, methine 

protons of PS  and methyl protons of PEGDMA. Since the sample was purified three 

times, the broad peaks at 5.6 and 6.1 ppm (Hf) are attributed to the methacrylate 

double bonds rather than vinyl protons of unreacted styrene monomers, which 

indicate the presence of unreacted pendant carbon-carbon double bonds in the core 

due to incomplete crosslinking. The characteristic signals for the phenyl protons of PS 
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arms appear between 6.6 – 7.2 ppm (Hc). It is interesting to note that although the 

methylene protons of the DDC moiety are located at the core of the CCS polymer, 

signals attributed to them are visible between 3.7 and 4.0 ppm (H1), possibly due to 

the short linear PS arm precursor (PS-I19, Mn = 3.6 kDa) employed during the CCS 

polymer preparation (PS-I18, Mn = 3.6 kDa).  

 

 

Figure 2.12. 1H NMR spectrum of a typical arm-first CCS polymer prepared via iniferter. 

SEM and TEM were used to view the morphologies of the synthesised arm-first CCS 

polymer. As an example, the SEM and TEM images of CCS-I14 (Table 2.6) are depicted 
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in Figure 2.13(A and B) and (C and D), respectively. As can be seen in the SEM images 

in Figure 2.13(A and B), the synthesized CCS polymer exhibited a spherical shape and 

appeared polydisperse. This is confirmed by its TEM images (Figure 2.13 (C and D)), 

which shows globular particles having an average size of 260 ± 55 nm. Additionally, the 

hydrodynamic particle sizes of these CCS samples after filtration (using a 0.45 m 

membrane filter) measured by DLS in THF and THF:MeOH (40:60, vol%) were about 58 

± 1 nm and 46 ± 1 nm, respectively.  

 

 

Figure 2.13. SEM and TEM images of arm-first CCS polymers prepared via iniferter: (A 
and B) and (C and D) respectively. A and C were recorded at 5000X magnification 
whereas B and D were recorded at 20000X magnification. 

 Effect of Polymerisation Time 2.4.1.7

The effect of reaction time on the formation of the CCS polymer was studied using a 

linear PS arm (PS-I15) with Mn of 5.1 kDa, which was synthesized following the 

procedure in §2.4.1.1. This linear PS arm was prepared based on the previous studies 
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on the photopolymerisation of St and the formulation was modified to produce linear 

PS arm with a controlled MW at high yield. A mixture of styrene (6 mL) and BDDC 

iniferter was mixed at [St]:[BDDC] ratio of 155:1 and then polymerised for 5 h. After 

the PS arms were isolated and purified, four tubes containing the same mole ratio of 

EGDMA to the synthesized PS arm (15:1) in THF (3.6 mL) were then prepared and 

polymerized at different reaction times (3, 6, 12 and 24 h), following the procedure in 

§2.2.3.2. The resultant CCS polymers were then characterized using GPC and DLS to 

determine their molecular weight and particle size values, respectively, and the results 

are tabulated in Table 2.4. The GPC curves of the CCS polymers obtained after various 

polymerisation times were then compared with that of the original arm precursor, as 

shown in Figure 2.14. 

 

Figure 2.14. GPC traces of CCS polymers obtained at various polymerisation times 
compared with that of the PS arm precursor. 

From Figure 2.13, it can be seen that all the GPC curves of the CCS polymers displayed 

two broad overlapping peaks and the peaks shifted to the lower retention time (higher 

MW) with increasing polymerisation time. The peaks at lower retention time indicated 

the successful formation of CCS polymers whilst those observed at higher retention 

time were attributed to the presence of residual unincorporated PS arm precursor. The 
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presence of these high-retention peaks in the GPC curves of the CCS polymers even 

after 24 h of polymerisation indicates the incomplete incorporation of the linear arms 

into the CCS polymers, which is a common problem encountered in the formation of 

CCS polymers via the arm-first method.7, 21, 24, 39, 196 The reason might be attributed to 

the lower chain mobility, increased solution viscosity and possible chain 

termination/chain transfer.197  

 

To further analyse the formation of these high MW polymers and determine their yield 

relative to the residual unincorporated PS arm precursor, the GPC curves were 

deconvoluted using Excel’s Solver routine to give the most probable fit for two 

molecular weight components. The areas under the two Gaussian curves are used to 

estimate the fractions of CCS polymers and the unincorporated PS arm precursor.  The 

deconvolution process was carried out according to the procedure described in §2.3.3 

(Equation 2.2) without fixing any of the peak retention time of the polymers and the 

results are also tabulated in Table 2.4.   

Table 2.4. Formation of CCS polymers from iniferter polymerisation at various 
polymerisation times.a 

CCS 
polymer 

Reaction  
time (h) 

Mp (GPC)  

(kDa)b 
Mp (arm) 

(kDa)c 
Mp (CCS) 

(kDa)c 

CCS 
Yield 
(%)d 

Dh (nm)e 

THF 
THF-

MeOH 
Dh 

CCS-I1 3 24.5 6.8 29.3 f 38 f 14.2 13.6 0.6 

CCS-I2 6 114 13.6 99.6 15 30.5 27.0 3.5 

CCS-I3 12 121 13.7 105 19 33.5 27.5 6.0 

CCS-I4 24 128 15.3 119 20 86.0 82.4 3.6 

a
 Polymerisation conditions: room temperature in THF; Mn(arm) and Mp(arm) = 5.1 and 12.4 kDa 
respectively; [PS arm] = 11 mM; [PS]:[EGDMA] ratio = 7:1; Dh (PS arm) in THF = 4.9 nm. 

b 
Peak value of the apparent MW measured by GPC in THF, calibrated with linear PS standards. 

c 
Peak values of the resultant deconvoluted peaks by Excel Solver. 

d 
Calculated from the area of the deconvoluted CCS polymer peak relative to the total area of the  

  deconvoluted polymer peaks as follows:  CCS yield (%) =  
𝐴𝐶𝐶𝑆 𝑝𝑜𝑙𝑦𝑚𝑒𝑟 

𝐴𝐶𝐶𝑆 𝑝𝑜𝑙𝑦𝑚𝑒𝑟 + 𝐴𝑢𝑛𝑟𝑒𝑎𝑐𝑡𝑒𝑑 𝑃𝑆 𝑎𝑟𝑚  
 𝑥 100.   

e 
Hydrodynamic diameter of filtered sample of polymers (using a 450 nm membrane filter)   

  determined by DLS with distribution analysis at 20 C in THF and THF-MeOH (methanol)          
  (60/40, vol %). 
f 
The peak is attributed to the linear PS-b-polyEGDMA block polymers. 
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From Table 2.4, it can be seen that in general, the peak MW of the polymers increases 

as the polymerisation time is increased. From the GPC analysis of the GPC curve after 3 

h of polymerisation, the peak MW of the polymer at the high-retention-time side was 

found to be about 2-fold higher than that of the linear arm precursor, which could 

indicate the formation of styrene-EGDMA block copolymers,198 as shown in Scheme 

1.2 in §1.2.1.2. These short block copolymers were formed during the initial stage of 

polymerisation when EGDMA crosslinker was added to a solution containing linear PS 

with active end group.6, 199 Deconvolution of the overlapping GPC peaks of CCS-I1 

however, resulted in lower peak MW of the unincorporated linear PS arm compared to 

that obtained from GPC analysis of the linear PS arm precursor (about 45% lower). On 

the other hand, the deconvoluted peak MW of PS-EGDMA block copolymer was about 

20% higher than the original value. It can also be observed that about 38% of these 

block copolymers were formed after 3 h. As more of the block copolymers linked 

together, the presence of CCS polymers with lightly crosslinked cores6 could be 

observed after 6 h and from this point onwards, the peak MW of the CCS polymer (at 

the lower retention side) as well as the CCS polymer yield also increased. Note that the 

peak MW of the unincorporated linear arm precursor was now higher than that of the 

linear PS arm precursor (between 10 – 20% higher).  Although the CCS yield increased 

with increasing polymerisation time, about 80% of the linear arm precursor was still 

left even after 24 hr of polymerisation, which could be because of other experimental 

parameters such as [EGDMA]:[PS arm] ratio and/or concentration of the linear PS arm 

were not under the optimised conditions.  

 

It can also be observed that the hydrodynamic size of the CCS polymers in THF 

increased with increasing time (Table 2.4). The difference in sizes when the CCS 

polymers were dispersed in THF compared to that in THF-methanol mixture was 

attributed to the relatively more extended structure of the arms in good solvents 

compared to the bad solvents. THF is a good solvent for the PS arms whereas 

methanol is a poor solvent for the arms. Therefore the arms are expected to be more 

extended in THF and somewhat collapsed in the presence of methanol. The almost 

similar size of the CCS-I1 in THF compared that in THF-methanol (Dh  14 nm) confirms 
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that it was a block copolymer rather than a CCS polymer. Furthermore, this size is only 

about 3-fold higher than that of the size of linear PS arm precursor, measured in THF; 

the good solvent for the arm. It can also be observed that although the hydrodynamic 

size values of CCS-I2 and CCS-I3 measured in THF-methanol are comparable, the latter 

exhibited a slightly higher Dh value when the measurement was carried out in THF 

(about 10% higher), indicating that its PS arms were more extended compared to 

those of the former. Although the peak MW values of CCS-I4 are only about 5 and 13 % 

higher than those of CCS-I3 (before and after being deconvoluted, respectively), the 

hydrodynamic size of the former was found to be about 2.5-fold higher than that of 

the latter. Given the little change in the CCS yield and the much bigger size of CCS-I4 

compared to that of CCS-I3 (about 2.5-fold bigger), this could indicate the occurrence 

of star-star coupling, leading to a broader MW distribution of CCS polymer.6, 63 Since 

CCS polymers have a more compact structure than the corresponding linear polymers 

of the same MW, the peak MW obtained from GPC equipped with RI detector 

calibrated based on linear PS standards was only the apparent value and thus is 

expected to be smaller than the true value.111, 200  

 Effect of EGDMA to PS Arm Ratio 2.4.1.8

To study the influence of the amount of EGDMA added to the reaction mixture on the 

formation of CCS polymers, r, which is defined as the molar ratio of EGDMA to PS arm, 

was varied while keeping the molar concentration of the PS arm constant. For this 

purpose, another batch of linear PS arms were prepared (PS-I16, Mn = 16.0 kDa) by 

mixing a mixture of St (9 mL) and BDDC at [St]:[BDDC] ratio of 230:1 and then 

polymerised for 5 h, following the procedure in §2.2.3.1. After the PS arms were 

isolated and purified, five tubes containing the same molar concentration of the 

synthesized PS arm (5 mM) at various ratio of EGDMA to PS arm (i.e. 5:1. 9:1, 12:1 and 

16:1) were then prepared in THF (2.75 mL) and polymerized for 5 hr, following the 

procedure in §2.2.3.2. The resultant CCS polymers were then characterized using GPC 

(Figure 2.15) and DLS to determine their molecular weight and particle size values, 

respectively, and the results are tabulated in Table 2.5.  

 



  Chapter 2 

 
 

62 

 

Figure 2.15 shows the GPC traces of CCS polymers prepared using various EGDMA to 

PS arm molar ratios. Initially, when the [EGDMA]:[PS arm] ratio (r) of 5:1 was used, the 

appearance of a second peak at higher MW (lower retention time) is hardly observed 

because it closely overlapped with that of the unincorporated PS arm precursor at 

lower MW (higher retention time). As the r value was increased, two peaks can be 

clearly seen although they still overlapped. The peaks at higher MW indicate the 

formation of CCS polymers and it can be seen that these peaks shifted to the higher 

MW side with increasing ratio of EGDMA to PS arm. To further analyse the formation 

of these high MW polymers and determine their yield relative to the residual 

unincorporated PS arm precursor, the GPC curves were deconvoluted using Excel’s 

Solver routine to give the most probable fit for two molecular weight components 

(§2.3.3). The areas under the two Gaussian curves are used to estimate the fractions of 

CCS polymers and the unincorporated PS arm precursor. The results are tabulated in 

Table 2.5.   

 

 

Figure 2.15. GPC traces of CCS polymers obtained from the polymerisation at various 
[EGDMA]:[PS arm] ratios using arm precursor of Mp = 21.5 kDa. The chromatogram of 
the arm was run in a different condition hence not included here. 
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Table 2.5. Formation of CCS polymers from iniferter polymerisation at various 
[EGDMA]:[PS arm] ratios.a 

CCS 
polymer 

[EGDMA]/ 
[PS arm] 
ratio (r) 

Mp (GPC)  

(kDa)b 
Mp (arm) 

(kDa)c 
Mp (CCS)  

(kDa)c 

CCS 
Yield 
(%)d 

Dh (nm)e 

THF 
THF-

MeOH 
Dh 

CCS-I5 5 74.6 22.8 118 54 18.5 16.9 1.6 

CCS-I6 9 164 22.8 181 62 25.6 21.3 4.3 

CCS-I7 14 203 18.4 297 37 69.1 57.8 11.3 

CCS-I8 18 298 22.2 395 72 98.2 86.6 11.6 

a
 Polymerisation conditions: room temperature in THF; reaction time = 5 h; Mn(arm) and Mp(arm) = 16.0 
and 21.5 kDa respectively; [PS arm] = 5 mM; Dh (PS arm) in THF = 6.2 nm. 

b 
Peak value of the apparent MW measured by GPC in THF, calibrated with linear PS standards. 

c 
Peak values of the resultant deconvoluted peaks by Excel Solver. 

d 
Calculated from the area of the deconvoluted CCS polymer peak relative to the total area of the  

  deconvoluted polymer peaks as follows: Yield (%) =  
𝐴𝐶𝐶𝑆 𝑝𝑜𝑙𝑦𝑚𝑒𝑟 

𝐴𝐶𝐶𝑆 𝑝𝑜𝑙𝑦𝑚𝑒𝑟 + 𝐴𝑢𝑛𝑟𝑒𝑎𝑐𝑡𝑒𝑑 𝑃𝑆 𝑎𝑟𝑚  
 𝑥 100.   

e 
Hydrodynamic diameter of filtered sample of polymers (using a 450 nm membrane filter)   

  determined by DLS with distribution analysis at 20 C in THF and THF-MeOH (methanol)  
  (60/40, vol %). 

 

As can be seen from Table 2.5, as the amount of EGDMA added to the reaction mixture 

was increased, the peak molecular weight of the CCS polymers also increased. This was 

because in general, a higher molar ratio of EGDMA to PS arm (r) produced longer chain 

length of PEGDMA segment, which in turn, resulted in larger crosslinked cores with 

more PS arms. It can also be seen that the peak MW values of the CCS polymers after 

being deconvoluted by Excel’s Solver routine were much higher compared to those 

obtained by GPC, whereas those of the unincorporated PS arms were comparable to 

those measured by GPC. It can be noted that there was no trend in the CCS polymer 

yield with increasing r. However, the highest CCS polymer yield (72%) was obtained 

when r value of 18 was used in the formulation, which is in agreement with the 

literature reports in which high crosslinker to linear arm ratio was found to be 

necessary in order to increase CCS yield and minimise the presence of residual linear 

arm polymers in the overall polymer products.24, 38, 63, 196 

 

From Table 2.5, the hydrodynamic size of the CCS polymers in THF was found to 

increase with increasing EGDMA to PS arm ratio. The hydrodynamic size also seemed 
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to decrease when the measurement was carried out in THF-methanol, suggesting the 

shrinkage of the PS arms in the presence of poor solvent (methanol). It can also be 

noted that the difference in sizes when the CCS polymers were dispersed in THF 

compared to that in THF-methanol mixture also increased with increasing r value. The 

almost similar size of CCS-I5 in THF compared to that in THF-methanol indicates that it 

was a block copolymer rather than a CCS polymer. This size is only about 3-fold higher 

than that of the size of linear PS arm precursor, measured in THF, the good solvent for 

the arm. On the other hand, the high peak MW value, which was about 5- and 6-fold 

higher, respectively, compared to that of the linear PS arm precursor before and after 

deconvolution, as well as the high yield of CCS-I5, could also suggest the formation of 

lightly crosslinked CCS polymers.196, 201 When the r value was increased to 9 (CCS-I6), 

the Dh value of the CCS polymer increased by 40%, which was accompanied by twice 

an increase in the peak MW. The large hydrodynamic size of CCS-I7 and CCS-I8 along 

with the high peak MW could indicate the formation of star-star coupling, which led to 

broad MW distribution of CCS polymers.6, 39, 63 

 Effect of Concentration and MW of PS Arm  2.4.1.9

To study the effect of PS arm concentration on the formation of CCS polymer, the 

molar concentration of linear PS arm was varied while keeping the molar ratio of 

EGDMA to PS arm (r) constant. For this purpose, another batch of linear PS arm was 

prepared (PS-I17, Mn = 15.2 kDa). These linear PS arms were prepared by mixing a 

mixture of St and BDDC at different [St]:[BDDC] ratios of 155:1, 105:1 and 50:1 and 

then polymerised for 5 h, following the procedure in §2.2.3.1. After the PS arms were 

isolated and purified, four tubes containing the same molar ratio of EGDMA to PS arm 

(15:1 for PS-I17) at various molar concentration of PS arm (i.e. 2, 5, 9 and 14 mM) were 

then prepared in THF. This was done by varying the volume of the solvent (ranging 

from 1 – 6 mL) whilst keeping the mass of the PS arm constant (200 mg) and the 

mixture was then polymerized for 5 hr, following the procedure in §2.2.3.2.  The 

influence of PS arm concentration on the CCS formation was also studied using PS 

arms having shorter chain length (lower Mn values). For this purpose, two batches of 

PS arms (PS-I18 and PS-I19) were prepared by mixing a mixture of St and BDDC at 
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different [St]:[BDDC] ratios of 105:1 and 50:1 and then polymerised for 5 h, following 

the procedure in §2.2.3.1. After the PS arms were isolated and purified, two tubes 

containing the same molar ratio of EGDMA to PS arm (15:1) at various molar 

concentration of PS arm (i.e. 14 and 19 mM for PSI-18 and PS-I19, respectively) were 

then prepared in THF. This was done by fixing the amount of polymers and volume of 

solvent at 200 mg and 3 mL, respectively and the mixture was then polymerized for 5 

h, following the procedure in §2.2.3.2. The resultant CCS polymers were then 

characterized using GPC and DLS to determine their molecular weight and particle size 

values, respectively, and the results are tabulated in Table 2.6. Figure 2.16 shows the 

GPC curves of the CCS polymers synthesized at various PS arm concentrations 

compared with that of the linear arm precursor (PS-I16). 

 

Figure 2.16. GPC traces of CCS polymers obtained from the polymerisation at various 
PS arm concentrations compared with that of the linear PS arm precursor (PS-I17). 

As shown in Figure 2.16, when the molar concentration of PS arm was 2 mM, two 

overlapping peaks could clearly be observed. Note that the lower MW peak (higher 

retention time) shifted towards the higher MW side compared to that of the linear PS 

arm precursor, which could indicate the formation of short block copolymers and 
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lightly crosslinked CCS polymers (see Scheme 1.2, §1.2.1.2). As the concentration was 

increased, the appearance of the second peak at the higher MW side was more 

pronounced indicating the formation of higher MW CCS polymer. At the highest 

concentration of PS arm (9 mM), a shoulder peak was observed at the higher MW side 

of the GPC curve of CCS-I11, which could indicate possible star-star coupling. In 

general, the CCS polymer peak shifted to the higher MW side with increasing PS arm 

concentration. The GPC curves were then deconvoluted using the Excel’s Solver 

routine to give the most probable fit for two or three molecular weight components, 

without fixing any of the peak retention times. The areas under the two Gaussian 

curves are used to estimate the fractions of CCS polymers and the residual 

unincorporated PS arm precursor. The results from GPC analysis are tabulated in Table 

2.6 and compared with those of DLS. 

 

From Table 2.6, comparing the peak MW and hydrodynamic diameter values of CCS-I9, 

CCS-I10 and CCS-11, which were prepared using the same PS arm, it can be seen that 

in general, both values increase with increasing PS arm concentration. This is because 

at higher PS arm concentration and hence higher concentration of EGDMA, there is a 

greater probability of intermolecular collision between the PS-PEGDMA block 

copolymers, thus producing larger cores and higher arm numbers around the cores. In 

other words, more crosslinking reactions occurred at higher PS arm concentration, 

leading to high MW CCS polymers, which is consistent with the reported results in the 

literature.24, 196 Note that further increase in the PS arm concentration (i.e. 14 mM) led 

to gelation (CCS-I12), possibly due to faster crosslinking reaction with decreasing 

volume of solvent,196 thus particles were no longer formed at this high concentration.  
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Table 2.6. Formation of CCS polymers from iniferter polymerisation at various PS arm 
concentrations.a 

CCS 
polymer 

[PS arm] 
(mM) 

Mp (GPC)  (kDa)e Mp (kDa)f CCS 
Yield 
(%)g 

Dh (nm)h 

Arm CCS Arm CCS THF 
THF-

MeOH 
Dh 

CCS-I9b 2 32.4 71.2 33.0 97.4 9 18.1 17.7 0.4 

CCS-I10b 5 36.7 127 31.0 137.9 28 42.3 33.1 9.2 

CCS-I11b 9 29.4 135 27.0 
123.8 

392.8 

5 

18 
95.8 87.0 8.8 

CCS-I12b 14 N/A N/A N/A N/A Gelation N/A  N/A  N/A  

CCS-I13c 14 N/A 114 6.5 
45.5 

116.5 

18 

28 
32.1 26.8 5.3 

CCS-I14d 19 N/A 120 3.7 
38.9 

124.8 

26 

37 
57.5 46.4 11.1 

a
 Polymerisation conditions: room temperature in THF; [PS]:[EGDMA] ratio = 15:1; polymerisation 
time = 5 h. 

b 
Mn(arm) and Mp(arm) = 15.2 and 27.3 kDa respectively; Dh (PS arm) in THF = 7.6 nm. 

c
 Mn(arm) and Mp(arm) = 4.9 and 5.7 kDa respectively; Dh (PS arm) in THF = 3.6 nm. 

d
 Mn(arm) and Mp(arm) = 3.6 and 4.6 kDa respectively; Dh (PS arm) in THF = 3.4 nm. 

e
 Peak value of the apparent MW measured by GPC in THF, calibrated with linear PS standards. 

f 
Peak values of the resultant deconvoluted peaks by Excel Solver. 

g 
Calculated from the area of the deconvoluted CCS polymer peak relative to the total area of the  

  deconvoluted polymer peaks as follows: CCS 𝑦ield (%) =  
𝐴𝐶𝐶𝑆 𝑝𝑜𝑙𝑦𝑚𝑒𝑟 

𝐴𝐶𝐶𝑆 𝑝𝑜𝑙𝑦𝑚𝑒𝑟 + 𝐴𝑢𝑛𝑟𝑒𝑎𝑐𝑡𝑒𝑑 𝑃𝑆 𝑎𝑟𝑚  
 𝑥 100.   

h 
Hydrodynamic diameter of filtered sample of polymers (using a 450 nm membrane filter)   

  determined by DLS with distribution analysis at 20 C in THF and THF-MeOH (methanol)             
 (60/40, vol %). 
 N/A: not available. 

 

 

The similar size of CCS-I9 in THF compared to that in THF-methanol confirms that it 

was a block copolymer of poly(styrene-EGDMA) rather than a CCS polymer. This size is 

only about 2.5-fold higher than that of the size of linear PS arm precursor, measured in 

THF, the good solvent for the arm. As the PS arm concentration was increased to 5 

mM, the difference in sizes when the CCS polymer (CCS-I10) was dispersed in THF 

compared to that in THF-methanol mixture also increased. However, the difference 

seemed to be constant when the PS arm concentration was increased to 9 mM, which 

could indicate that the decrease in the Dh value was due to the shrinkage of the PS 
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arms around the CCS polymer core (CCS-I11) in the presence of methanol. The 

appearance of an additional peak in the GPC curve of CCS-I11, having  deconvoluted 

peak MW of about three times of that of CCS-I10 (Mp = 392.8 and 137.9 kDa 

respectively) as well as the much bigger size of the former (about twice) compared to 

that of the latter confirms the occurrence of star-star coupling reactions. Star-star 

coupling could occur if the cores of the CCS polymers are sterically accessible and is 

enhanced in the presence of higher number of initiation sites in the core.16 When the 

PS arm concentration was further increased to 14 mM, gelation (CCS-I12) occurred. 

From the table, it can also be observed that when the PS arm concentration was 

increased from 2 to 5 mM, the CCS yield increased about 3 times. However, no 

increase in the CCS yield can be observed when the PS arm concentration was further 

increased to 9 mM.  

 

The effect of using PS arm precursor with lower Mn values was also investigated using 

PS arms with Mn values equal to 4.9 and 3.6 kDa, respectively. As can be seen in Table 

2.6, the preparation of CCS polymer (CCS-I13) using the same PS arm concentration 

(i.e. 14 mM) as that when preparing CCS-I12 did not produce any gelation when PS arm 

with a lower Mn value (about three times lower) was used.  Similarly when PS arm with 

four times lower value of Mn than that of CCS-I12 was employed as the arm precursor, 

no gelation occurred even when a higher PS arm concentration was used (i.e. 19 mM). 

From Table 2.6, it can be observed that the resultant polymers (CCS-I13 and CCS-I14) 

consisted of two different MW of CCS polymers where the higher MW polymers were 

attributed to the result of star-star coupling, which resulted in about 2.5- and 3-fold 

higher MW values compared to the lower MW polymers of CCS-I13 and CCS-I14 

respectively. Nevertheless, the peak MW of both CCS polymers as well as their 

hydrodynamic diameter were less than those of CCS-I11, which was prepared at lower 

PS arm concentration (9 mM). This result could indirectly suggest that using lower MW 

of PS arm led to CCS polymer with lower MW and smaller size, as reported in the 

literature.24, 201 However, it is quite difficult to relate the CCS yield of both polymers 

since they were prepared at different PS arm concentrations (14 and 19 mM 

respectively). Although the Dh values of the arms were almost similar, the reduction in 
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the size of CCS-I14 when it was dispersed in THF compared to that in THF–methanol 

mixture was about twice of that of CCS-I13, indicating that the latter was more 

compact than the former.  

 Summary 2.4.1.10

The GPC curves of all the CCS polymers presented in the previous sections exhibited 

broader MW distribution compared to that of the linear PS arm precursor, which is a 

characteristic of CCS polymers synthesised via the arm-first method.36, 39 Evidence of a 

peak attributed to the residual unincorporated PS arm precursor could be observed in 

all of the GPC curves of the CCS polymers, which means that the linear arm precursor 

was not all incorporated into the CCS polymers and hence extra purification steps are 

necessary in order to separate the CCS polymer from the residual unincorporated 

arm.4  

 

From the results of varying several reaction parameters such as polymerisation time, 

[EGDMA]:[PS arm] ratio, concentration as well as MW (or chain length) of PS arm 

precursor in the synthesis of CCS polymers, it can be concluded that all the parameters 

significantly influenced the MW, size and yield of CCS polymer to a certain degree. It 

was found that conducting the reaction at longer polymerisation time, using higher 

[EGDMA]:[PS arm] and molar concentration of PS arm as well as employing a longer 

chain length (or longer MW) of PS arm resulted in higher MW and bigger size of CCS 

polymer. Higher yield of CCS polymer was also obtained when higher [EGDMA]:[PS 

arm] ratio and lower PS arm concentration were used during the polymerisation 

reaction. However, employing too high [EGDMA]:[PS arm] ratio and PS arm 

concentration in a very small volume of solvent could lead to gelation.  Using PS arm 

with Mn value, [EGDMA]:[PS arm] ratio and PS arm concentration of 16.0 kDa, 18:1 and 

5 mM respectively, CCS polymer with the highest MW, size and yield (300 kDa, 98 nm 

and 75% respectively) was synthesised. These results could be used as a guide to tailor-

make a CCS polymer with a desired arm length and MW in high yield and hence should 

be taken into account during the preparation of CCS MIP.  
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 Core-first CCS Polymers via Iniferter                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                          2.4.2

The core-first CCS polymer was prepared by employing a two-pot approach, where the 

core was firstly synthesised and isolated, before being subjected to further 

photopolymerisation in the presence of styrene to form the CCS polymer by growing 

PS arms from the active core surface as shown in Scheme 2.3.  

 

 

Scheme 2.3. Synthesis of CCS polymer via the core-first approach. 

 Preparation of PEGDMA Core Precursor 2.4.2.1

The PEGDMA microsphere which will be used as the core precursor was synthesised 

following the procedure described in §2.2.4.1 using THF as the polymerisation solvent.  

In the first attempt, the core was prepared by photopolymerisation of EGDMA at a 

molar ratio of EGDMA to iniferter of 80: 1 in THF (EGDMA:THF = 1:1 v/v) for 2 h, which 

resulted in gelation. The free flow portion of the gel was separated from the hard gel 

and vigorously stirred in methanol to precipitate out the polymer (PE-I1). Based on this 

result, the next polymerisation was carried out using a lower molar ratio of EGDMA to 
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iniferter of 25:1 at a much lower concentration of EGDMA (EGDMA:THF = 1:16 v/v) and 

although the reaction mixture turned out to be very viscous after 24 h, no gelation was 

observed. This indicates that gelation was suppressed at lower ratio of EGDMA to 

iniferter and conducting the polymerisation in high dilution. The reaction mixture was 

then stirred in methanol to precipitate out the polymer (PE-I2). After undergoing 

purification, both PEGDMA microspheres classes were sent for FTIR analysis for 

structural confirmation. NMR analysis could not be carried out since the microspheres 

were not dispersible in any organic solvents. 

 

A typical FTIR spectrum of the PEGDMA microsphere (PE-I1) is shown in Figure 2.17. 

The strong peak at 1721 cm-1 and the broad peak at 1164 cm-1 are assigned to the 

carbonyl (C=O) and ester (C-O-C) stretching vibration of EGDMA respectively. The peak 

at 1636 cm-1 is attributed to the pendant unreacted C=C double bond in the 

microsphere, which indicates the incomplete conversion of pendant double bonds, 

suggesting a low crosslinking efficiency. The characteristic peaks of the DDC end group 

can be observed at 1264 and 1005 cm-1 (C=S and C-S respectively). In addition, two 

peaks which are attributed to the out-of-plane C-H bending vibration of the aromatic 

rings of the benzyl moiety of the iniferter could also be clearly observed at 747 and 

700 cm-1, respectively. These results showed that the BDDC iniferter was successfully 

incorporated into the resulting PEGDMA microsphere.  
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Figure 2.17. FTIR spectrum of a PEGDMA core synthesised using BDDC iniferter. 

 Core-first CCS Polymers 2.4.2.2

The core-first CCS polymer was prepared using the PEGDMA core (PE-I1) synthesised 

beforehand following the procedure in §2.2.4.2. This was done by preparing a mixture 

of PEGDMA core (30 mg) and styrene (13.0 mmol) in THF (styrene:THF = 1:1 v/v) 

followed by photopolymerisation for about 24 h. The purified core-first CCS polymer 

(CCS-I16) was dispersible in the NMR solvent (deuterated chloroform) and thus was 

subjected to FTIR as well as NMR spectroscopic analyses for structural confirmation. A 

typical FTIR spectrum of the core-first CCS polymer (CCS-I16) is shown in Figure 2.18 

and compared with that of the core precursor (PE-I1).  
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Figure 2.18. FTIR spectrum of (A) a core precursor (PE-I1) and (B) the corresponding 
core-first CCS polymer (CCS-I16) prepared using BDDC iniferter. 

In the FTIR spectrum of CCS polymer (Figure 2.18(B)), the strong peaks at 1600, 1491 

and 1452 cm-1 are assigned to the C-C stretching of aromatic rings, whilst the peaks at 

747 and 699 cm-1 are characteristic of the aromatic C-H out-of-plane bending modes of 

polystyrene, which indicates the successful growth of PS arm from the DDC moiety on 

the core surface. The carbonyl C=O stretching vibration of the EGDMA unit in the core 

can be seen at 1728 cm-1. Although the intensity of this carbonyl peak is much weaker 

compared to that of the arm-first CCS polymer (Figure 2.11(A)), possibly due to the fact 

that the core was surrounded by very long chain of PS arms, the absent of this peak in 

the FTIR spectrum of a PS arm prepared via BDDC iniferter (Figure 2.3), indicates that 

the crosslinked core is responsible for the peak. The characteristic peak of the DDC 

group can be observed at 1279 and 1003 cm-1 (C=S and C-S, respectively).  

 

Figure 2.19 shows a typical proton NMR spectrum of a core-first CCS polymer (CCS-I16) 

prepared using PE-I1 as the core precursor. Unlike the core precursor, the core-first 

CCS polymer was dispersible in the NMR solvent, which indicates the growth of PS 

around the PEGDMA core precursor. This is confirmed by the presence of multiplet 
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peaks between 7.70 ppm and 7.23 ppm (Hc) in the spectrum of CCS polymer, which are 

assigned to the aromatic protons of styrene. This is supported by the presence of 

signals between 1.2 – 1.6 ppm (He) and 1.6 - 2.0 ppm (Hf), which are assigned to the 

backbone methylene and methine protons of PS, respectively. Note that although the 

DDC moiety is preserved at the CCS periphery, signals attributed to its methylene 

protons could not be observed possibly due to the presence of a long chain PS arm, 

which supports the presence of weak carbonyl band in its FTIR spectrum (Figure 

2.18(B)). In addition, the absence of signals attributed to the four protons of the 

EGDMA units (Hc) in this spectrum compared to that of the arm-first CCS polymer 

(Figure 2.12), further confirms the presence of a long chain PS arm around the core.  

 

 

Figure 2.19. 1H NMR spectrum of a core-first CCS polymer prepared using BDDC 
iniferter. X denotes contaminant peak attributed to THF. 
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The SEM images of a core-first CCS polymer (CCS-I15) and the corresponding core 

precursor (PE-I1) are shown in Figure 2.20(A) and (B) respectively. From the SEM image 

(Figure 2.20(A)), it can be observed that the core-first CCS polymer did not form 

spherical particles, unlike those of the arm-first CCS polymer (Figure 2.13(A) and (B)). 

This could be attributed to the nonspherical core precursor of the core-first CCS 

polymer (Figure 2.20(B)), which formed soft gel during the polymerisation, as 

discussed in §2.4.2.1.  

 

  

Figure 2.20. SEM images of (A) a core-first CCS polymer (CCS-I15) and (B) the 
corresponding core precursor (PE-I1). Both A and B were recorded at 30000X 
magnifications. 

The above results showed that a core-first CCS polymer was successfully synthesised 

using BDDC iniferter by employing the two-pot approach. In the preparation of the 

core precursor, it was found that employing lower ratio of crosslinker to iniferter and 

conducting the polymerisation in high dilution (about 6 vol % of monomer relative to 

the reaction medium) are necessary to suppress gelation. Although NMR and FTIR 
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analysis of the CCS polymer showed evidence of the presence of PS arm respectively, 

the length of the arm could not be estimated from the former since the end-group was 

not visible in the NMR spectrum, which indicates the long chain length of the PS arm. 

Based on the result of the synthesis of the arm (§2.4.1.4), the length of the PS arm 

could be adjusted by varying the polymerisation time during the synthesis of the CCS 

polymer. However, further investigations are required to optimise the parameters 

involved during the preparation of the core precursor (such as ratio of crosslinker to 

iniferter, crosslinker concentration, type and of solvent and polymerisation time) as 

well as the CCS polymer (such as core precursor to styrene ratio, concentration of 

styrene and polymerisation time). 

 Transmission Electron Microscope 2.4.3

Transmission electron microscope (TEM) analysis was conducted by dispersing about 1 

mg of sample in a 1.0 mL mixture of methanol and THF (60/40, vol %). Methanol was 

added dropwise until the solution became slightly turbid and the solution was left on 

the shaker overnight. Two drops of the solution were then deposited on the carbon-

coated copper grid, followed by evaporation of the solvent at room temperature. The 

grid was examined using a JEOL JEM-1200EXII instrument, operated at an acceleration 

voltage of 80 kV with digital imaging software at various magnifications. 

 Conclusions 2.5

In this study, core-crosslinked PS star polymers were successfully synthesized by using 

a controlled free radical polymerisation, namely the iniferter technique. In the arm-

first method, linear PS arms with reactivatable chain-end initiating sites were 

synthesized using BDDC iniferter before undergoing a crosslinking reaction with 

EGDMA to afford CCS polymer with the initiating sites confined at the core. On the 

other hand, the core-first method involves the polymerisation of EGDMA crosslinker in 

the presence of BDDC iniferter to generate a multifunctional crosslinked core before 

addition of styrene monomer to grow the arms from the active core surface. By using 
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this method, in contrast to the arm-first method, the initiating sites are preserved at 

the periphery of the CCS polymer. 

 

The effect of changing several parameters on the formation of CCS polymer via the 

arm-first method was investigated. The results showed that increasing the 

polymerisation time, concentration of the PS arm, molar ratio of EGDMA to PS arm and 

arm length resulted in the formation of CCS polymers with higher molecular weight 

and bigger particle size. Although the arm-first approach allows the length of the arms 

to be well-controlled since they were synthesised independently, the final products 

were contaminated by the residual unreacted PS arm precursors, which requires extra 

purification step in order to obtain high purity CCS polymers.  In the core-first 

approach, it is found that gelation could be suppressed by conducting the 

photopolymerisation at low ratio of crosslinker to iniferter in high dilution. Although 

further investigation is required to optimise the parameters involved during the 

preparation of the core precursor as well as the CCS polymer, initial investigation 

showed that CCS polymer could be successfully synthesised with ease using this 

approach. Unlike the CCS polymer via the arm-first method, extra purification step was 

not required to obtain the pure CCS polymer via the core-first approach. These results 

can be used as guidelines to design molecular imprinted polymer in the form of core 

crosslinked star (CCS MIP) with the desired particle size as well as number and length 

of arms for imprinting purposes.  

 

The above results showed that CCS polymers have been successfully prepared using 

the RDRP technique, namely iniferter. The synthesis of CCS polymers using other RDRP 

technique, i.e. RAFT was also investigated and discussed in great details in Chapter 3. A 

comparison between these two methods is also presented at the end of the chapter.
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 Chapter 3

Core Crosslinked Star Polymers Via RAFT 

 Introduction 3.1

The CCS polymers were successfully prepared via iniferter polymerisation and 

discussed in great length in Chapter 2. Apart from iniferter, reversible addition-

fragmentation chain transfer (RAFT) polymerisation is another RDRP technique and has 

been one of the popular techniques to prepare CCS polymers.6, 202 RAFT offers the 

benefit of being able to synthesise well-defined polymers for a wider range of 

monomers under mild conditions.96  In addition, it can be used in variety of free radical 

polymerisation modes such as solution,203 suspension,204 emulsion205 and 

precipitation206 polymerisations. 

 

Herein, the synthesis of CCS polymers by the arm-first (Scheme 3.1, §3.4.1) and core-

first (Scheme 3.2, §3.4.2) methods, via the RAFT technique is presented using methyl 

2-(butylthiocarbonothioylthio)propanoate (MCEBTTC) as the RAFT agent.  MCEBTTC 

has been used to prepare grafted silica nanoparticles,207  thermoresponsive (PNIPAM) 

and cationic (PDMAEA) diblock copolymer nanoparticles208 as well as polystyrene 

nanoparticles in a well-controlled miniemulsion system.209 The use of MCEBTTC in the 

synthesis of CCS polymers however, has not yet been reported. 

 

Using an analogous approach to that used in Chapter 2, the CCS polymers were then 

prepared utilising MCEBTTC as the RAFT agent. The difference between RAFT and 

iniferter polymerisations is that the former was carried out thermally whereas the 
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latter was performed photochemically. Apart from that a small amount of AIBN 

initiator was added during RAFT polymerisation as required and the reaction was also 

carried out at a much higher temperature compared to that of the iniferter. The results 

from these two polymerisations will be compared at the end of this chapter.  

 Experimental 3.2

 Materials  3.2.1

1-butanethiol, triethylamine, carbon disulfide, dichloromethane and diethyl ether and 

acetonitrile were all used as received. Styrene (St), methacrylic acid (MAA) and 

ethylene glycol dimethacrylate (EGDMA) were obtained from Sigma-Aldrich (≥ 98% 

purity), and were passed through a column of activated basic alumina (Aldrich, 

Brockmann I, standard grade, 150 mesh, 58 Å) to remove radical inhibitors. 

Azoisobutyronitrile (AIBN) was recrystallised twice from acetone prior to use. 

Deuterated chloroform (CDCl3, 99.6 atom %) was obtained from Aldrich and HPLC 

grade tetrahydrofuran (THF) was obtained from Scharlau. Bulk grade solvents 

methanol and ethanol were distilled prior to use.  All water was purified by reverse 

osmosis prior to use. Methyl 2-(butylthiocarbonothioylthio) propanoate [1] (MCEBTTC, 

Figure 3.1) was synthesised following the procedure described in §3.2.2.  

 Synthesis of RAFT agent 3.2.2

The RAFT agent, MCEBTTC (Figure 3.1, [1]) was synthesised according to the literature 

procedure.210  

 

[1] 

Figure 3.1. Methyl 2-(butylthiocarbonothioylthio) propanoate (MCEBTTC). 
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Carbon disulfide (6.18 mL, 0.103 mol) in dichloromethane (50 mL) was added dropwise 

to a stirred solution of 1-butanethiol (10 mL, 0.093 mol) and triethylamine (14.3 mL, 

0.103 mol) in dichloromethane (100 mL) under nitrogen atmosphere over a period of 

30 min at 0 C. The solution gradually turned yellow during the addition. After 

complete addition the solution was stirred at room temperature for 1 h. Methyl 

bromopropionate (11.46 mL, 0.103 mol) in dichloromethane (50 mL) was then added 

dropwise to the solution over a period of 30 min and the solution was stirred for 2 h. 

The dichloromethane was removed under vacuum and the residue dissolved in diethyl 

ether. The solution was then washed with cold 10 % HCl solution (3 x 50 mL) and MilliQ 

water (3 x 50 mL) and then dried over anhydrous MgSO4. The diethyl ether was 

removed under vacuum and the residual yellow oil was purified by column 

chromatography (9:1 petroleum ether/ethyl acetate on silica, second band). The 

structure of the synthesised RAFT agent (MCEBTTC) was confirmed by NMR and FTIR. 

1H NMR (CDCl3, ): 0.87 (tr, 3H, CH3CH2), 1.37 (mult, 2H,CH2), 1.53 (d, 3H,CH3), 1.61 

(quin, 2H, CH2), 3.29 (tr, 2H, CH2), 3.67 (s, 3H, CH3), 4.77 (quad, 1H, CH); 13C NMR 

(CDCl3, ) 13.59, 16.93, 22.06, 29.94, 36.93, 47.67, 52.77, 171.48 (CH-C(=O)-O), 221.99 

(S-C(=S)-S). FTIR (cm-1):  1735 (s, C=O), 1248 (w, C=S stretching), 1058 (w, C=S 

vibration), 664 (w, C-S). 

 Preparation of CCS Polymers via Arm-First  3.2.2.1

 Synthesis of PS Arm using MCEBTTC RAFT Agent 3.2.2.2

Linear PS with trithiocarbonate (TTC) end functionality was synthesised via solution 

polymerisation of styrene with MCEBTTC as the chain transfer agent. A typical 

polymerization procedure for the synthesis of PS  arm was as follows. Styrene (9 mL, 

78.3 mmol), MCEBTTC (65.8 mg, 0.260 mmol) and AIBN (4.3 mg, 0.026 mmol) were 

mixed in DMSO (6.00 mL) in a test tube. The mixture was deoxygenated by purging 

with nitrogen for 30 minutes and then heated in an oil bath at 80 C. The 

polymerisation was then quenched by immersing the test tubes in an ice-water bath 

after 24 hours. The polymers were precipitated by adding the polymerization mixture 

dropwise into an excess amount of methanol under vigorous stirring. The polymers 
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obtained were then purified twice by reprecipitation from THF into methanol, followed 

by drying for a day in a vacuum oven at 40 C. The yield of the PS  arm (5 – 40%) was 

determined gravimetrically and the molecular weights of the produced arm precursors 

were determined by GPC.  

 Preparation of Arm-first CCS Polymers  3.2.2.3

A typical RAFT polymerization procedure for the synthesis of a CCS polymer via the 

arm-first method was as follows. 300 mg of the previously synthesised arm, EGDMA 

(25 L, 0.13 mmol) and AIBN (0.043 mg, 2.63 x 10-4 mmol) were mixed in a test tube 

containing THF (5.25 mL). The reaction mixture was stirred, purged with nitrogen for 

30 mins and heated in an oil bath at 60 C for 24 hr. The polymerisation was then 

quenched by immersing the test tubes in an ice-water bath. The polymer was 

precipitated by adding the polymerization mixture dropwise into an excess amount of 

methanol under vigorous stirring. The polymer obtained was then purified twice by 

reprecipitation from THF into methanol, followed by drying in a vacuum oven at 40 C. 

The yield of the PS CCS polymer was determined gravimetrically. 

 Preparation of CCS Polymers via Core-First  3.2.3

 Synthesis of PEGDMA Core using MCEBTTC RAFT Agent 3.2.3.1

A typical polymerization procedure for the synthesis of PEGDMA core was as follows. 

EGDMA (1.50 mL, 7.95 mmol), MCEBTTC (0.401 g, 1.59 mmol) and AIBN (26.1 mg, 

0.159 mmol) were dissolved in THF (35.00 mL) in a test tube. The mixture was 

deoxygenated by purging with nitrogen for 30 minutes and then heated in an oil bath 

at 60 C for 3 hours. The viscous solution was then added dropwise into an excess of 

methanol under vigorous stirring. After washing in large amount of methanol twice, 

the precipitate was collected and dried in the vacuum oven at 40C overnight. The 

yield of the PEGDMA core was determined gravimetrically. 
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 Preparation of Core-First CCS Polymers  3.2.3.2

The purified PEGDMA core from §3.2.4.1 was then used to form the CCS polymer. The 

following is a typical polymerisation procedure. Styrene (1.0 mL, 8.7 mmol) was added 

to the PEGDMA cores (50 mg) in THF (3 mL), stirred and degassed for 30 mins before 

being heated at 60C for 24 hrs. The mixture was then added dropwise into a large 

amount of methanol under vigorous stirring. The precipitates were then dissolved in 

THF and the solution was centrifuged at 6 000 rpm. The sediments were rinsed with 

methanol, collected and kept for future use. The supernatant was added dropwise into 

a large amount of methanol. The precipitate formed was then purified once more by 

reprecipitation from THF into methanol, followed by drying in a vacuum oven at 40 C. 

The yield of the PS CCS polymer was determined gravimetrically. 

 Characterisation 3.3

NMR, FTIR, GPC, DLS, SEM and TEM analyses were carried out following the same 

procedures outlined in Chapter 2 (§2.2.2).  

 Results and Discussion  3.4

 Arm-First CCS Polymers via RAFT 3.4.1

The synthesis of CCS polymers via the arm-first using MCEBTTC as the RAFT agent was 

carried out in a two-pot reaction as shown in Schemes 3.1. Using this approach, linear 

PS arm with trithiocarbonate (TTC) end group was firstly synthesised using the 

MCEBTTC RAFT agent and was isolated before subjected to further polymerisation with 

EGDMA to form a CCS polymer.   
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Scheme  3.1. Synthetic route of CCS polymers via the arm-first RAFT polymerisation. 

3.4.1.2 Preparation of Linear PS Arm Precursor  

The linear PS was prepared using the previously synthesised MCEBTTC RAFT agent and 

then further used as the arm precursor for the synthesis of CCS polymer, as shown in 

Scheme 3.1.  The synthesised linear PS arm was then characterized by FTIR, UV-GPC as 

well as 1H and 13C NMR spectroscopic analyses to confirm the incorporation of 

trithiocarbonate end group at the end of the linear chain.  

3.4.1.3 PS-TTC End Group Analysis 

A typical FTIR spectrum of a linear PS arm (PS-R2, Table 3.1) synthesised using 

MCEBTTC is shown in Figure 3.2. The appearance of peaks in the spectrum at 1734 

(C=O stretching), 1384 (CH3 deformation), 1156 (C-O-C stretching) and 1030 cm-1 (C-O 

vibration) indicates the presence of the ester functional group of the MCEBTTC RAFT 

agent. The peak at 1068 cm-1, which is attributed to the C=S vibration confirms the 

successful incorporation of TTC end groups into the PS arm. The characteristic of 

aromatic rings in styrene could be observed between 3120 – 3010 cm-1 (C-H stretches) 
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and between 2000 – 1800 cm-1 (weak aromatic overtone and combination bands). A 

pair of strong peaks at 758 and 698 cm-1 is attributed to the out of plane C-H bending 

of monosubstituted aromatic ring. The peaks attributed to the aromatic C-C stretching 

vibration of styrene could be observed at 1602, 1494 and 1452 cm-1.  

 

Figure 3.2. FTIR spectrum of a linear PS arm prepared via MCEBTTC RAFT agent. 

Figure 3.3 shows a typical 1H NMR spectrum of a linear PS arm (PS-R2, Table 3.1) 

synthesised using MCEBTTC. The appearance of peaks at 3.3 ppm (H4) which was 

assigned to the methylene protons adjacent to the sulphur atom of the 

trithiocarbonate moiety, suggest its successful incorporation at the chain end of the 

linear PS chain. Signals between 4.7 - 5.1 ppm (Ha) assigned to the methine proton of 

styrene adjacent to the sulphur atom of TTC strongly confirm the incorporation of the 

group into the polymer chain. The presence of peaks at about 3.4 - 3.6 ppm (H7) were 

attributed to the methyl ester, which suggests the incorporation of the RAFT ester 

group at the other end of the linear PS chain. This is supported by the presence of 

peaks at about 1.0 pm attributed to the methylene protons of the RAFT ester group 

(H6), which overlapped with that of the trithiocarbonate moiety (H1). Finally, the 

signals between 6.7 - 7.2 ppm (Hb) were ascribed to the aromatic protons of the 
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styrene unit whilst the signals at 1.9 (Hd) and 1.5 ppm (He), which overlapped with the 

signals of protons of the TTC end group (H2 and H3), were attributed to the backbone 

methine and methylene protons of the polystyrene, respectively.  

 
 

Figure 3.3. A typical 1H NMR spectrum of a living linear PS arm prepared via RAFT. 
Numbers and letters refer to the end groups and backbone protons, respectively. 

A typical 13C NMR spectrum of the linear PS arm (PS-R2) is shown in Figure 3.4. As can 

be seen in the figure, the characteristic C=S peak observed at 222 ppm (C5) confirms 

the presence of TTC end group in the linear chain. This is supported by the presence of 

peak at 53 ppm (Ca), which was attributed to the methine proton of styrene unit 

adjacent to S atom. Peaks assigned to the alkyl protons of TTC could also be observed 

at 13.6 ppm (C1), 22.2 ppm (C2), 30 ppm (C3) and 36.6 ppm (C4). The peaks at 177 ppm 

(C8) and 51.5 ppm (C9), which were assigned to the carbonyl carbon and methoxy 

carbon respectively, confirm the presence of ester group at the other end. This is 

supported by the presence of peaks between 16.3 – 18.2 ppm (C7), which was 
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attributed to the methyl carbon of the ester adjacent to the styrene unit. The peaks 

observed between 125 – 146 ppm (Cc-e) and 41 and 44 ppm (Cf-j) were attributed to the 

aromatic and aliphatic carbons of the PS backbone, respectively.  

 

Figure 3.4. 13C NMR spectrum of a linear PS arm prepared via RAFT. 

GPC with a photodiode array UV detector was also used for the analysis of the 

trithiocarbonate end group. Figure 3.5(A) and (B) shows the UV-GPC traces of the 

synthesised linear PS with trithiocarbonate end group (PS-R1, Table 3.1) and a 

commercial PS, respectively, at 254 nm compared to those at 312 nm.  The absorption 

at 312 nm is due to the    transition of the butyl trithiocarbonate end group (-S-

C(=S)-S)211 in the polymerization chains since PS obtained from conventional thermal 

polymerization does not show any significant UV absorption above 260 nm.190, 212 This 

result further confirmed the successful incorporation of the trithiocarbonate moiety at 

the end of the linear chain.  
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Figure 3.5. UV-GPC traces at 254 and 312 nm of (A) a linear PS synthesised via 
MCEBTTC RAFT agent and (B) a commercial PS. 

3.4.1.4 Effect of Solvent  

To study the influence of solvent on the polymerisation of styrene monomer in the 

presence of MCEBTTC, the polymerisation reaction was carried out for 24 h in bulk, 
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THF as well as DMSO. The styrene to MCEBTTC ratio was fixed at 300:1 (except for PS-

R1 and PS-R4) and the ratio of MCEBTTC to AIBN was fixed at 1:0.10. The resulting 

polymers were characterised by GPC and the results are tabulated in Table 3.1.  

 

As can be seen in Table 3.1, polymerisation of styrene using MCEBTTC in bulk, THF and 

DMSO resulted in PS arms having different MW. Polymerisation of St in bulk resulted in 

PS arms (PS-R1 and PS-R2) having Mn values higher than the calculated theoretical 

values (about 35% and 20% higher respectively). Comparing between PS-R1 and PS-R2, 

when the St to MCEBTTC ratio was tripled, the Mn value increased by about 2-fold 

whilst the percent monomer conversion seemed to be decreased, which is consistent 

with the reported result for the RAFT polymerisation of p-acetoxystyrene in bulk.213 

The decrease in the monomer conversion was attributed to the decrease in the 

polymerisation rate due to the decrease in the number of propagating chains at higher 

St to MCEBTTC ratio.  

 

From Table 3.1, it can also be observed that the Mn values of the PS arms prepared in 

bulk and DMSO (PS-R2 and PS-R3, respectively) were similar and quite close to the 

theoretical values, which was quite surprising as one would expect slower kinetics for a 

diluted system. The reason could be attributed to the better solubility of the MCEBTTC 

RAFT agent in DMSO. A study on the effect of solvents which include DMSO on the 

homopolymerisation of styrene showed minimal effect on Kp and no evidence of 

reduction in Kp was observed.214 On the contrary, the Mn value of PS arm prepared in 

THF (PS-R4) was much higher (about 2-fold higher) than the theoretical predicted Mn 

value, suggesting poor control of polymerisation in THF.  
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Table 3.1.  Influence of solvent on the molecular weight and conversion of PS arm prepared via RAFT.a 

PS arm Solvent 
Temp. 

(C) 

[Styrene] 

mM 
[St]:[RAFT] 

Conversionb 

(%) 

 

Mn,theory
c 

(kDa) 

Mn
d (kDa) Mw

d (kDa) Mp
d (kDa) PDIe 

PS-R1 Bulk 80 8.7 100:1  39 4.32 5.8 7.4 5.5 1.26 

PS-R2 Bulk 80 8.7 300:1  29 9.23 11.3 15.1 11.0 1.33 

PS-R3 DMSO 80 5.2 300:1 35 11.3 10.8 15.6 12.6 1.44 

PS-R4 THF 60 5.2 290:1 10 3.24 7.1 9.2 6.9 1.30 

a
 Polymerisation conditions: [RAFT]:[AIBN] = 1:0.10; reaction time: 24 h. 

e
 Monomer conversion (%) was calculated based on the gravimetric method. 

f
 Theoretical Mn was calculated according to the following equation: Mn = ([St]0/[RAFT]0 x conversion  x 104) + 252. 

g
 Number average molecular weight (Mn), weight average molecular weight (Mw) and peak molecular weight (Mp) obtained by GPC. 

h
 Polydispersity index (PDI) = Mw/Mn. 
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As can be seen in Table 3.1, all the PS arms exhibited narrow polydispersity values (PDI 

< 1.5), although the values were quite higher than the very narrow polydispersities 

reported on RAFT polymerisation (typically PDI < 1.2).96, 202 It can also be seen that the 

monomer conversion for the polymerisation of styrene in THF (PS-R4) was much lower 

(about 65 % lower) than that of bulk (PS-R2). This result is consistent with the results 

of polymerisation of styrene under UV-Vis irradiation at 30 C, which was attributed to 

the high chain transfer effect in THF.215 In our study, the lower  monomer conversion 

obtained in THF compared to that of bulk could also be attributed to the decrease in 

the polymerisation rate when lower temperature was employed in the former (60 and 

80 C respectively). Polymerisation rate was found to increase with increasing 

polymerisation temperature, which was attributed to the faster decomposition of AIBN 

at higher temperature.216 The reported propagation rate coefficient of styrene at 60 C 

was 341 L mol-1 s-1,102 which means that its polymerisation takes place at a very slow 

rate at this temperature due to the stability of its propagating radical by resonance. 

The monomer conversion of the PS arm prepared in DMSO (PS-R3) was higher than 

that prepared in bulk (PS-R2) at the same St to MCEBTTC ratio, albeit exhibiting the 

higher PDI value. In addition, the experimental Mn value of the former closely matched 

the theoretical value (about 4% difference in Mn value), which indicates that a better 

control of polymerisation was achieved in DMSO, hence further preparation of PS arms 

was carried out in DMSO at 80 C.  

3.4.1.5 Effect of Monomer to RAFT Agent Ratio 

As mentioned in §3.1 and already discussed in §1.3.3, initiation process in a RAFT 

mechanism occurs via the decomposition of the free radical initiator (e.g. AIBN) 

resulting in the formation of propagating chains, followed by addition of the 

propagating radicals to the RAFT agent. Since polymers that do not contain the 

trithiocarbonate end group originate from initiator derived chains, a high MCEBTTC to 

AIBN ratio was used to study the effect of monomer to RAFT agent molar ratio on the 

control of MW of the resulting linear PS. This was done by varying the ratio of St to 

MCEBTTC while keeping the MCEBTTC to AIBN molar ratio constant (i.e. 1 mol % AIBN 

with respect to MCEBTTC). Following the polymerization procedure in §3.2.3.1, four 
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different St to MCEBTTC mol ratios ([St]:[MCEBTTC] or r = 200:1, 300:1, 400:1 and 

500:1 respectively) were prepared in DMSO and the polymerisation was conducted for 

24 hours. The resulting polymers were characterised by GPC and the results are 

tabulated in Table 3.2.  

 

Fig. 3.6 shows the GPC curves of the PS arms prepared by varying the styrene to 

MCEBTCC ratios. From the figure, it can be seen that the elution peaks shifted to high-

molecular weight (low retention time) with increasing ratio of St to MCEBTTC. 

 

 

Figure 3.6. GPC traces of PS  arms synthesised at various ratios of St to MCEBTTC. 
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Table 3.2. Relationship between [St]:[RAFT] ratio and molecular weight of PS arm at 
[RAFT]:[AIBN] = 1:0.01.a 

PS arm [St]:[RAFT] 
Conversionb 

(%) 

 

Mn,theory
c 

(kDa) 

Mn
d 

(kDa) 

Mw
d 

(kDa) 

Mp
d 

(kDa) 
PDIe 

PS-R5 200:1 16 3.59 2.8 3.6 3.1 1.25 

PS-R6 300:1 15 4.95 3.3 4.2 3.4 1.26 

PS-R7 400:1 13 5.41 5.4 7.4 5.9 1.37 

PS-R8 500:1 12 6.78 7.4 9.7 7.6 1.32 

a
 Polymerisation conditions: 80 C in DMSO; polymerisation time = 24 h; [St] = 4.6 M; [RAFT]:[AIBN] 

= 1:0.01. 
b
 Monomer conversion (%) was calculated based on the gravimetric method. 

c
 Theoretical Mn was calculated according to the following equation: Mn =  ([St]0/[RAFT]0 x 

conversion x 104) + 252. 
d
 Number average molecular weight (Mn), weight average molecular weight (Mw) and peak 

molecular weight (Mp) obtained by GPC. 
e
 Polydispersity index (PDI) = Mw/Mn. 

 

To further illustrate the effect of styrene to MCEBTTC molar ratio on the 

polymerisation reaction, a plot of Mn versus [St]:[MCEBTTC] used in the polymerisation 

was then drawn and compared with the molecular weight distribution (PDI) of the PS 

arms obtained (Figure 3.7). As can be seen from Figure 3.7 and Table 3.2, in general, 

when the ratio of styrene to MCEBTTC was increased from 200 to 500, the MW of the 

PS arms increased whilst the percent conversion of styrene slightly decreases. In 

another words, using a smaller amount of RAFT agent resulted in a longer chain of PS. 

Decreasing the concentration of MCEBTTC (or increasing the [St]:[MCEBTTC] ratio) 

resulted in a lower number of liberated radicals from the RAFT agent that can reinitiate 

the polymerisation, thus producing longer PS chains. The very low conversion of 

monomer (< 20%) in each case might be caused by the low amount of AIBN initiator 

used. The Mn value of PS-R7 closely matched the theoretical value, whereas that of PS-

R8 was slightly higher than the theoretical Mn value. Both the Mn values of PS-R5 and 

PS-R6 however, were slightly lower than the theoretical values. Nevertheless, the 

narrow polydispersity values (PDI < 1.4) of all the polymers confirms that they were 

synthesised via a controlled mechanism.  
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Figure 3.7. Effect of [St]:[MCEBTTC] on Mn and PDI of PS arm. 

A second set of experiments was carried out using a lower ratio of MCEBTTC to AIBN to 

investigate whether this ratio can cause an increase in the monomer conversion, yet 

still provide a good control over the RAFT polymerisation as has been demonstrated by 

the previous ratio. Following the procedure in §3.2.3.1, the polymerisation was carried 

out at various molar ratio of St to MCEBTTC by keeping a constant MCEBTTC to AIBN 

ratio (this time using 10% of AIBN with respect to MCEBTTC). The MW of the polymers 

was determined by GPC and the results are tabulated in Table 3.3.  
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Table 3.3. Relationship between [St]:[RAFT] ratio and molecular weight of PS arm.a 

PS arm [St]:[RAFT] 
Conversionb 

(%) 

Mn,theory
c 

(kDa) 

Mn
d 

(kDa) 

Mw
d 

(kDa) 

Mp
d 

(kDa) 
PDIe 

PS-R9 100:1 29 3.30 4.3 5.4 4.0 1.27 

PS-R10 200:1 25 5.50 6.7 8.5 6.5 1.27 

PS-R3 300:1 36 11.3 10.8 15.6 12.6 1.44 

PS-R11 600:1 32 20.2 20.5 33.5 25.6 1.63 

a
 Polymerisation conditions: 80 C in DMSO; [RAFT]:[AIBN] = 1:0.1; [St] = 5.2 M except for PS-R9, 

where [St] = 5.8 M. 
b
 Monomer conversion (%) was calculated based on the gravimetric method. 

c
 Theoretical Mn was calculated according to the following equation: Mn = ([St]0/[RAFT]0 x conversion 

x 104) + 252. 
d
 Number average molecular weight (Mn), weight average molecular weight (Mw) and peak 

molecular weight (Mp) obtained by GPC. 
e
Polydispersity index (PDI) = Mw/Mn. 

 

As shown in Table 3.3, the MW of the PS arm showed a similar trend when the 

polymerisation was carried out using a lower RAFT agent to initiator ratio 

([MCEBTTC]:[AIBN] = 1:0.1) as when higher RAFT agent to initiator ratio 

([MCEBTTC]:[AIBN] = 1:0.01) was used (Table 3.2). It was found that the MW of the PS 

arm increased with increasing St to MCEBTTC ratio. However, higher PDI values were 

obtained at higher St to MCEBTTC ratio (PDI > 1.4 for PS-R3 and PS-R11). Despite 

having higher PDI values, the experimental Mn values of both PS-R3 and PS-R11 were 

close to the theoretical Mn values compared to those of PS-R9 and PS-R10 where their 

experimental Mn values were higher than the theoretical values, suggesting better 

control of MW at higher St to MCEBTTC ratios.  

 

Based on the above results, the MW of the PS arm was found to be influenced by the 

molar ratio of St to MCEBTTC RAFT agent as well as the RAFT agent to AIBN molar 

ratio. To further investigate the influence of AIBN concentration on the resultant MW 

of PS another set of experiment was carried out by increasing both the molar ratios of 

styrene to MCEBTTC as well as the amount of AIBN relative to MCEBTTC by the same 

increasing ratio and the results are tabulated in Table 3.4. For this purpose, the 
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polymerisation was conducted at low amount of AIBN initiator with respect to the 

MCEBTTC RAFT agent (1.5 – 3.5% AIBN with respect to MCEBTTC) and the result are 

compared with the series in Table 3.2.  

Table 3.4. Relationship between [St]:[RAFT] ratio and molecular weight of PS arm at 
increasing concentration of AIBN with ratio.a 

PS arm 
[St]:[RAFT]: 

[AIBN] 

Conversionb 

(%) 

Mn,theory
c 

(kDa) 

Mn
d 

(kDa) 

Mw
d 

(kDa) 

Mp
d 

(kDa) 
PDIe 

PS-R12 200:1:0.015 13 2.99 3.0 3.8 3.2 1.27 

PS-R13 350:1:0.027 13 5.03 5.0 6.1 6.6 1.23 

PS-R14 450:1:0.035 16 7.98 8.0 10.5 8.4 1.32 

a
 Polymerisation conditions: 80 C in DMSO; [St] = 5.2 M; reaction time = 24 h.   

b
 Monomer conversion (%) was calculated based on the gravimetric method. 

c
 Theoretical Mn was calculated according to the following equation: Mn = ([St]0/[RAFT]0 x conversion 

x 104) + 252. 
d
 Number average molecular weight (Mn), weight average molecular weight (Mw) and peak molecular 

weight (Mp) obtained by GPC. 
e
  Polydispersity index (PDI) = Mw/Mn. 

 

A plot of St to MCEBTTC ratio versus the experimental and theoretical Mn values for 

the series of polymers in Table 3.4 was depicted in Figure 3.11 and compared with 

those of the polymer series in Table 3.2. The polymer series in Table 3.2 was prepared 

by fixing the ratio of MCEBTTC to AIBN (1% AIBN with respect to MCEBTTC). As for the 

polymer series in Table 3.4, the amount of MCEBTTC was kept constant whilst both the 

amount of St and AIBN was increased by the same ratio relative to the amount of 

MCEBTTC. From Figure 3.8, it can be observed that the Mn value of the PS arm 

increases with increasing St to MCEBTTC ratio regardless of whether the amount of 

AIBN was fixed or increased.  However, it is interesting to note that the experimental 

Mn values obtained when both the amount of St and AIBN with respect to MCEBTTC 

were increased by the same ratio closely matched the theoretical calculated values. As 

for the polymer series in Table 3.2, only when the St to MCEBTTC ratio of 400 was used 

resulted in PS arm (PS-R7) having experimental Mn value matched the theoretical 

value.  It can also be seen observed that the Mn values were higher for the polymer 

series in Table 3.4, compared to those of Table 3.2, where the former was obtained at 
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lower MCEBTTC to AIBN molar ratio (> 1% AIBN with respect to MCEBTTC) compared 

to the latter (1% AIBN with respect to MCEBTTC).  

 

Figure 3.8. Comparison between the effect of St to MCEBTTC mole ratio at constant 
and various MCEBTTC to AIBN ratios on the MW (Mn) of PS arm.  

From Tables 3.2 and 3.4, it can also be observed that the percent monomer conversion 

was low (≤ 16%) for both polymer series and showed an opposite trends. As the St to 

MCEBTTC ratio was increased, the percent monomer conversion seemed to be 

decreased when the amount of AIBN was fixed. On the other hand, the conversion of 

monomer tended to slightly increase with increasing ratio of both St and AIBN with 

respect to MCEBTTC. Both polymer series exhibited narrow polydispersity indices (PDI 

< 1.4).  The results showed that the desired MW of PS arm with low polydispersity 

could be obtained by careful selection of St to MCEBTTC as well MCEBTTC to AIBN 

ratios.  

3.4.1.6 Arm-first CCS Polymers 

The optimal conditions for the preparation of arm-first CCS polymers via RAFT are still 

not fully understood. Preparation of CCS polymers via the aforementioned method in 

homogeneous solution usually suffers from a low star yield, low rate of star formation 
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and relatively high polydispersity of CSS polymers.107 Among the efforts that have been 

made to solve these problems are by crosslinking the arm polymers with crosslinkers 

of low solubility in organic solvents28 and conducting the RAFT polymerisation in 

heterogeneous aqueous media such as emulsion or dispersion polymerisation.111, 201, 

217 CCS polymers with low polydispersity have been synthesised in high polymerisation 

rate and yield by utilising these methods.28, 218 For the arm-first method, we have 

decided to prepare the CCS polymers in homogeneous solution. The arm-first CCS 

polymers were prepared by crosslinking the synthesised linear PS arms with EGDMA 

following the procedure in §3.2.3.2, as shown in Scheme 3.1. Although the PS arm was 

prepared in DMSO, the CCS polymer synthesis was carried out in THF at 60 C. This was 

due to the insolubility of the isolated linear PS arm in the former. 1H NMR and FTIR 

analyses were then carried out to confirm the structure of the CCS polymers obtained.  

3.4.1.7 Structural Confirmation of Arm-First CCS Polymers  

A typical FTIR spectrum of a CCS polymer (CCS-R4, Table 3.5) obtained via the arm-first 

RAFT polymerisation is shown in Figure 3.9. The strong peak at 1734 cm-1 and the 

broad peak at 1154 cm-1 in the spectrum of the CCS polymer (Figure 3.12(B)),  are 

assigned to the carbonyl (C=O) and C-O stretching vibrations of the ester group of the 

EGDMA core, respectively. The increase in the intensity of the carbonyl peak of the CCS 

polymer compared to that of the PS arm precursor ((Figure 3.9(A)) indicates the 

successful formation of the CCS polymer. The characteristic peak of the TTC group can 

be observed at 1068 cm-1 (C=S). 
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Figure 3.9. FTIR spectra of (A) a PS arm precursor and (B) the corresponding arm-first 
CCS polymer prepared via RAFT. 

Figure 3.10 shows a typical 1H NMR spectrum of an arm-first CCS polymer (CCS-R6, 

Table 3.5) prepared via RAFT. As shown in Figure 3.10, the characteristic signals for 

phenyl protons can be seen between 6.5 – 7.5 ppm (Hc). The peaks assigned to the 

RAFT moiety could be seen between 0.8 – 1.0, 3.2 – 3.3 and 3.4 - 3.5 ppm (H3, H2 and 

H1 respectively). A new peak is observed between 3.8 - 4.4 ppm (Hf) and was assigned 

to the protons of EGDMA units. Two more new peaks observed at 5.6 and 6.1 ppm (Hg) 

were attributed to the pendant double bond of PEGDMA core, suggesting the 

incomplete crosslinking of the core. A peak between 4.6 – 5.0 ppm (X) was attributed 

to the methine proton of styrene unit adjacent to the trithiocarbonate, as shown in 

Figure 3.3 (§3.4.1.2). The presence of this peak in the 1H NMR spectrum of arm-first 

CCS polymer suggested that the CCS polymer was not properly separated from its 

linear PS arm precursor and thus the NMR sample consisted of a mixture of both. 
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Figure 3.10. 1H NMR spectrum of a typical arm-first CCS polymer (CCS-R6) prepared via 
RAFT. (X is attributed to the methine proton peak of styrene adjacent to the 
trithiocarbonate (Peak Ha, Figure 3.3) whereas Y denotes a contaminant peak from 
THF).  

3.4.1.8 Preparation of Arm-First CCS Polymers via RAFT 

As previously reported, the amount of crosslinker has a significant effect on the 

formation of CCS polymers.28, 201, 219 Thus, it is important to determine the appropriate 

molar ratio of EGDMA crosslinker to the PS arm. Following the polymerisation 

procedure in §3.2.4.1, several parameters were varied to prepare the CCS polymers, as 

shown in the experimental data tabulated in Table 3.5.  
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Table 3.5. Experimental data for preparation of arm-first CCS polymers via RAFT.a 

Polymer 
Reaction 

time (h) 

[PS arm] (mM) 
[EGDMA]: 

[PS arm] 

[AIBN] 

(mM) 
Product 

Codeb 
Mn

 

(kDa) 
mM 

CCS-R1 
3, 6, 12, 

24, 48 
PS-R1 5.8 5.0 5:1 0 

PS arm 

only 

CCS-R2 24 PS-R3 10.8 5.0 5:1 0.01 
PS arm 

only 

CCS-R3 16 PS-R9 4.3 18.0 15:1 0.01 Gelation 

CCS-R4 4  PS-R10 6.7 10.0 15:1 0.10 Soft gel 

CCS-R5 6 PS-R10 6.7 10.0 15:1 0 
CCS and 

PS armc 

CCS-R6 6 PS-R13 5.0 13.0 15:1 0 
CCS and 

PS armc 

a
 Polymerisation solvent = THF, temperature = 60C.  

b 
Taken from Table 3.1, 3.3 and 3.4. 

c
 CCS yield (from GPC) = 2%.  

 

As can be seen in Table 3.5, initial experiment involved conducting the polymerisation 

of EGDMA using PS arm with Mn of 5.8 kDa ([PS-R1] = 5.0 mM) at [EGDMA]:[PS arm] of 

5:1 for 48 h. GPC analysis results of the aliquots taken at 3, 6, 12, 24 and 48 h intervals 

showed only one peak at about the same retention time as that of the PS arm 

precursor. This indicates that no crosslinking reaction occurs between the arm and the 

crosslinker to form a CCS polymer using this formulation. When the experiment was 

repeated at the same concentration, but using a higher MW of PS (PS-R3, Mn = 10.8 

kDa in the presence of AIBN ([PS arm]:[AIBN] = 1:0.1), similar result was observed after 

24 hr, where no evidence of higher MW peak could be seen in the GPC curve of the 

product. Another formulation was then prepared at higher concentration (18 mM) of 

PS arm (PS-R9) and higher ratio of EGDMA to PS arm ([EGDMA]:[PS arm] = 15:1 in the 

presence of a small amount of AIBN ([PS arm]:[AIBN] = 1:0.1). After polymerising for 

about 16 h, gelation occurred (CCS-R3). The experiment was then repeated at the 

same ratio of EGDMA to PS arm ([EGDMA]:[PS arm] = 15:1) but using lower 
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concentration of arm in the presence ([PS arm]:[AIBN] = 1:0.2) and absence of AIBN, 

respectively. After about 4 h of polymerisation, soft gel was formed in the former (CCS-

R4) whereas the latter resulted in a viscous mixture (CCS-R5) after 6 h. The yield of 

CCS-R5 determined by GPC was approximately 2%. Similar result was obtained when 

the experiment was repeated in the absence of AIBN using a higher concentration of 

PS arm (PSR10, [PS arm] = 13 mM). The polymer (CCS-R6) contained a mixture of CCS 

polymers (2%) and the residual unreacted PS arm, as evidenced in the FTIR and NMR 

spectra of the polymer (Figure 3.19 and 3.10, respectively).  

 

The above results showed that CCS polymers could be prepared via the arm-fist 

method using MCEBTTC as the RAFT agent. It was found that greater ratio of EGDMA 

to PS arm as well as higher PS arm concentration were necessary for a successful 

preparation of CCS polymer. However, conducting the polymerisation at high 

concentration of PS arm for a long time should be avoided as it resulted in macroscopic 

gelation (CCS-R3). Comparing between CCS-R5 and CCS-R6, the polymerisation rate 

was faster in the presence of AIBN.   

 Core-first CCS Polymers via RAFT 3.4.2

The core-first CCS polymer was prepared by employing a two-pot approach, where the 

PEGDMA core with trithiocarbonate functionality on the surface was firstly synthesised 

and isolated, before being subjected to further photopolymerisation in the presence of 

styrene to form the CCS polymer by growing PS arms from the active core surface as 

shown in Scheme 3.2.  
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Scheme  3.2. Synthetic route of CCS polymers via the core-first RAFT polymerisation.  

3.4.2.1 Preparation of PEGDMA Core Precursor 

The PEGDMA core was synthesised following the procedure described in §3.2.3.1 using 

THF as the polymerisation solvent. In the first attempt, the core was prepared by 

conducting polymerisation of EGDMA at [EGDMA]:[RAFT]:[AIBN] ratio of 100:1:0.1 in 

THF (5 vol %) for 6 h at 60 C, which resulted in gelation (PE-R1). The next 

polymerisation was carried out using a lower molar ratio of EGDMA to RAFT, i.e. 25:1 

while maintaining the same ratio of RAFT to AIBN (1:0.1) in THF (6 vol %) for 3 h, which 

resulted in viscous reaction mixture (PE-R2). Another experiment was then conducted 

by reducing the [EGDMA]:[RAFT] to 5:1 yet maintaining the same ratio of RAFT to AIBN 

(1:0.1) in THF (4 vol %). Similar to PE-R2, a viscous reaction mixture was formed after 3 

h. The reaction mixture was then stirred in methanol to precipitate out the polymer 

(PE-R3). Since the PEGDMA core was not dispersible in any NMR solvent, FTIR was 

used to confirm the structure of the core and a typical FTIR spectrum of a PEGDMA 

core (PE-R3) is shown in Figure 3.11.  
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Figure 3.11. FTIR spectrum of a PEGDMA core synthesised using MCEBTTC RAFT agent. 

As shown in Figure 3.11, the strong peak at 1719 cm-1 and the broad peak at 1143 cm-1 

are assigned to the carbonyl (C=O) and ester (C-O-C) stretching vibration of EGDMA 

respectively. The weak peak at 1638 cm-1 is attributed to the pendant unreacted C=C 

double bond in the microsphere, which indicates the incomplete conversion of 

pendant double bonds in EGDMA. The characteristic peak of the TTC end group can be 

observed at 1049 cm-1 (C=S). The result showed that the MCEBTTC RAFT agent was 

successfully incorporated into the resulting PEGDMA microsphere.  

3.4.2.2 Core-First CCS Polymers  

The core-first CCS polymer was prepared using the synthesised PEGDMA core in THF 

following the procedure in §3.2.3.2. The core-first CCS polymer was prepared using the 

PEGDMA core (PE-R3) synthesised beforehand following the procedure in §3.2.5.2. 

This was done by preparing a mixture of PEGDMA core (50 mg) and styrene (8.7 mmol) 

in THF (styrene:THF = 1:3 v/v) followed by polymerisation for about 24 h at 60 C. 

Unlike its core precursor, the CCS polymer was dispersible in the NMR solvent, thus 

was subjected to NMR and FTIR analyses for structural confirmation. The difference in 
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dispersibility of the CCS polymer compared to its core precursor was attributed to the 

presence of PS arms around the central core of the former, which were not present in 

the latter.  

 

A typical FTIR spectrum of the CCS polymer (CCS-R7) is shown in Figure 3.12(B) and 

compared with its core precursor Figure 3.12(A). In the spectrum of CCS polymer 

(Figure 3.12(B)), the strong peaks at 1602, 1493 and 1452 cm-1 are assigned to the C-C 

stretching of the aromatic rings, whilst the peaks at 756 and 697 cm-1 are characteristic 

of the aromatic C-H out-of-plane bending modes of the polystyrene arms. These peaks 

were not present in the spectrum of the core precursor (Figure 3.12(A)), thus 

confirming the successful growth of PS arm around the core. The carbonyl C=O 

stretching vibration of EGDMA in the core can be seen at 1735 cm-1. The weaker 

intensity is possibly due to the fact that it is surrounded by the very long PS arms, 

which reduces its intensity. The characteristic peak of the trithiocarboante group can 

be observed at 1071 cm-1 (-C=S).  

 

 

Figure 3.12. FTIR spectra of (A) a core-first CCS polymer via RAFT and (B) the 
corresponding PEGDMA core precursor  
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Figure 3.13 shows a typical 1H NMR spectrum of a core-first CCS polymer (CCS-R7) 

prepared via RAFT. As shown in Figure 3.13, the peaks observed between 4.2 - 4.5 ppm 

(Hc) were assigned to the protons of EGDMA units. The low intensity of these peaks 

suggested the presence of either high crosslinking density of core or long PS arm chain 

length. In addition, the peak at about 1.0 ppm attributed to the methyl backbone 

proton of EGDMA (Hb) could not be clearly seen, which supports the aforementioned 

hypothesis. The two peaks observed at 5.5 and 6.2 ppm (Hd) were attributed to the 

pendant double bond of the PEGDMA core, suggesting the incomplete crosslinking of 

the core. Characteristic signals for phenyl protons can be seen between 6.3 – 7.6 ppm 

(Hg), confirming the presence of PS arms connected to the PEGDMA core. The 

presence of peaks between 4.9 – 5.2 ppm (X), attributed to the methine proton of 

styrene unit adjacent to the trithiocarbonate (Figure 3.3, §3.4.1.2), strongly supports 

the successful incorporation of PS arm around the core precursor.  
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Figure 3.13. 1H NMR spectrum of a typical core-first CCS polymer prepared via RAFT. (Y 
denotes a contaminant peak from THF). 

Apart from FTIR and NMR, the CCS polymer (CCS-R7) was also subjected to GPC and 

DLS analyses to determine the MW and hydrodynamic size of the CCS polymer. The 

GPC and DLS intensity distribution curves are shown in Figure 3.14 and 3.15, 

respectively. From Figure 3.14, it can be seen that only one peak was observed, which 

was attributed to the CCS polymer, having Mn value of 61.9 kDa with quite a broad 

polydispersity (PDI = 4.5). On the other hand, the intensity particle size distribution of 
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the CCS polymer obtained from DLS (Figure 3.15) showed a bimodal distribution. As 

can be seen in the figure, the DLS result showed that the CCS polymer exhibited 

average hydrodynamic diameters of 26 ± 1 nm and 184 ± 18 nm, suggesting that the 

CCS polymer was polydispersed.  

 

Figure 3.14. GPC curve of a core-first CCS polymer prepared via RAFT. 

 

 

Figure 3.15. DLS intensity particle size distribution of a core-first CCS polymer prepared 
via RAFT.  
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The above results showed that the CCS polymers were successfully formed via the 

core-first RAFT polymerisation method. Since no AIBN was added in the polymerisation 

mixture, thus the PS should have grown from the trithiocarbonate functionality on the 

surface of the core precursor. Although require further optimisation, it was much 

easier to prepare the CCS polymer via the core-first method using the MCEBTTC RAFT 

agent.  

 Comparison between RAFT and Iniferter Polymerisation 3.4.3

A comparison between selected PS arms obtained via iniferter and RAFT, respectively, 

is displayed in Table 3.6. After 24 hr of polymerisation, the highest monomer 

conversion for the polymerisation of styrene using iniferter was 47%. This was 

achieved when St to BDDC molar ratio of 155 was used, producing PS arm with Mn 

value of 33.2 kDa. On the other hand, RAFT polymerisation of styrene achieved its 

highest monomer conversion (i.e. 36%) at St to RAFT agent molar ratio of 300 in the 

presence of 10% AIBN with respect to RAFT. This value was about 25% lower than that 

of the iniferter polymerisation, and the resultant PS arm exhibited Mn value of 10.8 

kDa (about 3-fold lower than that of the iniferter.  It can also be observed that the 

highest MW PS arm (Mn = 37.2 kDa) was produced when St to BDDC mole ratio of 390 

was used during the polymerisation of styrene via iniferter. As for RAFT 

polymerisation, the highest MW PS arm was formed at St to RAFT agent molar ratio of 

600, resulted in PS arm having Mn value of 20.5 kDa. This value was about 2-fold 

smaller than that of the iniferter. Both the percent monomer conversion and MW of 

the PS arm of polymers prepared via iniferter were higher than those prepared via 

RAFT. The result indicates that RAFT polymerisation of styrene occurred at a much 

lower rate than the iniferter polymerisation. On the other hand, the PS arms prepared 

via RAFT exhibited much narrower MW distribution (PDI < 2) compared to those of 

iniferter. 
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Table 3.6. Comparison between RAFT and Iniferter Polymerisation of Styrene.  

PS arm 
[St]:[BDDC] 

or [RAFT] 

Conversion b 

(%) 

Mn 
c
  

(kDa) 

Mw 
c
 

(kDa) 

Mp 
c
 

(kDa) 
PDI d 

PS-I7 155:1 47 33.2 251 63.5 7.58 

PS-I8 390:1 39 37.3 268 76.9 7.20 

PS-R3 300:1 36 10.8 15.6 12.6 1.44 

PS-R9 600:1 32 20.5 33.5 25.6 1.63 

a
 Polymerisation conditions: reaction time = 24 h; iniferter: bulk at room temperature; RAFT: 

80 C in DMSO; [RAFT]:[AIBN] = 1:0.1). 
b
 Monomer conversion (%) was calculated based on the gravimetric method. 

c
 Number average molecular weight (Mn), weight average molecular weight (Mw) and peak 

molecular weight (Mp) obtained by GPC. 
d
 Polydispersity index (PDI) = Mw/Mn. 

 

Comparing the results of arm-first CCS polymerisation via RAFT to those of iniferter, it 

can be concluded that the formation of CCS polymer via the latter was more successful 

compared to the former. Although low polydispersity PS arm could be obtained via 

RAFT, it was much more difficult to prepare CCS polymer in good yield compared to 

that of the iniferter. Further optimisation was necessary for its successful preparation.  

 On the other hand, it was much easier to prepare the core-first CCS polymers via both 

the iniferter and RAFT compared to that of the arm-first CCS polymers.  

 Conclusion 3.5

The synthesis of CCS polymers was investigated using MCEBTTC as the RAFT agent via 

the arm-first and the core-first method in two-pot, which afforded CCS polymers with 

trithiocarbonate end groups confined at the core and the periphery of the CCS 

polymers, respectively. The preparation of CCS polymers via the arm-first method 

using BDDC iniferter was more successful compared to using the RAFT agent.  

 

Although a good yield of arm-first CCS polymers could be obtained, we found that this 

arm-first method has a drawback whereby quite a high proportion of unincorporated 

arm precursors were present in the final products and requires extra purification steps 

in order to obtain CCS polymers with high purity. Our attempts to isolate the CCS 
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polymers from the unincorporated arm precursors were unsuccessful. Apart from that, 

the core of the CCS polymers could not be directly characterised since non-cleavable 

arm was used in the preparation of the polymers. The characterisation of the core is 

very important in MIP applications as it is where the imprinting sites were created 

during the preparation of CCS MIP. In addition, the arm-first CCS polymers were found 

to be polydisperse in both size and shape, thus may not yield good selectivity or 

specificity when applied in imprinting.   

  

These problems could be overcome by preparing CCS polymers via the core-first 

method. The core could be directly characterised before attaching arms to obtain the 

CCS polymers. In addition, the resultant CCS polymers were able to be separated from 

any residual unreacted cores due to the difference in the dispersibility of the two 

polymers in solvents such as THF. Our results showed that both the iniferter and RAFT 

methods were successful in synthesising the core-first CCS polymers. Although 

requiring further optimisation, the core-first method proved to be an easier method to 

use in the synthesis of CCS polymer compared to the arm-first method and thus was 

applied in the synthesis of our CCS MIP. Optimisation of the MIP microsphere to be 

further used as the core precursor and CCS MIP synthesis will be presented in Chapters 

4 and 5, respectively.    
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 Chapter 4

Reactive MIP Microspheres 

 Introduction  4.1

The preparation of core crosslinked star (CCS) polymers via the iniferter and RAFT 

techniques was discussed in the previous chapters (Chapters 2 and 3 respectively). 

These CCS polymers were prepared primarily by the arm-first method with some 

preliminary investigation of the core-first method. The iniferter technique proved to be 

more successful in the preparation of arm-first CCS polymers compared to RAFT. 

Nevertheless, the arm-first method has its own drawback, whereby the residual 

unreacted linear arm precursors remain in the product. On the other hand, CCS 

polymers synthesised via the core-first method were more easily separated (as they 

are more readily dispersed) from any residual unreacted core precursors. Thus, the 

core-first method was chosen as the method to prepare core crosslinked star 

molecular imprinted polymers (CCS MIPs).  One of the advantages of the core-first CCS 

polymer in the field of molecular imprinting is that characterisation of the MIP core is 

possible, which is not the case for the arm-first CCS polymers, unless, for instance, a 

degradable arm such as poly(ε-caprolactone) (PCL) is employed.24, 220, 221 Thus, the 

focus of this chapter is the preparation and characterisation of MIP microspheres, 

which will then be used as MIP core precursors in the preparation of CCS-MIPs 

discussed in the next chapter (Chapter 5).  

 

Molecular imprinted polymers are polymers formed in the presence of the molecule of 

interest – the target, which is used as a template. After polymerisation, the template is 
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extracted, leaving behind cavities in the polymer complementary to the shape, size or 

functional groups of the original template. In this way, a molecular memory, capable of 

selectively rebinding the target molecule is introduced into the polymer. Traditionally, 

MIPs have been synthesised by bulk polymerisation and are monolithic, and thus 

require grinding prior to use, which results in irregular shapes and destruction of some 

binding cavities.144, 222 The irregularly shaped MIPs are not ideal for most applications 

such as liquid chromatography,223 capillary electrochromatography147 and drug 

delivery.224 To avoid the detrimental grinding process, several formats such as 

monoliths prepared in situ ,166, 225nanofibers,226, 227 thin-films,228, 229 microspheres230, 231 

and grafting of an imprinted layer on the surface of pre-formed particles such as 

silica,156, 232 have been reported.  

 

MIP microspheres have been prepared using several polymerisation techniques such 

as precipitation polymerisation,231, 233, 234 suspension polymerisation,235 emulsion 

polymerisation,235 swelling polymerisation236 as well as imprinted core–shell 

nanoparticles.164 Preparation of MIP microspheres by the precipitation polymerisation 

method appears very promising not only due to its easy operation, which does not 

require the use of surfactant or steric stabiliser, but also in yielding spherical particles 

with a narrow size distribution of excellent reproducibility.231, 237 

 

Generally, MIP microspheres have been prepared using traditional free radical 

polymerisation (FRP). FRP has the inherent drawback of difficulty in controlling the 

chain propagation and termination, which normally results in heterogeneous polymer 

networks87, 238 and more importantly, precludes the creation of other architectures 

such as CCS polymers.  This drawback has been circumvented by using reversible-

deactivation radical polymerisation (RDRP) methods such as ATRP, RAFT and iniferter. 

The use of RDRP techniques in precipitation polymerisation allows the one-pot 

synthesis of reactive polymer microspheres with surface bound reactive groups,239, 240 

which is highly useful for controlled surface modification by RDRP re-initiation for the 

synthesis of advanced architecture such as CCS polymers.  
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The benefit of using RDRP in the creation of imprinted polymer microspheres has 

already been demonstrated.157, 161, 165, 241, 242 Zhang and coworkers have reported the 

combined use of controlled radical and precipitation polymerisation to achieve 

improved binding and structural characteristics in imprinted polymer particles. Using a 

precipitation polymerisation method, RDRP techniques such as ATRP,242 RAFT165 and 

iniferter161 mediated polymerisation were employed to create the MIP microspheres. 

Using these methods, MIP microspheres with successful molecular imprinting capacity 

for the 2,4-dichlorophenoxyacetic acid template, fast template binding kinetics and an 

appreciable selectivity over structurally related compounds were produced.  

 

For this study, benzylpiperazine (BZP, Figure 4.1), a drug that has been abused and 

used as ‘party pills’ and subsequently banned in a few countries including Australia243, 

244 was chosen as a template. Various techniques have been reported for the 

identification and quantification of BZP such as LC-MS,245, 246 LC-MS/MS,247 GC-MS,248 

capillary electrophoresis,249 HPLC-fluorescence250 and chemiluminescence,251 whilst 

only less approaches focused on the in-field detection. Due to the increasing reported 

cases on BZP abuse,252, 253 it is therefore desirable to have a rapid, accurate and 

specific in-field tests for BZP. The ease of preparation and low cost of MIPs make them 

attractive as recognition elements for sensing applications254, 255 and has the potential 

for the in-field detection.256 BZP MIPs were first studied by our group employing 

traditional bulk polymerisation.257  The current study builds on this work by employing 

the combined approach of controlled radical and precipitation polymerisation to 

prepare the imprinted polymers, rather than bulk polymerisation.  

 

 

Figure 4.1. Structure of benzylpiperazine. 

[1] 
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 Experimental 4.2

 Materials 4.2.1

Benzylpiperazine (97%) [1] (BZP, Figure 4.1) was obtained from Fluka, (1R,2S)-(-)-

ephedrine [2] (EPH, Figure 4.2) and 1-phenylpiperazine [3] (PHP, Figure 4.2) were 

obtained from Sigma-Aldrich and used as received. Ethylene glycol dimethacrylate [4] 

(EGDMA, Figure 4.2) and methacrylic acid [5] (MAA, Figure 4.2) were obtained from 

Sigma-Aldrich (≥ 98% purity) and were passed through a column of activated basic 

alumina (Aldrich, Brockmann I, standard grade, 150 mesh, 5.8 nm) to remove radical 

inhibitors. Azobisisobutyronitrile (AIBN) (Dupont) was recrystallized twice from 

acetone prior to use. Benzyl N,N-diethyldithiocarbamate [6] (BDDC, Figure 4.2) and 

methyl 2-(butylthiocarbonothioylthio) propanoate [7] (MCEBTTC, Figure 4.2) were 

synthesised using the procedures previously described in Chapter 2 (§2.2.2) and 

Chapter 3 (§3.2.2), respectively. Deuterated chloroform (CDCl3, 99.6 atom %) was 

obtained from Aldrich. HPLC grade tetrahydrofuran (THF) and acetonitrile were 

obtained from Scharlau and Merck, respectively. Dimethyl sulfoxide (DMSO) was 

obtained from Sigma-Aldrich. Bulk grade methanol was distilled prior to use.  All water 

was purified by reverse osmosis prior to use. 
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Figure 4.2. Structures of (1R,2S)-(-)-ephedrine [2], 1-phenylpiperazine [3], ethylene 
glycol dimethacrylate [4], methacrylic acid [5],  benzyl N,N-diethyldithiocarbamate [6] 
and methyl 2-(butylthiocarbonothioylthio) propanoate [7]. 

 Synthesis of MIP Microspheres 4.2.2

 Iniferter Method 4.2.2.1

The MIP microspheres were prepared using benzylpiperazine, BZP as the template 

molecule, methacrylic acid, MAA as the functional monomer and benzyl N,N-

diethyldithiocarbamate, BDDC as the iniferter. Molar ratios of 1:1:5 

(template:functional monomer:crosslinker) were used for all formulations. These ratio 

was chosen based on previous studies as described in §4.3.1.1 and §4.3.1.2. A typical 

iniferter polymerisation procedure was as follows:  the template molecule (BZP, 2.12 

mmol; 374 mg), functional monomer (MAA, 2.12 mmol; 0.180 mL), crosslinker 

(EGDMA, 10.6 mmol; 2.10 mL) and iniferter (BDDC, 0.636 mmol; 152 mg) were mixed 

in a round bottom flask, dissolved in the porogen (acetonitrile, 100 mL) and left to 
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equilibrate for 2 hrs. The mixture was then purged with nitrogen for 30 min and placed 

under UV irradiation from a 450W medium pressure mercury vapour, quartz UV lamp 

(Ace glass, No. 7825-34) at room temperature to polymerise for the desired time. The 

solution was then transferred into a large beaker and the solvent was left to 

evaporate. Methanol was then added to the remaining precipitate in the beaker while 

stirring, followed by washing in THF then methanol. Finally, the precipitate was 

collected by vacuum filtration and dried at room temperature. The yield of the MIP 

microspheres was determined gravimetrically. As a reference, non-imprinted polymer 

(NIP) microspheres, for control experiments were also prepared following the same 

procedure except that no BZP template was added during the polymerisation.  

 

Three different sets of BZP imprinted polymers and their corresponding NIPs were 

synthesised by varying the amount of BDDC iniferter (i.e. 5, 10 and 20 mol % with 

respect to the total monomers) in the polymerisation mixture.   

 RAFT Method 4.2.2.2

The MIP microspheres were prepared using BZP as the template molecule, MAA as the 

functional monomer as well as methyl 2-(butylthiocarbonothioylthio) propanoate, 

MCEBTTC and AIBN as the RAFT agent and initiator respectively. Molar ratios of 1:1:5 

(template:functional monomer:crosslinker) were used for all formulations. Initial 

experiment conducted using similar total monomer concentration as that of iniferter 

method (2 vol %) resulted in a very low yield of RAFT microspheres. Therefore, the 

total monomer concentration was doubled (4 vol %) in the preparation of 

microspheres via RAFT, while maintaining the same template:functional 

monomer:crosslinker molar ratio. A typical RAFT polymerisation formulation is as 

follows: the template molecule (BZP, 4.24 mmol; 748 mg), functional monomer (MAA, 

4.24 mmol; 0.360 mL), cross-linker (EGDMA, 21.2 mmol; 4.00 mL), RAFT agent 

(MCEBTTC [7], 1.27 mmol; 321 mg) and initiator (AIBN, 1.27 mol; 2.09 mg) were 

mixed in a round bottom flask, dissolved in the porogen (acetonitrile, 100 mL) and left 

to equilibrate for 2 hrs. The mixture was then purged with nitrogen for 30 min and 
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placed in an oil bath at 60 C to undergo polymerisation for the desired time. The 

solution was then transferred into a large beaker and the solvent was left to 

evaporate. Methanol was then added to the remaining precipitate in the beaker while 

stirring, followed by washing in THF then methanol. Finally, the precipitate was 

collected by vacuum filtration and dried at room temperature. The yield of the MIP 

microspheres was determined gravimetrically. The NIP microspheres (control) were 

prepared following the same procedure except in the absence of the BZP template 

molecule.  

 

Similarly, three different sets of BZP imprinted polymers and their corresponding NIPs 

were synthesised by varying the amount of RAFT agent (i.e. 5, 10 and 20 mol % with 

respect to the total monomers) in the polymerisation mixture.   

 Template extraction 4.2.3

BZP template removal was carried out by Soxhlet extraction using a mixture of 10% 

acetic acid in methanol for 24 hours, followed by 100% methanol for another 24 hrs. 

The polymers were then dried overnight under vacuum. HPLC was used to assess the 

removal of the template in the washing solutions. The washed MIP microspheres were 

also checked to be free of BZP by equilibrating 10 mg of the polymers in 1 mL of 

acetonitrile for several hours and performing HPLC analysis to detect any bleeding of 

BZP into the solution.  

 Batch Rebinding Studies 4.2.4

Batch rebinding experiments were carried out using a known molarity of BZP stock 

solution in acetonitrile or THF. A known mass (5 – 10 mg) of polymer was left in 

contact with a fixed volume (1 mL) of a known concentration of BZP stock solution on a 

rotary mixer. After the required time, the solution was centrifuged and filtered using a 

0.45 µm membrane filter into a 1.5 mL vial for BZP quantification by HPLC.  
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The HPLC analysis was performed using a Shimadzu HPLC instrument equipped with an 

EconosphereTM C18, 5µm column (Grace), LC-20 AD pump, an SPD-20A UV detector 

and SIL-20A/20AC injector operated with SIL-20A autosampler. A solution of 50% 

acetonitrile and 50% buffer (25 mM KH2PO4; 30 mM KCl; 7 mM TEA; adjusted to pH 3 

with H3PO4) was used as the mobile phase. A 10 L injection volume was used with a 

run time of 4 min at a flow rate of 2 mL/min and detection wavelength of 205 nm. A 

calibration curve was generated every time a batch of samples was analysed using 

seven BZP solutions in the range of 0.05 to 1.0 mM.  An example of the BZP calibration 

curve is shown in Figure 4.3. The data were collected and analysed using Shimadzu 

LCsolution software.  

 

The amount of bound BZP (SB) was calculated by subtracting the free BZP 

concentration (Cf) 
67 from the total amount of BZP (Ct) initially present in the polymer 

solution. All experiments were conducted in triplicate and the mean values are 

reported. Binding affinities of the MIPs and NIPs were thus calculated according to 

equation 4.1:  

Z

f
C

t
C

B
S

)( 

         (4.1)

                

where SB is the amount of BZP bound, and Z is either the mass of polymer (g) in the 

solution or the surface area (m2 per g polymer).  

 

Specific binding was determined from the difference between the binding affinity of 

MIP and NIP, as shown in equation 4.2: 
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where SB(MIP) and SB(NIP) are the binding affinity of BZP on the imprinted and non-

imprinted microspheres, respectively. 
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The imprinting factor (IF), which is defined as the ratio of amount of substrate bound 

by the MIP to that bound by the corresponding NIP was also used to determine the 

specific recognition characteristic of the microspheres, as shown in equation 4.3:  
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IF                     (4.3) 

 

NIPs were used to quantify the level of non-specific binding and because the IF value 

takes into account the non-specific binding, the value can be said to represent the 

binding linked solely to the imprinting effect.258 Hence the greater the IF value, the 

more influential the imprinting procedure is on analyte binding.  

 

 

Figure 4.3. Calibration curve used for the determination of concentration of BZP. 

 Optimum Binding Time  4.2.4.1

Kinetic experiments were performed to evaluate the optimum binding time within the 

range 1 – 8 hr. Following the procedure in §4.2.4, the rebinding experiment was 
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carried out on MIPs and their respective NIPs for 1, 2, 4 and 8 hr. The mass of polymer 

used was either 5 or 10 mg and the BZP concentration was fixed at 1.0 mM. The 

experiments were conducted in both acetonitrile and THF. The experiments were 

conducted in triplicate and the mean values are reported.  

 Binding Isotherms 4.2.4.2

The binding isotherm studies were carried out to better understand the sorption 

interaction mechanism between the template and the MIP surface. Following the 

procedure in §4.2.4, a constant volume of solution (1 mL) of varying BZP concentration 

(0.1 – 6.0 mM) was added to the required mass of polymer and mixed on a rotary 

mixer for 2 hours to allow for equilibrium sorption to be achieved. The mass of 

polymer was adjusted so that the percentage of BZP depleted from the solution was at 

an acceptable level of template binding in order to keep the error to a minimum. The 

binding isotherm was then plotted as either the concentration of BZP bound per mass 

or per surface area of polymer (SB) versus the equilibrium concentration of free BZP 67 

remaining in the solution. The relative binding ability of the MIP and its corresponding 

NIP can then be assessed by comparing their respective isotherms.  

 

Each equilibrium adsorption isotherm was analysed using both the Langmuir and 

Scatchard isotherm models to determine binding parameters such as the number of 

binding site (N), and the equilibrium binding constant (K). Equations 4.4 and 4.5 show 

the linearised forms of the Langmuir and Scatchard isotherms, respectively: 
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For the Langmuir model, the value of N and K can be determined by plotting Cf/SB vs Cf 

where N can be obtained from the inverse of the slope of any linear region and K can 

then be obtained from the intercept. Plotting SB /Cf vs SB should give a straight line in 
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the Scatchard plot, where NK is the y-intercept and –K is the slope. Equation 4.6 was 

then used to calculate the equilibrium dissociation constant (Kd):259 

K
K d

1
        (4.6) 

 Selectivity Studies 4.2.5

In the selectivity experiments, due to their closely related structures to BZP, two types 

of drugs, namely Ephedrine [2] (EPH, Figure 4.2) and 1-Phenylpiperazine [3] (PHP, 

Figure 4.2) were chosen as the reference substrates to investigate the selectivity of the 

BZP imprinted microspheres to the BZP template. Two sets of experiments i.e. non-

competitive adsorption experiments (also known as a cross-reactivity study) and 

competitive adsorption experiments were carried out on the best performing MIP 

microsphere, based on the highest imprinting factor. Competitive adsorption studies 

were conducted to determine the selectivity of the BZP imprinted polymer towards the 

BZP template in the presence of other analytes and these were conducted in binary 

and tertiary competitive environments. 

 

The procedure for the non-competitive adsorption experiment was as follows: 1.0 mL 

of BZP, EPH or PHP at a concentration of 3.00 mM in acetonitrile was added to 1.5-mL 

Eppendorf tubes containing 5 and 6 mg of MIP and NIP microspheres, respectively. 

After being shaken for 2 hours at room temperature, the mixture was centrifuged and 

filtered. The final equilibrium concentration of the analyte in the filtrate was analysed 

by HPLC. Calibration curves were generated using BZP, EPH and PHP solutions in the 

range of 0.2 to 3.5 mM, as shown in Figure 4.4(A), (B) and (C), respectively. 
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Figure 4.4. Calibration curves used for the determination of concentration of (A) BZP, 
(B) EPH and (C) PHP analytes. 
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The non-competitive binding experiment (single-analyte binding assay) was used to 

assess the ability of the MIP microspheres to discriminate between BZP and other 

structurally related drugs.260 This binding selectivity of the imprinted microspheres 

towards different substrates is expressed as a specific selectivity factor (SSF) and can 

be defined as the ratio of specific binding of the two different substrates as shown in 

Equation 4.7: 

𝑆𝑆𝐹 =
∆𝑆𝐵(template)

∆𝑆𝐵(analogue)
                   (4.7) 

 

where SB (template) and SB (analogue) are the specific binding of BZP template and the 

analogue, respectively. The above equation was also used for the competitive binding 

studies.  

 

For the competitive binary-analyte assay, a 1.0 mL mixture of BZP and EPH, or BZP and 

PHP (each with a concentration of 3.00 mM) in acetonitrile was added to 1.5-mL 

Eppendorf tubes containing 5 and 6 mg of MIP and NIP microspheres, respectively. 

After being shaken for 2 hour at room temperature, the samples were centrifuged and 

filtered. The final equilibrium concentration of each analyte in the filtrate were 

analysed by HPLC. The tertiary-analyte assay was conducted following the above 

procedure, but using a 1.0 mL mixture of BZP, EPH and PHP (each with a concentration 

of 3.00 mM in acetonitrile). All experiments were performed in triplicate and 

overlapping HPLC peaks of BZP and PHP were deconvoluted using the ExcelTM solver 

function using the same procedure used for the overlapping GPC curve (see §2.3.3) to 

determine the individual peak heights. The deconvolution of overlapped peaks by 

means of the non-linear least-squares method has already been reported.180, 181, 261 For 

example, among the several approaches of peak resolution that Nikitas et al. have 

investigated, Solver was found to perform the best.181 An example of the deconvoluted 

HPLC curve of the competitive binary-analyte assay (Table 4.9) is shown in Figure 4.5. 

The best fit between the measured HPLC curve and the fitted HPLC curve (sum of the 

deconvoluted curves) was obtained using the Solver function by minimising the sum of 

the squares of the differences between the measured and the fitted HPLC curves 
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(2). The concentration of each analyte was then determined from the height of 

individual deconvoluted peaks (G1 and G2) using the calibration curves in Figure 4.4(A) 

and (C), respectively.   

 

Figure 4.5. Deconvolution of a HPLC curve (MIP-5%BDDC, Table 4.9) carried out using 
the Solver function in Microsoft Excel 2010. G1 and G2 represent BZP and PHP 
respectively. The solid blue (height) and the black dashed (Y) lines are the measured 
and fitted HPLC curves, respectively. 

 Surface Area and Porosity  4.2.6

MIP and NIP microspheres were subjected to surface area and porosity measurements 

using Brunauer-Emmet-Teller (BET) and Barret-Joyner-Halenda (BJH) analysis, 

respectively. Measurements were performed on a Micromimetics ASAP 3030 surface 

area and porosity analyser using a 5-point surface area analysis. Approximately 100 mg 

of polymer sample was analysed using N2 as the adsorption gas. The specific surface 

area of the polymers was then calculated according to the following BET isotherm 

equation (Equation 4.8): 
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where V = volume of adsorbed gas, Vm = monolayer adsorbed volume of gas, p = 

equilibrium vapour pressure, p0 = saturation vapour pressure and c is the BET constant, 

which is expressed as follows (Equation 4.9): 

 

c ≈ exp[(Hliq - H1)/RT]      (4.9) 

 

where Hliq refers to second and further layers adsorbed and H1 refers to monolayer 

adsorption, whilst R and T equal to the ideal gas constant and absolute temperature 

respectively. 

 

According to equation 4.8, a plot of p/(V(p0-p)) versus p/p0 gives a straight line, usually 

in the approximate relative pressure range 0.05 to 0.3. The Vm and c were calculated 

from the slope and intercept according to the following equations (Equations 4.10 and 

4.11, respectively): 

intercept+slope

1
=mV     (4.10) 

 

intercept 

slope
= +1 c      (4.11) 

 

Finally, the surface area was calculated according to Equation 4.12 as follows: 

 

m

mAm

V

ANV
A =       (4.12) 

 

where A = specific surface area, NA = Avogadro’s number, Am = area per molecule for 

adsorbed nitrogen and m = mass of the adsorbent in grams.  
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 Other Characterisation Methods 4.2.7

DLS analyses were carried out following the same procedures outlined in Chapter 2 

(§2.3). The SEM images of the NIP-10%BDDC and NIP-20%BDDC (Figure 4.9(E and F)) 

were generated using Zeiss Sigma VP FE-SEM while the SEM images of the rest of the 

microspheres were generated using a Philips XL30 SEM and Oxford ISIS EDS (1997) 

software. Surface micrographs were taken at various magnifications ranging from 

15000 – 30000X. 

 FTIR 4.2.7.1

FTIR spectra of the solid and liquid samples were recorded on Perkin Elmer Spectrum 

One FTIR spectrometer controlled by Spectrum v5.3.1 software and Perkin Elmer 

Spectrum Two controlled by Spectrum 10TM software, respectively. 

 

The crosslinking density of the microspheres was estimated by determining the extent 

of C=C conversion of the crosslinker (EGDMA). This was carried out by determining the 

ratio of absorbance peak attributed to the stretching vibration of the pendant C=C 

double bond (1639 cm-1) to that of the carbonyl (C=O, 1727 cm-1) from the FTIR 

spectrum of the polymer (Figure 4.6(B)) and comparing them with that of the starting 

monomers (Figure 4.6(A)). The carbonyl band is related to both EGDMA and MAA since 

they both contain a C=O bond, whereas the pendant C=C double bond belongs to 

EGDMA only. The final EGDMA:MAA ratio in the crosslinked polymer is assumed to be 

the same as the initial ratio used during polymerisation i.e. 5:1, due to the nearly 

similar reactivity of EGDMA and MAA towards the iniferter radicals.262 Hence, no peak 

normalisation was carried out to account for the peak contribution by the MAA 

carbonyl.  The extent of C=C bond conversion of the EGDMA, DC (%), which is 

equivalent to the degree of crosslinking, was calculated according to following 

equation (Equation 4.13):263  

DC (%) = 100 × [1 −
(

𝐴𝐶=𝐶
𝐴𝐶=𝑂

⁄ )
𝑝𝑜𝑙𝑦𝑚𝑒𝑟

(
𝐴𝐶=𝐶

𝐴𝐶=𝑂
⁄ )

𝑚𝑜𝑛𝑜𝑚𝑒𝑟

]     (4.13) 
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where DC(%) represents the extent of C=C bond conversion of the EGDMA whereas 

A(C=C) and A(C=O) are the FTIR absorbance values of C=C and C=O, respectively. A higher 

DC value indicates greater degree of crosslinking. The results are presented in Tables 

4.3 and 4.6.  

 

 

Figure 4.6. Comparison of FTIR absorbance spectra of (A) the monomers (EGDMA:MAA 
= 5:1) and (B) the MIP micsrosphere (MIP-20%BDDC). 

 Results and Discussion  4.3

 MIP Design and Synthesis  4.3.1

There are a large number of factors involved in the MIP protocol that would affect the 

final performance of the prepared polymers such as amount and type of functional 

monomer, crosslinker, template, porogen, initiator, the method of initiation (thermal 

or photochemical initiation), temperature and also the intensity of the UV light.264, 265 

The molecular recognition properties of these tailor-made polymers would therefore 

be greatly enhanced by optimal selection of these factors.266  
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 Choice of Functional Monomer  4.3.1.1

The formation of the complex between the template and a functional monomer in the 

pre-polymerisation mixture is a key step for the preparation of a MIP that is selective 

for the template. In the non-covalent imprinting approach, hydrogen bonding and ionic 

interactions have been shown to be primarily responsible for the selective binding that 

occurs.267 The stronger the interaction, the more stable the complexes formed. In the 

previous work carried out by Wright on the synthesis of bulk MIPs for BZP, both non-

covalent and covalent imprinting techniques were developed.257 A combination of 

molecular modelling and NMR spectroscopy was applied at the beginning of the study 

and used as a tool to identify functional monomers that could form non-covalent 

interactions with BZP.  Several functional monomers such as itaconic acid (IA), acrylic 

acid (AA) and methacrylic acid (MAA) were investigated, and MAA was found to give 

the most favourable interaction with BZP. The binding results also showed that it gave 

the highest performing MIP (IF >2.0).257  In the same study, it was also observed that 

among the template-functional monomer ratios (T:M) tested that included 1:1, 1:3, 

and the most commonly used 1:4, it was the 1:1 that gave the greatest binding 

discrimination between the MIP and NIP, i.e. IF > 2. Based on this previous study, a 

BZP:MAA ratio of 1:1 was used here to prepare the MIP microspheres.  

 

MAA is commonly used as a functional monomer in non-covalent molecular imprinting 

and has been reported to have a strong interaction with basic templates due to proton 

transfer and hydrogen bonding.268 Since BZP is a weak base (pKa = 9.59),249 MAA is 

predicted to form a strong interaction with BZP, either via ionic interaction and/or 

hydrogen bonds, between its carboxyl group and the –NH group of BZP. Figure 4.7 

shows the computer generated image of a 1:1 BZP:MAA complex showing that one 

monomer unit of MAA is capable of forming moderate to strong hydrogen bonds with 

BZP in two positions, i.e. between the carbonyl group of MAA with the –NH group of 

BZP (2.29 Å) as well as between the acidic hydrogen of MAA and the –NH group of BZP 

(1.72 Å), respectively.  
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Figure 4.7. Molecular modelling image obtained using the molecular simulation 
software, Spartan '04 (Wavefunction, Inc. USA) of BZP:MAA 1:1 for the geometry 
optimised T:M cluster using gas phase AM1 force field at the semi-empirical level. 
Estimated molecular size of BZP: diameter = 4.9 Å, length = 9.6 Å. Distance between 
the >C=O of MAA and –NH of BZP is 2.29 Å; between -COOH of MAA and –NH of BZP is 
1.72 Å. 

FTIR analysis was carried out to investigate the interaction between MAA and BZP by 

comparing the spectra of a mixture of MAA and BZP with those of the individual 

compounds as shown in Figure 4.8. As can be seen in Figure 4.8(A), the bands at 1691, 

1429 and 1297 cm-1 are assigned to the carbonyl (C=O) stretching, O-H bending and C-

O stretching vibration of pure MAA, respectively. The carbonyl stretching vibration 

shows a reduction in intensity when forming a complex with BZP (Figure 4.8(C)) while 

the O-H bending vibration has disappeared. The appearance of bands at 736 and 698 

cm-1 (Figure 4.8(C)) are attributed to the benzyl group of BZP. The band at 913 cm-1 

observed in the spectrum of pure BZP (Figure 4.8(B)) has disappeared when MAA-BZP 

complex is formed (Figure 4.8(C)). New bands observed at 1545 and 1404 cm-1 are 

attributed to the asymmetric and symmetric stretching vibration of COO-269-272 of MAA, 

respectively. The band observed at 1050 cm-1 is attributed to the C-N stretching273 of 

BZP that has become broader compared to that in pure BZP (Figure 4.8(B)), probably 

due to the formation of hydrogen bond with the carbonyl group of MAA (see Figure 

4.7), whilst the band at 834 cm-1 is attributed to the C-N bending273 of the BZP. The 

result indicates that MAA interacts with the basic BZP template possibly via ionic 

interaction and hydrogen bonding. 
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Figure 4.8. FTIR spectra of (A) MAA, (B) BZP and (C) MAA-BZP complex. The peaks at 
1545 and 1404 cm-1 are attributed to the asymmetric and symmetric stretching 
vibration of COO- of MAA, respectively. 

 Choice of Crosslinker   4.3.1.2

It has been found that the binding capacity of the polymers increases with the degree 

of crosslinking.274 Although a specific quantity is needed to produce a rigid polymer, 

the crosslinker can also form a non-specific interaction with the template during the 

pre-polymerisation and rebinding. Therefore, the choice of crosslinker is also 

important to obtain good imprinting sites. Based on the previous results obtained by 

Wright, EGDMA was chosen as the crosslinker due to its minimal interactions with BZP 

compared to other crosslinkers that were studied such as divinylbenzene (DVB) and 

trimethylolpropane trimethacrylate (TRIM).257 In addition, Wright also observed that 

the use of EGDMA produced the best performing BZP imprinted polymer (IF  6) when 

combined with MAA as the functional monomer at [BZP]:[MAA] ratio of 1:1 in 

chloroform, while still maintaining good performance (IF = 2 to 3) at [BZP]:[MAA] ratio 

of 1:1 in acetonitrile. As for the optimum amount of crosslinker in the MIP, depending 
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on the functional monomer employed, previous studies have shown that an optimum 

crosslinker percentage was in the range of 50% to 80%.275  

 Choice of Porogenic Solvent  4.3.1.3

Apart from bringing all of the polymerisation components i.e. template, functional 

monomer(s), crosslinker and initiator into one phase, the solvent has an additional 

function where it is responsible for creating the pores in the polymer. For this reason, 

it is commonly referred to as the “porogen”. It has been reported that a solvent with 

strong affinity for the template molecule and for the monomer hindered the formation 

of interactions such as hydrogen bonds and electrostatic interactions between the 

template and the monomer.276, 277 Therefore, the selection of solvent for the 

polymerisation is an important factor in designing a molecular imprinting system for a 

given target molecule. In a non-covalent imprinting polymerisation, the solvent with 

the potential to maximise the likelihood of template-functional monomer complex 

formation should be chosen. Thus non- to moderately polar and aprotic solvents, such 

as toluene, dichloromethane, chloroform and acetonitrile are suitable porogen choices 

because they do not disrupt the interactions between the template and the 

monomer.276 Our MIPs were prepared in acetonitrile, which is a polar aprotic solvent 

because of its ability to dissolve BZP. In addition, acetonitrile has been found to give 

spherical monodisperse particles in precipitation polymerisation which should ideally 

result in a more homogeneous binding site distribution.142, 231, 278-282   

 Molecular imprinted Polymers by the Iniferter Method  4.3.2

 Synthesis and Physical Characterisation 4.3.2.1

The iniferter method using BDDC has already been discussed for the synthesis of CCS 

polymers in Chapter 2.  BDDC is again used here for the synthesis of MIP microspheres 

selective for BZP using the non-covalent imprinting approach. The polymerisation was 

carried out under UV irradiation at room temperature (§4.2.2.1) and template removal 

was performed using Soxhlet extraction (§4.2.2.3).  
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BDDC has been used to synthesise linear polymers such as polystyrene and 

polyisoprene as well as the surface photo-grafted copolymerisation of monomers such 

as St and MAA.77, 84, 191 While BDDC has also been used for the preparation of 

functionally imprinted composite materials by modification of a porous silica 

support283 and in the preparation of highly crosslinked polymer microspheres,161 the 

effect of the concentration of BDDC iniferter on the binding performance of MIPs using 

precipitation methods has not been reported. Therefore, it is of interest to investigate 

this effect on the binding performance of BZP imprinted polymers. Using a 1:1 mol 

ratio of the template BZP to MAA, MIP microspheres containing 5 mol % of BDDC (MIP-

5%BDDC) with respect to the total amount of EGDMA and MAA monomers were 

prepared, followed by 10 mol % (MIP-10 %BDDC) and 20 mol % of BDDC (MIP-

20%BDDC). The corresponding NIP microspheres were prepared using identical 

formulations but in the absence of the BZP template. In precipitation polymerisation, a 

large volume of solvent is typically used for the preparation of microspheres. The 

monomer concentration should be kept low (≤ 5 vol %) in order to prevent 

coagulation, and hence produce monodisperse particles.284, 285 In this work, 2 vol % of 

total monomer (EGDMA and MAA) was used to prepare the BZP imprinted polymers.   

 

Figure 4.9 shows the SEM images of the polymers obtained by the iniferter method. As 

can be seen from the images (Figure 4.9 (A-C)), all the MIP microspheres are spherical 

with smooth surfaces and are monodisperse. This result is in agreement with previous 

studies, which found that spherical microspheres with narrow size distribution are 

formed when a crosslinking polymerisation is started from a dilute (usually ≤ 5 vol %), 

homogeneous monomer solution.161, 223, 234, 279 It is common for microspheres to be 

formed in dilute solution under good solvency conditions since the intramolecular 

reactions are favoured due to radical chain ends having a higher local concentration of 

pendant reactive groups from their own chain compared to those from other 

macromolecules.286 In precipitation polymerisation, it was proposed that these 

particles were formed in two stages: nucleation and growth.287 Nucleation was 

postulated to start by aggregation of soluble oligomers to form swollen microgels, 

which subsequently desolvate to form the particle nuclei.  The nuclei continued to 
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grow by capturing the newly formed oligomers from the solution with the aid of the 

residual carbon-carbon double bonds on the surface of the microsphere.287  

 

The SEM results also show that the presence of the template has a major effect on the 

size of the imprinted microspheres, resulting in a much bigger size for the MIPs 

compared to the NIP counterpart, as can be clearly seen by comparing the SEM images 

of MIP-5%BDDC and NIP-5%BDDC (Figure 4.9(A) and (D), respectively). The template 

molecules may act as more efficient nucleation points for the formation of molecular 

clusters during the polymerisation.288 It is possible that complexation with BZP 

increased the local concentration of monomer in the vicinity of the template, which 

resulted in a faster polymerisation rate for the imprinted system compared to that of 

the non-imprinted system.237 The solubility of the growing polymer chains might also 

be affected in the presence of the template, by forming the template-polymer 

complexes, thereby promoting the nucleation and growth process of the crosslinked 

particles.161 
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Figure 4.9. SEM images of spherical MIP microspheres prepared using (A) 5 mol %, (B) 
10 mol % and (C) 20 mol % BDDC and their corresponding NIP microspheres (D), (E) 
and (F) respectively. Images A – D were recorded at 15000X magnification (using 
Philips XL30 SEM, whilst E – F were recorded at 30000X magnification (using Zeiss 
Sigma VP FE-SEM).  

The influence of template on particle size has been reported to depend on the nature 

of the template.142, 231, 237, 289 For instance, uniform propranolol imprinted 

nanoparticles have been obtained by precipitation polymerisation using MAA and 

TRIM as the functional monomer and crosslinker respectively, however, the equivalent 

non-imprinted particles (ca. 220 nm) were found to be bigger than the size of the 
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propranolol imprinted nanoparticles (ca. 140 nm).237 Using the same polymerisation 

recipe and protocol, but employing testosterone237 and atrazine289 as templates, the 

MIP particles formed were larger than the NIP counterparts. These results 

demonstrate that in precipitation polymerisation, the apparent polymerisation rate 

and the size of the crosslinked particles were affected by the addition of template and 

are template-dependant.  

 
The particle size of the MIP and NIP microspheres was obtained from their SEM images 

and the results are tabulated in Table 4.1. DLS was also used to determine the 

hydrodynamic size (Dh) as well as particle size distribution of the NIPs. Repeated DLS 

measurements showed narrow, unimodal distribution of NIP particles, with no 

evidence of aggregates and the averages of the three repeat measurements are 

tabulated in Table 4.1.  On the other hand, sedimentation of the MIP dispersions 

precluded accurate determination of their hydrodynamic size by DLS.  

 

From Table 4.1, it can be observed that the SEM particle size of the MIP microspheres 

increases as the amount of BDDC increases. Similarly, the hydrodynamic size of the 

control (NIPs) also increases with increasing amount of BDDC iniferter. However, 

different trend is observed for the SEM particle size of the NIPs, where NIP-10%BDDC 

and NIP-20%BDDC were comparable in size but slightly smaller than that of the NIP-

5%BDDC. It can also be noted that the diameter of NIP-5%BDDC particles measured 

from SEM was about 2-fold bigger than its hydrodynamic diameter. This is attributed 

to sampling errors while measuring the diameter since the boundaries of the bigger 

sized particles were more readily identified compared to those of the smaller ones. For 

both the MIP and NIP microspheres, the polymerisation rates were also found to 

increase with increasing amount of iniferter as indicated by the increased yield.  These 

results are in good agreement with the results obtained by Yang et al. in the 

preparation of poly(MMA-co-DVB) microspheres by precipitation polymerisation290 

and the studies conducted by Li et al. using the iniferter-induced “living” radical 

precipitation polymerisation.161 In precipitation polymerisation, the nucleus formation 

is attributed to the crosslinked polymer molecules having a chain length larger than 
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the critical limit of solubility in the medium. By increasing the amount of iniferter, a 

greater number of poly(EGDMA-co-MAA) oligomers with a lower molecular weight are 

generated. Lower molecular weight oligomers are more soluble, thus a smaller amount 

of oligomer precipitated, resulting in fewer primary particles during the nucleation 

step. The adsorption of the monomer or oligomeric species on the particle surface of 

the lower number of primary particles resulted in the reported larger particle size. In 

our case, this result is more pronounced for the MIP microspheres, which were formed 

in the presence of the template which is attributed to the creation of more efficient 

nucleation points for the formation of molecular clusters during the polymerisation 

process. 

Table 4.1. Physical characteristics of the BZP-imprinted polymer microspheres and the 
NIP prepared by precipitation polymerisation using BDDC iniferter. 

Microspheres Yield (%) SEM average 
diameter (nm)   

 Dh (DLS)a 
 (nm) 

BET specific surface 
areab (m2/g) 

MIP-5%BDDC 36 1290  70 N/A 6.0 ± 0.1 

NIP-5%BDDC 26 180  20 90  2 67 ± 13 

MIP-10%BDDC 49 1490  70  N/A  9.9 ± 0.3 

NIP-10%BDDC 61 130 ± 19 190  3 60 ± 1 

MIP20%BDDC 58 1810  100  N/A 7.6 ± 0.1 

NIP-20%BDDC 82 132 ± 16 200  16 56 ± 1 

a
 Measured in THF at 20C. 

b
 Determined by nitrogen adsorption porosimetry. 

c 
NA – not available (all the MIP dispersions in THF were unstable against sedimentation). 

 

Specific surface area and pore volume were reported to have a strong influence on the 

efficiency of template adsorption,291 thus these parameters are worth investigating, 

especially considering the fact that there is a large difference in size between the MIP 

and NIP microspheres. Therefore, the microspheres were sent for pore size 

distribution and BET specific surface area (SSA) analysis by nitrogen adsorption 

porosimetry. The BET specific surface areas of MIP and NIP microspheres are tabulated 



  Chapter 4 

 
 

 137 
  
 

in Table 4.1. As an example, the pore size distributions of the MIP-5%BDDC and NIP-

5%BDDC are shown in Figure 4.10.  

 

From Table 4.1, it can be seen that the MIP microspheres exhibited small measured 

specific surface areas ( 10.0 m2/g), which is consistent with the previous results 

obtained for microspheres prepared via precipitation in pure acetonitrile.284, 292 The 

BET specific surface areas of the MIP-10%BDDC and -20%BDDC were higher (about 1.6- 

and 1.3-fold higher, respectively) than that of the MIP-5%BDDC microsphere. On the 

other hand, the BET specific surface areas of the NIPs decreased with increasing 

amount of iniferter, which resulted in the NIP-20%BDDC to exhibit the smallest specific 

area (56 ± 1 m2/g). It can also be noticed that the specific surface area of the NIP-

5%BDDC is an order of magnitude higher, as expected based on the smaller particle 

size of the NIP compared to the corresponding MIP (67 ± 13 m2/g and 6.0 ± 0.1 m2/g, 

respectively).  

 

Figure 4.10 shows that both the MIP and NIP display a large size distribution. Typically, 

pore size has been separated into three size categories: micropores ( 2nm), 

mesopores (2-50 nm) and macropores ( 50 nm).264 The NIP-5%BDDC is more porous 

than the corresponding MIP, having mesoporous particles with average pore widths of 

2.0, 3.0 and 9.3 nm. On the other hand, most of the pores in MIP-5%BDDC are in the 

mesoporous region ( 10 nm pore width), with average pore width of 11.7 nm and a 

very low number of pores in the microporous region, having average pore width of 1.5 

nm. The binding sites located in the mesopores and macropores are expected to be 

easily accessible compared to those in micropores due to the slow diffusion in the 

latter. Considering the small size of BZP molecule (about 0.5 nm and 1.0 nm in 

diameter and length respectively), a small number of BZP molecules would have access 

to the sites located in the micropores of MIP with the majority of them having easier 

access to the sites in the mesopores. The binding sites in the NIP on the other hand 

would be much more accessible to the BZP molecules due to its larger amount of 

mesopores. Similar to that of the NIP-5%BDDC, the NIP-10%BDDC and -20%BDDC are 

more porous than their MIP counterparts (their pore size distributions are not shown), 
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having a large portion of mesopores ( 3 nm pore width) and a small portion of 

micropores with average pore width of 0.6 and 1.2 nm for the former and 0.6 nm for 

the latter. On the other hand, most of the pores in their MIP counterparts are mostly 

in the micropore region (< 3 nm pore width) with average pore width of 0.4 and 0.9 nm 

for the MIP-10%BDDC and 1.2 nm for the MIP-20%BDDC. The difference in 

morphologies of MIP and NIP microspheres in terms of particle size, specific surface 

area and pore diameter demonstrated that the presence of template in the 

precipitation polymerisation significantly influence the polymer morphology. The 

influence of particle size and/or porosity of the MIP and NIP microspheres on their 

binding performance will be discussed later in §4.3.2.2.  

 

 

Figure 4.10. Incremental pore volume versus pore width plots for MIP-5%BDDC and 
NIP-5%BDDC.  

 Binding Performance 4.3.2.2

The performance of the MIPs and their corresponding NIPs were investigated by batch 

rebinding studies. Batch binding experiments were conducted in acetonitrile (the 

porogen used during the preparation of the microspheres) and THF. THF was also used 
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as a rebinding solvent because the binding performance of the microspheres will later 

be compared with the corresponding CCS polymers, where the PS arms are soluble in 

THF (Chapter 5). The binding affinity, specific binding and imprinting factor values were 

calculated according to Equations 4.1, 4.2 and 4.3, respectively (§4.2.4).    

 

The majority of the existing literature reports the binding affinity values normalised 

with respect to the sample mass, although the particle size of the MIPs and NIPs which 

reflects the surface area, was very different.161, 165 In the bulk polymerisation, the 

monolithic polymers can be subjected to a grinding process to generate small particles 

followed by sieving into the desired size ranges, thus producing MIP and NIP particles 

of comparable size. Therefore, it is acceptable to express the binding with respect to 

the mass. As for microspheres, although MIP and NIP particles of almost similar size 

have been reported,293, 294 most of the MIP and NIP microspheres obtained have 

different sizes depending on the nature of the templates used.161, 165 For example, the 

diameter of the propanol-imprinted polymer microspheres was reported to be smaller 

than the non-imprinted polymers, whereas the testosterone-imprinted particles were 

larger than the non-imprinted particles, prepared using the same polymerisation 

conditions.237 Due to a marked difference in size between our prepared MIP 

microspheres and their NIP counterparts as seen in Figure 4.8, the template binding 

capacity was expressed as both the amount bound per mass (mol per g sample) as 

well as per surface area (mol per m2 sample).   

4.3.2.2.1 Optimum Binding Time 

To determine the optimum contact time for binding, batch rebinding studies were 

carried out on the MIP-5%BDDC microspheres using acetonitrile and THF as rebinding 

solvents. The concentration of the BZP solution was kept constant (1.00 mM) and the 

contact time was varied from 1 to 8 hrs. These contact times were chosen based on 

previous results by Wright, where the equilibrium for the synthesised BZP imprinted 

polymers was established between 1 to 8 hours.257  The control (NIP microspheres) 

was also subjected to the same tests and the results are shown in Figure 4.11. 
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Figure 4.11. Time rebinding results for the MIP and NIP prepared using 5%BDDC in acetonitrile normalised with respect to (A) mass and (B) 
surface area as well as in THF normalised with respect to (C) mass and (D) surface area. 
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From Figure 4.11, it can be observed that the MIP-5%BDDC exhibited higher BZP 

binding affinity than the corresponding NIP when rebinding was carried out in both 

acetonitrile and THF, indicating that there were specific binding sites for BZP and that 

the imprinting process was successful. When the rebinding was carried out in 

acetonitrile, equilibrium was achieved in about 2 hours, which indicates that the 

binding processes occur quite rapidly.  

4.3.2.2.2 Binding Isotherm Studies 

The binding characteristics of MIP-5%BDDC and its control (NIP-5%BDDC) were 

subjected to further investigation via a study of their binding isotherms. A more 

quantitative analysis can be made by comparing the binding parameters such as the 

number of binding sites (N) and equilibrium dissociation constant (Kd) which can be 

determined from the respective isotherms using either Equations 4.4 or 4.5 as well as 

Equation 4.6.  

 

Figure 4.12 shows the binding isotherms of MIP microspheres prepared using 5% BDDC 

and the corresponding control (NIP). In Figure 4.12(A), the amount of BZP bound 

(mol) was normalised with respect to the mass (g) of the polymer and plotted against 

the free BZP concentration (mM). As mentioned in §4.3.2.2, due to the difference in 

size of the MIP and NIP microspheres, the binding capacity was also normalised with 

respect to the surface area (m2) of the polymer using the BET surface area given in 

Table 4.1 and plotted against  the free BZP concentration as shown in Figure 4.12(B).  

 

As can be seen in Figure 4.12(A), the binding affinity of both the imprinted polymer 

(MIP-5%BDDC) and the non-imprinted polymer (NIP-5%BDDC) increased with the 

increasing concentration of BZP in the solution, up to a certain limit where a plateau is 

reached. This happens because the template uptake has reached the saturation value, 

beyond which no further adsorption can take place.295, 296 These values allow for the 

calculation of surface binding capacity. It can also be observed that the MIP exhibited 

higher affinity for BZP template than the NIP. Since the NIP has a surface area an order 
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of magnitude larger when compared to the MIP microsphere, the difference in the 

binding capacity between them on this scale is actually larger, as evidenced in Figure 

4.12(B). Considering that the NIP has a higher surface area and more pores in the 

mesoporous region compared to the MIP (Figure 4.9), but yet bound less BZP 

compared to that of the MIP, it can be concluded that the better binding capacity of 

the MIP is most likely to be the result of cavity-based binding of BZP rather than the 

non-specific binding occurring for the NIP. The interaction between the functional 

groups and the template in NIPs is much weaker because the functional groups are 

expected to be randomly distributed and are isolated from each other in the 

polymerised network, resulting in reduced BZP adsorption.  
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Figure 4.12. Binding isotherms for BZP imprinted polymers prepared using 5% BDDC 
and the control (NIP) carried out in acetonitrile normalised with respect to (A) mass 
and   (B) surface area.  
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From the equilibrium binding isotherms (Figure 4.12), the maximum number of binding 

sites (N) was determined by averaging the binding capacity values after a plateau was 

reached and the results are tabulated in Table 4.2. As can be seen in the table, the N 

values for MIP-5%BDDC normalised with respect to the mass and surface area were 

found to be 388 mol/g and 56 mol /m2
, respectively. These values are about 1.3 and 

15-fold higher than those of the NIP counterpart (253 mol/g and 3.8 mol/m2, 

respectively), indicating the presence of specific binding sites in the MIP.  

Table 4.2. Equilibrium dissociation constant (Kd) and maximum number of binding sites 
(N) estimated from the binding isotherm (Figure 4.12), and derived from the Langmuir 
(Figure 4.13) and Scatchard (Figure 4.14) plots for the MIP and NIP prepared using 5% 
BDDC in acetonitrile. 

 

In this work, the binding isotherms have been subjected to linear transformation 

methods using Langmuir and Scatchard regressions according to Equations 4.4 and 4.5, 

respectively, to calculate N and Kd. These equations are well-known for their wide 

application in the field of molecular imprinting.288, 297-300 The Langmuir is the simplest 

and more frequently used model in adsorption studies.295 The Langmuir isotherm 

model is based on three assumptions: (1) all surface binding sites are equivalent and 

can accommodate one adsorbed template molecule, (2) the ability to bind at a given 

site for a template does not rely on the occupation of neighbouring sites and (3) 

adsorption cannot proceed beyond monolayer coverage.299 It  has been  reported that 

Model Polymer 
Kd (mM) N (mol/g) N (mol/m2) 

1a 2b 1a 2b 1a 2b 

Binding isotherm 
MIP-5%BDDC N/A 338 56 

NIP-5%BDDC N/A 253 3.8 

Langmuir  

(Equation 4.4) 

MIP-5%BDDC 0.111 346 58 

NIP-5%BDDC 0.340 269 4.1 

Scatchard 

(Equation 4.5) 

MIP-5%BDDC 0.041 0.268 249 369 42 62 

NIP-5%BDDC 0.029 0.498 106 280 1.6 4.2 

a
 High affinity site.  

b
 Low affinity site. 
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the Langmuir isotherm accounts very well for adsorption data acquired at low and 

moderate concentrations, but not at high concentrations.301  This is because at higher 

concentrations, the activity coefficients of the analytes in solution are found to be 

concentration dependent and thus, deviations from the Langmuir model are observed.  

 

Figure 4.13(A) shows the Langmuir plots for the MIP-5%BDDC and the corresponding 

NIP from the binding isotherm in Figure 4.12(A). The Langmuir isotherm was obtained 

by plotting Cf / SB vs Cf, where the slope and the intercept can be used to calculate the 

maximum number of binding site (N) and equilibrium binding constant (K), respectively 

(§4.2.4). The correlation coefficient (R2) values are also included in the figure. A 

relatively high value of R2 indicates that the adsorption is successfully described by a 

particular model. The equilibrium dissociation constant (Kd), was then calculated 

according to Eq. 4.6 and the resulting values are tabulated in Table 4.2.  The smaller 

the Kd value, the greater the affinity of the polymer for the analyte. In Figure 4.13(A), 

the binding affinities are reported as amount of BZP bound per mass of the polymers. 

Taking into account the large difference in size of the MIP microspheres and the 

control, the Langmuir isotherm was also replotted as binding affinity per surface area 

of the polymer against the free analyte concentration, as shown in Figure 4.13(B). The 

N and Kd values were again calculated and the results are tabulated in Table 4.2.  

 

As shown in Figure 4.13, it can be observed that good linearity was obtained for both 

the MIP-5%BDDC and NIP-5%BDDC (R2 = 0.9971 and 0.9827, respectively) indicating 

that the Langmuir isotherms are a good fit of the experimental data. The N values 

calculated from the Langmuir isotherm plots (Figure 4.13(A)) showed that MIP-

5%BDDC possessed about 30% higher maximum number of binding sites when 

normalised with respect to the mass of the polymer compared to that of the NIP (Table 

4.2). The difference in the maximum number of binding sites was even greater when 

the N value was normalised with respect to the surface area of the polymer (Figure 

4.13(B)), where the N value of the MIP was about 15-fold higher than that of the NIP. 

This was not surprising considering that the MIP contains both the specific and non-

specific binding sites. Comparing the equilibrium dissociation constant of the 
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polymers, the MIP possessed a Kd value 3 times lower than that of the NIP (Kd = 0.111 

and 0.340 mM, respectively). The lower Kd value of the MIP means that it has higher 

affinity towards the BZP template compared to the NIP, which confirms the presence 

of specific binding sites for BZP in the MIP.  

 

 
 
Figure 4.13. Langmuir plots for BZP imprinted polymers prepared using 5% BDDC and 
the control (NIP) normalised with respect to (A) mass and (B) surface area. 
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In a homogeneous system that contains only one type of binding site, the Scatchard 

plot, which is obtained by plotting SB /Cf  vs SB should give a straight line where NK is the 

y-intercept and –K is the slope (Equation 4.5). The values of N and Kd can then be 

calculated from the slope and y-intercept. In many cases, the surface of the adsorbent 

is not homogeneous and different types of binding sites are present. If this is the case, 

a curve rather than a straight line is observed in the Scatchard plot, as evidenced in 

Figure 4.14. This curvature has been cited as evidence for binding site 

heterogeneity.295, 302  Scatchard analysis can be used to accommodate this 

heterogeneity by modelling the curve as two separate straight lines. This limiting 

slopes method, also known as Bi-Langmuir, has been extensively used in the study of 

MIPs.288, 301, 302 This method yields two separate sets of binding parameters for two 

types of sites in which the steeper lines characterise the high affinity sites whereas the 

gentle slope line characterises the low affinity sites, as usually observed for MIPs 

prepared using the noncovalent approach.161, 275, 303, 304 Employing the limiting slopes 

method to the Scatchard plots in Figure 4.14 resulted in two sets of maximum binding 

sites (N) and equilibrium dissociation constants (Kd) and the values are also tabulated 

in Table 4.2. 
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Figure 4.14. Scatchard plots for BZP imprinted polymers prepared using 5% BDDC and 
the control (NIP) normalised with respect to (A) mass and (B) surface area. 

The Scatchard plots (Figure 4.14) give two sets of N and Kd values (Table 4.2) for both 

the MIP and NIP, which indicates that two types of binding sites are present (i.e. low 

and high affinity sites) in both microspheres. From Table 4.2, it can be seen that MIP-

5%BDDC contained about 1.5-fold higher number of low affinity sites compared to the 
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high affinity sites. This is in agreement with the previous studies on MIP binding sites 

which proved that MIPs typically contain a high number of non-selective binding sites 

in comparison to the needed high affinity sites.305 It can also be observed that the 

number of both the high and low affinity sites of the MIP was higher compared to that 

of the NIP. The N values of the high affinity sites of the MIP normalised with respect to 

the sample mass and surface area (249 mol/g and 42 mol/m2, respectively) are 

about 2.5-fold and 20-fold higher than those of the NIP (106 mol/g and 1.6 mol/m2, 

respectively.) As for the low affinity sites, the MIP exhibited about 1.5-fold and 15-fold 

higher number of low affinity sites (compared to that of the NIP when normalised with 

respect to the sample mass and surface area, respectively. The ratio of the N value of 

the high affinity to the low affinity sites of the MIP is about 2-fold higher than that of 

the NIP (0.7 and 0.4, respectively), indicating the presence of an imprinting effect. 

Compared to the Langmuir plots, the correlation coefficients of both the MIP and NIP 

for the Scatchard plots are much lower indicating a poorer fit for the latter compared 

to the former.  

 

As can be seen in Table 4.2, the Kd value of the low affinity sites for the MIP obtained 

from the Scatchard isotherm is about 45% lower than that of the corresponding NIP 

(0.268 and 0.498 mM, respectively). This means that the former has a stronger affinity 

towards the BZP template at these low affinity sites compared to the latter. The 

imprinting binding sites in the MIP can be partial or within the bulk, which are 

associated with the low and high affinity binding sites, respectively, as shown in Figure 

4.14. The partial imprinting sites in the MIP are more accessible to the BZP template, 

thus could be responsible for its stronger affinity for the template molecules at these 

sites. However, a contradictory result was obtained for the high affinity sites, where 

the Kd value is about 30% lower for the NIP compared to that of the MIP (0.029 and 

0.041 mM, respectively), which indicates that the NIP has stronger affinity towards the 

BZP template at these high affinity sites. This could be attributed to the difference in 

the pore size distribution of the polymers (Figure 4.7), where the NIP contains quite a 

large fraction of pores in the lower range of the mesoporous region (2 – 10 nm pore 

width), as opposed to the MIP where none of the pores were in that size range, 
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although a small fraction of pores existed in the micropore region (1.5 - 2 nm pore 

width). Considering the small size of the BZP template molecule (0.5 x 1.0 nm, Figure 

4.4) the presence of a higher fraction of pores in the mesoporous region allows easy 

access for the template, and thus resulted in the higher binding affinity of the NIP for 

BZP compared to the MIP in the high affinity sites. However, despite the stronger 

affinity shown by the NIP towards BZP at the high affinity sites, only a small portion of 

BZP was bound compared to the MIP in these high affinity binding sites. Furthermore, 

this stronger affinity of NIP towards BZP occurred at very low concentrations of BZP, 

which indicates superficial binding.   

 

Figure 4.15. Types of binding sites in the MIP microspheres. 

4.3.2.2.3 Effect of Iniferter Concentration 

To study the effect of iniferter concentration on the binding performance of BZP 

imprinted polymers, batch rebinding experiments were also carried out on MIP-

10%BDDC and MIP-20%BDDC as well as their corresponding NIPs at 2 hr contact time. 

Both acetonitrile and THF were used as the rebinding solvents and the results are 

compared with those of the MIP-5%BDDC and its NIP counterpart as shown in Table 

4.3. 
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Table 4.3. BZP binding affinity (SB), specific binding (SB) and imprinting factor (IF) values of microspheres prepared using 5%, 10% and 20% 
BDDC after 2 hr of contact time in acetonitrile and THF.  

Polymers DC (%)a 

Acetonitrile THF 

Mass Surface Area Mass Surface Area 

SB
b 

(mol per 
g sample) 

SB IF 
SB

c 

(mol per 
m2 sample) 

SB IF 
SB

b (mol 
per g 

sample) 
SB IF 

SB
c 

(mol per 
m2 sample) 

SB IF 

MIP-5%BDDC 60 188  2 
47  4 1.3 

31.3 ± 0.3 29 ± 
0.3 

15 
39 ± 2 

10 ± 2 1.3 
6.5 ± 0.4 6.1 ± 

0.4 
15 

NIP-5%BDDC 48 141  4 2.1 ± 0.1 29 ± 1 0.43 ± 0.01 

MIP-10%BDDC 60 190  2 
48  3 1.3 

19.2 ± 0.2 17 ± 
0.2 

8.1 
31 ± 1 

5 ± 1 1.2 
3.1 ± 0.1 2.7 ± 

0.1 
7.2 

NIP-10%BDDC 53 142  2 2.4 ± 0.1 26 ± 1 0.43 ± 0.02 

MIP-20%BDDC 68 194  3 
1  4 1.0 

25.5 ± 0.4 22 ± 
0.4 

7.4 
31 ± 1 

-5 ± 1 0.9 
4.1 ± 0.1 3.5 ± 

0.1 
6.3 

NIP-20%BDDC 67 193  3 3.4 ± 0.1 36 ± 1 0.65 ± 0.01 

a 
Extent of C=C bond conversion of the EGDMA, DC (%), calculated according to the following equation (Equation 4.1) : 

DC (%) = 100 × [1 −
(

𝐴𝐶=𝐶
𝐴𝐶=𝑂

⁄ )
𝑝𝑜𝑙𝑦𝑚𝑒𝑟

(
𝐴𝐶=𝐶

𝐴𝐶=𝑂
⁄ )

𝑚𝑜𝑛𝑜𝑚𝑒𝑟

]    

where DC (%) represents the extent of C=C bond conversion of the EGDMA whereas A(C=C) and A(C=O) are the FTIR absorbance values of C=C and C=O, respectively. This 
value is used to estimate the degree of crosslinking of the polymer in order to investigate the relationship between crosslinking density and the binding performance 
of the polymer.  

b
 Actual experimental result. 

c
 Calculated using the experimental BET specific surface areas of the polymers.  
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From Table 4.3, when the binding affinity was normalised with respect to the mass of 

the polymer, it can be seen that all the MIPs exhibited comparable BZP binding 

capacity in acetonitrile. As for the NIPs, in contrast to the NIP-5% and -10%BDDC, 

which exhibited similar amount of BZP bound, the NIP-20%BDDC showed a much 

higher BZP binding capacity (about 35% higher), which was as high as its MIP 

counterpart. As a result, the specific binding was comparable for the MIP-5% and -

10%BDDC (SB  50 mol per g sample), resulting in similar IF values (IF = 1.3). On the 

other hand, no difference in binding capacity is observed between the MIP-20%BDDC 

and its NIP counterpart, resulting in an IF of 1.0.  

 

The binding affinity normalised with respect to the surface area should give a more 

useful comparison considering the big difference in the particle size of the MIP and NIP 

microspheres. As shown in Table 4.3, the BZP binding affinity of the NIP microspheres 

increased with increasing amount of BDDC iniferter when rebinding was carried out in 

acetonitrile. However, a different trend is observed for the MIP microspheres, 

whereby both MIP-10%BDDC and MIP-20%BDDC exhibited lower binding affinity 

(about 40% and 20% lower) compared to that of the MIP-5%BDDC. This has resulted in 

the highest specific binding for (SB = 29 ± 0.3 mol per m2 sample), whilst the lowest 

specific binding was exhibited by the MIP-10%BDDC (SB = 17 ± 0.2 mol per m2 

sample). However, a slightly different trend is observed in the imprinting factor value. 

As can be seen from Table 4.3, MIP-5%BDDC exhibited the highest IF value (IF = 15). 

Although the binding affinity value of MIP-20%BDDC was about 30% higher than that 

of the MIP-10%BDDC (25.5 ± 0.4 and 19.2 ± 0.2 mol per m2 sample, respectively), the 

NIP counterpart of the former bound even higher amount of BZP (about 40% higher) 

compared to that of the latter (3.4 ± 0.1 and 2.4 ± 0.1 mol per m2 sample, 

respectively). As a result, both MIP-10% and -20%BDDC exhibited comparable IF values 

(IF  8). It can be concluded that among the formulations, MIP-5%BDDC exhibited the 

highest specific binding as well as the highest imprinting factor normalised with 

respect to the surface area.  
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When rebinding was carried out in THF, almost the same trend as in acetonitrile was 

observed for the NIP, where the highest binding affinity normalised with respect to the 

mass was exhibited by NIP-20%BDDC (Table 4.3). However, the NIP-10%BDDC 

exhibited slightly lower binding affinity (about 10% lower) than that of the NIP-

5%BDDC. In contrast, the MIP-5%BDDC exhibited the highest binding affinity compared 

to those of the MIP-10 and 20%-BDDC, which exhibited similar binding affinity. As a 

result, MIP-5%BDDC exhibited the highest specific binding, followed by MIP-10%BDDC 

(SB = 10 ± 2 and 5 ± 1 mol per g polymer, respectively) whereas MIP-20%BDDC 

exhibited negative specific binding (SB = -5 ± 1 mol per g polymer) since its NIP 

counterpart bound a higher amount of BZP compared to the MIP-20%BDDC. This in 

turn resulted in comparable IF values for the MIP-5%BDDC and MIP-10%BDDC whilst 

the MIP-20%BDC exhibited the lowest IF value. On the other hand, the binding affinity 

normalised with respect to the surface area in THF showed almost a similar trend as 

that in acetonitrile (Table 4.3). From Table 4.3, it can be observed that the MIP-

10%BDDC and MIP-20%BDDC exhibited lower binding affinity (about 55% and 35% 

lower, respectively) compared to that of the MIP-5%BDDC. As for the NIP 

microspheres, the highest specific binding was exhibited by the NIP-20%BDDC (0.65 ± 

0.01 mol per m2 sample) whereas the NIP-5%BDDC and NIP-10%BDDC bound similar 

amount of BZP (0.43 ± 0.01 mol per m2 sample). As a result, the MIP-5%BDDC 

exhibited the greatest specific binding whilst the lowest specific binding was exhibited 

by the MIP-10%BDDC (6.1 ± 0.4 and 2.7 ± 0.1  mol per m2 sample, respectively. The 

same trend as that in acetonitrile was also observed for the IF values of the polymers 

in THF.  The highest IF value (IF = 15.0) was also exhibited by the MIP-5%BDDC whilst 

the IF values of MIP-10% and -20%BDDC are almost similar (IF  7).  Not only that, 

these values were comparable to the IF values obtained when the rebinding was 

carried out in acetonitrile. The result indicates that MIP-5%BDDC showed better 

selectivity towards the BZP template compared to MIP-10% and -20%BDDC.  

 

The difference in the binding affinity of the polymers could be attributed to the 

different in the degree of crosslinking of the MIP and NIP microspheres prepared using 

different amount of initiator.  As mentioned previously, the nucleus formation in 
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precipitation polymerisation is attributed to the crosslinked polymer having a chain 

length larger than the critical limit of solubility in the reaction medium.  Increasing the 

amount of iniferter resulted in the formation of higher number oligomer radicals with 

shorter chain lengths (low molecular weight). As these short oligomers are more 

soluble in the continuous phase, only a lower amount of lightly crosslinked oligomers 

are formed during the nucleation step. These primary particles continue to grow by 

adsorption of new oligomers and monomers onto the particle surface to form the final 

microspheres with bigger final diameters. Hence, microspheres prepared using 20% 

BDDC are expected to consist of a higher number of shorter linear chains between the 

crosslinked networks than the microspheres prepared using 5 and 10% BDDC. This will 

affect the crosslinking density of the polymers, which might in turn influence their 

binding properties. To investigate the relation between crosslinking density of the 

microsphere network and the binding performance, these properties are compared 

between the MIPs and their NIP counterparts.  

 

As shown in Table 4.3, the degree of crosslinking of the NIP microspheres was found to 

increase with increasing amount of iniferter. The reason for this could be attributed to 

the faster rates of initiation and polymerisation as the iniferter concentration is 

increased, which resulted in higher maximum double bond conversion.306  It is 

interesting to note that the binding affinity of the NIPs was somewhat enhanced in the 

presence of higher crosslinking density, despite the lower surface area of the polymers 

(Table 4.1). This could be attributed to the presence of larger amount of pendant non-

crosslinked EGDMA in the lower crosslinked NIP, which are most probably distributed 

at the surface of the microsphere and hindered the BZP template from approaching 

MAA. However, a slightly different trend was observed for the MIPs, indicating a 

different behaviour in the presence of the template. From Table 4.3, it can be 

observed that the MIP-20%BDDC exhibited a higher degree of crosslinking (about 13% 

higher) compared to that of the MIP-5%BDDC and MIP-10%BDDC, which exhibited 

similar degree of crosslinking (DC = 68 and 60%, respectively). This indicates that both 

the MIP-5%BDDC and MIP-10%BDDC were less crosslinked and thus were more flexible 

than MIP-20%BDDC. It is interesting to note that the MIP-5%BDDC exhibited greater 
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specific binding with respect to the surface area in acetonitrile than the MIP-10%BDDC 

(about 40% higher), albeit having similar crosslinking density, whilst the MIP-

20%BDDC, which was more crosslinked than both the MIP-5%BDDC and -10%BDDC, 

exhibited lower specific binding than that of the MIP-5%BDDC (about 25% lower) but 

higher specific binding (about 30% higher) compared to that of the MIP-10%BDDC. It 

can also be noticed that both the MIP-10%BDDC and -20%BDDC exhibited almost 

similar IF values despite the different in their degree of crosslinking. The result 

suggests that carrying the polymerisation reaction in the presence of the BZP template 

somehow resulted in a slightly different behaviour compared to when no template was 

added. Higher crosslinking density was found to enhance the binding performance of 

the NIPs, whereas no specific trend was observed for the MIPs.   

4.3.2.2.4 Effect of solvent 

To investigate the effect of rebinding solvent on the binding performance of the 

polymers, the binding parameters of MIP-5%BDDC and its NIP counterpart from Table 

4.3 are compared, as shown in Figure 4.16.  

 

 

Figure 4.16. Comparison between the binding capacity of MIP microspheres prepared 
via iniferter in acetonitrile and THF normalised with respect to (A) mass and (B) surface 
area.    

From Table 4.3 and Figure 4.16, it can be seen that the amount of BZP bound 

normalised with respect to either the mass or surface area of the polymers for both 

the MIP microsphere and the control (NIP) was about 5-fold higher in acetonitrile 
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compared to that in THF. This difference in the binding capacity values of both 

polymers in different rebinding solvents indicates a strong solvent effect. It can be 

observed that the IF values of the MIP in both solvents are much higher (about 11-fold 

higher) when the binding capacity was normalised with respect to the surface area 

compared to the mass. From Table 4.3, it can also be seen that although comparable IF 

values were observed in both solvents, the specific binding of the MIP was found to be 

about 5-fold higher in acetonitrile compared to that in THF. The result showed that 

better discrimination between the MIP and NIP was achieved when rebinding was 

carried out in acetonitrile, which was the solvent used during imprinting compared to 

that in THF. This result is in agreement with the general observations that MIPs offer 

the highest selectivity when samples are dispersed in the solvent used during the MIP 

preparation (porogen).139, 275, 307-309   

 

The existing literature suggests several reasons for this behaviour. Firstly, the polarity 

of the solvent has been reported to have an influence in the binding properties of the 

MIPs.297, 298, 310 A higher polarity solvent competes more efficiently with the template 

for binding of the functional groups of the recognition sites in the polymer and 

therefore weakens the specific interaction. When the predominant rebinding 

interaction between the template and the MIP was hydrogen bonding, it was found 

that the lower the polarity of the solvent, the higher the selectivity and affinity of the 

MIP.310, 311 The MIP contains specific cavities created by imprinting as well as 

nonspecific binding sites, which was attributed to the functional groups on the 

polymer backbone. During rebinding, a highly polar solvent which has the tendency to 

form hydrogen bonds can compete for the hydrogen binding sites on the template 

molecules as well as both the specific and nonspecific binding sites of the polymers, 

thus weakening the interaction between the template and the binding sites.138, 312 

Interestingly, although acetonitrile is more polar than THF, the binding affinity of the 

polymers is higher in the former. This shows that an increased solvent polarity does 

not necessarily lead to a decrease in recognition, as observed by some researchers.313, 

314  
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It was reported that the nature of the solvent employed during the rebinding step can 

influence the relative swelling of the polymer.308 Depending on the type of solvent 

used in rebinding, an increase in size (diameter) was observed during the rebinding of 

MIP particles prepared by bulk polymerisation.315  The effect of solvent identity on the 

recognition properties of molecular imprinted polymers was studied by Turner et al. 

and the result suggested that the polymer may undergo conformational modifications 

affected by the changes in solvent, which led to disruption of binding due to changes in 

the size and shape of the template-complementary binding pockets.275, 315 Swelling can 

affect the shape and distance between functional groups of the recognition sites in the 

polymer, thus causing the MIP to lose its specificity. This is, however, not true in our 

case, since the binding capacity in different solvents was altered in not only the MIP 

but the NIP as well.  

 

Another possible reason is that THF has a stronger hydrogen bond capacity than 

acetonitrile and can interact by forming hydrogen bonds with the amine and carboxylic 

acid of BZP and MAA, respectively.316, 317 Therefore, it may more strongly interfere with 

the binding interaction between the BZP template and MAA functional monomer in 

the polymer, which leads to a decrease in the amount of BZP bound by the polymers. 

Previous study has proven the existence of the correlation between the hydrogen 

bonding capacity of the solvent and the polymer selectivity,317 which could very well 

explain the reduction in the binding capacity when using THF as the rebinding solvent. 

Among the above possible reasons, it is more likely that the better hydrogen bonding 

capability of THF is one of the factors that may contribute to the lower binding 

capacities of both the MIP and NIP in that solvent compared to those in acetonitrile. In 

addition, conducting the rebinding studies in the same solvent as the porogen used 

during polymerisation might account for the higher binding capacity of the polymers in 

acetonitrile by providing a microenvironment that would mimic the interactions 

existing prior to and during the polymerisation.314  
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 Molecular imprinted Polymers by RAFT 4.3.3

The RAFT method using MCEBTTC has already been discussed in Chapter 3.  In this 

work, MCEBTTC is again used as the RAFT agent for the synthesis of BZP MIP 

microspheres using the non-covalent imprinting approach. The polymerisation was   

carried out thermally at 60 C (§4.2.2.2) and template removal was performed using a 

similar procedure of Soxhlet extraction as used with the BDDC MIPs (§4.2.3).  

 Synthesis and Physical Characterisation 4.3.3.1

While MCEBTTC RAFT agent has been used to synthesise linear polymers such as 

poly(N-isopropylacrylamide) (PNIPAM) for the preparation of polymer nanoparticles 

(PNPs) via miniemulsion polymerisation by the group of Monteiro,318, 319 MIP 

microspheres prepared using MCEBTTC has not been reported. In this work, three 

different formulations of MIP microspheres were prepared by varying the amount of 

RAFT agent (MCEBTTC) with respect to the total amount of EGDMA and MAA 

monomers. Maintaining the same mole ratios of RAFT agent to monomers as in the 

iniferter polymerisation, the MIP microspheres were prepared using 5 mol %, 10 mol % 

and 20 mol % RAFT with respect to EGDMA and MAA monomers at 1:1 BZP:MAA mol 

ratio in acetonitrile. 1% of AIBN was also added to the polymerisation mixture to 

generate the initiating radicals. The corresponding NIP microspheres were prepared 

using the same formulations but in the absence of BZP template.  

 

The SEM images of all the MIP microspheres prepared using the MCEBTTC RAFT agent 

and their corresponding NIPs are shown in Figure 4.17. The average particle diameter 

and the hydrodynamic size of the polymers were determined by SEM and DLS, 

respectively and the results are tabulated in Table 4.4.  
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Figure 4.17. SEM images of MIP microspheres prepared using various amount of 
MCEBTTC RAFT agent i.e. (A) 5 mol %, (B) 10 mol % and (C) 20 mol % and their 
corresponding NIP microspheres (D), (E) and (F), respectively. All the images were 
recorded at 30000X magnification.  

(a) 

(b) 

(c) 
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Table 4.4. Physical characteristics of the BZP-imprinted polymer microspheres and the 
corresponding NIPs prepared by precipitation polymerisation using RAFT agent. 

Microspheres Yield 

(%) 

SEM 

average 

diameter 

(nm) 

Dh (DLS) 

(nm)a 

 

BET 
specific 
surface 
areab 

(m2/g) 

Estimated 
surface 
area of 
average 
particlec 

(m2 x 10-13)  
 

Estimated 
specific 
surface 

area 
(m2/g)  

 

MIP-5% RAFT 25 290  50 

740  70 

N/A 9.0 ± 

0.1 

2.6 ± 0.9 

17 ± 3 

N/A 

NIP-5% RAFT 58 160 ± 20 140  20 226 ± 2 0.6 ± 0.9 N/A 

MIP-10% RAFT 27 510  70 

1000  120 

1570  150 

N/A N/A 8 ± 2 

31 ± 8 

77 ± 15 

11 ± 5d 

NIP-10% RAFT 77 150 ± 20 165  30 N/A 0.9 ± 0.3 226 ± 2e 

MIP-20% RAFT 44 350  60 

650  90 

1910  260 

N/A N/A 3.8 ± 1.3 

13 ± 4 

115 ± 31 

23 ± 13d 

NIP-20% RAFT 90 160 ± 20 120  10 N/A 0.45 ± 0.07 226 ± 2e 

a
 Measured in THF at 20C. 

b
 Determined by nitrogen adsorption porosimetry. 

c 
Calculated using the formula of a sphere = 4r

2
, where r is the radius of the sphere.

 

d 
Estimated from a as well as BET surface area and mean value of estimated surface area of average 
particle of MIP-5%RAFT (b and c respectively) assuming the same density, porosity and PSD as the 
MIP-5%RAFT. Only the smallest value of estimated surface area of average particle was considered 
since the majority of the particles were of this size.  

e
 Estimated to be the same as the specific surface area of NIP-5%RAFT (b) based on their comparable 
Dh values (a) and assuming that they have the same density, porosity and PSD.  

NA – not available (all the MIP dispersions in THF were unstable against sedimentation).  

 

As shown by the SEM images in Figure 4.17, the NIP microspheres consist of globular 

particles of about equal sizes, regardless of the concentration of RAFT agent used 

during the polymerisation. This result is in contrast to the results obtained by other 

researchers, where the particle size of microspheres prepared via precipitation 

polymerisation was found to increase with increasing concentration of initiator or 
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iniferter.161, 290, 320 The reason for this could be attributed to the concentration of AIBN 

initiator used in the formulations. Since the ratio of RAFT agent to AIBN was fixed at 

1:0.01, therefore when the concentration of RAFT agent was increased, the 

concentration of AIBN was also increased to maintain the same RAFT agent to AIBN 

ratio. The effect of increasing the amount of AIBN might have compensated the effect 

of increasing the concentration of the RAFT agent, resulting in an almost similar size of 

NIP microspheres.  

 

On the other hand, the MIP microspheres obtained using different concentrations of 

RAFT are irregular and consist of particles with a broad size distribution, which is 

consistent with the polydisperse MIP microspheres obtained by Pan and coworkers via 

RAFT precipitation polymerisation, albeit their spherical shape.165 For the MIP-5%RAFT, 

two different sizes of particles of equal amount and quite globular shape are formed. 

Increasing the amount of RAFT agent resulted in higher polydispersity as particles of 

much bigger size with a less circular shape are formed, in conjunction with the smaller 

sized particles. The difference in size, shape and uniformity between the MIP and NIP 

microspheres clearly shows that the template played a major role on the final particle 

size of the MIPs. The presence of the BZP template clearly influenced the formation 

and growth of the particle nuclei in the solution.  As can be seen in Table 4.4, both the 

MIP and NIP microspheres showed a similar trend when it comes to the rate of 

polymerisation, where the yield of both MIP and NIP microspheres increases with 

increasing amount of RAFT agent. This result is in agreement with the results of 

previous studies,290, 320, 321 where an increase in the monomer conversion was reported 

at higher concentration of initiator in precipitation polymerisation. In our case, the 

increase in both the RAFT agent as well as the AIBN initiator could have caused the 

acceleration in the polymerization rates.  

 

Similar to the microspheres prepared via BDDC, the microspheres prepared using RAFT 

were sent for pore size distribution and BET specific surface area analysis by nitrogen 

adsorption porosimetry. However, only the BET specific surface and pore size 

distribution of the MIP-5%RAFT and its corresponding NIP microsphere could be 
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obtained because the MIP-10%RAFT and MIP-20%RAFT as well as their NIP 

counterpart samples were not able to be sufficiently degassed to enable this 

measurement. The BET specific surface and pore size distribution of the MIP-5%RAFT 

and NIP-5%RAFT are tabulated in Table 4.4 and shown in Figure 4.18, respectively. The 

BET specific surface area of MIP-5%RAFT was used to estimate the specific surface area 

of the MIP-10%RAFT and MIP-20%RAFT. This was done by first estimating the surface 

area of an average particle of the MIPs and NIPs from their SEM average diameter and 

hydrodynamic diameter respectively. The specific surface area of the polymer (e.g. 

MIP-10%RAFT) was then estimated by dividing the BET specific surface area of the 

MIP-5%RAFT with the ratio of the surface area of average particle of the former to the 

mean surface area of average particle of the latter. Only the smallest SEM average 

diameter was taken into account when performing the calculation since the majority of 

particles were of this size. On the other hand, specific surface areas of NIP-10%RAFT 

and NIP-20%RAFT were assumed to be similar to the measured specific surface area of 

NIP-5%RAFT due to their almost comparable hydrodynamic diameters. The calculation 

of specific surface area was carried out assuming that the 10 and 20% RAFT MIPs and 

NIPs have the same density, porosity and particle size distribution as the 5% RAFT MIP 

and NIP respectively.  

 

From Table 4.4, it can be seen that the MIP-5%RAFT exhibited a small measured 

specific surface area (9 m2/g), which is in agreement with the previous results obtained 

for microspheres prepared via precipitation in pure acetonitrile.284, 292 It can also be 

observed that the specific surface area of the NIP-5%RAFT (226 m2/g) is about 25-fold 

higher than that of the MIP-5%RAFT, which is expected based on the smaller particle 

size of the NIP compared to the MIP. The estimated specific surface areas of MIP-10% 

and -20%RAFT microspheres were about 1.5- and 3-fold higher than the BET specific 

surface area of MIP-5%RAFT, respectively, indicating that the specific surface area of 

the MIPs increases with increasing amount of RAFT agent. The NIPs on the other hand, 

were estimated to exhibit similar specific surface area based on their comparable 

hydrodynamic diameter values.  
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From Figure 4.18, it can be observed that NIP-5%RAFT is more porous than MIP-

5%RAFT, having pores in the micropore as well as mesopore regions, with average 

pore widths of 0.6, 1.2, 3.2, 5 and 11.7 nm. On the other hand, the MIP-5%RAFT 

contains pores in the mesopore region only, with average pore widths of 5 and 13.7 

nm. This means that the BZP molecules having 0.5 nm and 1.0 nm in diameter and 

length, respectively, would have greater access to the more porous NIP, which 

contains both the micropores and mesopores in larger proportion compared to the 

MIP. Note that no comparison can be made between the porosity of the MIP and NIP 

microspheres prepared using 10% and 20% BDDC, respectively, since the pore size 

distribution of the samples could not be obtained.   

 

 

Figure 4.18. Incremental pore volume versus pore width plots for MIP-5%RAFT and 
NIP-5%RAFT. 

 Binding Performance 4.3.3.2

The performance of the MIPs and their corresponding NIPs prepared via RAFT 

precipitation polymerisation were investigated by batch rebinding studies, conducted 

in two type of solvents i.e. acetonitrile and THF. BZP quantification was then carried 
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out by HPLC analysis, followed by calculation of the binding affinity, specific binding 

and the imprinting factor of the polymers using Equations 4.1, 4.2 and 4.3, respectively 

(§4.2.4). 

4.3.3.2.1 Optimum Binding Time 

To determine the optimum contact time, batch rebinding studies were carried out on 

the MIP microspheres prepared using 5%RAFT in acetonitrile and THF. The 

concentration of the BZP solution was kept constant (1.00 mM) and the contact time 

was varied from 1 to 8 hrs. The controls (NIPs) were also subjected to the same tests. 

Figure 4.19 shows the amount of BZP bound normalised with respect to the mass 

(mol per g sample) and surface area (mol per m2 sample) of the polymers versus 

contact time when acetonitrile (A and B) and THF (C and D) were used as the rebinding 

solvents.  

 

From Figure 4.19, it can be observed that the MIP-5%RAFT exhibited higher BZP 

binding affinity than the corresponding NIP when rebinding was carried out in both 

acetonitrile and THF, which indicates the existence of specific binding sites for BZP and 

hence successful imprinting. When the rebinding was carried out in acetonitrile, 

maximum binding affinity was achieved in about 2 hours, which indicates that the 

binding processes occur quite rapidly. The slightly higher BZP binding affinity observed 

at 1 h compared to the rest of the binding times (Figure 4.18(A) and (C)) was attributed 

to the very fast occurrence of non-selective binding, before achieving a stable state 

after 2 h. This behaviour has been observed in the binding profile carried out at low, 

non-saturating template concentration,322 which is similar to our case.  
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Figure 4.19. Time rebinding results for MIP and NIP prepared using 5%RAFT in acetonitrile normalised with respect to (A) mass and  
(B) surface area as well as in THF normalised with respect to (C) mass and (D) surface area. 
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4.3.3.2.2 Binding Isotherm Studies 

The MIP-5%RAFT and its NIP counterpart (NIP-5%RAFT) were then subjected to further 

investigation of their binding isotherms. Figure 4.20(A) shows the binding isotherm of 

MIP microspheres prepared using 5% RAFT and the corresponding control (NIP) 

normalised with respect to the mass of the polymers. Due to the difference in size 

between the MIP and NIP, the binding capacities were also normalised with respect to 

the surface area of the polymers using the BET surface areas given in Table 4.5 and the 

binding isotherm is shown in Figure 4.20(B).  

 

As can be seen from the binding isotherms (Figure 4.20), the amount of BZP bound 

increased as the amount of free BZP concentration increased for both MIP and NIP 

microspheres and finally reaching a plateau upon saturation.295, 296 It can also be 

observed that the MIP-5%RAFT exhibited higher affinity for BZP template than the NIP-

5%RAFT, indicating successful imprinting process. The maximum number of binding 

sites (N) was estimated by taking the average of binding capacity values after the 

plateau was reached and the results are tabulated in Table 4.5. From the table, it can 

be observed that the MIP exhibited about 2-fold higher N value compared to that of 

the NIP (271 mol/g and 142 mol/g, respectively). Since the NIP microspheres have a 

much larger surface area (about 25-fold higher) compared to the MIP microspheres, 

the difference in the binding capacity between them on this scale is actually larger, as 

evidenced in Figure 4.19(B). The N value of the MIP normalised with respect to the 

sample surface area is about 45-fold higher in magnitude than that of the NIP (Table 

4.5). Considering that the NIP has higher surface area and more pores in the mesopore 

region as well as having pores in the micropore region compared to the MIP which has 

no pores in that region (Figure 4.18), the former is expected to bind a greater amount 

of BZP (diameter = 0.5 x 1.0 nm, Figure 4.7). However, since the experimental result 

showed that NIP bound much less BZP compared to the MIP, the better binding 

capacity of the MIP is most likely to be the result of cavity-based binding of BZP rather 

than the non-specific binding occurring for the NIP. 
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Figure 4.20. Binding isotherms for BZP imprinted polymers prepared using 5% RAFT 
carried out in acetonitrile normalised with respect to (A) mass and (B) surface area. 

Figure 4.21 shows the Langmuir plots for the MIP microspheres prepared using 5% 

RAFT and its NIP counterpart. The N and Kd values were calculated from the binding 

isotherms according to Equation 4.4 and the results are tabulated in Table 4.5. From 

the table, it can be observed that the MIP-5%RAFT possessed about 2-fold higher 



  Chapter 4 

 
 

 168 
  
 

maximum number of binding site compared to that of the NIP (N = 279 and 160 

mol/g respectively). However, when the binding capacity was normalised with 

respect to the specific surface area of the polymers, it can be seen that the MIP 

exhibited even much higher N value (about 50-fold higher) than that of the NIP (29 and 

0.6 mol/m2 respectively). Comparing the equilibrium dissociation constant of the 

polymers, the MIP possessed about 65% lower Kd value than that of the NIP (0.214 and 

0.598 mM respectively). The lower Kd value means that the MIP prepared via RAFT has 

higher affinity towards the BZP template compared to the corresponding NIP, which 

confirms the creation of specific binding sites for BZP. It can also be observed that 

good linearity was obtained for both the MIP-5%RAFT and NIP-5%RAFT (R2 = 0.9898 

and 0.9916 respectively), which indicates that the Langmuir isotherms of the polymers 

are a good fit to the experimental data.  

Table 4.5. Equilibrium dissociation constant (Kd) and number of binding site (N) 
extracted from the binding isotherm (Figure 4.20), and derived from the Langmuir 
(Figure 4.21) and Scatchard (Figure 4.22) plots for the MIP and NIP prepared using 5% 
RAFT in acetonitrile. 

 

 

Model Polymer 
Kd (mM) N (mol/g) N (mol/m2) 

1a 2b 1a  2b 1a 2b 

Binding isotherm 
MIP-5%RAFT N/A 271 29 

NIP-5%RAFT N/A 142 0.6 

Langmuir 

(Equation 4.4) 

MIP-5%RAFT 0.214 279 30 

NIP-5%RAFT 0.598 160 0.7 

Scatchard 

(Equation 4.5) 

MIP-5%RAFT 0.033 0.458 162 301 17 32 

NIP-5%RAFT 0.209 1.06 96 183 0.4 0.8 

a
 High affinity site.  

b
 Low affinity site. 
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Figure 4.21. Langmuir plots for BZP imprinted polymers prepared using 5% RAFT and 
the control (NIP) normalised with respect to (A) mass and (B) surface area. 

The Scatchard plots for the MIP microsphere prepared using 5% RAFT and its 

corresponding NIP (control) where the binding capacities were normalised with 

respect to the mass and surface area of the polymers are shown in Figure 4.22(A) and 

(B), respectively. The values of N and Kd were calculated from the slopes and y-
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intercepts according to equation 4.5 and the results are tabulated in Table 4.5. As can 

be observed from the plots, two sets of N and Kd values for both the MIP and NIP 

microspheres were obtained, indicating the presence of both low and high affinity 

binding sites in the two polymers. From Table 4.5, it can be seen that the MIP 

exhibited about 2-fold higher number of low binding sites compared to the high 

binding sites, which is consistent with the previous studies that showed that MIPs 

typically contain higher proportion of the former than the latter.305  

 

From Table 4.5, it can also be observed that generally the MIP exhibited a higher 

number of binding sites (N) than the corresponding NIP. The N values of the high 

affinity sites of the MIP, which are mainly responsible for the specific binding of the 

MIP, were about 1.5- and 40-fold higher than those of the NIP with respect to the 

sample mass and surface area, respectively. Nevertheless, the ratio of the N value of 

the low affinity to the high affinity sites of the MIP is similar to that of the NIP (Nlow 

affinity/Nhigh affinity  2). This may be because the NIP-5%RAFT contains a higher number of 

pores in the lower range of the mesopore region (2 – 7 nm pore width) compared to 

the corresponding MIP, as well as having additional pores in the micropore region (0.4 

– 2 nm pore width). Considering the small size of the BZP template molecule (0.5 x 1.0 

nm, Figure 4.7), the presence of these pores allows easy access of the template to the 

high affinity sites of the NIP, which unlike in the MIP, is due to the partial occupation of 

cavities or pores by the template.  
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Figure 4.22. Scatchard plots for BZP imprinted polymers prepared using 5% RAFT and 
the corresponding NIP normalised with respect to (A) mass and (B) surface area. 

As can be seen in Table 4.5, the Kd value of the high affinity sites for the NIP obtained 

from the Scatchard isotherm was about 6-fold higher than that of the MIP, which 

indicates that the latter has stronger affinity towards the BZP template at the high 

affinity sites compared to the former. Similarly, the Kd value of the low affinity sites for 



  Chapter 4 

 
 

 172 
  
 

the NIP is about 2-fold higher than that of the corresponding MIP, indicating stronger 

BZP binding in the latter, which could be attributed to the more accessible partial 

imprinting sites (see Figure 4.15). Nevertheless, the Kd value of the low affinity sites of 

the MIP was much higher than that of the high affinity sites (about 14-fold higher), 

which indicates weaker BZP binding in the former and is most likely due to non-specific 

surface binding. Compared to the Langmuir plots, the correlation coefficients of both 

the MIP and NIP for the Scatchard plots are much lower indicating a poorer fit for the 

latter compared to the former.  

4.3.3.2.3 Effect of RAFT Agent Concentration 

The effect of RAFT agent concentration on the binding performance of the prepared 

BZP imprinted polymers was investigated by performing batch rebinding experiments 

on the MIP-10%RAFT and MIP-20%RAFT along with their NIP counterparts. The 

experiments were carried out using both acetonitrile and THF as the rebinding solvents 

at 2 hr contact time. The results were then compared with those of MIP-5%RAFT and 

shown in Table 4.6.  

 

As can be seen in Table 4.6, regardless of the amount of RAFT agent used, the BZP 

binding affinity normalised with respect to the mass of all the MIP microspheres were 

almost similar in acetonitrile. As for the NIP microspheres, the NIP-10%RAFT exhibited 

the highest binding affinity, followed by the NIP-20% and -5%BDDC respectively. As a 

result, the MIP-5%RAFT exhibited the highest specific binding (SB  80 mol per g 

sample), whilst those of the MIP-10% and -20%BDDC were comparable.  
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Table 4.6. BZP binding affinity (SB), specific binding (SB) and imprinting factor (IF) values of microspheres prepared using 5%, 10% and 20% 
RAFT agent, after 2 hr of contact time in acetonitrile and THF. 

Polymers 
 DC 
(%)a 

Acetonitrile THF 

Mass Surface Area Mass Surface Area 

SB
b 

(mol per 
g sample) 

SB IF 
SB

c 

(mol per 
m2 sample) 

SB IF 
SB

b  

(mol per 
g sample) 

SB IF 
SB 

c 

(mol per 
m2 sample) 

SB IF 

MIP-5%RAFT 53 160  3 
81  3 2.0 

17.8 ± 0.3 
17.4 ± 0.3 51 

28 ± 1 
19 ± 1 3.1 

3.1 ± 0.1 3.1 ± 0.1 
 

78 
NIP-5%RAFT 33 79  1 0.35 ± 0.01 9 ± 1 0.04 ± 0.01 

MIP-10%RAFT 47 165  2 
74  3 1.8 

15.0 ± 0.1 
14.6 ± 0.1 37 

37 ± 1 
21 ± 1 2.3 

3.4 ± 0.1 
3.3 ± 0.1 48 

NIP-10%RAFT 25 91  1 0.40 ± 0.01 16 ± 1 0.07 ± 0.01 

MIP-20%RAFT 48 153  5 
68  6 1.8 

6.7 ± 0.2 
6.3 ± 0.2 18 

34 ± 1 
19 ± 1 2.3 

1.5 ± 0.01 
1.4 ± 0.01 22 NIP-20%RAFT 67 85  3 0.38 ± 0.01 15 ± 1 0.07 ± 0.01 

a 
 Extent of C=C bond conversion of the EGDMA, DC (%), calculated according to the following equation (Equation 4.1) : 

DC (%) = 100 × [1 −
(

𝐴𝐶=𝐶
𝐴𝐶=𝑂

⁄ )
𝑝𝑜𝑙𝑦𝑚𝑒𝑟

(
𝐴𝐶=𝐶

𝐴𝐶=𝑂
⁄ )

𝑚𝑜𝑛𝑜𝑚𝑒𝑟

]    

where DC (%) represents the extent of C=C bond conversion of the EGDMA whereas A(C=C) and A(C=O) are the FTIR absorbance values of C=C and C=O, respectively. 
This value is used to estimate the degree of crosslinking of the polymer in order to investigate the relationship between crosslinking density and the binding 
performance of the polymer.  

b
 Actual experimental result. 

c
 Calculated using the experimental BET specific surface area of 5% RAFT polymers; the BET specific surface areas of polymers prepared using 10% and 20% RAFT were 
estimated from that of the 5 %RAFT polymers.  
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Considering the difference in morphology and particle size of the microspheres, a more 

useful comparison can be obtained from the data of binding affinity normalised with 

respect to the sample surface area. From Table 4.6, it can be observed that in general, 

the BZP binding affinity normalised with respect to the surface area of the MIP 

microspheres in acetonitrile decreases with increasing amount of RAFT agent.  On the 

other hand, the NIP-5%RAFT exhibited the lowest binding affinity whereas those of the 

NIP-10% and -20%RAFT are comparable. As a result, the MIP-5%RAFT exhibited the 

highest specific binding (about 1.2- and 2.8-fold higher than those of the MIP-10% and 

-20%RAFT, respectively) as well as the highest IF value (about 1.4- and 2.8-fold higher 

than those of the MIP-10% and -20%RAFT, respectively).  

 

Quite a different result was obtained when the rebinding was carried out in THF 

compared to that in acetonitrile, where the MIP-5%RAFT exhibited the lowest binding 

affinity normalised with respect to the mass of polymer (about 20% lower) whilst 

comparable binding affinity values were exhibited by the MIP-10% and -20%RAFT. 

Similarly, the lowest binding affinity was exhibited by the NIP-5%RAFT (about 40% 

lower) whilst the NIP-10% and -20%BDDC exhibited comparable binding affinity values. 

As a result, all the MIP microspheres exhibited almost similar specific binding values 

(SB  20  mol per g sample). On the other hand, the MIP-5%RAFT exhibited the 

highest IF value (about 1.5-fold higher) compared to the other two formulations, which 

exhibited similar IF values.  

 

A different trend was obtained for the MIP, when the binding affinity in THF was 

normalised with respect to the surface area. The MIP-20%RAFT exhibited the lowest 

binding affinity (about 50% lower), whilst the MIP-5% and -10%RAFT exhibited 

comparable binding affinity values. On the other hand, a similar trend was observed 

for the NIP, where the NIP-5%RAFT exhibited the lowest binding affinity (about 40% 

lower) than the NIP-10% and -20%BDDC, since the surface areas of the NIPs are 

estimated to be about the same. As a result, the MIP-20%RAFT exhibited the lowest 

specific binding affinity value whereas comparable specific binding affinity values were 

exhibited by the MIP-5% and -10%RAFT. Despite the comparable specific binding 
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values of the MIP-5% and -10%RAFT, the highest IF value was exhibited by the former 

due to the much lower binding affinity of its NIP counterpart compared to the latter. 

This result is consistent with the result obtained in acetonitrile, where the IF value 

seemed to increase with deceasing amount of RAFT agent, which indicates that the 

MIP-5%RAFT showed better selectivity towards the BZP template compared to the 

MIP-10% and -20%RAFT.  

 

The difference in the binding affinity of the polymers could be attributed to the 

different in the degree of crosslinking of the MIP and NIP microspheres, when 

prepared using different amount of RAFT agent. The different crosslinking density of 

the microsphere network might affect the porosity of the polymers, which might in 

turn influence the mass transfer of the template to the cavities. In order to investigate 

the relation between crosslinking density of the microsphere network and the binding 

performance, these properties are compared between the MIP-5%RAFT and its NIP 

counterpart.  

 

From Table 4.6, it can be observed that there was no specific trend in the degree of 

crosslinking of the NIP microspheres with increasing RAFT concentration. The NIP-

20%RAFT exhibited the highest degree of crosslinking whilst the lowest degree of 

crosslinking was exhibited by the NIP-10%BDDC (DC = 67 and 33%, respectively). This 

result is inconsistent with the result obtained for the NIP microspheres prepared using 

iniferter, where the degree of crosslinking was found to increase with increasing 

iniferter concentration. Comparing the binding affinity of the NIPs normalised with 

respect to the mass of the polymer in acetonitrile, the highest binding affinity was 

exhibited by the NIP-10%BDDC (SB  90  mol per g sample), which exhibited the 

lowest degree of crosslinking (DC = 25%) whereas the lowest binding affinity was 

exhibited by the MIP-5%RAFT (SB  80  mol per g sample), whose degree of 

crosslinking (DC = 33%) was in between those of the MIP-10% and -20%RAFT. 

Comparing the binding affinity of the NIPs normalised with respect to the surface area 

of the polymer in acetonitrile, the lowest binding affinity was exhibited by the NIP-

5%RAFT (SB  0.35 ± 0.01 mol per m2 sample), whereas both the NIP-20%RAFT and 
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the NIP-10%RAFT exhibited comparable binding affinity (SB  0.40 ± 0.01 mol per m2 

sample). The results showed that the binding affinity of the NIPs was not affected by 

their crosslinking density.  

 

A different trend was observed for the MIPs (Table 4.6), where the highest degree of 

crosslinking was exhibited by the MIP-5%RAFT (DC = 53%), whereas those of the MIP-

10%RAFT and -20%RAFT were comparable (DC  48%), which indicates that the MIP-

5%RAFT was more crosslinked than both the MIP-10%RAFT and -20%RAFT. Comparing 

the binding affinity of the MIPs normalised with respect to the mass of the polymer in 

acetonitrile, the MIP-10%BDDC exhibited the highest binding affinity (SB  165  mol 

per g sample) whereas the lowest binding affinity was exhibited by the MIP-20%RAFT 

(SB  153 mol per g sample), albeit having similar degree of crosslinking (DC  48%). 

Comparing the binding affinity of the MIPs normalised with respect to the surface area 

of the polymer in acetonitrile, the highest binding affinity was exhibited by the MIP-

5%RAFT (SB  18 mol per m2 sample), which exhibited the highest degree of 

crosslinking (DC = 53%) whereas the MIP-20%RAFT exhibited the lowest binding 

affinity (SB  7 mol per m2 sample, despite having the same crosslinking density as 

that of the MIP-10%RAFT (DC  48%). The results showed that the binding affinity of 

the MIPs was also not affected by their crosslinking density.  

 

The effect of solvents on the swelling behaviour of the MIPs was not investigated since 

dispersions of the MIPs in both acetonitrile and THF were unstable against 

sedimentation.  

4.3.3.2.4 Effect of Solvent 

In order to investigate the effect of rebinding solvent on the binding performance of 

the MIP microsphere prepared via RAFT, the binding parameters of MIP-5%RAFT and 

the corresponding NIP from Table 4.6 was compared, as shown in Figure 4.23.  
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Figure 4.23. Comparison between the binding capacity of MIP microspheres prepared 
via RAFT in acetonitrile and THF normalised with respect to (A) mass and (B) surface 
area.    

From Table 4.6, it can be seen that, the BZP binding affinities of both the MIP and the 

corresponding NIP (control) microspheres were much higher (about 6- and 9-fold 

higher, respectively) when the rebinding was carried out in acetonitrile compared to 

those in THF. This is consistent with the result obtained for the MIP and NIP 

microspheres prepared using the iniferter (§4.3.2.2.3), which could be attributed to 

the different hydrogen bonding ability of THF compared to that of acetonitrile.316, 317 

The weaker hydrogen bonding capacity of acetonitrile compared to THF limits its 

ability to compete for the hydrogen bonding sites on the template or the binding sites. 

In addition, conducting the binding experiment in acetonitrile, which is the porogen 

used during polymerisation provides a microenvironment that mimics the interactions 

existing prior to and during the polymerisation,314 thus resulted in higher binding 

affinity of the polymers. From the table, it can also be observed that the IF values were 

about 50% higher in THF compared to those in acetonitrile. On the contrary, the 

specific binding values of the MIP were much higher in the latter than the former 

(about 4- and 6-fold higher when the binding capacity was normalised with respect to 

the sample mass and surface area respectively). The results showed that using 

acetonitrile as the rebinding solvent led to higher binding affinity and better 

discrimination between the MIP and the NIP microspheres as shown by the large 

difference in their binding affinity values compared to when the rebinding was carried 

out in THF, which is consistent with the results obtained by the MIP and NIP 

microspheres prepared using 5% BDDC.  
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 Comparison between Microspheres Prepared via Iniferter and RAFT  4.3.4

This section deals with the comparison of binding performance between the MIP 

microspheres prepared via the iniferter and RAFT methods using 5 mol % of BDDC and 

MCEBTTC, respectively. These polymers were chosen as they are the best performing 

MIP microspheres, i.e. exhibiting the highest specific binding and imprinting factors, 

among all of the formulations in their series. 

 

The difference in concentration of total monomer used during the polymerisation 

reaction via iniferter and RAFT (2 vol % and 4 vol %, respectively, §4.2.2) could have 

affected the morphology of the resulting microspheres, thus resulted in different 

particle sizes and surface areas. The particle size of the polymer microspheres has 

been reported to increase with increasing monomer concentration161, 240, 321, 323-325 

whereas the specific surface area of the microspheres was found to slightly decreased 

with increasing monomer concentration.323 In our case, this is true for the NIP 

microspheres, where the hydrodynamic diameter of the NIP-5%RAFT, which was 

prepared using higher concentration of monomers, was bigger than that of the NIP-

5%BDDC (Table 4.7). The BET specific surface area of the former, however, was much 

higher than that of the latter. On the other hand, the SEM particle size of MIP-5%RAFT, 

which was prepared using higher concentration of monomer, was smaller than the 

MIP-5%BDDC, whereas its BET specific surface area was about 30% higher than that of 

the latter. Apart from monomer concentration, other factors such as polymerisation 

temperature326 and method of initiation (thermal versus UV)327 might have 

contributed to this difference in morphologies. For example, thermal initiation has 

been reported to give rise to smaller beads compared to that of UV initiation327 

whereas BET surface area has been reported to increase with increasing 

temperature.328  

 

As can be observed from the binding kinetic experiments (Figures 4.11 and 4.19), the 

MIP and NIP microspheres prepared via both iniferter and RAFT reached their binding 

equilibrium after about 2 h, demonstrating quite fast binding processes. The binding 
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affinities of the MIPs prepared via both methods were higher when the rebinding was 

carried out in acetonitrile compared to those in THF (Tables 4.3 and 4.6), thus the 

binding data from the former was used for comparison purposes. The binding 

parameters such as binding affinity, specific binding as well as IF of the MIPs prepared 

via iniferter and RAFT are then compared, as shown in Figure 4.24.  

 

 

Figure 4.24. Comparison between the binding capacity of MIP microspheres prepared 
via iniferter and RAFT normalised with respect to (A) mass and (B) surface area.    

As can be seen from Figure 4.24, the binding affinities of the MIPs prepared via both 

the iniferter and RAFT were higher than their NIP counterparts, indicating the creation 

of specific binding sites in both polymers and thus the successful imprinting processes 

via both methods. From Figure 4.24(A), it can also be observed that the BZP binding 

affinity of the MIP microsphere prepared via iniferter normalised with respect to the 

mass of the polymer was higher (about 20% higher) than that of RAFT. However, the 

level of non-specific binding in the former was also higher than the latter (about 80% 

higher) resulting in lower specific binding and IF values of MIP microsphere prepared 

via iniferter. As the polymers exhibited different particle sizes, which translated to 

different surface area values (Table 4.7), binding capacity normalised with respect to 

the surface area of the polymers gives a more meaningful comparison (Figure 4.24(B)). 

 

From Figure 4.24(B), it can be observed that the BZP binding affinity normalised with 

respect to the surface area of the MIP microsphere prepared via iniferter was much 

higher (about 75% higher) than that of RAFT. However, the level of non-specific 

binding in the former was also higher (about 6-fold higher), which resulted in the lower 
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IF value of the former compared to the latter (IF = 15 and 51, respectively). Moreover 

having a higher level of non-specific binding, the total specific binding in the MIP 

microsphere prepared via iniferter was actually about 70% higher than that of the 

RAFT.   

Table 4.7. Physical characteristics of the BZP-imprinted polymer microspheres and the 
corresponding NIPs prepared by precipitation polymerisation using BDDC iniferter and 
MCEBTTC RAFT agent (extracted from Tables 4.1, 4.3, 4.4 and 4.6). 

Parameters 
Iniferter RAFT 

MIP NIP MIP NIP 

Diametera (nm) 1290  70 
180 ± 20 

90 ± 2b 

290 ± 50 

740 ± 70 

160 ± 20 

140 ± 20b 

BET specific surface 

area (m2/g)c 
6.0 ± 0.1 67 ± 13 9.0 ± 0.1 226 ± 2 

DC (%)d 60 48 53 33 

a
 Average diameter measured by SEM.   

b
 Hydrodynamic diameter measured by DLS in THF at 20C. 

c
 Determined by nitrogen adsorption porosimetry. 

d
 Extent of C=C bond conversion of the EGDMA, DC (%), calculated according to the following 
equation (Equation 4.1) : 

DC (%) = 100 × [1 −

(
𝐴𝐶=𝐶

𝐴𝐶=𝑂
⁄ )

polymer

(
𝐴𝐶=𝐶

𝐴𝐶=𝑂
⁄ )

monomer

] 

 
 

To get further insight on the binding characteristics of the MIPs prepared via different 

synthetic approaches i.e. iniferter and RAFT, Langmuir and Scatchard isotherm models 

were used for further analysis. Binding parameters normalised with respect to the 

surface area such as maximum number of binding site (N) and equilibrium binding 

constant (Kd) values were obtained from their respective Langmuir (Figures 4.13(B) and 

4.21(B), respectively) and Scatchard plots (4.14(B) and 4.22(B), respectively) and the 

results (extracted from Tables 4.2 and 4.5) are compared in Table 4.8. The Scatchard 

plots of the MIPs prepared via iniferter and RAFT were nonlinear indicating that the 

binding sites in both MIPs are heterogeneous with respect to their affinity for BZP.  
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Table 4.8. Comparison between the binding dissociation constant (Kd) and maximum 
binding capacity (N) normalised with respect to the surface area of the microspheres 
prepared via iniferter and RAFT. 

 

From Table 4.8, it can be seen that the maximum number of binding sites (N) 

normalised with respect to surface area of the MIP microsphere prepared via iniferter 

obtained from of all the isotherm models were higher than those of the MIP prepared 

via RAFT. The N values of the MIP prepared via iniferter estimated from both the 

binding isotherm and Langmuir plot were about 90% higher than those prepared by 

RAFT. Apart from that, the MIP microspheres prepared via iniferter showed 

significantly higher number of high affinity binding sites (about 2.5-fold higher) than 

the MIP prepared via RAFT.  This could be attributed to the different conditions 

employed during their preparation such as method of initiation and polymerisation 

temperature. The iniferter polymerisation was carried out under UV irradiation at 

room temperature whereas RAFT polymerisation was conducted thermally at 60 C. 

Higher reaction temperature was expected to cause a decrease in the number of 

strongly binding cavities by reducing the stable configuration of the template-

functional monomer complex.314, 329-331   

 

Model Polymer 

Iniferter RAFT 

Kd (mM) N (mol/m2) Kd (mM) N (mol/m2) 

1a 2b 1a 2b 1a  2b 1a 2b 

Binding 

isotherm 

MIP N/A 56 N/A 29 

NIP N/A 3.8 N/A 0.6 

Langmuir  

(Equation 4.4) 

MIP 0.111 58 0.214 30 

NIP 0.340 4.1 0.598 0.7 

Scatchard 

(Equation 4.5) 

MIP 0.041 0.268 42 62 0.033 0.458 17 32 

NIP 0.029 0.498 1.6 4.2 0.209 1.06 0.4 0.8 

a
 High affinity site.  

b
 Low affinity site. 

N/A - not available. 
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From Table 4.8, it can also be observed that the Kd value of the MIP prepared via 

iniferter calculated from the Langmuir plot was about 50% lower than that of the MIP 

prepared via RAFT. Lower Kd values mean higher binding association constant (Ka), 

suggesting the presence of higher specific binding in the iniferter system. On the 

contrary, the Kd value of the high affinity sites of the MIP prepared via iniferter was 

about 25% higher than that of the RAFT, suggesting the stronger affinity of the latter 

towards BZP compared to the former.  The difference in the binding affinity between 

the MIP microspheres prepared via iniferter and RAFT could be attributed to the 

difference in the crosslinking density of the microspheres. From Table 4.8, it can be 

noticed that the MIP microspheres prepared via RAFT was less crosslinked than the 

MIP microspheres prepared via iniferter (DC = 53 and 60, respectively). Moreover, the 

specific surface area of the MIP prepared via RAFT was higher than that of the iniferter 

(9.0 ± 0.1 m2/g and 6.0 ± 0.1 m2/g, respectively, Table 4.7). In addition, the MIP 

prepared via RAFT exhibited quite a high proportion of pores in the low mesopore 

region (3.5 – 7.0 nm, Figure 4.18) relative to the MIP prepared via iniferter (Figure 

4.10), which contains only a small proportion of pore in the micropore region (1.5 – 2.0 

nm), whilst the rest of the pores are distributed in the mesopore region (between 10 – 

30 nm). The lower crosslinking density and larger specific surface area (about 1.5-fold 

higher), combined with the greater porosity of the polymer prepared via RAFT could 

have enhanced the mass transfer of the BZP template (0.5 x 1.0 nm, Figure 4.7) to the 

high binding sites, thus resulting in lower Kd value compares to that of the iniferter. 

However,  despite the stronger affinity of the MIP prepared via RAFT compared to that 

of the iniferter, the latter exhibited higher maximum number of binding sites (about 

2.5-fold higher), resulting in higher specific binding value compared to that of the 

former (Figure 4.24). As a comparison, the Kd value of the high affinity sites of the BZP 

imprinted MIP prepared via traditional bulk method in chloroform using the same 1:1 

ratio of MAA:BZP was reported to be 0.255 mM.257 This value is about 6- and 8-fold 

higher than those of our MIPs, which were prepared via iniferter and RAFT 

respectively. The results showed that both the MIP prepared via iniferter and RAFT 

showed improved binding affinity normalised with respect to the surface area 

compared to the MIP prepared via the traditional bulk polymerisation.  
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 Selectivity Studies 4.3.5

Based on the binding isotherm experiment results, although MIP-5%RAFT showed 

stronger high binding site affinity and higher imprinting factor values than the MIP-

5%BDDC, the latter exhibited higher binding capacity and better specific template 

binding compared to the former. In addition, preliminary experiments conducted to 

prepare star MIP from these two microspheres showed that using the MIP prepared 

via iniferter as the core precursor was more successful than using the MIP prepared via 

RAFT. This could be attributed to the more uniform size of the former compared to the 

latter, which led to better controlled polymerisation. Due to these factors, MIP-

5%BDDC was selected for further analysis to investigate the binding selectivity of the 

MIP. Two sets of experiments were conducted to investigate the selectivity of the MIP-

5%BDDC microsphere towards the BZP template. Non-competitive and competitive 

adsorption experiments were carried out on MIP-5%BDDC and its NIP counterpart 

following the procedure in §4.2.5 using (1R,2S)-(-)-ephedrine (EPH, [2], Figure 4.2) and 

1-phenylpiperazine (PHP, [3], Figure 4.2) as the reference substrates.  

 

The binding affinities of the BZP imprinted polymer and the corresponding NIP for 

different analytes were calculated according to Equation 4.1. Since the MIP and its NIP 

counterpart differ greatly in diameter and thus surface area, the binding capacity 

obtained was also normalised with respect to the polymer surface area. The values of 

specific binding (SB), imprinting factor (IF) and the specific selectivity factor (SSF) of 

the analytes on the MIP microspheres were calculated according to Equations 4.2, 4.3 

and 4.7, respectively. A template with a large specific binding and an analogue with a 

small specific binding will result in a large specific selectivity factor value, which 

indicates good selectivity.   

 Non-competitive and Competitive Binding Experiment 4.3.6

The non-competitive binding experiment (also known as a single-analyte assay or 

cross-reactivity study) was carried out on the MIP-5%BDDC and the corresponding NIP 

to assess the ability of the MIP microsphere to discriminate between BZP and other 
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structurally related drugs. The experiments were performed in 1.0 mL of acetonitrile 

solution containing either BZP, EPH or PHP at a concentration of 3.00 mM.  The binding 

affinity, specific binding imprinting factor and specific selectivity factor values 

normalised with respect to the mass and surface area of the polymers are tabulated in 

Tables 4.9 and 4.10 respectively, and compared in Figure 4.25(A) and (B) respectively.  

 

To determine the selectivity of the BZP imprinted polymer towards the BZP template in 

the presence of another analytes, competitive binding studies were conducted in 

binary and tertiary competitive environments. The binding parameters normalised 

with respect to the mass and surface area of the polymers are then tabulated in Tables 

4.9 and 4.10 respectively, and are shown in Figure 4.25 (C, E, G) and Figure 4.25(D, F, 

H) respectively. As mentioned in the experimental procedure (§4.2.5), the HPLC peaks 

associated with PHP and BZP overlapped, therefore Excel solver was used to 

deconvolute the peaks, as shown in Figure 4.5 (§4.2.5).  
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Table 4.9. Binding affinity (SB), specific binding SB, imprinting factor (IF) and standardised specific selectivity factor (SSF) values normalised 
with respect to mass in a single-analyte, binary-analyte and tertiary-analyte binding assays of BZP imprinted polymer prepared via iniferter.a 

System Polymer 

BZP EPH PHP 

SB
d (mol per 

g sample) 
SB

 IF 
SB

d (mol per 

 g sample) 
SB IF SSFe 

SB
d (mol per 

g sample) 
SB IF SSFe 

Single-analyte 

assay 

MIP 281  6 
69  8 1.3 

340 ± 7 
85 ± 9 1.3 0.81 

255 ± 1 
99 ± 1 1.6 0.70 

NIP 212  6 255 ± 5 156 ± 1 

Binary-analyte 

assayb  

MIP 198  4 
60  10 1.4 

200 ± 3 
27 ± 9 1.2 2.22  

NIP 138  9 173 ± 9 

Binary-analyte 

assayc 

MIP 171  5 
68  7 1.7  

46  2 
6  5 1.2 11.3 

NIP 103  5 40  5 

Tertiary-

analyte assay 

MIP 194  3 
45  5 1.3 

185 ± 4 
21 ± 4 1.1 2.14 

37 ± 3 
18 ± 4 1.9 2.50 

NIP 149  4 164 ± 1 19 ± 2 

a
 Binding time: 2 hr; initial concentration of each substrates: 3.0 mM; solvent: acetonitrile; volume of solvent: 1.0 mL. 

b
 Contains a mixture of BZP and EPH. 

c
 Contains a mixture of BZP and PHP. 

d
 Actual experimental result. 

e
 Standardised specific selectivity factor (SSF), calculated according to the following equation (Equation 4.7): 

𝑆𝑆𝐹 =
∆𝑆𝐵(template)

∆𝑆𝐵(analogue)
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Table 4.10. Binding affinity (SB), specific binding SB, imprinting factor (IF) and standardised specific selectivity factor (SSF) values normalised 
with respect to surface area in a single-analyte, binary-analyte and tertiary-analyte binding assays of BZP imprinted polymer prepared via 
iniferter.a 

System Polymer 

BZP EPH PHP 

SB
d (mol per 

m2 sample) 
SB IF 

SB
d (mol per 

m2 sample) 
SB IF SSFe 

SB
d (mol per 

m2 sample) 
SB IF SSFe 

Single-analyte 

assay 

MIP 47  1 
44  1 14.7 

57 ± 0.2 53 ± 

0.2 
14.6 0.83 

42 ± 0.2 40 ± 

0.2 
17.5 1.10 

NIP 3.2  0.1 3.9 ± 0.1 2.4 ± 0.01 

Binary-analyte 

assayb  

MIP 33.1  0.7 
31  0.7 15.8 

33.4 ± 0.5 31 ± 

0.5 
12.8 1.00  

NIP 2.1  0.1 2.6 ± 0.1 

Binary-analyte 

assayc 

MIP 29  1 
27  1 18.1  

7.7  0.4 7.1 ± 

0.4 
12.8 3.80 

NIP 1.6  0.1 0.6  0.1 

Tertiary-

analyte assay 

MIP 32  0.5 
30  0.5 13.9 

31 ± 0.6 29 ± 

0.6 
12.4 1.03 

6.1 ± 0.4 5.8 ± 

0.4 
20.3 5.17 

NIP 2.3  0.1 2.5 ± 0.02 0.3 ± 0.03 

a
 Binding time: 2 hr; initial concentration of substrates: 3.0 mM; solvent: acetonitrile; volume of solvent: 1.0 mL. 

b
 Contains a mixture of BZP and EPH. 

c
 Contains a mixture of BZP and PHP. 

d
 Calculated using the BET surface area. 

e
 Standardised specific selectivity factor (SSF), calculated according to the following equation (Equation 4.7): 

𝑆𝑆𝐹 =
∆𝑆𝐵(template)

∆𝑆𝐵(analogue)
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Figure 4.25. Single-analyte (A and B), binary-analyte (C - F) and tertiary-analyte (G and 
H) binding assays of BZP imprinted polymer with BZP, EPH and PHP normalised with 
respect to mass (A, C, E and G) and surface area (B, D, F and H). 

As can be seen from Figure 4.25(A) and Table 4.9 for the non-competitive (single-

analyte) binding, the BZP imprinted MIP exhibited higher binding affinity normalised 
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with respect to the mass of the polymer towards the BZP template and its analogues 

(EPH and PHP) compared to its NIP counterpart, which resulted in IF values greater 

than 1.0 for all analytes. It can also be observed that both the BZP imprinted MIP and 

its NIP counterpart exhibited about 20% higher binding affinity towards EPH compared 

to BZP. Although this has resulted in similar imprinting factor to that of BZP (IF = 1.3), 

greater specific binding towards EPH (about 23% higher) was observed, resulting in 

lower SSF value (SSF  1.0). Higher IF values towards EPH and BZP (IF > 12 and IF > 15 

respectively) were exhibited by the MIP when the binding affinity was normalised with 

respect to the surface area of the polymer, as can be seen in Figure 4.25(B) and Table 

4.10. Although the MIP exhibited higher IF value towards BZP, greater specific binding 

towards EPH (about 20% higher) was observed, resulting in lower SSF value (SSF  1.0). 

The lower SSF value indicates that the MIP recognized and bound a higher number of 

EPH molecules compared to BZP. The reason for this could be attributed to the 

presence of an extra functional group (hydroxyl) in the EPH structure (Figure 4.2[2]), in 

addition to the amine group which is also present in BZP. The extra hydroxyl group of 

EPH enhanced the interaction between EPH and MAA by forming strong hydrogen 

bond with the acidic hydrogen of MAA (1.62 Å, Figure 4.26(A)). In addition, the 

hydrogen bond distance between the –NH group of EPH and the carbonyl group of 

MAA (1.97 Å, Figure 4.26(A)) is shorter than that of BZP and MAA (2.29 Å, Figure 4.7) 

whilst the size of EPH is slightly smaller than that of BZP (191.3 Å3 and 204.6 Å3, 

respectively).257 Therefore, EPH is expected to have greater excess to the binding site 

functionality, which can be observed from the higher binding capacity and specific 

binding of the MIP for EPH.   

 

On the other hand, both the MIP and NIP microspheres exhibited lower binding affinity 

towards PHP compared to the BZP template (Figure 4.25(A)). As can be seen in Table 

4.9, the amount of PHP bound normalised with respect to the mass of the polymers by 

the MIP and NIP, respectively, were about 10% and 25% less compared to those of 

BZP, which leads to greater specific binding (50% higher) and slightly higher IF value of 

the former, thus resulting in SSF value lower than 1.0. However, although a higher IF 

value was also observed for PHP compared to BZP when the binding affinity was 



  Chapter 4 

 
 

 189 
  
 

normalised with respect to the surface area (Figure 4.25(B)), the specific binding of the 

former was about 10% lower than the latter, thus resulting in a higher SSF value (SSF > 

1.0). The higher SSF value indicates that the MIP recognized and bound less PHP 

compared to BZP. The reason for this could be postulated to the slightly different 

structure of PHP to BZP (Figure 4.26(B) and 4.7, respectively).  Although PHP has 

smaller volume (186.0 Å3) compared to that of BZP (204.6 Å3),257 the hydrogen bond 

distance between the secondary amine of PHP and the carboxylic acid of MAA (1.71 Å, 

Figure 4.26(B)) is about the same as that between BZP and MAA (1.72 Å, Figure 4.7), 

whilst the hydrogen bond H-bond distance between the –NH group of PHP and the 

carbonyl group of MAA (2.48 Å, Figure 4.26(B)) is longer than that of BZP (2.29 Å, 

Figure 4.7). This means that PHP could form weaker hydrogen bonding with MAA 

compared to BZP. Another possible reason is that PHP has a single carbon linker 

between the two cyclic structures (Figure 4.26(B)) and therefore is less able to conform 

to the binding site morphology to set up appropriate binding interactions within the 

binding site due to its much more rigid molecule compared to BZP, which would likely 

to be more adept at this since it has two carbon linker between the two cyclic 

structures (Figure 4.7).  

 
Different trends are observed when the rebinding was carried out in the presence of 

two analytes (binary-analyte assay), as can be seen in Figure 4.25(B - E). The presence 

of EPH has resulted in the decreased in the BZP binding affinity of the MIP normalised 

with respect to the mass (Figure 4.25(C)), compared to that in a single-analyte assay 

(Figure 4.25(A)), resulting in almost similar amount of binding for EPH and BZP. 

However, from Table 4.9, it can be seen that the EPH binding affinity of the NIP was 

also higher (about 25% higher) compared to BZP, resulting in slightly lower IF value and 

much lower specific binding, and hence higher SSF value (SSF  2.0). On the contrary, 

when the binding affinity was normalised with respect to the surface area (Figure 

4.25(D) and Table 4.10), almost similar binding affinities were observed by the MIP 

towards BZP and EPH as well as the NIP towards both analytes, resulting in slightly 

higher IF value of BZP compared to EPH but similar amount of specific binding (SSF = 
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1.0). This result indicates that the MIP exhibited similar selectivity towards BZP and 

EPH in a competitive binding assay.  

 
 

 
 

Figure 4.26. Computer generated molecular modelling images of (A) EPH:MAA 1:1 and 
(B) PHP:MAA 1:1 for the geometry optimised T:M clusters.  
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When the rebinding was carried out in the presence of both BZP and PHP (Figure 

4.25(E) and Table 4.9), the binding affinities normalised with respect to the mass of the 

polymer of the BZP imprinted polymer and the non-imprinted polymer towards BZP 

have been reduced to about 40% and 50% respectively, compared to that in a single-

analyte assay (Figure 4.52(A) and Table 4.9). However, these values are much higher 

than the binding affinities exhibited towards PHP (about 4-fold and 2.5-fold higher for 

the MIP and NIP respectively), resulting in much higher IF value and specific binding of 

BZP, and hence also higher SSF value (SSF  11). A similar trend was observed when 

the binding affinity was normalised with respect to the surface area (Figure 4.25(F) and 

Table 4.10). Much higher binding affinities were observed for both the MIP and the NIP 

towards BZP compared to PHP, resulting in much higher IF value and specific binding of 

the former compared to the latter, and hence also higher SSF value (SSF = 3.8). This 

result indicates that the MIP exhibited much better selectivity (about 3.5-fold higher) 

towards BZP over PHP in the competitive binding assay, compared to that in the non-

competitive binding assay (SSF = 3.8 and 1.1, respectively). This could be attributed to 

the creation of specific cavities designed for the BZP template in the MIP, which 

resulted in better selectivity of the MIP towards BZP over PHP in the presence of both 

analytes.  

    

The competitive binding study conducted in a tertiary-analyte binding assay showed 

that the MIP exhibited higher binding affinities normalised with respect to the mass of 

the polymer towards all the analytes compared to those of the NIP, as can be observed 

in Figure 4.25(G) and Table 4.9. The presence of both EPH and PHP has caused a 

decrease in the binding affinity of the MIP towards BZP to about 70% of its binding 

affinity in the absence of any other analytes. Nevertheless, this value was still higher 

than those of the EPH and PHP (about 5% and 5-fold higher, respectively). The NIP, 

however, bound a higher amount of EPH (about 10% higher) compared to BZP, 

resulting in a higher IF value towards BZP and greater specific binding (about 2-fold 

higher), and hence also higher SSF value (SSF  2). On the other hand, the binding 

capacity of the NIP towards BZP was about 8-fold higher than PHP, resulting in higher 
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IF value towards PHP. However, the specific binding of BZP was higher compared to 

PHP, which resulted in higher SSF value (SSF = 2.5).  

 

A contrary result was obtained, when the binding capacity was normalised with 

respect to the surface area (Figure 4.25(H) and Table 4.10), where almost similar 

binding capacities were observed by the MIP towards BZP and EPH as well as the NIP 

towards both analyte, resulting in a slightly higher IF value of BZP compared to EPH but 

similar amount of specific binding (SSF = 1.03). The MIP and the NIP bound about 5-

fold and 8-fold respectively, higher amount of BZP compared to PHP, resulting in much 

higher IF value and specific binding of the former compared to the latter, and hence 

also higher SSF value (SSF  5). These results are consistent with the results obtained in 

the binary-analyte assay, which indicates that the MIP exhibited similar selectivity 

towards BZP and EPH, and better selectivity towards BZP over PHP in a competitive 

binding assay.  

 Summary 4.4

BZP imprinted polymers have been prepared via both iniferter and RAFT precipitation 

polymerisations using different concentration of iniferter or RAFT agent (i.e. 5, 10 and 

20 mol %). Among the three formulations, MIP prepared using 5% of iniferter or RAFT 

gave the best binding performance in their series. Comparing the physical 

characteristics between the MIP-5%BDDC and MIP-5%RAFT microspheres, the former 

was more spherical and monodisperse, whilst the latter was less spherical and 

polydisperse. Despite the higher specific surface area and greater porosity of the MIP-

5%RAFT compared to those of the MIP-5%BDDC, the latter exhibited higher binding 

capacity and greater specific binding compared to the former.  

 

Due to the better binding performance of MIP-5%BDDC and the relatively easier 

preparation of CCS polymer when the microspheres prepared via iniferter was used as 

the core precursor compared to that of RAFT, the former was selected for further 

studies to determine the specificity of the BZP prepared polymer. Two drugs having 
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closely related structures to the BZP were selected as the analytes. In the non-

competitive binding, it was found that the MIP-5%BDDC exhibited better selectivity 

towards EPH over BZP, but showed comparable selectivity towards both analytes in 

the competitive binding environments, which could be attributed to the smaller size 

and stronger hydrogen bonding ability of EPH compared to BZP. On the other hand, 

MIP-5%BDDC exhibited better selectivity towards BZP over PHP in both the non-

competitive and competitive binding environments, indicating greater recognition 

properties for the template molecules. The MIP-5%BBDC formulation was used in a 

pilot study in Chapter 5 to prepare the core precursor for the synthesis of CCS MIPs 

followed by batch binding analysis to assess their binding performance.  
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 Chapter 5

Core Crosslinked Star Molecular imprinted Polymers 

 Introduction  5.1

Relatively little attention has been given to the preparation of star polymers in 

molecular imprinting. Several methods such as UV irradiation122, RAFT,172 as well as a 

combination of RAFT and ring-closing metathesis,173, 332 have been employed to 

prepare molecular imprinted star polymers but core crosslinked star (CCS) MIPs 

prepared via RDRP  have not  been extensively investigated. Prior literature appears to 

be only limited to a conference paper by Nakayama and his co-workers, who reported 

the synthesis of CCS MIP for L-phenylalanine (L-PA) via the arm-first method using 

BDDC iniferter.174, 175 The ability of the CCS MIP as a carrier for L-PA has been 

estimated by bulk liquid membrane method using U-shaped glass tube. It was found 

that the star MIP retained 1.6 mM of L-PA during the 120 h operation of the liquid 

membrane experiment whereas zero concentration of L-PA was detected for the CCS 

NIP. This transport loading of the L-PA imprinted CCS polymer was lower compared to 

that of the non CCS MIP (i.e. conventional crosslinked MIP) prepared by Laio and his 

co-workers333 using D-PA as the template, where about 4.0 mM of DPA was 

transported after 72 h,  whilst the NIP did not transport D-PA at an appreciable rate.  

 

By taking advantage of the iniferter technique and in combination with precipitation 

polymerisation, MIP microspheres with surface bound active groups can be prepared 

and used as the core precursor in the formation of CCS MIP by growing arms around 
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the imprinted core. Compared to other available forms, molecular imprinted polymer 

in the form of a core crosslinked star has the advantage of being processable and 

additionally, has the potential to be deployed as a thin MIP film. In this approach, 

imprinting occurs at the crosslinked core while solubility is provided by the arms, as 

shown in Scheme 5.1 (§5.2.2). The dispersible CCS MIP is expected to have good 

prospects for sensing applications because the material can be readily formulated into 

a thin film coating supported on a solid substrate while the MIP component can impart 

enhanced and selective recognition.  

 

Herein, this chapter describes the preparation of core crosslinked star molecular 

imprinted polymers (CCS MIP) via the core-first iniferter method. CCS polymers were 

previously synthesised using BDDC iniferter and discussed in great detail in Chapter 2. 

In that chapter, the focus was on the synthesis of CCS polymers via the arm-first 

method, i.e. synthesising the active linear arms and using them as the precursor for 

the formation of CCS polymers. Synthesis of CCS polymer via the core-first approach 

was also investigated and compared with that of the arm-first approach. Although the 

degree of polymerisation (DP) of the arms can be well-controlled since they are 

synthesised independently, the arm-first approach was complicated by the need to 

separate the unreacted arm precursor from the CCS MIP during the purification step. 

In addition, it was difficult to characterise the core because the arms were not 

cleavable. Characterisation of the core is very important since it is the location of the 

template cavities and template rebinding should take place near the surface of the 

core. Due to the above reasons, the focus was shifted to the preparation of CCS MIPs 

via the core-first method. The first step in the synthesis of a CCS MIP is the preparation 

of the core, thus MIP microspheres were prepared from various formulations, 

characterised and discussed in great detail in Chapter 4. The best performing MIP 

microspheres from Chapter 4 have been chosen to be further used as the core for the 

preparation of the CCS MIP presented in this chapter.  
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 Experimental 5.2

 Materials 5.2.1

Potassium dihydrogen phosphate (KH2PO4), potassium chloride (KCl), phosphoric acid 

(H3PO4) and triethylamine were obtained from Sigma-Aldrich. Ethylene glycol 

dimethacrylate (EGDMA), methacrylic acid (MAA) and styrene (St) was obtained from 

Sigma-Aldrich (≥ 98% purity), and passed through a column of activated basic alumina 

(Aldrich, Brockmann I, standard grade, 150 mesh, 5.8 nm) to remove radical 

inhibitors. Benzyl N,N-diethyldithiocarbamate (BDDC) was synthesised following the 

procedure described in §2.2.2. Benzylpiperazine (97%) was obtained from Fluka and 

used as received. Deuterated chloroform (CDCl3, 99.6 atom %) for NMR analysis was 

obtained from Aldrich. HPLC grade tetrahydrofuran (THF) and acetonitrile were 

obtained from Scharlau and Merck respectively. Bulk grade methanol was distilled 

prior to use.  All water was purified by reverse osmosis prior to use.   

 CCS MIP Synthesis 5.2.2

The CCS MIPs were synthesised by reacting the MIP microspheres and styrene 

monomer via the reactive iniferter group on the surface of the former (Scheme 5.1).  
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Scheme 5.1. Synthesis of core-first CCS MIP by iniferter-mediated precipitation 
polymerisation.  

The MIP microspheres (MIP-5%BDDC-B2) were prepared using the same formulation 

as MIP-5%BDDC (Chapter 4), following the procedure in §4.2.2. The corresponding NIP 

microspheres (NIP-5%BDDC-B2) were also prepared following the same procedure 

except that no BZP template was added in the polymerisation process. The MIP 

microspheres were then subjected to Soxhlet extraction to remove the BZP template, 

following the procedure in §4.2.3. The NIP microspheres were subjected to an identical 

Soxhlet extraction in case this processing had any secondary effect on the 

microspheres. The MIP and NIP microspheres were used as core precursors in the 

preparation of CCS MIP and CCS NIP, respectively, and thus are also referred to as the 

MIP and NIP cores.    

 

A typical polymerisation procedure for the synthesis of the CCS MIP is as follows: 200 

mg of the MIP core (MIP-5%BDDC-B2) and styrene monomer (5.6 mmol) were mixed in 

THF (8.0 mL) in a test tube. The mixture was then purged with nitrogen for 30 mins and 

photopolymerised using the set-up described in §2.2.5 at room temperature for 48 

hours. The turbid polymerisation mixture was then added dropwise to a large amount 
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of methanol to precipitate any soluble products and separate them from any 

unreacted monomer. The precipitate was collected by centrifugation and subjected to 

further purification and fractionation, as shown in Figure 5.1(A). Firstly, the precipitate 

was redispersed in THF while stirring. The mixture was centrifuged (Thermoline 

Scientific) at 6000 rpm for about 15 min, after which the sediment was separated from 

the supernatant, washed with methanol, labelled as CCS MIP-F1 and kept for future 

use. The supernatant was then added dropwise to methanol to form another fraction 

of precipitate. The mixture was again centrifuged for about 15 min and the precipitate, 

labelled as CCS MIP-F2 was collected. Both precipitates were dried overnight under 

vacuum and the yields were determined gravimetrically. The CCS NIP was prepared 

following the same procedure as the CCS MIP with a slight modification in the 

purification steps, as shown in Fig. 5.1(B).  
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Figure 5.1. Purification steps of (A) CCS MIP and (B) CCS NIP. 
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 Characterisation of CCS MIP  5.2.3

The CCS MIP and the corresponding NIP samples were subjected to a range of 

characterisations such as NMR, SEM and DLS to determine their composition, 

morphology, particle size and particle size distribution following the procedures 

outlined in §2.3. 

 FTIR   5.2.3.1

FTIR spectra of both the solid and liquid samples were recorded on Perkin Elmer 

Spectrum Two, controlled by Spectrum 10TM software at 4 cm-1 resolution in the range 

of 4000 – 400 cm-1. In order to investigate the possible relation between the 

crosslinking density of the polymers and their binding performance, the degree of 

crosslinking of the microspheres and the CCS polymers was determined according to 

the procedure in §4.2.7.1.  

 CCS MIP Composition by FTIR Analysis 5.2.4

Given that the template binding by the CCS MIP is expected to be primarily confined to 

the core, it is important to determine the mass fraction of the core in each of the CCS 

MIP samples in order to facilitate the calculation of meaningful template binding data.  

The mass fraction of the core relative to that of the PS arms was determined from FTIR 

analysis against standard mixtures of EGDMA/MAA and St. Note that it was necessary 

to assume the same mole ratio of EGDMA to MAA in the polymer as the monomer 

feed ratio (i.e. EGDMA:MAA = 4:1). To obtain a calibration curve, a mixture of EGDMA 

and MAA monomers in a fixed mole ratio of 4 to 1 were prepared and added to 

different amounts of styrene monomer so that the weight percent of the EGDMA/MAA 

mixture varied between 5 to 95% with respect to the total weight. The FTIR 

absorbance spectra of these mixtures were obtained and the absorbance peak height 

ratios of EGDMA/MAA (as uniquely defined by the carbonyl absorbance at 1727 cm-1) 

to the St (out-of-plane C-H bending absorbance mode of the aromatic ring at 697 cm-1) 
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were calculated. An example of the FTIR absorbance spectrum of a mixture containing 

5% St is shown in Figure 5.2(A) and compared with those of the CCS MIP and its core 

precursor (Figure 5.3(C) and (B) respectively).  

 

Figure 5.2. Comparison of FTIR absorbance spectra of the (A) calibration mixture (5% 
w/w styrene), (B) core precursor (MIP-5%BDDC-B2) and (C) CCS MIP (CCS MIP-F1). 

Calibration curves were then plotted as the (C=O/aromatic C-H) absorbance peak ratio 

versus the EGDMA/MAA mixture mass fraction with respect to the total weight. 

Subsequently, the ratio of (C=O/aromatic C-H) in the CCS polymer was calculated from 

its FTIR spectrum (Figure 5.2(C)) and the corresponding mass fraction of EGDMA/MAA 

mixture with respect to the total mass was estimated from the calibration curve. This 

value was then taken as the mass fraction of the polymer core with respect to the total 

mass of the CCS MIP. Since the absorbance mode at 699 cm-1 was also present in the 

core precursor (Figure 5.2(B)), which was attributed to the absorbance of the benzyl 

group of the iniferter, this absorbance was normalised against that of the core 

precursor before calculating the (C=O/aromatic C-H) ratio. The calibration curve in 

Figure 5.3(A) was used to estimate the core mass fraction for samples having values of 
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C=O/aromatic C-H ratio less than 2, whereas for samples that exhibit ratios greater 

than that, their core mass fraction was estimated using the calibration curve in Figure 

5.3(B) instead.  

 

Figure 5.3. The calibration curves used for the estimation of the mass fraction of the 
MAA and EGDMA constituent of the core in the CCS polymer with styrene arms. The y-
axis indicates the (C=O/aromatic C-H) absorbance ratio of a mixture of EGDMA, MAA 
and styrene whilst the x-axis is the mass fraction of the EGDMA/MAA mixture with 
respect to the total mass. (A) used for calibration for C=O/aromatic C-H ratios less than 
2, and (B) used for C=O/aromatic C-H ratios greater than 2. 
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 Determination of Mn of PS Arm by 1H NMR   5.2.5

The number-average molecular weight (Mn) of the PS arm attached to the core of the 

CCS polymers was determined from their 1H NMR spectra.334, 335 The integrated peak 

intensity ratio of the styrene aromatic protons of the main chain to the BDDC iniferter 

moiety gives the degree of polymerisation (DP) and hence the Mn of the PS arm.  

 Batch Rebinding Studies 5.2.6

Batch rebinding experiments were carried out using a known molarity of BZP stock 

solution in both acetonitrile and THF, following the procedure in §4.2.4. The 

experiments were conducted in duplicate and the mean values are reported. The 

amount of BZP bound, SB was calculated according to Equation 4.1 (see §4.2.4) except 

that only the mass of the core (not the entire polymer) was considered since the 

binding is assumed to occur only at the core as concluded in §5.3.2 from Figure 5.10, 

and expressed as mol of substrate bound per g of polymer core (mol g-1).  The mass 

of the core was calculated as outlined in §5.2.4. 

 Results and Discussion 5.3

 Preparation and Characterisation of CCS MIPs and NIPs 5.3.1

 Preparation of CCS MIPs/NIPs  5.3.1.1

BZP imprinted microspheres with reactive functional groups have been prepared by 

precipitation polymerisation using both BDDC iniferter and RAFT agent (MCABTTC) 

approaches (§4.2.2). These reactive functional groups could be further polymerised by 

growing PS arms anchored at the core to yield BZP imprinted core crosslinked star 

polymers. Comparison of the results of  the binding studies between the MIP 

microsphere obtained via iniferter and RAFT (§4.3.4) showed that the former exhibited  

better BZP binding performance in terms of higher BZP binding capacity and specific 

binding values when prepared using 5% BDDC compared to those prepared by RAFT.  
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The synthesis of MIP microspheres was carried out in acetonitrile because it was able 

to dissolve all the polymerisation ingredients. In addition, it was also reported to give 

monodisperse spherical particles,142, 231, 279 which was consistent with the results of our 

MIP microspheres prepared via iniferter (see §4.3.2.1). However, since polystyrene is 

not soluble in acetonitrile, the preparation of CCS MIP was carried out in THF, which is 

a good solvent for PS. Thus the presence of PS arms anchored to the MIP core is 

anticipated to result in a dispersible CCS MIP in THF.  

 

During the purification and fractionation process of CCS MIP and NIP illustrated in 

Figure 5.1(A) and (B), respectively, several fractions of CCS polymers were obtained.  

For the CCS MIP, two fractions were obtained: one fraction was not dispersed in THF 

and formed sediment when left overnight (CCS MIP-F1) while the other fraction was 

dispersible in THF resulting in a slightly turbid solution (CCS MIP-F2).  For the CCS NIP, 

three fractions were obtained: a fraction that was not dispersed in THF and formed 

sediment when left overnight (CCS NIP-F1), a fraction that was dispersed in THF, but 

was colloidally stable, resulting in a turbid solution (CCS NIP-F2) and finally a fraction 

that was dispersed in THF, forming a slightly turbid solution (CCS NIP-F3).  The isolation 

of multiple polymer fractions per formulation suggests that photopolymerisation of 

styrene at the surface of iniferter-bound MIP and NIP core precursors resulted in CCS 

polymers with variable chain length or chain distribution as indicated by the different 

degrees of dispersibility in THF. Detailed characterisation of each CCS MIP and NIP 

fraction is presented in the succeeding sections.  

 Particle Size Analysis by SEM and DLS 5.3.1.2

The SEM images of MIP-5%BDDC-B2 (MIP core precursor), CCS MIP-F1 and CCS MIP-F2 

are shown in Figure 5.4(A - C) and the average particle diameter of the MIPs 

determined from the SEM are tabulated in Table 5.1. As can be seen in Figure 5.4(A), 

the MIP core microspheres (MIP-5%BDDC-B2) are monodisperse spherical particles, 

having SEM average particle size of 1180 ± 130 nm (Table 5.1), which is consistent with 
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the particle size of the MIP-5%BDDC prepared in Chapter 4 (§4.3.2) indicating the 

batch reproducibility of the polymerisation. In addition, a very low fraction of small-

sized particles could also be observed in the spectrum of the MIP core precursor. The 

SEM images of CCS MIP-F1 and CCS MIP-F2 showed similar monodisperse spherical 

particles as those of the MIP core precursor.  

 

The SEM images of NIP-5%BDDC-B2 (NIP core precursor), CCS NIP-F1, CCS NIP-F2 and 

CCS NIP-F3 are shown in Figure 5.4(D - G). The hydrodynamic diameters of the CCS NIP 

fractions and their NIP core precursor were determined by DLS and the results are 

tabulated in Table 5.1. As can be seen in Figure 5.4(D), discrete particles could not be 

observed in the SEM image of the NIP core precursor (NIP-5%BDDC-B2), unlike that of 

the NIP-5%BDDC (Figure 4.9, §4.3.2.1), despite being prepared by the same procedure. 

The reason was postulated to be as a result of poor sample preparation rather than 

the property of the polymer. This is supported by the hydrodynamic diameter of the 

NIP-5%BDDC-B2, which showed evidence of monodisperse particles of about 132 nm. 

From Table 5.1, it can be observed that the Dh values of the CCS NIPs were essentially 

equal within error, ranging from 122 – 139 nm. It can also be noticed that the 

hydrodynamic size of the NIP core precursor (NIP-5%BDDC-B2) was much smaller than 

the SEM particle size of its MIP counterpart (132  2 and 1180  130 nm, respectively), 

which was attributed to the effect of the presence of the template during the 

polymerisation (see §4.3.2.1). 
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Figure 5.4. SEM images of (A) MIP-5%BDDC-B2, (B) CCS MIP-F1, (C) CCS MIP-F2,         
(D) NIP-5%BDDC-B2, (E) CCS NIP-F1, (F) CCS NIP-F2 and (G) CCS NIP-F3. The images 
were recorded at 15000X magnifications. 
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Table 5.1. Physical characteristics of CCS imprinted and non-imprinted polymers versus 
the core microspheres. 

Polymer  
Yield  
(%) 

SEM average 

diameter (nm)  
Dh (nm)a 

Core 
weight 

(%)b  

DC 
(%)c 

Mn,PS 

(kDa)d 

MIP-5%BDDC-B2 N/A 1180  130  N/A N/A  61 N/A 

CCS MIP-F1 77 1130  80 N/A 92 77 N/A 

CCS MIP-F2 23 1120 ± 90 N/A 22 65 2.8 

NIP-5%BDDC-B2 N/A N/A 132 ± 2 N/A 62 N/A 

CCS NIP-F1 55 N/A 135 ± 6 83 76 N/A 

CCS NIP-F2 16 N/A 122 ± 2 57 73 0.8 

CCS NIP-F3 29 N/A 139 ± 1 44 71 1.8 

a 
Hydrodynamic diameter of filtered sample of polymers (using a 450 nm membrane filter) obtained 
by DLS.  

b
 Core weight percent (%) of CCS polymers calculated from FTIR data (Figure 5.5).

 

c 
Extent of C=C bond conversion of the EGDMA, DC (%), calculated according to the following 
equation (Equation 4.1) : 

DC (%) = 100 × [1 −
(

𝐴𝐶=𝐶
𝐴𝐶=𝑂

⁄ )
𝑝𝑜𝑙𝑦𝑚𝑒𝑟

(
𝐴𝐶=𝐶

𝐴𝐶=𝑂
⁄ )

𝑚𝑜𝑛𝑜𝑚𝑒𝑟

]     

d
 Mn of PS arm calculated from 

1
H NMR data (Figures 5.6 – 5.8). 

N/A – not available  

 FTIR Analysis  5.3.1.3

Structural confirmation of the CCS polymers was performed using FTIR spectroscopy. 

To confirm the difference in the structure of the CCS MIP fractions compared to their 

core precursor, the absorbance FTIR spectra of the former and the latter are 

compared, as shown in Figure 5.5(A). As can be seen in the spectrum of the MIP core 

precursor (MIP-5%BDDC-B2), the strong absorption peak at 1729 cm-1 is assigned to 

the carbonyl (C=O) stretching vibration of both the EGDMA and MAA units in the core 

whilst the absorption peak at 754 and 699 cm-1 are attributed to the aromatic ring out 

of plane C-H bending vibration of benzyl group of BDDC. All three peaks can also be 

observed in the FTIR spectra of both the CCS MIP fractions. Compared with that of 
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MIP-5%BDDC-B2, the emergence of new peaks at 3061, 3026, 1601, 1493 and 1451 

cm-1 in the FTIR spectrum of CCS MIP-F2 are assigned to the characteristic peaks of 

styrene.336 Although these peaks are also observed in the spectrum of CCS MIP-F1, 

they are less intense compared to those of the CCS MIP-F2,which indicates greater 

surface density of PS arm of the latter, probably due to its longer PS arm compared to 

the former.337 This might explain the different behaviour of the CCS MIPs when 

dispersed in THF, whereby the CCS MIP-F2 was more dispersible in THF compared to 

the CCS MIP-F1. The strong absorption band at 699 cm−1 in the spectra of both the CCS 

MIP-F1 and CCS MIP-F2 is attributed to the out-of-plane CH bending of the mono-

substituted benzene ring of the PS arm, which overlapped with that of the benzyl 

group of BDDC. It can be clearly observed that the intensity of the out-of-plane C-H 

bending absorbance of the aromatic ring at 699 cm-1 in the spectra of the CCS MIP 

fractions has increased significantly compared to that of their core precursor, which 

confirms the incorporation of PS arms around the core microsphere.  
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Figure 5.5. FTIR spectra of (A) CCS MIP and (B) CCS NIP fractions compared to their 
corresponding core precursors. 
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The FTIR spectra of the CCS NIP fractions are also compared with their core precursor 

as shown in Figure 5.5(B). Similar to the results obtained with the CCS MIP fractions, 

the spectra of the CCS NIP fractions also showed the characteristic peaks of styrene at 

3061, 3026, 1601, 1493 and 1451 cm-1, which were not present in the spectrum of 

their core precursor (NIP-5%BDDC-B2). It can also be observed that intensity of the 

out-of-plane C-H bending absorbance of the aromatic ring at 699 cm-1 in the spectra of 

the CCS NIP fractions has increased significantly compared to that of their core 

precursor, confirming the incorporation of PS arms around the NIP core microsphere.  

 

The ratios of the carbonyl (C=O) absorbance mode at 1729 cm-1 to the normalised C-H 

bending absorbance of the aromatic ring at 699 cm-1 of the CCS MIP and NIP fractions 

were determined. The calibration curves in Figure 5.3 were then used to estimate the 

corresponding weight percent of EGDMA/MAA with respect to the total mass of the 

mixture. This value is taken as the mass fraction of the core with respect to the total 

weight of the CCS polymer and the results are tabulated in Table 5.1.  

 

As can be seen from Table 5.1, the weight percent of the core of CCS MIP-F1 with 

respect to the total mass of the polymer was about 4-fold higher than that of the CCS 

MIP-F2 (92% and 22%, respectively) which indicates that the latter contains a higher PS 

arm content relative to the core. It can also be seen that CCS NIP-F1 exhibit the highest 

core weight percent, followed by CCS NIP-F2 and CCS NIP-F3 (83, 57 and 60%, 

respectively). This indicates that CCS NIP-F1 contained the lowest PS arm content by 

weight relative to the core, whilst that of CCS NIP-F3 was the highest.  

 

In order to determine the effect of further polymerisation to the crosslinking density of 

the MIP and NIP core precursors and its possible relation with the binding 

performance, the degree of crosslinking of the polymers was determined from the FTIR 

spectra of the CCS MIP and NIP fractions, following the procedure in §4.2.7.1. These 

values are then compared with those of their core precursors as tabulated in Table 5.1. 
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From the table, it can be observed that the degree of crosslinking of both CCS MIP-F1 

and CCS MIP-F2 was higher (about 26% and 7% higher, respectively) to that of the core 

precursor. This indicates that both the CCS MIP fractions were more crosslinked than 

the core precursor. As for the NIP, all the CCS NIP fractions exhibited higher degree of 

crosslinking (between 15 – 23 % higher) compared to that of the NIP core precursor. 

This indicates that during the polymerisation reaction to prepare the CCS MIP and NIP 

polymers, further intra crosslinking also occurs within the core of the CCS polymers, 

thus resulted in higher crosslinking density compared to the respective core 

precursors.  

 1H NMR Analysis. 5.3.1.4

Only the 1H NMR spectra of CCS MIP-F2, CCS NIP-F2 and CCS NIP-F3 were recorded 

(Figures 5.6, 5.7 and 5.8 respectively) using deuterated chloroform since the rest of the 

polymers were not dispersible in this NMR solvent. As shown in the 1H NMR spectrum 

of CCS MIP-F2 in Figure 5.6, the peak at about 0.8 – 0.9 ppm (Hb) is assigned to the –

CH3 of EGDMA and MAA whilst the peak between 3.9 – 4.0 ppm (H2) is attributed to 

the methylene protons of diethyl dithiocarbamate (DDC) at the periphery of the CCS 

polymer. The broad peak at about 4.1-4.4 ppm (Hc) corresponds to four protons of 

EGDMA (-CH2CH2O). The very low intensity assigned to these protons in the spectrum 

illustrates the very low mobility of EGDMA in solution due to the highly crosslinked 

network. The peaks at 5.6 and 6.1 ppm (Hd) are assigned to the pendant carbon-carbon 

double bonds of EGDMA present in the core due to incomplete crosslinking. The peaks 

between 1.2 – 1.6 ppm (Ha) are attributed to the backbone methylene of PS as well as 

PEGDMA and PMAA in the core. Finally, the peaks between 1.6 – 2.2 ppm (He) are 

assigned to the backbone methine protons of PS whilst the peaks at 6.3 – 7.3 ppm (Hf) 

are attributed to the aromatic protons of styrene, which overlapped with the aromatic 

protons of benzyl group of the iniferter (H1). The presence of these peaks confirms the 

attachment of the PS arms around the core resulting in a core crosslinked star MIP.  
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Figure 5.6. 1H NMR spectrum of CCS MIP-F2. 

As can be seen in the 1H NMR spectra of CCS NIP-F2 and CCS NIP-F3, Figures 5.7 and 

5.8, respectively, both the CCS NIP fractions contained similar peaks as those of the 
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CCS MIP-F1. However, the peaks attributed to the pendant double bonds of EGDMA 

(between 4.1 - 4.4 ppm) were not clearly visible compared to that of the CCS MIP. This 

could be due to the slightly lower mobility of the PEGDMA core of CCS NIP fractions in 

solution compared to that of the CCS MIP fraction, as can be seen from their lower 

percentage of pendant C=C double bond relative to carbonyl (C=O) estimated from 

their FTIR spectra (Table 5.1. The presence of peaks between 5.5 – 6.0 ppm (X) 

attributed to the vinyl protons of styrene monomer were probably due to the 

incomplete removal of the unreacted monomers during the purification process. The 

intensity ratio between the peak attributed to the methylene protons of diethyl 

dithiocarbamate, -DDC (H2) and the aromatic proton peaks (Hf) was used to estimate 

the number average molecular weight (Mn) of the PS arms attached to the core of the 

CCS polymers and the results are tabulated in Table 5.1. As shown in the table, the 

estimated PS arm length of CCS NIP-F3 was about twice of that of the CCS NIP-F2 (Mn = 

1.8 and 0.8 kDa, respectively). It can also be seen that the Mn of the PS arm segment 

anchored to the core of the CCS MIP-F2 was about 2.8 kDa. This value was about 1.5 

and 3.5-fold longer than those of the CCS NIP-F2 and CCS NIP-F3, respectively. 

Comparing the NMR spectra of the CCS NIP fractions to the NMR spectrum of CCS 

polymer prepared via the core-first iniferter (Figure 2.20, §2.4.2.2), the peaks 

attributed to the methylene protons of DDC were not visible in the latter and thus 

calculation of the Mn of the PS arm was not possible. This could be due to the 

difference in the length of the PS arms of CCS polymer and CCS NIP, where the former 

could have contained longer styrene units relative to the DDC end group compared to 

the latter.    
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Figure 5.7. 1H NMR spectra of CCS NIP-F2. 
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Figure 5.8. 1H NMR spectrum of CCS NIP-F3. 
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 Structural Analysis 5.3.1.5

The preparation of CCS MIPs and their corresponding CCS NIPs has resulted in the 

formation of several fractions of CCS polymers. A combination of NMR, FTIR, SEM, TEM 

and DLS was used to investigate the structure, morphology and particle size of the 

resultant polymers. 

 

The equivalent SEM average particle diameters of the CCS MIP-F1 and the core MIP 

precursor are in contrast to the evidence of the presence of styrene by NMR and FTIR 

which led us to conclude that short PS arms have grown from the core microsphere. 

Moreover in view of the non-dispersibility of the CCS MIP-F1 in THF and in addition to 

the low mass fraction of PS arm relative to the polymer core, it was confirmed that the 

length of the PS arm around the large core particles was too short to facilitate 

dispersion in THF, which is the good solvent for the PS arm (see schematic, Table 5.2). 

A similar result was obtained for the CCS MIP-F2, where its SEM average particle 

diameter was comparable to that of the MIP core precursor, however, it was found to 

contain quite a large mass fraction of PS arm relative to the polymer core. Compared 

to CCS MIP-F1, the dispersibility of CCS MIP-F2 in THF could be attributed to the 

presence of longer PS arm length around the core particles, as estimated by NMR (Mn 

= 2.8 kDa) (see schematic, Table 5.2).  

 

All the CCS NIP fractions exhibited similar particle diameters to the core NIP precursor, 

yet they showed different behaviour when suspended in THF. In view of the non-

dispersibility of CCS NIP-F1 in THF and in addition to the smaller mass fraction of PS 

arm relative to the polymer core compared to the rest of the CCS NIP fractions, it is 

postulated that CCS NIP-F1 consisted of short-chain PS arms.  In contrast, both CCS 

NIP-F2 and CCS NIP-F3 were dispersible in THF, but with a slight difference in turbidity; 

CCS NIP-F2 formed a slightly turbid solution whereas CCS NIP-F3 solution was more 

transparent. Both polymers contained almost similar mass fraction of PS arm relative 

to the polymer core, yet the length of PS arm around the core of CCS NIP-F3 was found 
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to be almost twice of that of the CCS NIP-F2. From these observations, it can be 

hypothesised that CCS NIP-F3 contains lower arm number but longer arm length 

compared to that of the CCS NIP-F2 (see proposed structure, Table 5.2), which might 

account for the difference in the turbidity of their THF solutions.   

Table 5.2. Proposed dominant structures within the CCS MIP and NIP fractions. 

Polymer  Proposed structure 

MIP-5%BDDC-B2 

 

CCS MIP-F1 

 

 CCS MIP-F2 

 

NIP-5%BDDC-B2  

CCS NIP-F1 
 

CCS NIP-F2 

 

CCS NIP-F3 
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 Batch rebinding studies 5.3.2

From the previous discussion, it can be concluded that photopolymerisation of styrene 

in the presence of iniferter-bound polymer core resulted in formation of several 

fractions of CCS polymers. In order to investigate the effect of the presence of PS arms 

attached to the core precursor on the BZP binding performance, batch rebinding 

studies were carried out on all of the CCS MIP and NIP fractions as well as their 

corresponding core precursors. The rebinding experiments were performed for 2 hours 

in 4.0 mM BZP using both acetonitrile and THF, which are the bad and the good 

solvents for the PS arms, respectively. The results of the rebinding studies of all 

polymer samples are then compared as shown in Figure 5.9 and Table 5.3. The amount 

of BZP bound obtained from HPLC analysis was calculated according to equation 4.1 

(§4.2.4) and corrected against the actual mass of the core estimated from FTIR 

analysis, as discussed in §5.3.1.3 (see Table 5.1).   

Table 5.3. Binding affinities of the CCS MIP and NIP fractions compared to their 
corresponding core precursors.  

Polymer 
SB (mol per g core)  

Acetonitrile THF 

MIP-5%BDDC-B2 278  1.1 71  0.6 

CCS MIP-F1 230  0.6 40 1.9 

CCS MIP-F2 192  0.4 59  4.3 

NIP-5%BDDC-B2 204  0.3 50  0.4 

CCS NIP-F1 212  0.1 41  0.5 

CCS NIP-F2 183  1.8 6  0.3 

CCS NIP-F3 331  1.3 51  2.0 
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Figure 5.9. The BZP binding affinity of the (A) CCS MIP and (B) NIP fractions compared 
with their corresponding core precursors in acetonitrile and THF.  
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As can be seen from Figure 5.9 and Table 5.3, the BZP binding affinities of all of the 

polymers were higher when rebinding was carried out in acetonitrile compared to that 

in THF, which is consistent with the results obtained in Chapter 4 (§4.3.2.2.4 and 

4.3.3.2.4). This was attributed to the higher hydrogen bonding capability of THF 

compared to acetonitrile, which caused a disruption between the interaction of the 

template with the functional monomer (MAA) of the polymer core, as already 

discussed in Chapter 4. Apart from that, conducting the rebinding studies in the same 

solvent as the porogen used during the preparation of the core precursor might 

account for the higher binding affinity of the polymers in acetonitrile by providing a 

microenvironment that would mimic the interactions existing prior to and during the 

polymerisation.314  

 

All of the CCS NIP fractions, except for the CCS NIP-F2 exhibited higher BZP binding 

affinity compared to that of the NIP core precursor when rebinding was carried out in 

acetonitrile (Table 5.3). Considering that the particle sizes of all of the CCS NIP 

fractions were almost similar to the NIP core precursor, the presence of PS arms that 

are attached to the CCS NIP cores might be expected to have contributed to the 

difference in the binding affinity of the polymers in acetonitrile, the bad solvent for the 

PS arm. No correlation can be seen between the binding affinities of the CCS NIP 

fractions with the degree of polymerisation of the PS arm in acetonitrile, where the 

arms were expected to be in a collapsed state. However, a contradictory result was 

obtained when the rebinding was carried out in THF, the good solvent for the PS arm. 

In THF, the non-dispersible CCS NIP (CCS NIP-F1), which contains a very small fraction 

of PS arms relative to the polymer core (according to the FTIR analysis in §5.3.1.3, 

Figure 5.5(B)) exhibited about 18% reduction in binding affinity compared to that of 

the NIP core precursor. This suggests that the presence of PS arms did have a slight 

effect on the binding performance of CCS NIP-F1. Comparing the binding affinities of 

the dispersible fractions of the CCS NIP with that of their core precursor, CCS NIP-F2 

exhibited a significantly lower binding affinity (about 88% lower) compared to that of 
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the core precursor whereas similar binding affinity was exhibited by CCS NIP-F3.  Thus, 

CCS NIP-F3, which contained fewer but longer arms (see proposed structure, Table 5.2) 

bound higher amount of BZP compared to the CCS NIP-F2, which contained more but 

shorter arms (see proposed structure, Table 5.2). A few possible reasons were 

postulated for this behaviour. The first one was attributed to the easier mass transfer 

of the BZP molecules to the core of CCS NIP-F3 due to the more extended arms 

compared to that of CCS NIP-F2.  In another words, the presence of these longer arms 

did not hinder the movement of BZP molecules from the solution to the core, where 

the MAA functional groups were located. The other possible reason was the 

interaction that might occur between the BZP molecules and the styrene units in the 

PS arms itself. Since the arms of CCS NIP-F3 were longer than that of the CCS NIP-F2, it 

was possible that the apparent higher binding affinity of the former compared to the 

latter was contributed by the higher interaction between the BZP molecules and the PS 

arms rather than with the MAA at the core. The third possible reason was that as CCS 

NIP-F2 contained more PS arms than the CCS NIP-F3, its surface density of the PS arms 

was greater. The high surface density of PS arms of the former might be shielding the 

core, thus reducing the amount of BZP bound to its core compared to the latter.   

 

In order to investigate which of the above hypotheses was more likely to occur, 

computer generated modelling was carried out using the molecular simulation 

software, Spartan ’04 (Wavefunction, Inc. USA) using gas phase AM1 force field at the 

semi-empirical level to estimate possible interactions that could occur between 

styrene monomer and the BZP template. Two, four and eight styrene monomer units 

in the chain were modelled to study the effect of number of styrene in the chain to the 

geometry optimised images of the styrene: BZP template, as shown in Fig. 5.10.  
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Figure 5.10. Computer generated molecular modelling images of BZP and (A) 2, (B) 4 
and (C) 8 units of styrene for the geometry optimised BZP:St clusters.  

(A) 

(B) 

(C) 
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As can be seen from Figure 5.10, all of the styrene chain models exhibited a certain 

degree of interaction with BZP. It can also be observed that the presence of a higher 

number of styrene units in the chain provides more interaction points with the BZP 

template, which is consistent with the result obtained by Wright where the degree of 

interaction increased with increasing number of styrene monomer unit.257257 However, 

the strength of this interaction seemed to be weaker with increasing styrene units as 

demonstrated by the increase in the distance between the BZP molecule and styrene.  

It is also interesting to note that the interaction was not restricted to the locations 

where possible binding would occur. Since no functional group was present in the 

system capable of hydrogen bond association, the interaction was postulated to 

consist of weak non-covalent interactions such as van der Waals forces.  

 

The computer generated molecular modelling image (Figure 5.10) could be used to 

explain the higher binding affinity at the core of CCS NIP-F3 compared to that of the 

CCS NIP-F2 when rebinding was carried out in acetonitrile as some of the BZP template 

could be trapped in the collapsed PS arm chains. This possible physical entrapment 

may have resulted in the reduced amount of BZP left in solution, which in turn caused 

the binding affinity of the former to be higher than the latter.  In THF, the PS arms 

attached to the CCS NIP core were expected to be in an expanded state. The lower 

binding affinity of CCS NIP-F2 compared to that of CCS NIP-F3 could be attributed to 

the different degree of polymerisation (that is, arm length) of the polymers. The longer 

PS arms of CCS NIP-F3 could be in a fully extended state, thus allowing the BZP 

template to reach the core whereas the shorter arms of CCS NIP-F2 which are not fully 

extended in THF could have hindered the BZP template from reaching the core. The 

CCS NIP-F2 on the other hand, contained shorter but more PS arms compared to the 

CCS NIP-F3, thus exhibited higher surface density of the arms, which might shield the 

core, resulting in lower amount of BZP bound of the former compared to the latter. 

This shows that the arm length could be optimised for enhanced processability and 

binding performance of the CCS polymers.  
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As can be seen in Figure 5.9(A) and Table 5.3, CCS MIP fractions showed a slightly 

different trend in the binding affinity compared to that of the CCS NIP fractions. CCS 

MIP-F1, which was about the same size as the MIP core precursor bound about 17% 

less BZP compared to that of the MIP core precursor (MIP-5%BDDC-B2) when 

rebinding was carried out in acetonitrile.  The decrease in binding affinity of the former 

compared to that of the latter was even greater (about 44% lower) when rebinding 

was carried out in THF, which is the good solvent for the arm. This result demonstrates 

that the presence of PS arms around the core might account for the lower binding 

affinity of CCS MIP-F1 compared to that of the MIP core in both solvents. In 

acetonitrile, the collapsed PS arms could hinder the approach of the BZP template to 

the core, where the imprinting sites were located, thus reducing the amount of specific 

binding. In THF, further decrease in the binding affinity of the polymer could be 

attributed to the contribution caused by the interaction between the extended PS 

arms and the BZP template, thus reducing the total binding at the core.   

 

Similar to the result obtained for CCS MIP-F1, CCS MIP-F2 exhibited lower BZP binding 

affinity compared to that of the MIP core precursor when rebinding was carried out in 

both acetonitrile and THF (31% and 17% lower, respectively). It can also be noted that 

the amount of BZP bound of CCS MIP-F2 was lower in acetonitrile but higher in THF 

compared to that of CCS MIP-F1. Considering that the SEM average diameter of CCS 

MIP-F2 was comparable to that of CCS MIP-F1, but contained higher styrene mass 

fraction relative to the core. The slightly higher binding affinity of CCS MIP-F2 

compared to that of CCS MIP-F1 in THF could be attributed to the fully extended PS 

arms in the good solvent, which allows more BZP to approach the core, hence 

increasing the contribution of specific binding. The opposite effect occurred in 

acetonitrile, where the collapsed PS arms, which covered the surface of the core, 

resulting in greater surface densities of the PS arms, were concluded to hinder the 

approach of the BZP template to the binding sites.  
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The result showed that binding affinities of the CCS MIPs and NIPs having different arm 

lengths and surface density of arms differ, depending on the type of solvents used 

during the rebinding studies. In acetonitrile, which was the bad solvent for the arm, 

having long arms was detrimental to the CCS MIP since the collapsed arms caused an 

increased in the surface density of the arms, thus reduced the mass transfer of the BZP 

molecules to the imprinted sites within the core. On the other hand, having long arms 

was beneficial when the CSS MIP was dispersed in the good solvent, THF. The arms 

when in the extended state, improved the dispersibility of the CCS MIP, yet did not 

hinder the mass transfer of BZP molecules to the core. As for the CCS NIP fractions, 

although having long arms were advantageous since the nonspecific binding was 

reduced, if the arms were too long, the BZP molecules could be trapped in the 

collapsed PS arm chains, thus contributed to the increase in the non-specific binding. 

Having more arms was not necessarily good either because the greater surface density 

of the arms might shield the core, thus reducing the amount of BZP bound. Therefore, 

an optimum balance between the arm lengths, number of arms and the size of the 

core is necessary in order to improve the polymer dispersibility without jeopardising 

the binding performance.  

 

Despite enhancing the dispersibility of the MIP, it is difficult to assess the binding 

performance of the CCS MIPs using the conventional comparison with the NIP (see 

§4.2.4) due to the presence of different number of arm and/or arm length around the 

MIP core and its NIP counterpart. Nevertheless, the arms have the potential to 

promote binding if carefully selected. It seemed that PS was not the best arm to use as 

it could form interactions with the functional monomer and/or the template. Other 

arms could be tested to find a suitable arm that can improve the binding capacity of 

the MIP.  
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 Conclusion 5.4

CCS MIP and NIP have been prepared using the MIP and NIP microspheres synthesised 

using 5% BDDC iniferter, as the core precursors respectively. Starting from the same 

core precursor, several fractions of CCS MIP and NIP were obtained, which differ in 

their degree of dispersibility in THF, the good solvent for the arm. The effect of 

template (as already discussed in Chapter 4) could be observed from the large 

difference in particle diameter between the MIP and NIP core precursors, where the 

latter was much smaller compared to the former. This difference in sizes and perhaps 

in the number of initiating sites in the core precursors will affect the growth of arms 

around the core of the polymers, making the assessment of binding performance 

complex. Preliminary studies showed that dispersibility improved with increasing arm 

length, although it did not necessarily contribute to better binding performance. The 

result also indicates that the CCS polymers could be used as stimuli responsive 

polymers338 since they response differently when dispersed in different solvents. The 

CCS polymers could bind the BZP when dispersed in acetonitrile, and then release the 

drug when the solvent is switch to THF. The result showed that CCS polymer could 

provide a path to dispersible and processable MIP. To the best of our knowledge, this 

is the first report on the core-first CCS MIPs prepared via RDRP.  

 

 

 

 

 

 

 



  Chapter 6  

 
 

 

 

 

227 

 

 

 Chapter 6

Summary and Recommendations 

 Summary of Results 6.1

Synthesis of core crosslinked star (CCS) polymers via RDRP has been investigated and 

then applied to molecular imprinting. Molecular imprinted CCS polymers have 

potential as delivery systems in solution and, by virtue of their improved 

processability, may be used to produce thin films with recognition capability for 

sensing applications. Both methods i.e. arm-first and core-first were employed during 

the synthesis of CCS polymers via iniferter and RAFT in order to find the best possible 

method to prepare the CCS MIPs. In the arm-first method, linear PS arms with 

reactivatable chain-end initiating sites were synthesized using either BDDC iniferter or 

MCEBTTC RAFT agent before undergoing a crosslinking reaction with EGDMA to afford 

CCS polymer with the initiating sites confined at the core. On the other hand, the core-

first method involves the polymerisation of EGDMA crosslinker in the presence of 

BDDC iniferter/MCEBTTC RAFT agent to generate a multifunctional crosslinked core 

before addition of styrene monomer to grow the arms from the active core surface. By 

using this method, in contrast to the arm-first method, the initiating sites are 

preserved at the periphery of the CCS polymer. 

 

In the preparation of CCS polymers via the arm-first method, PS arms with DDC end 

groups of various arm lengths were synthesised using BDDC iniferter by varying the 
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parameters such as the polymerisation time and monomer to iniferter ratio. CCS 

polymers of various molecular weight and particle size were then successfully 

prepared by subsequent crosslinking of the PS arms with EGDMA as the crosslinker. It 

was found that higher molecular weight and bigger particle size of CCS polymers were 

formed by increasing the polymerisation time, concentration of the PS arm, molar ratio 

of EGDMA to PS arm and PS arm length.  

 

On the other hand, the preparation of arm-first CCS polymers via RAFT was not as 

straightforward as that of the iniferter. Although PS arms of different lengths with low 

polydispersity could be prepared by varying parameters such as monomer to RAFT 

agent and RAFT agent to initiator mol ratios, careful selection of EGDMA and PS arm 

concentration as well as molar ratio of EGDMA to PS arm was necessary for the 

successful formation of CCS polymers via RAFT. Formation of CCS polymers in good 

yield could be achieved at higher ratio of EGDMA to PS arm and PS arm concentration. 

However, conducting the polymerisation at high concentration of PS arm for a long 

time should be avoided as it resulted in macroscopic gelation.  

 

Polymerisation of styrene via iniferter was found to result in faster polymerisation than 

RAFT, which was demonstrated by the much higher MW and higher yield of the PS 

arms obtained via the former. On the other hand, PS arms prepared via RAFT exhibited 

much lower polydispersities compared to the iniferter, suggesting better control of 

polymerisation by RAFT. 

 

One of the advantages of the arm-first method in the preparation of CCS polymers is 

that the length of the arms could be well-controlled since they were synthesised 

independently. However, the final product is accompanied by the residual unreacted 

linear arm precursors, which require extra purification step to obtain CCS polymers of 

high purity.  

 



  Chapter 6  

 
 

 

 

 

229 

 

For the preparation of the core precursor for the core-first CCS polymers, it was 

necessary to maintain lower ratio of crosslinker to iniferter/RAFT agents and conduct 

the polymerisation of EGDMA in high dilution in order to prevent macroscopic 

gelation. Varying the polymerisation time during the polymerisation of styrene 

monomer in the presence of the core precursors resulted in CCS polymers with 

different arm lengths.  Although requires further optimisation, core-first CCS polymers 

was successfully synthesised via both the iniferter and RAFT and requires a much 

simpler purification step compared to the arm-first method. Moreover, 

characterisation of the core was possible when the CCS polymers were prepared via 

the core-first method, which is crucial when applied to molecular imprinting. 

 

Hence, the CCS MIPs were prepared via the core-first method starting with the 

preparation of the MIP microspheric core precursor. Using BZP as the model template, 

the MIP microspheres were prepared via a combination of iniferter/RAFT and 

precipitation polymerisation. The BZP imprinted polymers have been prepared using 

three different concentration of iniferter/RAFT agent (i.e. 5, 10 and 20 mol % with 

respect to the total monomer). The large difference in size between the MIPs and their 

NIP counterparts, which translated to a large difference in the specific surface area of 

the microspheres, has implications on the assessment of binding efficiency generally 

normalised against NIPs with respect to mass. To take into account the difference in 

surface area between the MIPs and their respective NIPs, the binding efficiency of the 

MIPs was also expressed with respect to the specific surface area. The MIP 

microspheres prepared using 5% of iniferter/RAFT agent exhibited the best binding 

performance in their series. Comparing the binding performance between the MIP-

5%BDDC and MIP-5%RAFT, the former exhibited higher binding capacity and greater 

specific binding, despite its lower specific surface area and reduced porosity compared 

to those of the latter. On the other hand, the IF value of the MIP-5%RAFT was about 

3.5-fold higher than that of the MIP-5%BDDC due to the higher level of non-specific 

binding to the latter.  
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Due to the better binding performance of MIP-5%BDDC and the relatively easier 

preparation of CCS polymer when the microspheres prepared via iniferter was used as 

the core precursor compared to that of RAFT, the former was selected for further 

studies to determine the specificity of the BZP prepared polymer. Two drugs, EPH and 

PHP, having closely related structures to the BZP were selected as the analytes. In the 

non-competitive binding, it was found that the MIP-5%BDDC exhibited better 

selectivity towards EPH over BZP, but showed comparable selectivity towards both 

analytes in the competitive binding environments, which could be attributed to the 

smaller size and stronger hydrogen bonding ability of EPH compared to BZP. On the 

other hand, MIP-5%BDDC exhibited better selectivity towards BZP over PHP in both 

the non-competitive and competitive binding environments, indicating greater 

recognition properties for the BZP template molecules, which was attributed to the 

creation of specific cavities designed for the BZP template in the MIP.   

 

A pilot study carried out to synthesise CCS MIPs using the MIP microsphere prepared 

using 5%BBDC as the core precursor has resulted in different fractions of CCS MIPs, 

which exhibited different degree of dispersibility in the THF, the good solvent for the 

PS arm. Dispersibility of the CCS MIPs improved with increasing arm length, although it 

did not necessarily contribute to better binding performance. In both acetonitrile and 

THF, which were a bad and good solvent for the arm, respectively, the presence of PS 

arms around the imprinted core resulted in a decrease in binding capacity of the CCS 

MIPs compared to that of the core precursor. However, contrary to the binding results 

obtained in acetonitrile where binding capacity seemed to decrease with increasing 

arm length, greater binding affinity was exhibited by the CCS MIP with longer arms 

than those with shorter arms in THF. Greater binding affinity of the MIP having longer 

arms was attributed to the easier access of the BZP when the arms are were fully 

extended in THF, whereas in acetonitrile, the greater surface density of the arms when 

in collapsed state shielded the core and thus causing less BZP to reach the binding 

sites.   
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 Recommendations for Future Work 6.2

The high degree of crosslinking in MIPs is necessary in order to maintain the 

conformation of the three-dimensional binding sites obtained through the molecular 

imprinting process, and thus the ability of the polymer to specifically and selectively 

recognize its target molecule. However, the insolubility of these crosslinked polymers 

limits the applicability of MIPs by imposing tedious or difficult processes for their 

inclusion in organic electronic devices. Although the PS arms enhanced the 

dispersibility of the CCS MIPs, it should be noted, however, that the presence of arms 

around the imprinted core might inadvertently cause a reduced selectivity of the MIP 

by preventing template accessibility to the imprinted sites when the arms are not in a 

fully extended state.  In addition, possible interaction between the arms and the target 

analyte (template) could also lead to a reduction in template binding at the binding 

sites on the core. Therefore, a careful CCS MIP synthetic design is necessary in order 

for the growing arms to have a positive effect on the binding performance.  

 

One of the possible ways to improve the binding performance of the CCS MIPs is by 

optimising the lengths of the arms so that the dispersibility of the CCS MIPs could be 

enhanced, which could improve their processability as thin films but at the same time, 

still exhibit high binding capacity. Apart from that, the binding capacity could be 

improved by changing the nature of the arm, for example by using other neutral 

monomer apart from styrene such as methyl methacrylate. Ideally, the monomer 

should not form ionic interaction or hydrogen bond with the functional group or the 

template molecule but can actually promote binding of template. The core size could 

also be optimised to enhance template binding capacities of the CCS MIPs. Bigger size 

of MIP microspheres allows the creation of more binding cavities and able to 

accommodate more arms, yet at the same time resulted in reduced surface area. 

However, having more arms could hinder the mass transfer of template to the binding 

sites. Thus, it is very important to optimise the size of the core for maximum binding 

capacity. In this study, BZP, a designer drug, was used as the model template. The 
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study could be extended to other illicit drugs, such as morphine and cocaine. Utilizing 

the inferter-induced RDRP in combination with precipitation polymerisation, a thin film 

of MIP could be grafted onto the surface of silica seed particles, which could then 

undergo suface modification to form the CCS polymer.  

 

In the binding assessment, the binding efficiency of the MIPs are generally normalised 

against the respective NIPs with respect to the mass of the polymers. Taking into 

account the variability in particle sizes between MIPs and NIPs, it is strongly suggested 

that future study includes the binding efficiency of the MIPs expressed with respect to 

the specific surface area. Despite enhancing the dispersibility of the MIP by 

incorporating arms, it is difficult to assess the binding performance of the CCS MIP 

using the conventional comparison with the NIP due to the presence of different 

number of arm and/or arm length around the MIP core and its NIP counterpart. The 

binding evaluation of the CCS MIP could be performed by comparing the binding 

capacity of the CCS MIP against its core precursor, whereby ideal binding is obtained 

when binding capacity of the former over the latter equals one.  

 

Finally, we have demonstrated that the processability of MIP microspheres could be 

readily introduced by attaching linear polymeric arms via iniferter technique. Future 

work involving the application of the CCS MIPs in thin film format for potential 

application in electronic devices is highly recommended. 
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