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1 Summary and Zusammenfassung

1.1 Summary

This thesis describes the developmentnefv methods for producing molecularly imptéa

polymeric materials with improved properties &alytical angreparativeapplications.

This thesis is divided into twparts. Thefirst partof the thesis describéke influence of chain
transfer agent on the performance of imprinted polymgyathesized using thebulk
polymerization methad Reversible Addition Fragmentation chainrahsfer polymerization
(RAFT) controled b y -cydnobenzyldittobenzoate was employed during the synthesis of a poly
(methacrylic acieco-ethylene glycol dimethacrylate) conventional MIfer L-phenylalanine
anilide. In this system, the major synthetic conditions were studied including the otio
RAFT/ABDV and the prepolymerization complex bfferential scanning colorimetryDSC).
The polymer was analysed by FTIRgemental analysis, amgtanning electron microscopy. The
pore size analysis iswollen state versus dry state was measurednbgrsie size exasion
chromatography (ISEC)thermoporometry andhitrogen adsorptiontechnique. The RAFT
polymersdemonstrateé higher swelling ratio thariné norRAFT polymers, which may bénhe
result of their smaller pore size and narrow size distribufidns was accompanied by an

enhanced thermal stability of up to 100°C.

The RAFT polymers were then tested for their ability to resolve the racemate of the template
usingHPLC. An optimum RAFT agent levél.56 wt %) during polymerization was found to
resut in markedly enhanced selectivity, column efficiency and resolution accompanied by a
considerably higher sample load capacEguilibrium binding test showed 30% increase in

binding capacity for RAFT MIP compared to conventibnpreparedviP.

The secad partof the thesis descrdsa novel approach addressing the classical deficiencies of
molecularly imprinted polymers (MIPs) i.e. low binding capacity and nonuniform birsitieg,
poor efficiency andaccessibility in chromatographit also describeghe advantages of living
polymerization.The thin walled beads were produced in two steps by first grafting thin MIP
films, under controlled (RAFT) or noncontrolled conditions, from porous shieads.The

resulting composites were compared in terms afi fihickness, the grafted layer homogeneity,



effect of different support morphologies and their chromatographic performance regarding
enantioselectivity, and efficiencyrFilm thickness wastoichiometricallycontrolled Thus, L-
Phenylalanine anilide (PA) imprintedpoly (MAA -co-EDMA) silica compositesvereprepared

using the azo or RAFT modified supportdl the materials were characterized using elemental
microanalysis, FAIR, nitrogen sorption, fluorescence microscopy, TGA, SEM, and EDX. The
layer thiknesses of the grafted polymewgere estimated from two different experimental
methods andhe materials were applied in HPLOhe aze compositesshowed a pronounced
enantioselectivity which was strongly dependent on the film thickmeesomer dilutionthe
RAFT/initiator ratio and the method of graftinglence, composites preparéy exhaustive
polymerization under dilute conditions using high RAFT/initiator ratios displayed strongly

enhanced chromatographic performance in terms of retentivity and epéetingty.

In the second step, removing the silica supports fileenabove composites by etchilegl to
nanometer thin walled beadsth structure, morphology and recognition properties strongly
depending on grafting chemistry (RAFT or nonRAFT) and orfithrethickness of the original
composite. Thus whereas the thicker walled materials retained their mesoporous morphology
and displayed enhanced enantioselectivity, load capacity and a higher surface areas compared to
their composite precursorshe thinwalled beads showed lower surface areas indicating network
collaps. The thin walled beads prepared in absence of RAFT displayed a perfectly uniform
binding site distribution and a saturation capacity exceeding that of a conventional monolithic
MIPs. The keads prepared by RAFT control showed a further enhanced saturation capacity
significantly exceeding that of the reference material. Finally, the reduced hydrophobic
character of the thin walled materials indicated ékistenceof two separate pore systemith

different pore wettabilities.

This approachwas further verified in an attempt to demonstrate the layered nattgefted
MIPs. The first layer was grafted witipoly (MAA-co-EDMA) thin film with an average
thicknesssnm inpresence of {PA as temfate moleculeThe resulting composite preferentially
retained the tenantiomer when tested as aarhatographic stationary phasgonsecutively a
D-PA imprinted film (d=5 nm) was grafted on top of thé?A imprinted film. The stationary
phase now displad D-selectivity indicating a switch of the chiral preference. In order to block

the D-selective sites, a nonimprinted layer occupying the remaining pore system was then grafted



on top of the Bselective layer. This resulting composite showed no chisatichination. The
layered nature of the composites was finally demonstrated by removing the underlying silica
support. The resulting composite preferentially retainedLtemantiomer as thereviously
covered Lselective sites had been uncovered.

1.2 Zusammenfassung

Die vorliegende Arbeit beschreibt die Entwicklung neuer Methoden zur Herstellung molekular
gepragter Polymermaterialien mit verbesserten Eigenschafteanéliytischen ungbréaparative

Anwendungen.

Die Arbeit ist in zwei Teile gegliedert. Darste Teil der Arbeit beschreibt den Einfluf3 von
Chaintransfer agents auf die Performanz von gepragten Polymeren, die mit Hilfe der Bulk
Polymerization hergestellt  wurden. Die Reversible AdditielRsagmentierungs
Ketteniibertragung®lymerization (RAFT), kontrolliert durch U-cyanobenzyldithiobenzoate
wurde eingesetzt in der Synthese eines konventionellen MIPs féhdnylalanin Anilid
bestehend aus Polymethacrylsdooethylenglycoldimethacrylat. Anhand dieses Systems
wurden die grundlegenden Synthesebgdigen einschlieBlich des Verhéltnisses von
RAFT/ABDV und des Prdolymerizatioskomplexes mit Hilfe von dynamischer
Differenzkalorimetrie studiert. Das Polymer wurde mit FTIR, Elementaranalyse und
Rasterelektronenmikroskopie analysiert. Die Porengrofigeschwollenem Zustand wurde im
Vergleich zum  trockenen Zustand gemessen mit Hilfe  von inverser
GroRenexklusionschromatographie (ISEC), Thermoporositdt und Stickstoffadsorption. Die
RAFT Polymere zeigten ein grol3eres Schwellverhéltnis als die-RiBRT Polymere. Die kann

auf ihrer kleineren Porengrof3e und ihrer engeren GrofRenverteilung basieren. Diese Beobachtung

wurde begleitet von einer erhéhten Thermostabilitéat bis zu 100°C.

Die RAFT Polymere wurden im Hinblick auf ihre Fahigkeit getestet, ein Racesdiamplates
in einer HPLC Analyse aufzutrennen. Als optimaler Gehalt an RAFT Agent wahrend der
Polymerizationwurden 1,56 w % ermittelt. Dieser Gehalt resultierte in wesentlich starkerer

Selektivitat, Sauleneffizienz und Aufldsung, begleitet von einer emiish hoheren



Probenbeladungskapazitat. Gleichgewichtsbindungsexperimente zeigten eine 30 % hdhere

Bindungskapazitat der RAFT MIPs im Vergleich zu konventionell hergestellten MIPs.

Der zweite Teil der Arbeit beschreibt einen neuen Ansatz im Hinblickdaufklassischen
Schwachpunkte molekular gepragter Polymere (MIPs). Hier waren z.B. zu nennen die geringe
Bindungskapazitat und inhomogene Bindungsstellen, geringe Effizienz und Nutzbarkeit in
chromatographischen Anwendungen. Dartber hinaus werden dieeil¥oder lebenden
Polymerization beschrieben. Dunnwandige Beads wurden in einer Zweisgyathese
hergestellt. Im ersten Schritt wurden dinne MIP Filme unter kontrollierten (RAFT) und
nichtkontrollierten Bedingungen von porosen SHRartikeln gebildet.Die entstehenden
Komposite wurden im Hinblick auf Filmdicke, Homogenitét der entstehenden Schichten, dem
Effekt verschiedener Tragermaterialien und ihre Performanz in chromatographischen
Experimenten bezlglich Effizienz und Enantioselektivitat untersudtg. Filmdicke wurde
stochiometrisch kontrolliert. Auf 4{Phenylalanin Anilid (LPA) gepréagte poly (MAAco-
EDMA) Silica-Komposite wurden unter Verwendung von Azader RAFT modifizierten
Tragermaterialien hergestellt. Alle materialien wurden mit Hilfe voikrddnalyse, FIIR,
Stickstoffsorption, Fluoreszenzmikroskopie, TGA, SEM und EDX charakterisiert. Die
Schichtdicke der entstehenden Polymere wurde mit Hilfe von zwei unabhangigen
experimentellen Methoden ermittelt und die Materialien wurden in HPLC Exeetém
verwendet. Die Azokomposite zeigten eine starke Enantioselektivitat, die stark von der
Filmdicke, der Monomerverdinnung, dem RAFT/Initiatorverhaltnis und der Gra¥tethode
abhing. Bei Kompositen, die durch vollstandigelymerizationunter verdiinten Bedingungen
hergestellt wurden zeigten hohe RAFT/Initiator Verhaltnisse stark verbessertes

chromatographisches Verhalten im Hinblick auf Retentionszeit und Enantioselektivitat.

Im zweiten Schritt wurde das Silidaagermaterial mit Hilfe von Etching ua den
Kompositmaterialien entfernt. Hierbei entstanden dinnwéndige Partikel mit nan@tiater,

deren Struktur, Morphologie und Erkennungseigenschaften stark von der Herstellungsmethode
(RAFT oder nicht RAFT) und der Filmdicke des Originalpartikels adphEs wurde beobachtet,

dal3 die Materialen mit dickeren Wanden ihre mesopore Morphologie erhalten. Sie zeigten
verbesserte Enantioselektivitat, Beladungskapazitat und grol3ere Oberflachen im Vergleich zu

ihren KomposHVorstufen. Die dinneren Beads zeig&ine geringere Oberflache. Dies deutet



auf einen Zusammenbruch des Netzwerkes hin. Die dinnwandigen Beads, die in Abwesenheit
des RAFT agents hergestellt wurden zeigten eine perfekt uniforme Bindungsstellenverteilung

und eine Sattigungskapazitat groRerfék ein konventionelles monolithisches MIP. Die Partikel

die RAFT-kontrolliert hergestellt wurden zeigten eine abermals erhdhte Sattigungskapazitat, die

signifikant hoher war als die des Referenzmaterials. Durch den verringerten hydrophoben

Charakter dediinnwéandigen Materialien wurde die Existenz zweier separater Porensysteme mit

unterschiedlicher Benetzbarkeit indiziert.

Dieser Ansatz wurde weiterhin verifiziert in dem Versuch, den Schichtaufbau gegrafteter MIPs
zu demonstrieren. Die erste Schicht waurdit einem poly (MAAco-EDMA) dunnen Film mit

einer durchschnittlichen Dicke von 5 nm in Anwesenheit voRAL als Templatmolekil
hergestellt. Die enstehenden Komposite banden in chromatographischen Tests vorzugsweise das
L-Enantiomer. Nachfolgend wurdeneauf DPA gepragter Film (d=5nm) auf den ersten Film
aufgetragen. Die stationdre Phase zeigte ne®eRktivitat und somit eine Anderung in der
chiralen Praferenz. Um die -Belektiven Bindungsstellen zu blockieren wurde eine nicht
gepragte Schicht auf dmbere Sicht aufgetragen. Das entstehende Kompositmaterial zeigte nun
keine chirale Diskriminierung. Das Schichtsystem der Komposite wurde bewiesen durch die
Entfernung des zugrundeliegenden Silltagermaterials. Das erhaltene Kompositmaterial band
vorzugsweise das4Enantiomer, da die zuvor bedecktersélektiven Bindungsstellen freigelegt

wurden.



2 Background and State of the Art

2.1 Molecular Imprinting technology

In recent years, nanostructured materials have generated a great deal of interestcin aadea
development around the world. Realization of such a, structurally ordered materials on nanoscale
might have farreaching implication for biomimetic engineering. Thus design, synthesis and
investigation of complex molecular structures and assembbesdd lead to new generation of
sensing, separation, catalysis, ion exchange, medical diagnostics and other biomedical and
biotechnological applications mimicking biological functidisSince molecular recognition is
central to the development of these systems, there has always been great interest designing the
molecular recognition materials with high degree fihay and selectivity. Several strategies
involving template mediated chemical synthesis and molecular self assembly process have been
developed for preparing these molecular and supramolecular systems with functional group
arrays on the scale of nanowmet >

Molecular Imprinting technology ia well known method to prepapmolymer based synthetic
receptors:>® It is a process whereby functional and clisking monomers are epolymerized

in the presence of template molecules, which may be small molecules, biological
macromolecules, microrganisms or whole crystaisThe functional monomers initially form a
complex with the template moleculend following polymerizationwith crosslinkey their
functional groups are held in position by the highly cfiogdsed polymeric structure. Subsequent
removal of the imprint molecule reveals binding sites that are complementary in size and shape
to the terplate or to an analogous structufeglire 2.1). The association between the template
molecule and the monomers can be based on different type of interaction such as reversible
covalent bond(s), electrostatic, hgden bonds, hydrophobic or van der Waals eombnation

with a metal centre. Molecularly imprinted polymers have been used in many different
applications such as affinity separation, immunoassays, biosensors, solid phase extraction media,
and controlleddrug releasé® Recently the group of Shea has shown that MIP neutralizes the
toxic melittin peptides and inhiils its haemolytic activity iromplex biological media
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Figure2.1 Schematic representation of the molecular intprg process

2.2 Imprinting Approaches

In order to introduce functionality into these recognition sitese main approaches can be
taken into account, the covaleand the norcovalent and sergovalent imprinting.

2.2.1 Covalent Imprinting

Covalent impriting, developecy the groupof Wulff °, is defined by the use of covalently
boundtemplates Figure2.1). In this approach, prior to polymerization, functional monomer and
template are bound to each other by reversible bafter polymerization, the covalent linkage
is cleaved and the template is removiesin the polymer. Upon the guest binding by the
imprinted polymers, the same covalent linkage is fornk@ilowing this principle, Shea et al.
formed a ketatonjugate between the carbonyl group of a template and thdiol,§roup in a
functionalmonomer,and used this covalent conjugate for molecular impridfirfgpr example
covalent imprinting of 4nitrophenyta-d-mannopyranoside is shown fiigure2.2. The template
monomer (4nitrophenyta-d-mannopyranoside,3:4,6di-O-(4 vinylphenylborona)) was
prepared by condensation of -vihylbenzeneboronic acid with -ditrophenyla-d-
mannopyranoside and the MIP was prepared via copolymerizatiodivinyloenzene or

ethyleneglycol dimethacrylat&
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Figure2.2 Covalent Imprinting of sitrophenyla-d-mannopyranosidé,3:4,6di-O-
(4vinylphenylboronate)

2.2.2 Noncovalent imprinting

This method was first intratted in organic polymers by the group of Mosbathin non
covalent mprinting the interactions between functional monomer and template during
polymerization are the same as those between polymer and template in the rebindifilgestep.
interactions between functional monomer and template are based ontionsratich as H
bondingor ioni pairing (Figure 2.1). This method $ most widely applied until nowo generate
molecularly imprinted polymers because of its simpliatyd it is more straightforwardhan
covalent imprinting. Here onomer and template is dissolved in a suitable solvent and self
association occurs to give templa®nomer complexes, followed by the polymerization in
presences of excess crosslinker fomnsnsoluble 3D polymer matrix. Subsequent removal of
template by simple solvent extraction leaves behind the cavities whose size, shape
complimentary to the template moleculéhe template, or analogues, may then be selectively

rebound by the polymer

To date the most successful poovalent imprinting systems usingpramercially available
monomers are those based on acrylic or methacrylic monomers, such as methacrylic acid
(MAA), crosslinked with ethyleneglycol dimethacrylate (EDMA). The reason for MAA as
functional monomer carbe related to the greater versatility mbn covalent interaction with
respect to the available modes of interaction and the more favorable kinetics properties of the
recognition process. In the assembly phase MAA can act as hydrogenldrwordoracceptor,
enabling ionic interactions to aminasd hydogen bonds to amides, carbamate or carbdtys

first endeavours based on this approach for enantiomer separations were rSatlergsen et
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al®® with derivativesof aminoacids enaitmers as the template a series of highly selective

chiral statonary phases wemgrepared>*°

Firstly, the template {phenylalanine anilide, MAA and EDMA are dissolved in towa polar
medium. The polymer&ion is then carried out inlas ampoule using free radical
polymerizationfollowed by grindingand extracting the template. The resultant particles were
sieved to suitable size famhromatographic25-36 um) and batch (15@50 um) applications.

The results showed that the prepared polymers can present a high distinguished to the

enantiomers>®

Many studies have been performed usifgA imprinted nonolith polymers as a model system.
These involved the study of chromatographic band broadeeiifigct of the porogenon
exchange retention modgbrotonation states phot@rsusthermal polymerization effect of
thermal annealing factors affecting the chromatographic responsemonomestemplate

interactionandmodel of a binding site study of the adsorption isothextos>!"19 202

'H-NMR spectroscopy and chromatography were used to study the associatioanbsbiva
andL-PA in solution as a mimic of the ppolymerizationmixture. ** The *H-NMR chemical

shifts of either the template or the monomer versus the amount of added MAA, as well as the
chromatographic retention afb-PA versus theamount of acid in the mdb phase, varied in
accordancewith the formation of multimolecular complexes between the template and the
monomer in the mobile phase. A 1:2 templatenomer complex was proposed to exist prior to
polymerization Based on theseesults, hydrogen bond theory and the assumption that the
solution structure was preserved afpetymerization a structure for the polymerkinding was

proposedFigure2.3).



Figure2.3 Model of L-PA binding site based on NMR and chromatographic data

MIPs with an enhanced capacity can also be obtained viaoalent imprinting by taking
advantage oélements from supramolecular chemigtrys,novel functionaimonomers that will

interact more strongly with a given target moledhkn the commonly used monomer.

2.2.3 Semi-covalent Imprinting Approach

The semicovalent approaciks a hybrid between the two main approaches, whevalently
attached polymerizable biimdy groups are activated for naovalent interaction by template
cleavage Semicovalent approach can be distinguished in to two types (1) the template and the
monomer are connected directly or (2) the template and the monomer are connected using a
spacr group®. In 1990, Sellergren and Andersson first reported thécsemlent approach for

the imprinting of paminophenylalanine ethyl ester. A structural analogue was used which
possessed two polymerizable groups attached via ester linkages. After hydrolysis the carboxylic
acid groups left in the polymer binding site irebthe amino acid through mixture of hydrogen

bonding and electrostatic interactidfis.

In order to avoid crowding in the binding site and to allow unhindered non covalent rebinding to
occur, Whitcombe et al. introduced the sacrificial spacer approschthe first exampléFigure
2.4) the template, cholesterol, was attached via carbonyl spacervitoyl4dphenol giving
cholesteryl 4vinyl phenyl carbonate athe template monomefa); the template monomer,

10



cholesteryl (4vinyl) phenyl carbonate is polymerized with ethyleneglycol dimethacrylate
(EDMA) in a porogenic solvenb); the template remains attached covalently to the resultant
polymer. After polymeriztion the cholesterol was cleaved from the polymer by base hydrolysis
and loss of the spacer (CO2), leaving a phenolic hydroxyl ¢epupthe binding site(d) non
covalent rebinding of the template, by hydrodemding with the phenol, is possible withet

cholesterol molecule reccupying itsoriginal position in the sité*

MaOH, methanol
—_—
-cholesteral, CO,

R o EDMA, AIBN,
— " >
e /J\ hexane, toluene, 65'C

hexane
+ cholesteral
Pt

- cholesterol

Figure2.4 Imprinting of cholesterol by the sacrificial spacer (semialent) method. Adapted from réf

A variety of other combinations gebe used for the preparation of imprinted polymers, such as

metation mediated imprinting

The advantages of molecularly imprinted polymers, as compared to biological receptors, include
their mechanical and chemical stability, low cost of preparation and wide range of operating
conditions. However, they suffer from sormdeawbacks in certain applications, such as the
heterogeneous distribution of binding sites, low capacity and selectividy por site
accessibility ** The development of suitable methods for overcoming these problems will open
the door to considerably more diverse application opportunities than are available right now.
This thesis is focused on the development of such newoshatigies for producing imprinted
materials exhibiting uniform structurdsomogeneous binding sitaad high affinity to the target
molecules.

11



2.3 MIPs synthesized by Free radical Polymerization

Free radicapolymerization(FRP) is one of the most simpéad straight forward technique to
prepare a polymers in large industrial scale. In fact most of vinyl polymers are produced in this
way because this technique is more flexible imm&e of reagent purity, experimial
conditions®*?® In the context of molecular ipminting this method is very attaractive since it is
compatible with a wide range of monomers carrying different functinal groups, and because it
usually tolerates the presence of additional chemicals, most importantly the imprint molecule. It
is therefoe not surprising that this polymeization method has been widely adopted by molecular
imprinting Freeradical polymerization is a chain reaction and involves three fundamental steps
(Figure2.5).%°

2.3.1.1 Initiation

The polymerization is initiated by generating free radicals using an initiator, a molecule that
homolytically decompses under thermal or UV irradiation. A radical attacks the double diond
amonomer, resulting in the formation of intermediate radical.

The rate of initiator decomposition can be written as

gi=d[RM*]/dt=2kg4 f [I]

Where2 relates to the two radicals genergbed initiatormoleculef is the initiator efficiency of

the radicals to propagate chains, [I] is the initiator concentration and [RM] is the concentration of

propagating species

2.3.1.2 Propagation

A chain carrier is formed from the reaction of a free radama new monomer unit and
propag@tion occurs rapidly by addition of new monomers to produce primary linear polymer
chains.

RM* + MY.RM

With the rate of propagation given by:

12



Oo = kp [MI[ M*]
Where[M*] represents the concentration of growing reactive ends. The reaction can be followed

by the disappearance of monomer.

I L 2R*
R® + M K > M1° Initiation
K M,* Propagation
M*t+tM — > 2
k
Mn. + M —>p Mn:—l
Termination
o K. .
M + M ———> M, —M combination
o kg _ di . .
M® + Mo ————> MH+ M 1sproportionation
n 7 z

Figure2.5 Schematic representation of Free radical polymerization

2.3.1.3 Termination:

Propagation continues until the free radical reacts to form an inactive covalent bond. This can
occur when the concentration of free radicals is high or when chain transfer agents are present.
Termination of the reaction can take place in two/svaecombination of two macroradicals
forming a macrochain or disproportionation yielding a double bond aHdbGnd at the chain
terminus.

In addition, termination can occur in many ways: i) interaction of two active chain ends; ii) the
reaction of an dtve chain end with an initiator radical; iii) termination by transfer of the active
centre to another molecule, which may be solvent, initiator , monomer or template; or iv)
interaction with impurities e.g.oxygen or inhibitors.

The rate of termination @iven by:

Ot =2k{M*][M*]

Steady state
13



At steady state, theteof production of free raditaquals the rate of consumption i.e.
2k [M*] 2= 2kqf 1]

This can be put into equation above giving the rate of polymerization:

O = Kp [M] (F ka[ll/k )2

2.4 Limitation of FRP-MIPs

Free radical polymerizationassomemajor draw backs. It does not allow one to control the size,
architecture and number of the macromolecules synthesized, due to the high reactivity of alkyl
radical produced constantly during thmolymerization process, which favor irreversible
termination reactions by recombination and disproportiongEayure 2.5) Thus, the molecular
weight of the polymer cannot be controlled or predicted, and blocklyoprs and other
polymers of complex architecture are totally inaccessible. The MIPs produced using FRP
technique has some advantages such as a high affinity and selectivity towards the target
molecules However theseMIPs are suffering from slow mass isfer, non uniform binding

sites, template bleeding, low saturation capacity, poor site accessitolityyield high amount

of template consumptioit is animpractical manufacturing procedsecause the resulting MIPs
have to be crushed, sieved usingtan and pestle. During the crushing and sieyaintymerwill

be lost which will yield less imprinting sitesd irregular shape of particles form@Eagure2.6).

Due to flow disturbances and diffusion limitations, this causesoar pefficiency in
chromatography, making these particles unsuitable for such applickfor8ome of thee
limitations have been addressed by surface initiated controlled radical polymerization, graft
polymerization and template techniques.

14



MIP-FRP — 100 pm —

Figure2.6 Irregularly shaped particles resulting from mechanicalgrii ng of a Atradi ti on:
imprinted polymer (MIPFRP)

2.5 Improvement in binding capacity by reducing the binding site
heterogeneity

The classic bulk imprintingf diazepam (1) MIPs reported by Mosb&dHustrates the degree of
heterogeneity possible as well as its origin. A®rs in Figure 2.7 the hydrogen bonding
interaction between thiemplate {) and functionaimonomer 2) is weak in solutionTo makea
strong complex asush (3)there is need to adan excess amount of functional monomer to
make amaximum complexation between monomer tamdplate Thus excess added monomer is
unassociated with template molecules inpptgmerizationmixture so the resultant polymer
produces a larger number of low affinity binding sites (e.g. binding sites B i figr). Only a
small fraction of monomer make a strong complexation, produces the tight binding bités w
have high affinity angelectivity?°

15
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Figure2.7 (a) Schematic representation of a diazepam MIP containing heterogeneous binding sites: high
affinity site in macropore (A) and micropofie) and lower affinity sites(B) in macropof€) trapped
template,(E) embedded si{®) highest affinity site withsite with shape selectivity from polymer.(b)
chart showing the dissociation constant of three classes of binding sites needed to fit binding isotherm.

Adapted from ref?

The heterogeneity property can limit the use of MIPs in chromatography where it gives poor
resolution and peak asymmetry. The accurate assessihémding affinity is measured by
applying the discrete or continuous binding model to the experimental binding isotherm which is
generated by either batch rebinding or frontal chromatography experith&nfe discrete
binding model can only discriminate the two types of binding affinity and is more likely to the
homogeneous system for monitoring the binding behavior i.e. Langmuir isotherm -and bi
Langmuir?®! The continuous biing model can be applied to the heterogeneous systems for
accurate monitoring the binding behavior. For example the typical model is Freundlich
isotherm3*® Theseisotherm models were used for characterizing the binding affinity of MIPs

throughout this thesis.

A number of strategies examined for reducing the binding site heterogeaedytheyare

explained beaiw.

2.5.1 Stoichiometric Imprinting

In stoichiometric inprinting the complex between template and functional monomer is strong
enough to ensure that the equilibrium lies well to the side of the complex; this can be achieved
only when the association constant (Ka) of monomer and template interackiarOigd0> M ™.

The group of Wulff*® designed and synthesized polymerizable amidine based monomer(1) and
the group ofSellergren®’ designed urebased monomers(2) for imprinting ofy@nions
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template. These specially designed monomers forms a strong 1:1 complex with oxyanions and
form the tight binding sites with high affinitys¢chemel).

NO,
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2.5.2 Post imprinting modification

In post imprinting modificatiorwhere template is not involvednly the resultant MIP is treated
either chemically or thermally to reduce the binding site heterogeneitgxBarple Chen et &l
annealed a MIP prepared forRA. The authors have showthat the thermy treated MIP
increasedhe saturation capacity by one third to dvaf in comparison tmon annealed MIP. It
also decreasdbe separation factors of two enamtiers but slightly improved the mass transfer

rate.

Shimizu and cavorkers®® demonstrated the site selective chemical modification strategy for 9
ethyladenine acetate MIP. In this stratedMIPs were selectively chemically modified to
improve the ratio high affinity to low affinity binding sites. The low affinity sites were
eliminated by estrification with diazomethane. In this reaction the guest molecuseaplalg as
protecting groupn situ that preferentially shields high affinity sites and leave the low affinity
sites so estrification is selectively taken place ailjow affinity sites(Figure 2.8). Then the
population of high and low affinity sites weraiantified using affinity distribution analysis,
which quantitatively measures the heterogeneous distribution of binding sites in Milks as

number of binding sites with respect to binding affinity. The chemically modified MIP was

17



shown to improved perceage of high affinity bnding sites. The authors claithat this strategy

can be applied to improve the binding properties of MIPs

high-affinity  low-affinity high-affinity  low-affinity

+ guest P
o, o Sy —— OOH oy OQH
# CH,Naz
high-affinity high-affinity
- guest ),
Q, © °Me g Gy WO OMe

0‘ 0 )
@

Figure2.8 Schematic representation of site selective chemical modificatiategy?

2.5.3 Thermodynamically controlled polymerization

Steinke and coworketclaimed that statistical, kinetically driven nature of the network forming
process of conventional radical polymerization makes it impossible to achieve monoclonality or
homogeneousdistribution of binding sites in MIPs. As a remedy they suggest a
thermodynamically controlled process via Hogening metathesis polymerization (ROMP)
(Figure 2.9). In this approach the template-fhenthol) was covalently bond tpolymerizable
(ROMP) monomer and polymerized with dicyclopentadiene, in presence of Grubbs catalyst and
after polymerization the template was cleared by hydrolysis so the covalent interaction is
replaced to reversible non covalent ones, an approachegsimh by Whitcomb& The authors

have showrthat a MIP has high selectivity and enantioselectivity towarasehthol over D

menthol. So this approach could be useful for impr@the binding properties of MIPs

18
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Figure2.9 Synthesis of MIPs via ROMP

2.5.4 Single particle imprinting (Dendrimer Imprinting)

Zimmermann and cowork&f*! repated a first time imprinting inside dendriméf&gure2.10).

The process involves the covalent attachment of dendrons to a porphyrin cordinknogof

end groups of the dendrons, and removal of porphyrin template by hysdrdiyés technique

yields homogeneous binding sites and quantitative template removal. Moreover, the hosts are
soluble in common organic solvenishe drawback of this approach is that it requires multistep
organic synthesis and tedious purification. Tiishnique can be applied orityhigh molecular
symmetry templates. To avoid this issue recently Shea and co workers developed the simple and
straight forward method to generate synthetic nanoparticles for affinity satidgthisis

described in next sgéon.
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Figure2.10 Monomolecular imprinting inside dendrimer; A dendrimer with crosslinkable double bonds at
out shell, and the covalently attached porphyrin template in thé%ore

2.5.5 Synthetic polymer nanoparticles for affinity sorting

The polymeric nanopadie approach can offer a unique solution to the problems frequently
encountered in molecular recognition associated with the presence of low affinity binding sites.
These low affinity sites can be removed by affinity chromatography with immobilized templat
to capture nanoparticles containing a greater number of relatively high affinity sites. Recently an
exciting contribution was made by Shea and coworkers in polymeric nanoparticles for molecular
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recognition”***° The authors created an imprinted cavity in synthetic polymer nanoparticles for
peptide melittir** The resulting plastic antibody can be used in vivo capturenanttalization

of melittin.”** Melittin is a toxic due to its cytolytic acitivity. Melittin ia 26 aminoaciceptide

it has six positive charges of which four are localized in a hydrophilic 6 amino acid sequence on
the Gterminus. The remaining 20 amino acids have a high proportion of apolar residues. They
also showed that the binding affinity and size of th#> Manoparticles are similar to natural
antibodies. The same groups demonstrated a protocol to purify synthetic polymer nanoparticles
with high affinity binding sites foe melittin peptide from a acinide based multifunctional
polymeric nanoparticle¥. These nanopartilces are approximately the size of a protein and are
purified on the basis of peptide affinity as in the case of antibodies, using an affinity
chromatography strategy. Each fraction isolated duthre affinity sorting process shows a
different affinity for the target peptide. The selected nanoparticles have a much stronger and
narrower affinity distribution than the materials before purification. The authors claimed that this
affinity purification can be useful for nanosize materials for molecular recognition and also
useful for preparation of plastic antibodies with a near homogeneous and tailor made affinity for

target molecules.

2.5.6 Controlled radical/Living polymerization

In 1956, M. Szwarc wathefirst discovered the living polymer in the anionic polymerization of
styrene’”*® Who stated that for a polymezt i on t o be considered Al i\

following requirements?

A The polymerization proceeds to full conversion; further addition of monomer leads to

continued polymerization.

The number average molar mass is linearly dependent on conversion.
The number of polymer chains is constant dupotymerization
The molar mass can be controlled by the reaction stoichiometry.

The polydispersity of the polymer molar mass distribution is low.
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Chainend functionalised polymers can be obtained quantitatively.

In radicalpolymerization the numbeof active end groups should be two; one for each chain

end. 0O

Therefore, by definition, living polymerizations offéhe preparation of polymers in well
controlled composition, architecture amdarrow molecular weight distribution. They also
provide roués to narrow dispersity end functional polymers, to high purity block copolymers and
to stars and other more complex architecture. Thereafter, living polymerizations system have
been developed in the cationic, ring opening, metathesisrdioation , grap transfer and
immortal polymerizations as well as the anionic polymerization of many kinds of monomers
other than styren®. Here | will discuss the various approaches that have been developed in
moving towardscontrolledliving radical polymerization paying particular attention to the
concept and mechanism of Iniferter, NMP, ATRP and RAFese techniqueare nore
attractive in developing new formats of molecularly imprinted polymers.

Effect of CRP onimprinted network CRPs have advantages over FRP in preparing
homogeneous binding sites in imprinted polymer netwdf¥sein section3.1). In CRP there is

fast exchange of propagating radicals with the dornsmecies;the chain growth through
propagation islower, giving rise to sufycient time for
species. The chain relaxation and the uniform distribution of reaction species minimize microgel
formation by facilitating intermolecular reactions and thus generate homogepebusser
networks?®. CRP offers the ability to create more homogenqmigmer networks an@s a

resut canleadto better bindingrarameterén imprinted polymers®>*

Recently Brne et aP* have studied the effecof iniferter on imprinted polymer networkn

moro vinyl polymerization the use of iniferter yields a lower polydispersity of kinetic chains and
decreased average chain length within the crosslinked networks, addition of iniferter leads to
more uniform and higher population of appropriately sized imprinted macrontatecavities

for the templateRigure3.11). This can be explained as due to shorter kinetic chain lengths and
or more narrow dispetsi of kinetics chains which leads to more homogeneous network and

potentially a more uniform crosslink density.
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It is rather surprimg that modern methods of CRP/living radical polymerization are still very
little used in the molecular imprinting as thesethodsshould have a great potentifdr
gereration a controlled morphologhn addition they give access to thin films and nanostructures
with controlled dimensions and complex architectirésdeed, all of the following CRP
methods have beepplied to MIPs.

2.5.6.1 Iniferter Polymerization

In 1982, Otsu discovered that the addition of certain compounds e.g. dithiocarbamates, disulfides
to a radical polymerization resulted in a system that exhibited some living charact&tisties
he introduced the term iniferter for this technique because the dithiocarbamates acted as initiators

as well as transfer and termination agéhtnitiator-transfer agerterminator)

Initiation Kg
R1_R2 -, = R1

hv

+ Rz.
ki

R*+M ————» R~M*

Propagation

R—M® + Mn — K~ R _Ma-M®

Termination

kt
RrMn-M® + R, Ri=Mn:7—R;

-~

hv

Figure2.11 General mechanism fdamiferter kinetics proposed by Otsu and Yoshidadusually sulphur
radical.R may be either a sulphur radical or a carbatical.>’

The iniferter dissociates into two different radical species. One of these species is able to add to
monomer and form growing polymechain.The other radical should be inactive in this respect

and serves only to terminate the growing polymer chain. The species generated in this process is
a dormant polymer chain, which can be reactivated photochemically or by thenergy,

allowing gradual growth througbolymerization
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Byrne andcoworkers® explored possible benefitsf iniferter namely,gaining control over the
polymerization reaction by alterinthe kinetc chain length and potentially increasing the
homogeneityof the crosdinked architecture. This was hoped todssociated with better target
binding properties of MIPs specifior ethyladeniné-acetate, synthesized in a bulk formEte
authors used anniferter-type initiator, tetraethylthiurandisulfide, in addition to AIBN,
apparently yielding a RAFTike system. The number of binding sites in a p@thethacrylic
acid-co-ethylene glycol dimethacrylate) MIP was increased6B% compared with a similar
MIP synthesized by FRP usi®BN as a photoinitiator, the binding affinity remaining roughly
the same. This was hypothesized by the authors to be dushtwtar kinetic chain length or a
more narrowdispersity of kinetithains, or both, and is suppotedead to a more homogeneous
network. The same authors later used iniferter polymerization for the synthesis of MIPs for
controlled drug release. With CRP MIPs they observed a substantially increased drug load

capacity and a delayed template release mipect to FRP MIP¥

2.5.6.2 Nitroxide Mediated Polymerization

In 1985 NMP as GRP wasfirst reported by Rizzardet al*®*°° These authors reported the
application of stable nitroxide radicals as deactivators. The activation and deactivation rate
constants resulted in rapid deactivation of propagating radicals and an equilibrium which was

shifted strongly to the dormant side

Once the initiator has been converted to dormant species equilibrium is established between the
active chains and dormant species. Propagating species and deactivating persistentiadicals (
nitroxides) are generatan equimolar amounts. Propagating species are slowly taken out of this
equilibrium via bimolecular termination resulting in an excess of nitroxide that shifts the
equilibrium to the left, increasing the level of control over the reaction, but also rddicgje

polymerization(Figure2.12).
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Figure2.12 The activatiordeactivation equilibrium in nitroxide mediatpdlymerization

An alkoxyamine (1) sociates reversibly to produce a radical, which can add monomer, and the
persistent 2,2,6;6tramethylpiperidindN-oxyl (2, TEMPO) radical. A typical example of an
initial alkoxyamine structure (3) that is applied as initiator éay. polymerizationof styrene
2,2,5trimethyt3-(1"-phenylethoxy}-phenyt3-azahexane (4) and -tert-butyl-N-[1-
diethylphosphong2,2-dimethylpropyl) nitroxide (5), are two examples of more versatile

nitroxides applicable te.g.acrylates and conjugated dienes as well.

Boorpangraket al®* synthesizd molecularly imprinted polymer for cholesterol using NMP in

bulk format via covalent approach. They included a sacrificial spacer between the template and
the functional monomer, and the binding of the target molecule to the MIP is via non covalent
hydrogen bonding interactions. They found that the imprinted hydrolyzed MIP prepared by NMP
displayed higher selective cholesterol binding than that prepared by FRP MIP, which can be

attributed to the more ordered structure of the polymer network formed by NMP.
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2.5.6.3 Atom Transfer Radical Polymerization

In 1995, MatyjaszewsKi*®* and Sawamof8 simultaneously reported ATRP. It is an extension

of the Kharascif®® addition reactioncommonly referred to as atom transfer radical addition
(ATRA). Since then it has been used as a useful tool for synthesis of different polymer
architectures. Theaperal mechanisiior ATRP isshown inFigure2.13.

Ka
R-X + Cu()X/Ligand — R_. +  X—Cu(IhX/Ligand
d AN
+M
U Kt\\\
K, RN

R-R

Figure2.13 Transition Metalcatalyzed ATRF

The radicals, or the active species, are generated through a dewexdix process catalyzed by
a transition metal comple¢Cu(l)X/Ligand) , which undergoes a onglectronoxidation with
concomitant abstraction of @seudo)halogen atom, X, from a dormant spedr®e¥X. This
process occurs with a rate constanticfivaton, kact, and deactivatiokdeact. Polymer chains
grow by the addition of the intermediate radicalsmonomers in a manner similar to a
conventionalradical polymerization, with the rate constant ppbpagationkp. Termination
reactions Kt) also occurin ATRP, mainly through radical coupling and disproportionation;
however, in a weltontrolled ATRP nho more than a few percent of the polymer chaimgergo
termination. This procesgenerates oxidized metal complexesCX(I)X/Ligand, as persistent
radicds to reduce the stationary concentratmfngrowing radicals and thereby minimizlee
contribution of termination. A successful ATRKEII have not only a small contribution of
terminatedchains, but also a uniform growth of all the chainkjch is accomiished through
fast initiation andapid reversible deactivation.

The process can be applied to a wide range of monomers and at mild reaction, though it must be
said that traces of oxygen can have a mmane dramatic effect on the reaction rate tharain
conventional radical polymemtion. A further drawback, restricting industrial application, is the
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presence of considerable amounts of metal in the product. Nonetheless, numeraiesivesl|

complex polymer architectures have been prepared with ATRP
Reverse ATRP

Reverse ATRP is the polymerization using a traditional radical initiator, e2j, -2 6
azobisisobutyronitrile (AIBN), in the presence ofcapper/ligand compleXFigure 2.14). It

differs from conventional ATRP in the initiation process. The primary radlzstracts a halogen

atom from the catalyst/ligand complex and forms a dormant hapéeies and the reduced
transition metal species activatd@quilibrium is established between propagating chains and
dormant chains. The disadvantage with this technique is that the rate coefficient is relatively low
(e.g. for 1-phenylethyliodidek = 2400 dm?® mol™ s* for styrene at 80°C) such that starved
conditions have to be used in order to obtain low polydispersities

Initiation:
I-1 — = 21"
e XXMM = X+ M
R. + .
.l M )*;+M

1-Py "+ XM™ = P, X + M

Propagation:
Po-X + M == Pn + XM

3
ko
M
Figure2.14 Reverse ATRP using AIBN as a initiafSr

Concerning the usef ATRP with MIPs,the major limitation for this technique is the small
choice of monomers with suitable functional groups. Commonly used monomer in imprinting
such as MAA which is incompatible in ATRP as they inhibit the regahd complex and other
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monomers like methaglamide, vinylpyridine also have difficulty to achieve high monomer
conversiorr* Template molecules also often carry functional groups that may inhibit the catalyst.

All this seems to make ATRP not the best choice for molecular imprinting.

Neverthelesst has been used on a number of occasions. For exaftpag and cavorkers™

first used normal ATRP and reverse ATRP in radical imallymerizationfor BisphenolA and

2,4 dichlorophenoxyacetic acid imprinted polymers. The authors demonstrated that MIPs
prepared by ATRP showed lower binding capacities and apparent maximum number Nmax for
high affinity sites as well as quite similar bimtg association constants ka and high affinity site
densities in comparison with the MIP prepared via traditional Ipallymerization This is
tentatively ascribed to the occurrence of rather fast gelation process in ATRP bulk
polymerization(ATRPBP) and esultant heavily interrupted equilibrium between the dortmant
species and active radicals, thus leading to the total loss of controllability of ATRPBP. So the
authors claimed that the appropriate choice of reaction conditions is crucial for the gemdration
MIPs with desired properties, which is of significant importance for rational use of CRPs in the

synthesis of MIPs with improved binding properties.

Takeuchiased rgverseuUATRP for the imprinting of bisphenol A through a covalent
approachThey showed that swelling degrees of ATRP MIPs and non imdrcaatrols were
approximately twice as high as those of FRP polymers, indicating lower crosslink density for the
former. More template could be extracted compared to the FRP MIP, and capacity, selectivity,

and imprinting factor were improved.

2.5.6.4 Reversible Addition Fragmentation chain Transfer Polymerization (RAFT)

RAFT polymerizationwas first reported by CSIRO scieni$f” In RAFT polymerization
RAFT agentdunction by establishing a dynamic equilibrium between propagating radigals (P
and dormant chains by a mechanism of reversible additgmentation chain transfer, as
shown inFigure2.15. Initiation and radicalradical ternmation occur as in conventional radical
polymerizationsPropagating radicals are generated as in a conventional rpdigalerization

i.e. thermally, photechemically. The RAFT agent (1) is transformed into a polymeric RAFT
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agent (3) through reactionithy a propagating radical {Pvia an additiorfragmentation process.

The radical liberated (Rthen reacts with monomer to form a new propagating radigal. (P
Chain extension of the polymeric RAFT agent (3) involves essentially the same process. The
reversible additiofiragmentation steps transfer the S=C(Z)S moiety between active and dormant
chains and provide a mechanism for all chains to grow with similar rate and uniformity. At the
end of the polymeziation, mostchains retains thiocarbonylthiolaend group.To achieve
control, a delicate balance of the forward and reverse rates of addtigna(d K .49 and
fragmentation (I§ and Kg), together with the rates of-meitiation (K;) and propagationK), is

required.

RAFT agent (1possesses twinportant areas of functionality, known e R group and the Z
group. Each group plays an important role in the RAFT proddss R group has two primary

purposes; first it must be a good free radical leavgigup, second, it must reinitiate

polymerizaion readily. If the intermediate radical Rs too stable relate to the propagating
radicalsP_ the RAFT agent will act as an inhibitdrike the R group, the Z grouglso has two

primary purposes, these are to activate the C=S bond for radical addlitl@most importantly)
to stabilize the intermediate radical adduct. RAFT polymerizagquires selection of a suitable
chain transfer agent, which has a very high transbaistant in radical polymerization of the

desired monomers under appropriate tieaconditions.
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Figure2.15 Schematic representation of RAp®lymerizatiorusing a dithioesteP

One of the more versatile RAFT agentsU<Cyanobenzyl dithioestemd was used imy
experiments(see chapteB). This RAFT agent satisfies all the criteria mentioned above for
functioning as an efficient CTA and has been used previoustyake block copolymer&’’
The poymers prepared by RAFT polymeatzon can be reactivated for chain extension or for
use as precursors to pice block polymer, star polymers or polysiesf more complex

architecturesHowever, RAFT polymergtion involves free radical intermediates. Thus, some
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radicatradical termination, a complication in abirfins of living radical polymerations, cannot

be avoided and an amount of dead polymer, determined by the number of chains initiated by
initiator-derived radicals, will unfortunately be formed. In order to achieve a high degree of
Al i vi ngn e pdymerization iRsAckedrly desirable to minimézthe number of initiater
derived chains. Thus, RARIolymerizationcould be used to graft several imprinted layers with
different properties. The major benefit of the RAFT process over other forms of living radical
polymerizationis that the reaction condins usually employed are typical of those used for
conventional free radicgbolymerization A possible disadvantage is the production of sulfur
containing compounds due to the dithiocarbonyl end groups. But the color and the sulfur in the
final products an be easily avoided by hydrolyzing end groups after polymerization with bases
or by oxidants. In conclusion, RAFT is arguably the most promising among the CRP methods to
employ in MIP systems.For example:our groupwas the first to report 2-phenylprop2-yl
dithibenzoate was used as a free CTA in solution to control the film thickness of MIP on azo
modified silica surfacésee in next sectiol.6.2.2.3.). Latter the advantage of CTA in solution

was usedfor bulk RAFT MIP. Liu et al”® prepared the enrofloxacin imprinted monolithic
columns and compared the separation efficiency with FRP MIP. The separation on the RAFT
MIP was improved owing to an increased specific surface area and uniform pore size
distribution. Pan et al® synthesized imprinted a MIP by RAFT precipitation polymeitzat

They observed a higher capacity, a better binding constant, and an increased density of high
affinity sites compared to the FRP MIP

2.6 Surface Initiated Polymerization

The ability to control the structure and composition ofarnals at a nanometecale iskey to a
number of advanced functions within diverse areas such as drug delivagpostics and
sensing, molecular electronics, catalysis, separations or as mimics of biological systems. Among
the most promising approaches and techniques in retedal design are on the one hand
grafting and controlled radical polymerization (CRfd on the other hand templated synthesis

and molecular imprintin§®®*
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Grafting can be performed on the solid surfaces either, chemically (covalent bonding) or
physically (physiosorption). A drawback physisorbedgolymer is that they are thermally and
solvolytically unstale due to the relatively weak van der waals forces or hydrogen bonding that
anchors them to the surface. Covalent grafting techniques are preferred to maximize a stable
interfacial compatibility between the two phases. Covalent grafting techniques iitbleethe
Agrafting tood or fFgureX16fhg f hemdigmafhodyg t 00
polymer, bearing an appropriate functional group, reacts with the material surfaces to form
chemically attached chains. However, due to the steric hindrance imposed by the already graf
chains it becomes increasingly difficult for the incoming polymer chains to diffuse to the surface

which intrinsically results in low surface graft densities.

I n the Agrafting fromo technique the innitiat
subsequently used to initiate tip®lymerizationof monomer from the surface. Because the
diffusion of monomer is not strongly hindered by the existing grafted polymer chains, this
technique is more promising to achieve high graft densitissng the mht system and
techniques, one can control the functionality, density and thickness of the polymer brushes.
Preparation of MIP film orsolid surfacean be accomplished by conventional free radical,
controlled free radical{CRP) cationic, anionic and rgaopening metdtesis polymerization
techniques, but | will focus here on the examples that combine polymer grafting with CRP and

molecular imprinting.
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Figure2.16 Synthetic strategies for the preparatidpolymer brushes

261 Covalent attachment via AGrafting to Appro

Il n the fAgr aft Hamnged, enefunctionalitet potymer ghains are reacted with a
chemically activated substrat&igure 2.16). The Mosbach groupntroduced the grafting to
approach in the imprinting field. They prepared MIP film for dye (Safaranine O and rhodanine
blue) on the porous silica micropartilces and tested in HPLCstetianary phasdnterestingly

they found silica MIP patrticles exhibitetie same selectivity as bulk monolith particles but
could be accomplished rapidlyn this approach the polymeaisle acrylate groups were
immobilized on porous silica support and coated the MIP film on surface of porous beads using

33



non covalent imprintig.2® Further Wilff etal also reported the similar grafting approach but in

covalent imprinting. The resulting materials were used in enantiomer sep&fation

Minouraet al. reported the protein imprinting using grafting to technique. A polymer layer was
grafted around silica laels containing vinyl groups. The layer was composed of acrylamide,
acrylic acid and crosslinker using glucose oxidase as a template. The composite was able to
recognize glucose oxidase in a mixture of prot&ins

One problem with the Agrafting too technique
monomer mixture to be applied as a liquid thin film on the surface prior yonpalzation. Thus

the exact amount of monomers that will coat the available surface with thin liquid film is
dissolved together with the initiator in an excesss of solvent. Thereafter the modified support is
added and the solvent evaporated to leave theomer film and iniator on the surface.
Polymeriation is then usually carried out at elevated temperatuvégh this procedure the
thickness of the polymer layer is difficult to control and capillary forces upon evaporation of
solvent may cause incongié wetting of the surface. Moreover, the maximum density of grafted
polymer chains is here limited due to kinetic and sterical facfssan alternate, surface
initiated polymeriation has been employed using a variety of monomers in order to maglify th
surfaces of solid substrates.

2.6.2 Covalent attachment via o6grafting from approaché

The grafting from approach the most frequently used technique in solid support modification

due to simplicity and versatility. I@grafting fromd t e c theninitigtarie immobilized on the

silica surfacg(Figure2.16) and polymerized with the monomer to make thick polymer brushes
because the monomer can easily diffuse to the reactiveditidne growing polymer chaink

this method, the sterbarrier to incoming polymers imposed by the in situ grafted chains does

not limit the access of smaller monomer molecules to the active initiation sites. This
polymerization technique is also commonly referred to as sunfidt@ed polymerization.

Prpar ation of pol ymer brushes via the ndgrafti

accomplished by conventional free radical, controlled free radical, cationic, anionic and ring
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opening metathesis polymerization technidiidsere | will discuss more othe combination of

SIP with nolecular imprinting via FRP and CRP

2.6.2.1 Surface imprinting via conventional FRP

Conventional free radicgbolymerization FRP) is one of the most studied systems. Radical
processes are more tolerant of functional groups and impurities and arsuitedl for polar
monomers. It is a leading industrial method to produce polyfi@sre figr afting fror
has long been used for the paeation of covalently attached polymers by free radical
techniques. This approach was first reported by Prucker and®®iiHeconsisted of grafting an
azo initiator onto a particle or flat surface followed by polymerization. A-assémbled
monolayer (SAM) of the azo initiator was graften the surface of silica and this was used for
the radical chain polymerization of styrene.

The group of Sellergrewas the first to report on the grafting of thin MIP layers on porous silica
particlesusingimmobilized initiators® In the paper of Sulitzket al®, an azeinitiator, 4,4-
azobis-(4-cyano pentanoic acid) (ACPA), was covalenilgmobilized on silica particles
previously modified with epoxy or amino groups. Alternatively, a diamidineiratiator, 2,2~
azobis-(N, N'-dimethylene isobutyramidine), (AIDA) was physically adsat to similar silica
particlesThe grafting experiments were then performed using the chiral tempiaitenyl
alanine anilide (-PA), EDMA as crosg$inker and MAA as functional monomer, with

dichloromethane or toluene serving as porogenic solvents.

The resulting materials prepared using covalentiyobilized initiators proved to be superior to
those prepared using physically adsorbed initiators, where the initiator or the polymer may be
displaced by acids or bases competing with the initiator for the surface adsorption sites. The
obtained materials were successfully applied as chiral stationary phases ifi’laRUCEC™

The use of azo initiator immobik silica to produce molecularly imprinted composites and

generate a new type of thin walled imprinted polymers will be descriliédsithesis.
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2.6.2.2 Surface imprinting via CRP

In recent yearssurface imprintingrzia CRP has been developed for preparing MIRble 2.1).

This techniquegrafts a thin film of imprinted polymer on the substrates. Using this strategy,
homogeneously graftatiin layers of MIPs with reduced maansfer resistance can be created.

In addition, desirable formats [e.g., particles, tubes or microchips with different characteristics
(size, porosity, pore volume, and surface area)] can be obtained. Many resg@mchhave been
published on the preparation of surfagerinted materials by CRP**

2.6.2.2.1 Surface initiated iniferter polymerization

The iniferter method for surface grafting of MIPs has been used for imprinting different
templatesand for different applications.g., solidphase extraction (SPE) and chiral separation
Due to its compatibility to the majority of figtional monomers commonly used, and seems to be
the method best compatible with photopolymerizatiBiickertet al. reported the use of an
iniferter type initiator, covalently attached to silica particles or to Merrifield resins, for the
grafting of thin MIP layersimprinted with D/L-PA for use in chiral chromatograpfy The
morphology and the properties of the materials were optimized by controlling the iniferter
grafting density and use of different surface polarities. The composite materials obtained
exhibited enantioselectivity in chromatographgde similar to the system based on immobilized
azoinitiators.The use of such initiators prevergslymerizationin solution, since one of the
radicals formed upon decomposition is a very poor initiator. Taking advantage of the living
properties of thisystem two consecutive polymer layers imprinted with two different templates

or one imprinted and one namprinted layer in any order were graftéd
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Table2.1 Surfaceimprinted materials prepared by the controlled/living radical polymerization (CRP)

method.
Support Analyte CRP Application Referenceg
method
Polystyrene, silica gel | L/D-phenylalanine | Iniferter, | Chiral separatin | °%%%°*
anilide RAFT
Silica gel Propazine Iniferter | HPLC 9536
Polystyrene/DVB, Propranolol Iniferter | Radioligand o7
MAA/EDMA binding assay
Chloromethylated Pyrimethanil Iniferter | HPLC %
polydivinyl benzene
Chloromethylated D-mandelic acid Iniferter | Chiral separation | *°
polystyrene
Poly(styreneco- ( )-Ephedrine Iniferter | SPE %
divinylbenzene)
Chloromethylated Pyrimethanil Iniferter | SPE 100
polystyrene
Silica gel Sulfamethazine Iniferter | SPE 1ot
Chloromethylated Lysozyme Iniferter | HPLC 102
polystyrene
Poly(DVB-80), silica gel | Thiabendazole Iniferter | SPE 103
Silica gel Tributyltin Iniferter | HPLC 104
Silica gel Sulfonamides Iniferter | HPLC 105
Silica gel Boc-L-Trp, BocD- | ATRP | Chiral separation | *°°
Trp
Gold N,N adidansyiL- ATRP | Detection of 107
cystine fluorescent
N,N&didansyiL- labeled compoung
lysine
Fe304 Lysozyme ATRP | SPE 108
Carbon nanotube Theophylline ATRP 109
4vinylpyridine and Propranolol, 2,4 RAFT | Stimuli- 110113
ethylene glycol dichlorophenoxy responsive, water
dimethacrylate beads acetic acid compatible MIPs
Silica gel Theophylline RAFT HPLC 1
Silica gel 2,4 Dichlorophenol | RAFT | SPE 15
Silicon fiber Sudan dyes RAFT | SPE 116
Silica gel Atrazine RAFT | separation 7
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PérezMoral and Maye¥ used a dithiocarbamate iniferter to synthesimgtilayer molecularly
imprinted coreshell particles. Poktyrene nanoparticles obtained by emulsion polymerization
were modified with the iniferter, and multiple shells of polymer were then sequentially added by
UV-initiated polymerization in an organic solvent. The imprinted sites created in the first shell
for propranolo] an ethylene glycol dimethacrylatenethacrylic acid copolymer @round20 nm
thickness, were still accessible and maintained their ability to bind the target specifically even
after two more layers chpproximate20 nm each were addeWhereas the above examples
demonstrate the usefulness of the iniferter based CRP for modifying solid support materials with

thin MIP films by surface initiated polymerization.

2.6.2.2.2 Surface initiated ATRP

With ATRP, the major limitation for this technique in tbentext of MIP synthesis is the small
choice of monomers witlsuitable functional groups. Typical monomers used for molecular
imprinting such as methacrylic acid and trifluoromethgtylic acid are incompatible, and with
methacrylamideand vinylpyriding it is difficult to achieve high monomewonversion with the
metal ligand complex involved in ATRPL.emplate molecules also often carry functional groups
thatmay inhibit the catalyst. Thus, the difficulty of obtaining higinversion in the presence of
certan functional groups omonomer and template seems to make ATRP not thebeiste for
molecular imprinting?* However ATRP has also been used for the preparation of surface
mprinted materials. Wei et al. used ATRP to functionalize silica gel withLBwyptophan/Boe

D-tryptophan (Boe_-Trp/BocD-Trp)-imprinted polymer films (MIPSG)*

Compared with
MIPs prepared by conventional bulk synthesis, 8B had improved madgansfer properties.
An HPLC column packed with MHSG showed higher column efficiency and better resolution
for enantiomers than that thi MIP prepared using bulk polymerizatiothe same group also
describes the use of surfacenfined ATRP to create imprinted polymer films with controlled
thickness on a gold substratesing 2vinylpyridine as the functional monomer, ethylegigcol
dimethacrylate as the crodimker, and the fluoresceniemplate didansyl-lysine. A linear
increase in thicknessas observed over time, and-aBrthick polymer films werenbtained in

20 h at room temperature. When thasorption properties of these films reestudied using

fluorescenceneasurement® an imprinting effect was observeats the adsorption capacity and
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the association constant of tHelansy}-lysine template on the MIP film were approximately
two times higher than those measured with theimgrinted control polymer film. In addition,
another amino acid derivativejdansytl-cystine, adsorbed less well to the didaddyssine
MIP compared with the original templaf¥.

2.6.2.2.3 Surface initiated RAFT polymerization

Surface initiated RAFT polymerization has beedely explored as an approach to modify the
material surface due to its ability to precisely control the structure of the grafted polymer chains
with a lowto high range of grafting densities. In this approach there are two general routes to
prepare surfacgrafted polymer chairts®

1. Surface anchored initiator with free CTA in Stdun

2. A surface anchored CTA with appropriate initiation method.
In both cases the polymer chains are able to grow from the surface of materials rather than
diffuse to the surface against the concentration gradient of existing grafted polymers. Thus
compare to the grafting to approach surface initiated RAFT polymerization is more promising

approach to construct dense and thick polymer layers on the surface of materials.

2.6.2.2.3.1Surface anchored initiator with free CTA in solution

The immobilization of initiator®n the material surfaces can be achieved by various techniques,
including chemical reaction, plasma discharge and high energy irradiation. The subsequent
polymerization from these surface anchored initiators in the presence of free CTA can generate
surfacegrafted polymer chains with uniform structure and adjustable length.

In the systems described so far in literature, azo compounds were mostly used as initiators for
grafting using RAFT polymerization of various monomers.

Baum and Brittait’® synthesized the graft styrene, methaylmethacrylate, N N
dimethylcryalamide and their copolymers from silica substrates using surface anchored azo
initiator with free CTA in solution. A silane coupling agent wesed to immobilize the azo
initiator on the silicate surface.-pghenylprop2-yl dithibenzoate was used as a free CTA in

solution to control the graft polymerization. The author observed that polymer film thickness was
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increased with sequential additionrobnomer, indicating the living characteristics of the grafted
polymer chains prepared by SIP RAFT approach.

Based on this approadhtirici and Sellergrerwerefirst to introduce the surface grafted thinfilm

MIP composite using RAFT polymerization from fage anchored azo initiatot.

In the reaction, MAA as monomer, EDMA as crosslinker ash@nylprop2-yl-dithiobenzoate

as the chantransfer agent were used for imprintingphenylalanineaniline (Figure 2.17). The
particles prepared via RAFmediated grafting appeared smooth with no agglomeration. The
resulting materials could separate a racemate of phenylalanine anilide and some structural
analogous withina few minutes.The materials exhibited superior mass transfer properties
compared tothe traditional imprinted bulk monoliths or materials prepared without the

polymerization control through RAFT agents.
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Figure2.17 The grafting of Lphenylalanine anilide @{PA) imprinted polymer films fsm porous silica
supports controlled by addition of RAFT agéht
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2.6.2.2.3.2Grafting from surface anchored CTAs

An alternative way to modify the surface of materials via surface initiated RAFT polymerization

is grafting from surface anchored CTA, which generally can be ac@imagdlithrough either the
R-group or Zgroup approacfi'®

In the Rgroup apprach fFigure2.18), the RAFT agent is attached to the substrate surface via its
leaving and reinitiating R group. The solid substrate acts as part of the leaving R group and thus
the propagating radicals are located on the tern@ndl of the surface grafted polymer, which
facilitates the growth of grafted polymer chains. This approach resembles a grafting from
approach.

The Zgroup approachHigure2.18) r esembl es a fAgrafti ngaganto o app
is attached to the surface via its stabilizing Z group. The polymeric radicals always propagate in
solution before they attach to the surface of substrate via the chain transfer reactions with
attached RAFT agents.

R-group approach

Reversible activation

-

Z
S
Z-group approach
= S
Reversible activation °
— - - P, M
S—Pn

Figure2.18 R-group and Zgroup approaches for Surfargtiated RAFT polymerizations

Here Iwill mainly focus on the R group approach withPs whichis one part of mythesis

work.
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Fukuda and caevorkerd?01?!

reported the first application ofurfaceinitiated RAFT
polymerization in the modification of silica particles e Rgroup approdt. An ATRP
macroinitiator was first prepared on the surface of silica particles, which was subsequently
converted to a terminal RAFT moiety by reacting witiptenylethyl dithiobenzoate in the
presence of CuBr via an atomtransfer addition (ATA) reactitve. onversion of this reaction

was estimated to be 70% by UWs absorption spectroscopy. The surfatgated RAFT
polymerization of Strenefrom the immobilized RAFT moiety was carried out at bDwith a

free RAFT agent in solution. The addition oktlree RAFT agent in solution could not only
control the free polymerization in the bulk phase but also keep the graft polymerization under
control at high conversionRoweKonopacki and Boyeé® used a similar strategy to prepare a
series of diblock copolymer brushascluding PMMA-b-PDMAEMA, PMMA-b-PS and P$®-

PMMA on the surface dtat silicon substrates.

Although welldefined polymer brushes were succesgfpliepared on the surfacd silicate
substrates in the above studies, large amounts of free polyeneralso produced in the final
products due to the free RAFT agents requirethe polymerization, which required laborious

purification steps. To overawe this problem,Benicewiczet al. *?3

reporteda more versatile
RAFT agent containg a 4cyanopentanoic acid dithiobenzoate (CPDB) moiethich was
immobilized on thesurface of silica nanoparticles and used to prepare botlaiREPMMA
grafted silicananoparticlesAmino-groupfunctionalized silica nanoparticlegere first prepared
by reacting 3aminopropyldimethylethoxysilane with silica particle&n initial attempt of
directly reacting CPDB with amingroupfunctionalizedsilica nanoparticles via condensation
failed due to the aminolysis of the dithiobenzagteup of CPDB. Therefe, the carboxyl group
of CPDB was first activatedby reacting with 2mercaptothiazoline. Due to the ability of
mercaptothiazolineactivatedmide bond to selectively consume the amino groups in the
presenceof dithiobenzoate groups, the subsequent reaabio activated CPDB witramino
groupfunctionalized silica nanoparticles successfully produced CP&®hored silica
nanoparticles with variable graft density. Surfaudated RAFT polymerizations of methyl
methacrylate (MMA) and styrene (St) were mediabyy CPDB-anchored silica nanoparticles
without the addition of free CTA in solutiopyoducing surfacgrafted polymers with narrow

polydispersities and predictabieolecular weights.
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Based on this approach | immobilized the CPDB RAFT agent on porouss gdrticles by ethyl
chloroformate catalyzed coupling ofcfanopentanoic acid dithiobenzogt@PDB) to amino
modified silica. This RAFT modified silica support was used for preparationRA imprinted
thinfilm MIP composites in presence of MAA and EDMPhe use of CPDB immobiled silica

to produce molecularly imprinted composites. Taking the advantage of leaving end groups |
grafted the layer by layer thinfilnMIPs andgeneratd a new type of thin walled géike
imprinted polymersghatwill be descriled throughouthis thesis.

Li etal™* also synthesized the theophylline imprinted composites using RAFT modified silica
support. The authors observed that measured binding kinetics for theophylline to tsgiddlP

and MIPs prepared by coentional bulk polymerization demonstrated that MIP silica had
improved mass transfer properties. In addition the theophylline imprinted silica was used as the
sorbent in SPE to determine theophylline in blood serum with satisfactory recovery higher than
9(%.

Zhang and cavorkerg®!0113

synthesized a narrowly dispersed MIP by RAFT precipitation
polymerization. They aderved a higher capacity, a better binding constant, and an increased
density of high affinity sites compared to FRP MIP. The same group recently reported multiple
stimuli-responsive template binding MIPs by surface initiated RAFT polymeriz&tioit. First

they prepared the living core particles by RAFT precipitation polymerization latter they
polymerize the hydrophd monomers such as HEMA, NIPAM, DMAEMA etc to form
hydrophilic brushes and hydrogels for improved water compatibifity® Others have used the
living character of RAFT in order to change the surface properties of MIP spheres.

Polymeric membranes with molecular imprint functionality have been also prepared using the
AGrafting fromd methodol ogy. These materials
including SPE.Kobayashi etal first time graftedtheophylline MIPs on polyacrylonitrile
membrane using living radical polymerization. It was found that MIPs on the surface can
recognize with higtefficiency thetemplate theophylline, while the analogwadfeine could not

be effectively recognised by the imprinted sités.

Ulbricht et al explored the concept of heterogeneous photografting from memisrahesiere,
polymer membranes are coated with a photoinitiator, for example benzophenone, which after
selective UV excitatiorvia a hydrogen abstraction reaction creates radicals on the membrane

polymersurface. Theseadicals can be used as starters of a grgitlgmerizationof functional
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monomers from the surface and thus creating a thin layer of covalently attached functional

polymer covering the entire specific surface of the membrane.

Grafting methodologies alwo the preparation of thin films of imprinted polymers on various
support material&-#99°9294 gSince the morphology of the resulting composite materials is
determined by the underlying support, this gives fast and facile access to monodisperse, spherical
imprinted beads with immediate application in separatioensa. Furthermore, MIgrafting has

the benefit of allowing the MIP films to be prepared using a variety of solvents and functional
monomers, thus disregarding the effect of these parameters on po$gfmeture and
morphology or the ability of these systems to yield stable suspensions. This allows the focus of
the attention to be mainly on the search for conditions that result in high quality binding sites.
The technique can be applied to different tiatgs and exhibit distinct advantages over the

conventional monolith procedure.

2.7 Template synthesis of materials

The templating is an attractive technique at molecular level to generate nano scale materials with
tailored propertie$?®*?° Mostly template synthesis divided in to two methods one is endo
template and another one is exo template. In endo template; the isolated template used as a single
component and polymerizatidakes place atmd the template molecule afieards removing

the templates it forms nano porous polymer beads. In exo templatentpkte itself actas a

porous then polymerization is takes place inside the pores and it forms composite® as en
templte composites. The porous polymer can be obtained after removitentpkates Figure

2.19 andFigure2.16).
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Endo template:

@.@e

Exo template: Polymer

%= G = :

porous Silica-polymer- Macroporous
Silicagel Composition polymer

Figure2.19 Templated synthesis material eydo and extemplating. Adapated fromef.**°

Both approachedhavebeen used in this thesis for generating the porous materials with tailor
made properties. The extemplate approach which is also callechasarchical imprinting**®

132 Especiallyin this thesisl used combination of surface initiated polymerization, colettol
radical polymerization and exemplating to generate thin walled beads. Which is one of the

novel approaches to address the classical deficiencies of MIPs.
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3 Investigation of influence of RAFT agent on the performance of
LPA imprinted polymers

3.1 Introduction

MIPs are normally prepared by free radical polymerization mechanism because it is compatible
with the wide range of functional monomers, porogens and template molecules as well as mild
reaction condition$.Free radicapolymerization process was classifiedthree steps initiation,
propagation and terminatio(See in sectio.3).>* In free radical polymerizatioit is difficult to

control molecular architectures with regard to chain propagation and termination, which results
in polymer networks with heterogeneous structdf@®ue to the presence of heterogeneity
within the network structures of the MIPs could have significant impact on the binding affinity,
selectivity, and poosite accessibilityThereforeControlled radicalpolymerization (CRPhas

been demonstrateldereto improve their properties in this regaféree radical polymerization
technique produce a heterogeneous network due to the monomer propagation is so quick that it
gives no time to the polymer chain toamel ax
molecule. As the polymerization reaction proceeds and the conversion increases, so the
termination between two polymer chains is difficult due to diffusional limitatidhis. contrast,

CRP are thermodynamically controlled process with negligible chain termination and a more
constant and much slower rate for the polymer chain growth, which results controlled molecular
architectures, low polydispersity, petdrmined molecular weight and homogenous network
structure$?%474134 geveral CRP techniques developed for making a homogenous polymer
networks such as ATRE RAFT'®, NMP®, Iniferter chain polymerizatitorf*3*

Among the allCRP techniques RAFT polymerization is one of the most versatile systems
because of its compatibility to the wide range of monomers and mild reaction condibi.
process involves reversible addition fragmentation sequences in which the transfer of a
dithioester moiety between active and dormant chains serves to maintain the living character of
the polymerization. Initiation of polymerization is by a classical free radical polymerization. In
the early stages of the polymerization, addition of propaga#digal to the CTA followed by
fragmentation of the intermediate radical provides a m&drA and a new radical. Reaction of
this new radical with new monomer forms a new propagating radical. There is a dynamic
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equilibrium between the active propagatindical and the dormant maef@TA provides equal
probability of the all chains to grow and allows forming a narrow polydispersity polymers.
Mostly the group of Sellergrenis involved in making new formats of MIPs using surface
initiated  Iniferter and/or RAFT polymerization techniqué§2-9%1% 5o far, RAFT
polymerization has shown great potential in preparing MIPs with superior mass transfer
properties than the free radical polymerizaflbRlowever others also prepared the MIPs on solid
surface using Iniferté?®, ATRP'?!%” and RAFT"®® Only a few reports are available where
CRP is used in preparation of Mifh free radical polymezation technique3->*">3"1% |n this

work the implication of controlling structural homogeneity and its influences associated binding
parameters of a well known MIP system poly(MA¥-EDMA) for L-phenylalanine anilide

and studied the double bond conversioitiator to CTA ratio while keeping the other parameter

constantfigure3.1).
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Figure3.1 Preparation of tPA imprinted polymer using RAFT polymerization
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3.2 Results and discussion (I):

The work presented here focuses on the preparation-BA Lmprinted polymers sing
controlled radical method RAFTThe aim of the RAFT technique is to produce homogenous
network, narrow pore size distribution, and to improve thdibg properties of MIPs. MAA and
EDMA were chosen as functional monomer a@odsslinkerbecause aring the polymerization
template molecule and acrylic monomers are supposed to interact by formation of ion pairs
between the positively charged amino gewd template molecules and negatweharged
acrylic acid monomergsee inFigure2.3 for the model binding sites for-BA in polymer).The
odor less RAFT agemi-Cyanobenzyl Dithibenzoate was synthesized aaegrtb literature
protocol’® A well-known L-PA imprinted polymers were prepared as described elsewhere. A
mixture of templatemolecuk, monomercrosslinkes and initiators in an inert organic solvent
was allowed to polymerize in a sealed glass tube diC5@br 24h. After polymerization the
template molecule can be removed by mild extraction of polymers with MeOH/formaic
acid/water (W/v, 80/15/5) and finally with pure MeOH. The polymers obtained are presumed to
have specific cavities, formed by the print molecules which contain carboxyl groups that can
interact seletively with readded substrat@-igure3.1). In order to enhance the performance of
resultant MIPs, different amount of CTA in the polymer was investigatedlé 3.1). The
conditions under which a RAFT polymerization is performed may ads@ lan effect on the
characteristics of the finamnprinted polymersThe rate of polymerization and control over the
pore size distribution omolecular weight distribution (MWD)polydispersity index and
morphology of the resultant polymean be affect by the conditions of the reaction. For these
reasons, the initiator concentration is chosen so that a balance is achieved between the rate of

polymerization and control ovenolecular weight distribution.

In the current imprinting system, the major swiity conditions were studied including the ratio

of RAFT/ABDV and the prepolymerization complex by DSC. The polymer was analysed by
FTIR, Elemental analysis, nitrogen adsorption and Scanning electron microscopy. The pore size
analysis in wet condition waseasured by Inverse size exclusion chromatography (ISEC) and
thermoporometry technique. Finally polymers were tested as statigkages in liquid

chromatography and static binding test.
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Table3.1Polymer feedcomposition and Pore analysis parameters for the Imprinted and non imprinted

polymers measured by BET and Thermoporometry (value in bracket)

Elemental Pore Pore Surface
PolymerMAA:EDMA:LPA:ABDV:RAFT analysis diameter | volume area
Code Mol (%) %C | %N | %S nm cclg mé/g
MIPA 16:80:2:1:0 8.4 0.2z 23.5(33) | 0.69(0.83)| 358(L00)
MIPB 16:80:2:1:0.25 8.4 0.14 0.07 18-8(18.1)[ 0.8(0.71) | 389(155)
MIPC 16:80:2:1:0.5 8.4 0.21 0.01 13-3(14.3)[ 0.76(0.86)| 399(232)
MIPD 16:80:2:1:1 581 024 0.0] 6-1(12.7) | 0.43(0.69)| 321(231)
MIPE 16:80:2:1:2 501021 0.1¢ 3-7(10.1) | 0.36(0.52)| 323(204)
MIPF 16:80:2:1:4 504 039 0.41 3-5(85) | 0.23(0.55)| 264(259)
NIPA 16:80:0:1:0 57.§ 0.54 32.1 0.666 356
NIPB 16:80:0:1:0.25 57.40.440.01 23.7 0.821 386
NIPC 16:80:0:1:0.5 58.10.140.0] 15.6 0.764 381
NIPD 16:80:0:1:1 58.10.240.05 7.6 0.509 354
NIPE 16:80:0:1:2 58.60.210.17 4.4 0.34 318
NIPF 16:80:0:14 59.1 0.41 0.49 3.729 0.199 274

3.2.1 Polymerization onset: Effect of the CTA to initiator ratio

RAFT polymerization is one of the leading research areas for the production of polymers with
narrow molecular weight distributions and controlled polymericitecture, the kinetics of the
RAFT are still not fully understood in MIP. This is most apparent in the investigation of
dithiobenzoate mediated RAFT polymerization where anomalous behaviour such as inhibition

periods and rate retardation is commonly obserin linear polymers*? However Titirici and
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Sellergrenstudied the effect of RAFT on surface initiaggalymerization * They have shown

that RAFT mediated MIP have high enantioselectivity and improved binding properties
compared to conventional mediated MIP. ForHartcontinuation fothis study the present work
focusedon the effect of RAFT iconventional mediated MIPs

From Figure 3.2, shows that the RAFT effect on th@olymerization onset displayed an
increasing the onset temperaturepofymerization§85 °C - 116 °C )and narrows the DSC curve
with increasing the ratio RAFT /ABDV ratio (0, 0.25, 0.5, 1, 2 ), suggesipthiginerizationis
delayed and chain transfer and radical termination reaction is suppressed. The higher ratio of
RAFT/ABDV (4) display a gher polymerizationonset temperature (1€ ) but broad DSC
curve(possibly broader molecular weight distributianflicatesthat inhibition or termination
reaction could be occurred due to more slower generation of radibalsonventional polymer
displays lower polymerization onset temperature and broad DSC curve compared to
corresponding RAFT polymeffigure 3.2) due to the presence of chain transfer and radical
termination reaction. The same trend was observed for noninteqgbr polymers. The
concentration of the radicals in the system will influence the rate of polymerization and the
molecular weight distribution of the polymer. A higher concentration of radicals will increase the
rate of polymerization but often yield adad molecular weight distribution because of a higher
probability of termination reactions occurring. For these reasons the initiator concentration is

crucial in controlled radical polymerization.
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T MIPE | £ NIPE
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Exo UP

Figure3.2 DSCdynamicscanning curves fgrepolymerizatiommixturesof imprinted (A and
non imprinted (B) polymers at heating rate’@dmin.
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3.2.2 Double bond conversion:

Dynamic and Isothermal scanning DSC method was teedudy thanfluenceof RAFT agent,

and temperatureon double bond conversioof poly(MAA-co-EDMA) prepolymerization
complex.In dynamic DSC study, prepolymerization mixture of MIP and corresponding NIP was
heated at heating rate $0/min until 200°C and measured the enthalpy of teaction Figure

3.2). Based on enthalpy the double bond conversion was calculsiiegl X2 equation (see in
experimental section)Analyses of reaction conversions versus RAFT concentration clearly
indicates thaanincrease th&AFT concentrationwhile keeping the concentration of monomer
constant, leads to ancreasen thevinyl double bond conversiofThe most significant increase

in double bond conversiooccurs between theystemsof 0 to 1.6 wt% of RAFT{double bond
convesion45 to 60% for imprinted polymers and 47 to 70% for nonimprinted polynfarf)er
increase in RAFT concentratiogisplays less significant #ect on double bond conversion
(Figure 3.3).This suggest that theeduced or slowepolymerization rate will not increagbe
monomer conversion Theptimum concentration ofRAFT displays higher double bonds
conversionThis can be explained as, an increase in RAFT agent concentration while keeping the
concentration of ta monomers constant leads to a decrease in the rate of polymerization
(retardation effect) and longer induction period (the initiatlization effect). The PDI is expected to
be lowered, as more CTA means a higher probability for degenerative chain tramsfes. e
Reactions that yield low molecular weight polymers are therefore, slower than reactions that
yield longer chaing??
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Figure3.3 vinyl double bond conversion pbly (MAA -co-EGDMA) recognitive netwroksRAFT agent
wt% effect upon the double bond conversion

For isothermal DSC scanning study was@ucted for MIPA and MIPy using a differential
scanning colorimetry, temperature could be kept constant withACduring the course of the
polymerizationreaction. The teperature of reaction was set a %) 60°C and 70°C which
resulted in enthalpy 88.5 J/g(30%), 123 J/g(42%), 118.1 J/g(41%) for conventional imprinted
polymer (MIPA) and 113 J/g(40%), 127 J/g(44%), 100.5 J/g(35%) for RAFT polymer (MIPD)
respectively Figure 3.4 and Figure 3.5). This final double bond conversion for our imprinted

system was calculated using X1 equa(iBaein experimental section)
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Figure3.5 Isothermal DSC scanning curves at three different temperatures for traldifith(MIPA)
and RAFTMIP (MIPD).

Figure 3.5 shows thdsothermal DSC curves at three different temperatures as 50, 60 46d 70
of imprinted polymers via traditional method and CRP method. RAFT polymerization rate is
two timesslower thanconventional free radical polymerization meth&ar example at 56C

the traditional polymerization is finished at 232 minutes anesulted 88.5 J/g enthalpy but the
RAFT polymerization is finished at 481 minutes and resulted a 113 J/dmnthhe same trend

was observed for 6{C. At 70 °C both polymer displayed less amount of double mmr/ersion
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compared to lower temperaturdge to thegenerationof high radical concentratioand faster
polymerization rateThis led to uncontrolled pgmerization reaction kineticdn theory, the

faster polymerizatiors rate higher the monomer conversion, hiis is not the caseRAFT
polymers have higher enthalpy compared to conventional polymers means RAFT polymers have
higher amount of double bd mnversion Conventional polymer vyield lower conversion
because there is a decrease in the diffusional ability of pendent double bonds in the growing
polymeric network to react or limited diffusion of radicals on the growing netWdfkrhis can

be explained as propagation step in free radical polymerization is only controlled by the
reactivity of radicals. As theeaction proceeds, the concentration of free monomer around
propagating radicals in polymerization system decreases so the reaction is controlled by the
diffusion of the free monomer and the propagating radiddisis, theconcentration of free
radicals isincreases with respect to time so it results as radical radical termination reaction and
finally end up with heterogeneous structures. In contrast, RAFT system is controlled by addition
of the chain transfer agent to macroradicals and forms the dormaidsspEhis process allows

to forms a thermodynamically favourable network since it decreases the propagation rate and
allows a more time to ¢hgrowing radical to diffuse o the diffusion controlled phase. So the
RAFT leads to a delayetlansitionfrom the reaction controlled phase to diffusion controlled
phase. The extended propagation step in RAFT would result in polymer networks with fewer
imperfections in the polymer network, such as pendant double bondsramaky and secondary
cycles, allowing fohigher overall crosslinkingand more homogenous structef&4?

For more evidence on the double bond converkiegcided to run the crude polymer D&fier

the polymerizationThe effect of RAFT content on crude polymer DSC is present&igure

3.6 andTable 3.2, before soxhlet and after sdeh In generaltwo endothermigeaks could be
observed for all samples in the first run. A second run performed directly after first run showed
only a flat line indicating that the paher is fully polymerised. The first endothermic peak ¢101
115°C) can be assigned with double bonds which are more freely available where as the more
isolated double bonds react at higher temperatures indicated by the second endothermic peak
(155-173°C).*** In this system only one endothermic peak exhibits s8%C for all polymers

(Figure 3.6) which could llongs to the freely available double bonds in tietworks.
Conventional polymeMIPA has showed higher amount of unreacted double bonds (9.5%)

compared to RAFT polymer MIPF (4.5%)he obtained value for MIPA is comparable to
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reported value. In the litature br the same system poly(MA&o-EDMA) conventional
imprinted polymersreported17% final unreacted double bandeterminedby *C CRMAS

NMR.° It suggeststhat RAFT polymer has higher conversionnepared to conventional

polymers(Vide supra).
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Figure3.6 Crude polymer DSC curves before soxt&} and after soxhlefB).

Table3.2 Unreacted double bondts crude polymedetermined by DSC

Crude Enthalpy | remaining
polymer | (J/9) unreacted
double bonds
(%)

MIPA 27.3(23.7) | 9.4(8.2)

MIPC | 20(16.5) | 6.9(5.7)
MIPE | 21.6(nd) | 7.43(nd)
MIPF | 13.1(7.4) | 4.5(2.5)

The value in bracket showed after soxhlet extraction.

Wherend= not determined

Contrary to DSC resultshe FTIR spectra of all polymers were indistinguishafffégure 3.8)

indicating that they all contained same amount of unreacted double bonds and that no detectable

difference in hydrogen bonding in the polymers is pre¥&rithe main difference between
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RAFT and conventional polymer was the signal at 1068 cwhich was assigned to the
presence of C=S groups in the RAFT polymers. The kiggB8 cm* was not obvious due to the
low content of CTA in the RAFT polymer and also evidence of elemental arf@bisie 3.1)
shows poor content of sulphur compared to theoretical Valuleterestingly the resultant
imprinted and non imprinted polymer particles displays reddish pink calbrrespect to added
RAFT agent(Figure 3.7), which indicates the presence of RAFT in the final polymers with

respect to added concentration.
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Figure3.8 Infrared spectra (KBr) of {PA imprinted polymer with increasing RAFT content
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3.2.3 Swelling and Pore analysis:

Figure 3.9 shows that the swelling ratiof imprinted and non imprinted polymepseparedvia
RAFT and conventional metho@he RAFT polymer displays approximateiyo times higher
swelling ratio compared to conventional polymer and corresponding non imprinjedepalso
shows the same trenih search for an explanation for ttighaviorthe followingeffects should

be consideredn RAFT polymerization the rate of polymerization decreases significantly when
increasing the RAFT concentration, which might lead to different intrinsic structiwnedre

RAFT and conventional polymé&t’?
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Figure3.9 Swdling study ofimprintedandnon imprintedpolymers in pure acetonitrile

On the other hanthe slow chain growth in the RAFT process allowed sufficient chain relaxation
and uniform distribution of reacting species, which reduced intramolecular crosgliakd

limited microgel formation.On the ontrary in conventional polymerizationthe monomer
propogation is so fast and there is no time to relax a polymer chains so crosslink reaction is
happen between the sameleculesand forms the early microgel foation*"**® These results

suggest that the delayed crosslinking reaction under the RAFT conditions would proeeed in
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fairly homogeneous manner, resulting in the construction of highly selective binding cavity with

the lower density of crosslinkirfg.

FromTable3.1, clearly suggest that influence of CTA on pore size and surface area of polymers.
As the concentration of RAFT increasdtle average pore size and surface area decreased
(Figure3.10). Conventional polymer MIPA produced type IV hysteresis loop and the pore size is
24 nm but the higher RAFT/ABDV ratio polymers produced the type Il hysteresis logp ver
similar to the adsorption isotherms observed for nonporous materials with three dimensionally
connected porous networks and the pore sizes wePentd in the range with increasing RAFT
concentration. In all the isothermisobserved that desorption bréinevas not connected to
adsorption branch at low relative pressure i.e. the isotherms were open. This is normal in highly
crosslinked polymer system. One possible explanation for this behaviour is that nitrogen remains
dissolved within the polymer matrix &igh relative pressure so the dissolveg ddnnot be
liberated easily at low relative pressure, and hence an open isotherms were df%&fved
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Figure3.10 Nitrogen adsorptioii desorption isotherms of-BA imprinted polymer with increasing
RAFT content (A) and pore size distribution (B)

The BJH(Barrett, Joyner and Halend®® analyss of the desorption branch of the isotherms
revealed that all samples display monomodal pore sizes varying between 23.5 and 3.5 nm
(Figure 3.10B). The smallest pore sizes 3.5 nm were found for the high RAFT/ABDV ratio

(MIPF), wheeas conventional polymer (MIPA) displayed larger pore size 23.5 nm. The same

58



trend was observed for non imprinted polymer. Conventional polymer confirmed the

macroporous morphology by BEBrunauerEmmettTeller)-*>*%°

thatds why it e X h
surfacearea compared to RAFT polym&r.A similar observation haseported that MIPs

prepared by Nitroxide mediated polymerizat(iMP) shows smaller surface area compared to
Conventional polyme¥ It may be due to the change of surface morphology under the dry
condition of BET measurement. It has been reported that shorter kinetic chain length forms more
uniform crosslink density and narrow pore size distribution. Therefore Conventional
polymerization results longer kinetic chains and forms more broad size distribution and

heterogeneous crosslink netwgFigure3.11).>*

Another evidence for change in surface morphology was studied by SEM. An SEM images
revealed that the pore size decrease with increasing RAFT/ABDV f&goré 3.12). This
indicated that the pore diameter could be controlled by varying the concentration of RAFT
agents. RAFT polymer displayed the interconnected smaller pores and they are evenly
distributed through the surface where the cotie@al polymer displayed randomly distributed

mesopores or macropores through the surface.
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Figure3.11 Influence of CRPon imprinted network structure. (A) limear polymerization, the use of
RAFT agentyields a lower polydispersity of kinetic chains and decreased average chain length. (B)
Within crosslinked networks, addition BAFT agenteads to a more uniform and higher population of
appropriately sized imprinted macromolecular cavitiesiHertemplate
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Figure3.12 SEM images of conventional imprinted and nonimprinted polyitMiBA and NIPA) and
RAFT polymers with varying the RAFT/ABDV ratidMIPB to MIPF and NIPB to NIPF)
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3.2.4 Thermoporometry

Thermoporometry is a calorimetric method for characterising the pore structure of the material
from melting or freezing point depression of liquid confined in a pdré? This technique was

used in this study for further confirmation of narrower pore sizes in swollen Btata Figure

3.13 we observed that the DSC thermogram contdirsmelting peaks one at lotemperature

is due to the melting of the confined solvent while the second peak associated with the bulk
solvent. The melting point in the pores was depressed with increasif@ Bontent, and the
magnitude of the shift increased with decreasing pore size.

From DSC curveDT = T i TO was calculated, To being the melting point of the pure

acetonitrile =-46x 0.3°C. Linear regression yields the following numerical expression for

acetonitrile The DT valued substituted in fallowing equation and calculated the radius of the
pore [Table3.1).

Rp (i) DI=13309/

The value 13A represents the thickness of the solvent layer remaining adsorbed on the internal

pore surface (nefreezable solvent)
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Figure3.13 DSC curves for the melting of acetonitrile in thé?A imprinted polymers. The sample was
frozen by rapidly quenching t60°C. The heating curves shopsre melt and excess melt

By using the above DSC curves one can calculate also the pore volume and surface area which is

shown inTable3.1.

From Table 3.1, showed that in swollen state polymer hasighér pore diameter and pore
volume compared to dry state polymer but the surface area is less in swollen state for all
polymers. This can be explained as in swollen state polymers were open their pores and
accessible to the solvent so the pores becomdsrvim size obviously larger the pore size
smaller the surface area this is not the case in dry state where the pores are closed and also could
be shrinking effect which makes pores smaller in size and results in high surface area.
Conventional polymer (MRA) in swollen state displayed higher pore diameter (33 nm), pore
volume (0.83 cc/g) and two times less surface area (£0f) compared to dry state due to the
macroporous structural arrangement of polymer network (vide supra). An increasing the RAFT
corcentration the pore diameter goes on decrease8.$38Bm) and surface area is increased
(100259 nf/g). This clearly suggests that the influence of RAFT agent on polymer morphology

which makes more uniform and narrow pore size distribution. IntergstiRAFT polymer
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showedhigher surface area compared to conventional polymer in swollen state which is more

useful for chromatography study.

3.2.5 Inverse size exclusion chromatography (ISEC)

For getting better understanding of these polymers morphology andtparoswollen state
then we turned t¢SEC. It is an chromatographic technique widely used for measurements of the

porosity of the polymers in swollen staté'®

ISEC is done by providing the exclusion volume

for polystyrene stadards of known molecular radii (see in experimental seatiérly. From

the exclusion volumes, the accessible pore volume versus molecular radius cacelet(aee

in Appendix) Figure 3.14 showed thathe pore size distribution &lIPA (without RAFT) and

MIPD (with RAFT). The RAFT polymer displayed the narrow pore size distribution compared to
conventional polymer (MIPA) as exgted. This proves that RAFT agent has pronounced effect

on the polymer morphology. Iswollen state RAFT polymers increased the pore diameter
(12nm) double of the dry state measured diameter (6 nm) but the surface area is decreased
compared to dry state.n€& values obtained in swollen state from thermoporometry and ISEC

measurements are in good agreeméable3.3).
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Figure3.14 Pore size distribution obtained from ISEC measurements
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Table3.3 Comparison of pore analysis in dry state and swollen. state

code | Dp* Dp° Dp° V,? vy Vel | S| SA” Sa°
nm Nm nm cclg m?/g | m?cm® | m?cm®

MIPA 23.02 33.2 36.8 0.69 0.83 0.495 | 358 100 135

MIPD 6.03 12.6 11.8 0.43 0.69 0.459 | 321 230 251

Where, Dp = pore diameter,¥ pore volume, §= Specific surface areaz= dry state (BET), b=
Swollen stag (DSC), c= Swollen state (ISEC)

3.2.6 Thermal stability

The thermal stability of the polymers was measuredti®rmagravimetric analysis. The
measurement wasonducted at 30C to 800 °C at a constant heating rat® °C/min in N,
atmasphereFigure3.15 demonstrates the therrgpavimetric aalysis (TGA) anctorresponding
differential thermgravimetry (DTG) curves of Mi®with the raisef temperature. As shown in
Figure 3.15 the conventional polymer (MIPA) display initial degradation at 2@8and also
showed a two step degredatiat peak maxima 308C and 420°C from DTG curve. High
RAFT/ABDV ratios polymer (MIPF) display initial degradation at 3%7 and interestingly
showed single step degradation at peak maxim@@Ztom DTG curve. Temperature at initial,

25, 50 and 75 % madoss values were given in thable3.4. At closer observation from TGA
curves suggest that with increasing the RAFT concentration makes possibly more homogenous
polymer network and higher thermal stability (up to 20) compaed to conventional polymer.

This could be explained as in RAFT polymers the thermally weak links could be absent i.e. head
to head bonds and chain end unsaturation and another reason is due to the most of the RAFT
polymer chains end capped with CTA whimntaining the aromatic rin§> The DTG curves of

conventional polymer showed two step degradation $ispscould be low molecular weight
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polymer or oligomers. However, high content RAFT padysndisplayed single step degradation

which could indicates the formation of homogenous network.
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Figure3.15 TGA curves of LPA imprinted polymer (A) and DTG curves (B)
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Table3.4 Temperature at %Weight loss of imprinted and non imprinted polymers

Polymer Onset Temperature at
code ©c) Tos(C) | Tso('C) | Tus(C)
MIPA 248 279 320 395
MIPB 263 294 336 399
MIPC 309 311 360 409
MIPD 339 345 384 416
MIPE 343 356 387 416
MIPF 347 357 396 420
NIPA 240 274 313 390
NIPB 261 294 336 395
NIPC 315 320 370 408
NIPD 325 345 378 412
NIPE 336 354 385 414
NIPF 345 354 390 416

3.2.7 Chromatography evaluation

The RAFT and conventional way prepared imprinted polymers were packed in to HPLC column
(35mmX4.6mm) and evaluated using mobile phase (MeCN/ sodium acetate buffer, 0.01M, pH
4.8, 90/10, vi/vYor their ability to resole and retain the racemate corresponding to the template
(D,L-PA). The resultng elution profiles were evadited with respect to ¢hretention of the two
enantione r s determined as the capacity 6&tetor
separdt o n  f a ckpd numbetdithedretical plates (Njnd the resolution, determuhes

the resolution factors @R (Figure 3.16, Table 3.5). The capacity factor,eparation factor and
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resolution increasedat optimum ratio of RAFT to initiator (MIPD)At higher amount of
RAFT/ABDV ratio (MIPF) display less selectivity and enantioselectivity towards target
molecule because the MIPF has narrow pore size and high swelling ratio which makes difficult
to the target molecule to access binding sites easily. Another possible reason could be the
polymer compressed under the chromatographic condition due to the different morphologies
compared to other polymer3able 3.5 compares the chmoatographic performance between
MIPA (without RAFT agent) and with increasing amount of RAFT (MIPC, MIPD, MIPF);
calculations were made assuming that the peaks have Gaussian disttButre results from

Table 3.5 summarizes that at optimum ratio of RAFT/ABDV polymer (MIPD) has digtiate
number and high resolution factor so by controlling the concentration of RAFT/ABDV one can
improve thecolumn efficiency and resolutiofhese results are very good agreement with pore

analysis and swelling study.
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Figure3.16 The graph shows Capacity factor (kL) and separation fadtofof L-PA. Mobile phase:
MeCN-0.01M sodium acetate buffer, pH 4.8 (9:0.5mM racemate Band L-PA enantiomer; injected
voume 10pL, flow rate 0.5mL/min. DAD= 26fn, column 35mm X 4.6 mm
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Table3.5 Comparison of chromatographic performance between conventionalditPRAFT MIR.

Polymer| Resolution Column HETR(h)
Code factor efficiency(N)
Rs Np N hp he
MIPA 1.07 19.66 |10.95| 0.18 | 0.32
MIPC 1.15 48.45 | 13.88| 0.07 | 0.25
MIPD 1.54 102.99 | 17.57| 0.03 | 0.19
MIPE 1.31 38.54 | 13.96/ 0.09 | 0.25
MIPF 1.19 86.23 | 15.78| 0.04 | 0.22

Where, R= resolution factor, N= column efficiency for BPA, N. column efficiency for EPA,

h=height equivalent to theoretical plate

From this experimenthoosehebest RAFT polyme(MIPD) and studied with different loading

of racemate and compared with conventional polymer. 0.5mM, 1mM, 5mM, 10mM, 20mM,
50mM and 100mM concentration of racematiected into MIPA and MIPD. Frorfigure3.17

as can be seen the clear difference between the two polymers, untii 50mM RAFT polymer

having the shoulder peak which indicates that still it has the capability of discrimination metwee

the two enantiomers. Both columns showed the nonlinear chromatography with constant

overloading of low abundant high energies binding sites.
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Figure3.17 Elution profiles obtained for different concentoat of racemic mixtures (D,4PA ) on MIPA
and MIPD using as mobile phase: Me©ON1M sodium acetate buffer, pH 4.8 (9:1) at flow rate of
0.5mL/min, DAD = 260 nm and column size = 35 mm X 4.6.mm

3.2.8 Determination of binding capacity of the MIPs

Equilibrium binding experiments were performed to study the template rebinding properties of
the MIPs/NIPs in pure acetonitrile. Thus, quantifying the equilibrium free concentratigh ¢C
solute by HPLC, the bound amount g could be determined and plots of § Gessgiving the
binding curves of template-BA and of its optical antipode-PA for the different imprinted

polymer complements.

Figure 3.18 shows that the MIPs prepared via RAFT bound more template than their
corresponding NPs, suggesting the presence of selective binding sites in MIPs. Besides, the MIP
prepared without RAFT showed less equilibrium loading capacity than the RAFT MIP in a wide
range of polymer concentrations. The isotherms were subsequently fitted te_argmouir, bi
Langmuir, and Freundlich isotherm model resulting in the isotherm parameters giVahlén

3.6 to Table3.8. The fisher values ifigure3.19 reflect which of the moderovides the best fit

to a particular isotherm, a higher number indicating a better fit.

The binding features of D,-PA to both the imprinted (MIPA, MIPD) and namprinted (NIPA,
NIPD) RAFT polymers were accurately modelled using the Freundlich @Haesm by plotting
the experimental binding data in log formiat*
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logg=loga+ mlogC (1)

Where q is the bound concentration of D-RA and C is the free concentration in solution
respectivelya is the binding capacity anah is the socalled heterogeneity indexatter ranges

from 1 to O increasing with decreasing heterogeneity of the materials. The affinity distribution
(AD) can be calcdted using Eq(2) and the experimentally derived FlI fitting paramet{arand

m):32,163164

N(K) = 2303am( 1 nmf)e 2383k ()

The ADs calculated with this equation are valid within a range of binding affinitgs, @nd
Kmax ) that can be calculated from the experimental maximum and minimum free analyte

concentrations Cmin andCrax) and the riationships
K1 =Kmin =1/CiaxandKz =Kmax =1/Cpin.

the apparent number of binding sitdd, and the apparent weighted average affinKy,

calculated using Eq. 3 and Eqj4%31%

N=a( 1m)K'™ K;'™) (3)

A m gKEm- KR
_%—

K ot 2
cm- 1= K;™- K;"

(4)

Langmuir and Bilangmuir Fitting:

g* = gbC/(1+bC) (5)
g* = g1 C/(1+bC) + g.C/(1+h,C) (6)

Where g* is the concentration in the stationary phasgaitibrium with concentration C, and C
is the concentration in the mobile phaBlee Langmuir models (egs-&@ assume that one (eq.5)

or two (eq.6) distinguishable classes of sites are present on the surface, each with saturation
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capacity gand associan constant b. The dissociation constagitas calculated as the inverse

of b.

Based on Fl binding parameteii&ble 3.6) revealed an increase in both the number of binding
sites(\;) and binding capacitg] in imprinted polymerprepared via RAFT methodN:=51.08 +

2.26 umol/g, a=36.81 umolg® (mol™)™ over corresponding imprinted polymer networks
prepared via conventional methgh=35.76 + 2.0Bmol/g, a=27.43umolg* (mol™)™. The
imprinted polymer networks prepared by RAFEthnd showed 30% increase in the number of
binding sites and 25% increase in binding capacity over the imprinted polymer networks
prepared by conventional method fofPIA. The heterogeneous index of imprinted polymers
network via RAFT method is higher thahe imprinted polymer networks via conventional
method. Higher the heterogeneous index number indicates more homogenous network formation.
This result agrees with delayed propagation phase in RAFT method which makes more
homogeneous and uniform crosslinlketworks. This finding are agrees with some reported
literatures such as Titirici etal reported the MIPs prepared via CRPs exhibited improved binding
properties such as faster binding kinéficshigher binding capacities and larger binding

association constants®1106138

while in some other cases, the binding properties of the MIPs
prepared via CRPs appeared very similar to those of the MIPs prepared via conventional
approached® In the present study, we found out that RAFT MIPs display improved binding

capacity and apparent maximum number of binding éNgthan the conventional MIP.
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Figure3.18 Adsorption isotherms of DAPA on MIPA (A) and MIPD (B) with corresponding non
imprinted polymer, as solutions in pure acetonitrile
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Table3.6 Freundlich isotherms fittinggzameters obtained by nonlareegression of data shown in
Figure3.18as described in the experimental section

Polymer Affinity Total numbe| Heterogeneity Binding Correlation | F-
constant of.binding parameter, n capacity, a | coefficient e
Ka(mM™) (iiﬁz]gl-\i; (umolg™* > "
MH™)
MIPA | D-PA| 6.3+0.25 | 25.56 =+ 1.36 0.298 215 0.945 407
L-PA | 5.56+0.24| 35.76 + 2.03 0.354 27.43 0.980 942
MIPD | D-PA | 5.74+0.32| 35.67 +2.11 0.340 28.05 0.964 520
L-PA| 2.88+0.11| 51.08 + 2.26 0.476 36.81 0.987 1208
NIPA | D-PA| 3.35+0.51| 9.90+0.85 0.522 9.82 0.979 ND
L-PA| 451+042|11.93+0.91 0.414 12.3 0.934 ND
NIPD | D-PA| 1.50+0.12| 26.47 +£1.3 0.620 17.67 0.995 ND
L-PA| 288+0.21| 29.72+1 0.494 20.16 0.862 ND

ND= not determined

Table3.7 Mono-Langmuir Isotherm fitting parameters obtained by nonlinear ssgne of data shown in
Figure 3.18&s described in the expeental section

Polymer code Kg (MM) gs (umol/g) r° F-value
LPA 1.40 + 0.36 93+10 0.959 328
MIPD DPA 0.55+0.08 48 + 2 0.981 799
LPA 0.61+0.14 490+ 4 0.957 341
MIPA DPA 0.36 £ 0.06 33+2 0.973 624
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Table3.8 Bi-Langmuir Isotherm fitting parameters obtained by nonlinear ssgne of data shown in
Figure 318 as described in the experimental section.

Polymer Kgl gs1 Kg2 0s2 r F-
code value
(mM) (umol/g) (mM) (Hmol/g)
LPA | 0.026+0.025 15+4 5.21+2.79 131+35 | 0.993| 746

MIPD DPA | 0.014+0.023] 6.0+4 0.82+0.25 44+3 0.993| 821

LPA | 0.023+0.02| 11.7 3.7 | 1.79+0.74 47+4.0 0.992| 683

MIPA DPA | 0.005+0.02| 4.4+3.6 0.57+0.2 30+3.0 0.988| 532

S5

= ]
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Figure3.19 Fischer values obtained by fitting the LFA binding curves in Figure 14 to mehangmuir
(LI 1 site), biLangmuir (LI 2 sites) or Freundlich isotherm models (Bie Tables 3.6 to Table 3.8

3.3 Conclusions

RAFT mediated living radicalgdymerization wasntroduced imo the preparation of molecularly
imprinted networks for the separation of LAA enantiomers. This approach provides high

binding capacity and selectivity towards target molecules. A smaller pore size was obtained
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when the ratio of RAFT ageénvas increased in this study. However at high RAFT to initiator
ratio gives less capacity and selectivity to the template due to higher swelling ratio where
binding sites were not stable. The results of our research demonstrated that optimum RAFT to
initiator ratio was important factors for the separation and column efficiency. The present work
not only broadens the application area of RAFT in the molecular imprinting field, but also shows
that the appropriate choice of RAFT agent to initiator ratio isiakdor the generation of MIPs

with desired properties which is of significant importance for the rational use of CRPs in the

synthesis of MIPs with improved binding properties.
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4 Thin film MIP composite beads

4.1 Introduction

In recent decadesurface initiategSIP) controlled radical polymerizatio(CRP) technique is a
great interest to generate a polyrtten films on different surfacs 2% By using these techniques

one can control the functionality, density and thickness of polymer films with molecular
precision.CRP can be used for qudssing polymerization to prepare block copolymers of
defined architectures to ingst various advanced functior@nly a few reportsredescribing the
surface initiated controlled radical polymerizations of crosslinked polyswrsnonly refer to
molecularly imprinted films MIPs aremade with high level of crossnker because it is a
necessit for preserving the integrity of the imprinted recognition sit@3°"1%%1%4% |n general,

the use of grafting techniques for preparing MIP beads allows the bead morpholog\sed
independently from the formatioof the MIP?® Hence, materials exhibiting similar bead size and
porous propeies can be prepared using widely different monomers and solvents. In addition to
the above mentioned structural control, the added value of CRP comes from the degenerative
nature of the chain growth leading to shorter more uniform primary chains amctigiy a

more regular homogenous network. The latter may positively impact the fidelity and reduce the
binding site heterogeneity commonly observed for molecularly imprinetdorks (see in
section2.5.6). Indeed, Byrne edl. recentlydemonstratedn enhanced uptake capacity for MIPs
prepared by iniferter controlled radical polymerizafiber.

Moreover, SIPCRPand template synthesise widely employed fosynthesizingvell dispersed
multifunctional nanoparticles (e.g. for drug delivery, imaging, diagnostics) and also imprinted
nanoparticled % Walt et al. used atom transfer radical polymerization (ATRP) to graft thick
polymer layers on porous silic& Etching away the silica template hollow spheres remained
with a relatively thick shell wit thickness larger than 175 nArnold and Yang reported ohih

walled coaxial nanotubes prepared by ATRP from initiator modified silica/silicone core shell
nanowire$’?, while Wang et al. applied a similar approach to prodousecular imprinted
nanotube membranes for separation and ser$fit§’ or TNT *”® which can otherwise be
difficult to access by alternative approaches such as precipitation polymerization and

miniemulsionpolymerization.
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Recently,the group of Sellergren e por t ed ©nom@r aéthngques for
MIP composite materials with improved static and dynamic binding prop&Higg®293
Sulitzky et al first reported the thin film MIP composites beads with improvexssntransfer
characteristics using immobilized azoinitiator on silica sutfa@ontrolled grafting othin film

MIP was achieved by use of immobilized dithiocarbamate initi&tdtghe living character of

this polymerization was used for layer by layer grafting of different MIPs onto wide pore’Silica.

A few years agditirici et al investigated the use of soluble chain transfer agents (RAFT agents)
as another means of achieving SIP and &Rime materials could be prepared in stione and
exhibited superior mass transfer properties compared to the traditional imjitkedonoliths

or materials prepared without the polymerization control through RAFT agents

Nevertheless several drawbacks of pineviously described grafting protocdiscame obvious.

Due to the fact thathe film thickness is controlled bpterruptirg the polymerization at given
times themonomer conversion is low leadingdignificant batch to batch variations with respect

to structure and performanddoreover unreacted monomer is difficult to recover leading to low
overdl yields and loss of reagés. To address these problerhdiave focused on methods for
grafting to reach full monomer conversion and methods relying on thermal homolysis of the
initiator. In this chapterthe grafting ofthin film molecularly imprinted polymers on porous
silica support either using immobilized azoinitiator alone or ainfnobilized RAFT agent®

with soluble azeanitiator (Figure4.1) is presentedEvaluation was performed by characterising
the pore structure, morphology and template recognition of the poly@ense parts of this

chapter have been publighas a articl&"
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Figure4.1 Grafting of L-phenylalanine @ilide (L-PA) imprinted polymer films from an porous silica
support modified with azoitiator (A), or RAFT agent (R)'he grafting was performed using a common
prepolymerization mixturéo reach near full conversionsider five different dilution (20mL) for Azo-

system and using different RAFT/initiator ratio in RAFT system
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4.2 Results and discussion (l1A)

4.2.1 Grafting of molecularly imprinted polymers via azo initiator modified silica
support

The Agrafting fromo tphenytalaning wakde ([L-8A) imprintedd uci ng
composites was investigated using two previously reported initiator systems as depicted in
Figure 4.1. The first system (A) is based on conventional azoinitiators immobitizesilica
decompsable by either thermolysis or photoly&isyhereasthe second (R) relies on chain
transfer agents (RAFT) immobilized to the silica surface via tiggdRp*?® In the latter case,
surface grafting requires a source of primary radicals generated in the solution phase. In order to
compare the relative merits of these technigtiesefore grafted imprinted copolymers of
methacrylic acid andethyleneglycol dimethacrylate under similar conditions following the
protocols outlined irrigure4.1i.e. in a 1:5 molar ratio in presence of 5 mol% gshenylalanine

anilide as chiral template and toluene alves@t. The common support was mesoporous silica
(Si100) with a high surface area (S=38f/g) allowing support modifications to be conveniently
monitored by conventional techniques e.g. IR spectroscopy, elemental analysis, gravimetric
techniquesand nitrogn sorption analysisThe use of a chiral template allowed achiral
nonspecific binding to be easily deconvoluted from enantioselective binding caused by

imprinting.

4.2.2 Silica surface activation

First, the silica surface wasctivated by rehydroxylatiofhecausethere is loss of silanol groups

during the calcinations pcess subsequent to the silica syntheS$isis was accomplished
through treatment with hydrochloracid (17% ag.sol)which converted the siloxane bonds into
silanol groups according t8cheme2. The amount of silanol groups per unit of surface can be
determined by TGA or by the methyl lithium methidd'”®> However, this value can be
considered as a physicochemical constant, independent of the silica type, thus it was assumed
that fully hydroxylated silica contains around 8 pmdlsfisilanol groups’®
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Scheme Rehydroxylation of siloxane groups

4.2.3 Functionalisation of silica surface with APS

After rehydroxylation, the silica surface was modified using aminopropyltriethoxysilane (APS).
The reactions were performed according to well established literature proc&dtireshe

silane coverage for a complete modification of the silica surface is expected to range from 3.5 to
4.0 pmd/m?.1"® Therefore, he amount of AB was calculated aording to the number of silanol
groups on the si f)iamahe specifid surtaee areBsilica sampleThe
reaction was performed under inednditions and with an excess 8HRi.e. 2 equivalents), in

order to obtain the maximum coveragfeamino groupsThe silanol groups on the silica surface

were converted intaminofunctional groupwia the condensation reactions showrsthemes.

APS
HO OH
toluene, 110 °C

HO OH

Scheme3 Furnctionalisation of silca surface with AB.

The surface densities of the introduced ligands depended strongly on the reaction conditions and
on reagent stoichiometry. These densities were determined from elemental analySialulata

4.1). Due to sterical hindrance between the introduced chains, not all the surface hydroxyl groups
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were available for reaction with the silane molecule. The unreacted silanol group were end

capped in a subsequent step in order to prevent them from imgifetater reactions.

4.2.4 End capped amino modified silica

Prior to Azoinitiator immobilization all remaining free silanol groups were esapped with
hexamethyldisilazane (HMDS), wekhown as a methylating and deactivating reagent. HMDS
reacts readily wh hydrophilic silanols, yielding very stable methylsilyl groups accordinthé
reaction shown irschemed. Through this procedure, one ensured that alirtii@tor precursors
reacted only with the functionaroups at the surface. In addition, after gredymerization
process in the silica pores, the silanol group could not interfere in the chromatographic

separation and recognition processes

N |
—Si Si—

DCM, 40 °C, 4h

Schemet Consecutive synthesis of amisitica and engtapping of remaining silanol groups

4.2.5 Surface attachment of free radical initiator -4 , 4 6 a zoydnopentahaic
acid)

A modified amino silicasupport was used fdahe coupling of azo initiator. Tis reaction was
performed according titeratures protocolSchemes).?**"°The azo modifiedilica support was
used for grafting of thin film MIP.
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Schemes Covalentimmobilizationof Azo- initiator on silica surface

4.2.6 Characterization of the resulting intermediates

The products resultn from the previously described reactions were characterised using
elemental microanalysisThermogravimetry analysiand FTIR spectroscopy. From elemental
microanalysis data, more precisely from the change in carbon and nitrogen contents in each step,
we could estimate the amount ioimobilized ligand on the silica surface. The det@resented

in Table4.1. The area density @) of immobilized ligand was calculated based on the change in

carbon (&C) or nitrogen (&N) content versus t

Ds = My
Mn= S (1)
Where
™ D N
- 3
1 o_:DNf/)I Muw
N

My=molecular weight of the coupled ligand,
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My=weightof nitrogen per mole of coupled ligand,

S= surfae area of the silica support (B&/g).

The coverage (C) was calculated as equatioasauming a maximum silanol group density of

8umol/nt
C=100xD/8

(2)

The average distance. dnm) between the coupled ligands assuming a random ligand
distribution was calculated as equation 3

10

“ \D310°3 N

3)

where N is the Avogadros number

The yield of coupling in each step was calculated based on resultsedbfedm elemental

microanalysis. A maximumhalf of the silanol grops reacted with -3 aminopropyl

triethoxysilane (APS) in the first silanisation step. The subsequent step was the attachment of the

initiator azobigcyanopentanoic acid) ACP@&chemeéb). On the basis of the increase in nitrogen
1.

corresponded toa. 36% conversion of the surface amino groups amaverall conversion of

content

silanol groups ota. 18%.

Table4.1 Characterisation of azoinitiator modified silica supports used for grafting

a

ma x i

mu m

arlr ea

density

of

Modified support| %C %N Area density | Coverage Distance
(umol/m?) (%) (hm)
SiFAPS 3.79 1.34 2.9 36 0.8
SI-ACPA 11.76 | 3.93 1.5 18 1.1

5

Infrared spectra of the silica supports usually show a broad and intense band-at1a®@e"

corresponding to the stretching of the siloxane bondg€){Si) and a narrow and weak to

medium intensity band at 810 &ntorresponding to the ¥ stréch of the silanol bonds
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Although the fingerprint regior80 to 1300 ci) is covered by the broad band at 1100*dmn

is still possible toobservethe ACPA coupling by comparing the spectra of bare silica ¢5iO
rehydroxyated silica (SiIOH), amino madalified silica (StNH),and immobileed initiator (St
ACPA) as fiown inFigure4.2. After the amino modification the broad band between 331D
cm* for free or hydrogetonded hydroxyl groups@H stretch) decress in intensity but is still
visible because the bands for the NH stretch, of aliphatic primary amines, appear in the same
region The additional weak band at 1560 tiran be attributed to the NH bend ahe weak
band around 2930 cfrto the CH stretchfrom the alkyl chain present in the aminopropyl silane.
In the spectra of the silicantaining themmobilized initiator we observed mew band at 1725
cm* assigned to C=0 stretch from carboxyl aaitl 1650cm*, 1560cmi* corresponding to the
C=0 andN-H stretches of thamide bond formed by coupling ACPA to the amino modified
silica and the intensity of the broad band between @M cni was slightly increased

compared to amino modified silica, as expected for hydroxyl groups of the carboxglic aci

Vs si-acea
WA
\/ \_si-APS

Absorbance -

Si-OH

_Sio,

4000 3500 3000 2800 2000 1800 1000
Wavenumbers (cm'1)

Figure4.2 FT-IR spectra of SACPA initiator and corresponding intermediate step such as bare silica
SiO,- before (SiQ) and after rehydroxylation ($)H), and after modification with APTS (8iH2).
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4.2.7 Composites prepared by grafting from techniques

Due to the limitations of the kinetically controlled grafting (poor reproducibility, low overall
yields, nonstoichiometric monomer incorporation, film heterogeneity) protocols relying on
quantitative monomeconversions are expected to offer general improveniémts. obvious
approach is here to simply adjust theliidn of monomer assuming it to be fully incorporated in
the grafted film. A theoretical film thickness can then be calculaésdd orthe assumptiorthat

the added monomer will form a liquid film covering the entire surface of the supperefore
imprinted copolymers of methacrylic acid and ethyleneglycol dimethacrylate were grafted from
the supports under similar conditions following the protocols outlin€éigure4.1. The quantity

of monomer relative tdhe silica support was adjusted to result in films with approximately 1, 2
and 3m average thickness followed by photoinitiated grafting at five differentialisitwith

inert solvent toluen@-igure4.3).
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Figure4.3 Protocol for grafting of imprinted polymer layers on support materials with recycling of
monomer solution.

4.2.8 Characterization of grafted polymer layers

After polymerization the particles were subjected extensive extraction witlacidified
methanol, dried and subsequently characterised by elemental microanalytts, M, N

sorption and fluorescence microscopy
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Table4.2 Characteristics of molecularly impted polymer composites prepared by photoinitiated
grafting to full monomer conversion from silica modified with azoinitiator.

Targeted| Solvent|] %C | %N | Mass | Sa Vp Dp d d | Conversion
Film mL loss | (m%g) | (mL/g) | (nm) | (TGA) | (%C) (%)
thickness (%) (nm) | nm
0 22.47 | 256 | 35.74 211 0.3 371 | 067 | 0.72 79
2289 | 2.4 | 36.26 336 0.5 412 | 069 | 0.75 82
d=1 nm 10 20.72 | 252 | 33.49 236 0.4 413 | 056 | 0.58 68
15 21.37 | 249 | 33.86 239 0.4 414 | 058 | 0.63 70
20 20.55 | 252 | 32.78 243 0.4 414 | 053 | 0.56 64
28.56 | 2.15 | 45.29 44 0.06 | 3.70 | 1.23 1.3 76
5 28.24 | 2.08 | 44.24 125 017 | 349 | 1.16 | 1.26 72
d=2 nm 10 26.94 | 2.16 | 43.67 180 021 | 370 | 1.12 | 1.13 70
15 25.92 | 2.24 | 42.37 163 024 | 411 | 1.03 | 1.03 66
20 24.61 | 2.33 | 39.81 174 027 | 411 | 0.88 | 091 57
0 11.50 | 3.23 | 19.13 174 0.60 |10.22 | 0.06 0 3
5 31.03 | 1.72 | 50.84 130 014 | 369 | 1.70 1.6 75
d=3 nm 10 31.26 | 1.72 | 53.14 159 016 | 369 | 195 | 1.62 83
15 28.91 | 1.82 | 4855 206 019 | 368 | 149 | 1.34 68
20 26.52 | 1.98 | 45.91 214 025 | 370 | 128 | 1.12 60
Where,

Sa = Specific surfae area
V= Specific pore volume
Dp= Average pore diameter

The calculation of the film thickness (nm) was performed assuming a homogeneous grafted

layer as follows.
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From elemental analysi¢%C)**

3
d:m—M‘N3103 (4)
Mc3 r3 S
%C
Me =

a%C3 Mw
& 2

100

wherem. = weight of carbon of the grafted polymer per gram of bare silica supdqrt
weighted average molecular weight of the grafted polymer assuming stoichiometric
incorporation of reactive monoms Mc = weighted average molecular weight of the carbon
fraction of the grafted polymey,= weighted average density of monomers (g jnand S =

specific surface area of the bare silica suppoftjtin

The value used for the % C in these calculation& o account the incorporation of monomer

and cross linker for grafted polymer layer.

From Themogravimetric analysis (T& (% mass loss}°

Q —p p — (6)

Where

dp= pore diameter of the composites

V= pore volume of the composites

} = density of the pol ymer

In these calculations percentagess lossof azo initiator wasnot considered which means

subtracted from the total composite mass loss.
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As seen inTable 4.2 all parameters indicated successful formation of grafted films with an
average thickness and density roughly propodiida the quantity of added monomer. Hence,

the carbon content increasdeidure 4.4A) with added monomers but the carbon content was
decreased with dilution. It indicates that the monomer conversion was decnetisedution

due to the slower polymer kinetic¥able 4.2) whereas the nitrogen content, given the lack of
nitrogen in the grafted film, showed a deceeasth added monomeFigure4.4B). The average
thickness of the grafted MIP layer was calculated from elemental analysis data and
thermogravimetry analysis, assuming a homogeneous grafted layer according to the equations (4)
and (6).Estimates of film thickness based gmavimetric results correlated well with the nominal
thickness although the former valueerer systematically ca 50% loweFigure 4.6). An
explanation is that chains also propagate and terminate in solution and remain nontittdehed
support. Nonattached polymer could indeed be observeciSEM images of the composites
(Figure 4.8). Although no pronounced effect of dilution on thenpmsitional parameters was
seena strong impact othe pore system parameters from nitrogen sorption was obsé&igede(

4.7). The composites prepared under high dilution displayed somewhat lower graft densities and
higher pore volumes but were similar with resp® the transission FTIR spectra in Figure 4

9.

35 4 3.5
30 3
25 2i5 -
20 - 2 -

- md=1nm o md=1nm
15 1.5

md=2nm md=2nm

10 1 d=3 nm 1 d=3nm

0.5
0 5 10 15 20 0 5 10 15 20
Increasing dilution (mL) Increasing dilution(mL)

A B

Figure4.4 Elemental composition of the imprinted composite beads tuned to 1 (blue bars), 2 (red bars) or
3 (green bars) nm film thickness, paepd under different dilutions with toluene.
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Figure4.5 FT-IR transmission spectra (KBr) of imprinted composites prepared using azoinitiator
modified silicas (A) SiPAy", (B) SiPAJ, (C) SiPAG, (D) SiPA!, (E) SiPA?and (F) SiPA®
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Figure4.6 Thickness of grafted polymer films calculated based on the mass loss obtained by TGA. for
composites with film thickness adjusted to 1, 2 or 3 nm thicknessrpcepader different dilutions with
toluene
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Figure4.7 Pore system parameters from BET for the compositdsfivns adjusted to 1 nm, 2 nand 3
nm thickness prepared under different dilutions witbene.
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Figure4.8 Scanning electron micrographs of imprinted composites (A) SiP@®) SiPA, (C) SiPAL,
(D) SiPA, (E) SiPAG and (F) SiPAS
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4.2.9 Characterisation of composite beads in chromatographic mode

The particles were slurry packed into HPLC columns and evaluated in a mobile phase with a
high water contenleCN/ sodium acetate bigir, 0.01M, pH 4.8: 70/30 (vMpr their ability to

resolve and separate the enantiomers of the racemate teimptate(L/D-PA). The resulting
elution profiles were evaluated with respect to the retention of the two enantiomers, determined
as the retention factor (k) and the enantioselectivity, determined as the separation factor
(U=kL/ kD). The c h r o amd tsepgratienp factors obtainddi usinge thec y
composite particles prepared with three different finicknessesuch as 1 nm, 2 nm, 3nm and

five different dilutiors as OmL, 5mL, 10mL, 15mL, 20mL. These three systems with different

dilution comparedFor respetive data obtained upon analysis of the fisae inTable4.3.

Table4.3 Characterisation of the materials in chromatographic mode using sodium acetate
buffer/acetaitrile as mobile phasg0/7Q v/v).

Targeted
Film Capacity factork) Separation factoa()
thickness Porogen
mL [ 0,05mM | 05mM | 5mM | 0,05mM [ 05mM | 5mM
0 0.55 0.41 0.34 1.35 1.18 1.04
0.6 1.15 0.66 0.89 1.59 1.12
d=1 nm 10 1.63 0.73 0.52 2.36 1.29 1.06
15 3 1.44 0.96 2.37 1.33 1.07
20 3.09 1.51 1.04 2.23 1.29 1.06
0 0.012 -0.05 | -0.04 | -0.51 1.4 0.77
5 0.4 0.21 0.11 1.83 1.28 1.05
d=2 nm 10 1.85 0.55 0.19 7.4 2.77 1.59
15 33.16 4.38 1.4 14.23 2.68 1.31
20 8.06 4.43 1.7 3.28 2.25 1.19
0 -0.08 -0.07 | -0.06 | 0.94 0.99 0.98
5 0.67 0.36 0.21 1.75 1.21 1.06
d=3nm 10 >20 3.02 0.7 >20 3.13 1.32
15 >20 3.27 0.83 >20 3.13 1.36
20 >20 12.48 | 2.61 >20 4.71 1.57
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Figure4.9 Plot of retention factors (k) for{PA (A) or enantiomer separation factors (B) for composites
with films adjusted to 1, 2 or 3 nm thickness prepared under different dilutions with toluene. Mobile
phase: MeCN/ acetate buffer pH 4.8:70/30 (v/v).
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Figure4.10 Plot of retention factors (k) for-PA (solid symbols) and {PA (open symbols) versus
carbon content (%C) for SiB{(blue circles) and the SiRAred triangles) series composites. Mobile
phase: MeCNacetate buffer pH 4.8:70/30 (v/v).

Figure4.9 summaries the results froirable4.3 for 0.5mM loading of target molecule withe
respective analogue. The dilution didNever strongly influence the chromatographic properties

of the composites.

Figure4.10 shows the retention factor versus graft density for the composites repofiadlén

4.2. Composites prepared from concentrated monomer solution feature much lower retention
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factors and enantioselectivities compared to the composites prepared in the dilute system, this in
spite of the higher carbon content of the former. A low dilutiomesponds to a high monomer

and subsequent radical concentration, an increased rate of propagation, and potential film in
homogeneities due to diffusion limited reactiorihis may also cause unwanted macrogelation
and blocking of pore$ an indication ér this trend is the low pore volume and surface area
obtained for the thicker films prepared from more concentrated monomer solltainie4.2).

At higher dilutions on the other hand the rate of propagationbeilower but this will in turn

give the monomers more time to diffuse into the pore system of the beads. The qualities of the
resulting films are likely to be higher. Counteracting this effect is the dilution effect on the
monomeri template complex stélity. A more dilute system will promote dissociation of the
complex but given that the solvent promotes complex formation this effect may be negligible. In
this particular case the favorable factors seem to outweigh the Tdtéetypical chromatogriys

are shown irFigure4.11.
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Figure4.11 Chromatogramms obtained by separate injection of(10uL of 0.5mMADred traces) and
L-PA (blue traces) on columns (@8 X 4.6 mm) packed with the indicated materials. Mobile phase:
MeCN/sodium acetate buffer 0.01M pH 4.8: 70/30 (v/v).
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4.2.10 Fluorescence labeling

The enhanced binding site accessibility anticipated for the composite prepared under more dilute
conditions vas further confirmed from labeling experimer§gliemes).

= DCCI/HOBt
Q o ) e NS
H,N H

Schemes Labelling of COOH groups with-@minoquinoline

Table4.4 Coupling of Fluorescent Label for high dilution system (20mL) composites

Film %C %C %N %N Load Load Coupling
thickness | Before After Before After %C %N yield
3-AQ 3-AQ 3-AQ 3-AQ mmol/g | mmol/g (%)
d=1nm 20.55 21.96 2.52 2.56 0.099 0.0143 47
d=3nm 26.52 28.15 1.98 2.25 0.16 0.097 43

These experimentgly on covalent coupling of a fluorescent probandinoquinoline (3AQ) to

the functional carboxylic acid groups of the polymérsereafter, materials were characterized

in qualitative terms from fluorescence microscope images and quantitative terms based on the
increase in carbon and nitrogen content upon coupliffigher film thickness composites
exhibited a stronger and more uniform fluorescence intensity compared towvtbe film
thicknesscomposite materialsF{gure 4.12). As seen inTable 4.4, for thickwalled composite
(d=3nm) 0.16 mmol/g of the carboxylic acid were converted whereas the degree of conversion
was lower for the thin walled materials (d=1nm, 0.09 mmolf@dssibly the latter is due to

collaps of the pore structure under the reaction conditions used to perform the labeling.
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Figure4.12 Fluorescene micrographs (20 X magnification ) of (A) SiPA201 ,(C) SiPA203 before
coupling with 3aminoquinoline and (B) SiPA201 ,(D) SiPA203 after coupling wittmBnoquinoline.

4.2.11 Grafting of molecularly imprinted polymers via RAFT modified silica
support

In recent years the use of surface initiated controbekcal polymerization (CRP) has proven to

be the most versatile approach for producing a wide range of polymer chains on solid
surface®®*®! By using this technique, one can manipulate thecstra of the resultant polymer
through changes in grafting density, composition, molar mass and functiomaliggeneral
surface initiated CRP can be achieved by stabler&ideal polymerization, e.g. nitroxide
mediated processes (NMP), metal catalyagumin transfer radical polymerization (ATRR)da
degenerative transfer, e.geWersibleAddition-Fragmentation chainr@insfer (RAFT). Recently,
significant interest has been shown in the use of surface initiated CRP for the preparation of MIP
composite¥® (seesection2.6). The presnied work exploreshe useof surface initiated RAFT
polymerization technique to functionalize silica gel with molecularly impriqelymer films.
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The RAFT agentsweredirectly immobilized on the surface of silica gel and polymerized inside

the poreTheresulting thin film MIPcomposite beads were used as stationary pha$eLg.

4.2.12 Synthesis and characterization of RAFT modified silica particles

Prior to the first modification step, the silica surface was rehydroxylated according to standard
proceduresiesribed previously (see above sect#.), resulting in a maximum density of free
silanol groups ofca. 8umol/m2. The vyield of coupling in each step was calculated based on
results obtained from elemental microanalySisible 4.5). At maximum halfof the silanol
groups reacted with {8minopropyl)triethoxysilane (APS) in the first silamtion step. The
subsequent step wathe coupling of 4-cyanopentanoic acid dithiobenzoats CTA by
ethylachloroformate catalyzeGcheme7). On the basis of the increase daarboncontent, a
maximum converageof 7.6% coupledCTA for Si1l00 support and 27% for the support Si500
was calculatedThe distance bewen two ligands was 1.7 for Sil00 support and 0.9 nm for
Si500 which is likely higher than the first step. This indicates that the coupling reaction was

successfully formed.

Table4.5 Characterisation of theAFT modified silica supports used for grafting

Modified |%C| %N | %S| Area TGA Area | Coverag@| Distancé

support densit densit
PP y (% mass y (%) (nm)

(umol/m?) | loss) | (umol/n?)

Si100APS |3.96| 1.38| - 1.25 8 1.23 16 1.2
Si100RAFT |6.83] 1.36 (1.01] 0.61 14 0.72 7.6 1.7
Si500APS |1.80{ 0.80| - 5.82 3 3.84 73 0.5
SiI500RAFT |3.28| 0.76 [0.56] 2.17 7 3.32 27 0.9

a) The immobilizations were performed in two steps by consecutive couplirgmoh8propyltriethoxy
silane (APS) andi-cyanopentanoic acid dithiobenzoati®AFT agent) on Sil00 silica beads and the
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modified supports analyzed by elemental analysis and thermal gravimetric analysis (TGA). The Si100
silica beads (15um average particle size) were mesoporous with a surface @red 820n¥/g(After
treatment with 17%HCI); an average pore diameter (Dof 11.6 nm and an pore volumep)\of
1.28mL/g whereas the Si500 beads (30pm average particle size) displayed a surfacg) afet5(8/g;

an average pore diameter (Dof 48nm and an pore volumep(\éf 0.81mL/g.

b) The area density (D) was calculated from the increase in carbon after the corresponding coupling as
described in sectiod.2.6

¢) The area density (D) was calculated from the mass loss as describddlin

d) The coverage (C) and the average distancéh) between the coupled ligands were calculated as
described i4.2.6

Each step of coupling was monitored by eletakanalysis as well as TGAhe percentage
mass loss and percentage of carbon increased with each step respddtetga density of
coupled ligand was calculated by two metho@lke obtained results are in good agreement
(Table4.5).

OH
HO_ | OH
APS, toluene, 110 °C
HO y OH
HO OH
OH

Ethylchloroformate,

triethyl amine
THF
-78°C

Schemer Immobilization of RAFT agent on silica surface
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4.2.13 Polymer Grafting and composite characterization

Addition of a propagating rackl to the dithioester wilbererate a tertiary carbooentered

radical identical to the one resulting from photolysis of the azomodified silica. Hence external
addition of soluble initiator is here required. Adjusting the quantity of soluble initiator in
relation tothe immobilized RAH agent offers a simpl&ay of controlling the kinetics of the
grafting.

Thermally initiated grafting was therefore performed on two different RAFT modified silica
suppors from a dilute prepolymerization mixture (vide supra), tuned to generate thiakesr fil
with 3-4nm average thickness, in presence of different amounts of ABDV corresponding to the
molar ratios of RAFT/ABDV given iTable4.6.

Table4.6 Characteristicef molecularly imprinted polymer composites prepared by thermally initiated
grafting to high monomer conversion from silica modified with RAFT agent.

Composité| Support| RAFT/ | %C | %N | Mass| S.° | Dy’ V,® | Conversioh
ABDV loss 5 b b b
oy | (M) | (nm)” | (mL/g) (%) °
(%)
SiPR Si100 05 |[321]085| 56 207 | 4.1 0.25 70
RAFT
SiPR: Si100 20 |31.7]081] 56 260 | 3.7 0.33 70
RAFT
SiPRY | Si500 0.3 | 11.0] 0.72| 17 68 32 0.39 60
RAFT
SiPR™ | Si500 1.4 | 10.6| 0.74| 19 72 32 0.35 73
RAFT
SiPR™ | Si500 14 1271 099 | 20 57 24 0.31 74
RAFT

a) The composites were prepared by thermally initiated grafting to high monomer conversion from
different silica supports modified with RAFT agent using different ratios of RAFT agent to
azoinitiator (ABDV).
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b) The BET specific surface area,|Sspecific porevolume (Y) and average pore diameterpjd
were calculated from the nitrogen adsorption isotherms as described in the experimental part.

¢) Monomers converted into grafted polymer (%) calculated based on thermogravimetry assuming a
contributiontothemasssos from the initiator Tameddi fi ed sili

The presence of the RAFT dithioester groups post grafting was indicated by the characteristic
pinkish color Figure4.13) which was of similar intensity as prior to grafting.

Figure4.13 Picture of imprinted composite RAFT (A)-500 RAFT agent (BEiPR® (C) SPR=>% (D)
SiIPR(E) PR (after etching)

Scanning electron mcrographs(Figure 4.14) indicate the successful formation dfe graft
polymer inside the pore®No agglomeratioris observed also in the case of smaller partjcles
neverthlesspolymer chains @ grown on the suréa This might be the propagating chains
terminated at high radical concentration and other reason was diffusion limitation of monomers
at smaller particles. This is not the case for bigger size particles even at high concentration of
radical initiator.In case othebiggersizeal particlesthe pores are easily accessible and diffusible

to monomers.
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Figure4.14 Scanning electron micrographs of imprinted compositeS{RR (B) SiPR;, (C) SPR* and
(D) SiPRe™™ (E) SPRe™™ at two magnifications
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Additional evidence for the grafted polymer films was obtained by nitrogen sorption analysis and
% mass loss by TGANitrogen sorption isothersdisplay type IV hysteresis loopigure 4.15

which means that the composites still exhibits the mesopanorphology.The average pore
diameters of silica samples were evaluated using the BJH tlteguye4.15 shows the pore size
distribution of the amino silica gel and Mi&ilica. The presence of homogeneously grafted MIP
films is obvious from the similar widths of the pore size distribution of the RAFT silica gel and
MIP-Silica.
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Figure4.15 Nitrogen sorption isotherm (A), and pore silistribution B) of respective imprinted RAFT
composites beads.

4.2.14 Chromatographic evaluation

The resultant composite beads were packed in to stainless steel €@ndhmvestigated by
liquid chromatgraphy for their ability to retain-PA and its optical antipode-BA using MeCN

as mobile phaséds can seenrdbm Figure 4.16, at lower concentration of RAFT/ABDV ratio
display theinferior retentivity and enants®electivity in both kind of silica support due to the
higher concentration of radical initiator makes polymerization kinetics faster and possibly
propagate chains terminates, potential polymer film inhomogerHitg. observation is much
similar to abovediscussed for lower dilution effect. In contrast, higher RAFT/ABDV ratio
exhibits high selectivity and enantioselectivity in bathpports This is due the slower

polymerization kintetics where monomer has an enough time to diffuse and to propagate the
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chans and to make more uniform polymer networks. This is likely high dilution effect (vide
supra) Allthe compositeslisplay a trend of decreasing retention and enantioselectivity with
increasingsample load in agreement with previous reports. This is theltref nonlinear
chromatography with constant overloading of dalaundant high energy binding sites.

In view of the similar graft conversion3dble4.6), the reaction appears to have run to similar
overall convesions, also for the elevated RAFT/ABDV ratios where propagation is expected to
be significantly slower.It was then striking to observe the pronounced influence this parameter
had on the retentivity and enantioselectivity of the composk&gife 4.16). With increasing
RAFT/ABDV ratio a strong increase in both retentivity and enantioselectivity was observed for
both the mesoporous (Si100) and macroporous (Si500) supports. Obviously the RAFT control

has a positivenfluence on the quality of the imprinted filnrsthis case.

Figure4.16 Plot of retention factors (k) for-PA (A) and associated separation factars(B) at three
different sample loads for-BA imprinted composites prepared by grafting from different RAFT
modified supports. Mobile phase: MeCN.

4.3 Conclusion and outlook

In this studywe comparedwo different techniques to graft imprinted polymerigh respect to

the robustness, synthetic accessibility, versatility and composite performdteicularly
interesting was the pronounced effect of monomer dilution and the RAFT/initiator ratio on the
guality of the imprinted films, in terms of chromgtaphic retentivity and enantioselectivity
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How can these effects be rationally explained? A low dilution corresponds to a high monomer
and subsequent radical concentration, an increased rate of propagation, and potential film
inhomogeneities due ot diffuson limited reactions. This may also cause unwanted
macrogelation. At higher dilutions on the other hand the rate of propagation wibver but

this will in turn give the monomers more time to diffuse into the pore system of the beads. The
guality of the resulting films idikely to be higher. Counteracting this effect is the dilution
effect on the monomer template comiex stability. A more dilute system will promote
dissociation of the complex but given that the solvent promoteslerrfgrmation his effect

may become less importantn this particular case the favorable factors seem to outweigh the
latter.

The effect of the RAFT/initiator ratio can be explained in similar terReferringto the
previous report by Byrne et al. one can expedt éimaincrease in the RAFT/initiator ratio will

lead to a decrease in the average kinetic chain lengtthardispersity of those chaiflsThis

can be envisaged to result in a more homogenousbdistn of crosslinks which combined

with the slower propagation per se will in turn increase the accessibilitgaasiblyproduce a

more uniform distribution of imprinted sites. This effect has previously been observed for
imprinted amorphous networlolymers(see in chapter 3put has not been demonstrated for
grafted systems. As for the dilution effects discussed above, the slower propagation will also
result in a more evenly grafted film covering the entire inner surface of the paigesicant
improvements were achieved by allowing the grafting to procedigtoconversions and by
introducing immobilized RAFT agents. The latter offers a fully reproducible procedure for
grafting which can be applied to both photo and thermal initiator hosiolgnd to different
monomers and solvents ranging from nonaqueous styrene/divinyloenzene to aqueous

acrylamide based systems
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5 Template synthesis of thin walled materials

5.1 Introduction

The aim of this chapter was to produce thinwalled beads with birglting capacity, uniform
binding sites with better accessibiligpmpared tgoreviously described composite MIPBhe
concepts of template synthesis allthe designof nanoscale porous materialsth different
morphologie¥®'®>18{See in section 2.7). Templated synthesis materiaisvolve either an
organic polymer may servings a shape template for the synthesis of an inorganic porous
network or alternatigly an inwganic material servings template for the synthesis of organic
materials of defined morpholod$*®* In the latter, porous silica has been used as a sacrificial
templae for the synthesis of mesoporous organic polymer netwdfksTemplating at a
molecular level isreferredto as molecular imprinting where the shape and functionality of
individual molecules are molded into a network polyfi&t.This approah has been used to
generate porous materials exhibiting recefit@ affinity for a large variety of template
structures®>% One recurring problem in the development of a new molecularly imprinted
polymer (MIP) is the incompatibility between conditions that are optimal to generate the
templated bindig sites at a molecular level with those leading to the desirable format or
morphology at the narwr microscopic levelj.e. particle and pore sizes, surface areas and

swelling propertie&?

In order to circumvent these problems imprinting techniques relying on either grafting or so
call ed Ahingprrarnahingal h av(see ib sestior2. 7265 e 3*%8 poe d

i nstance, the fAgrafting fromd technique has
imprinted polymer layers on various substrdfés®’ Recently, we assessed the relative merits of

the different grafting techniques for producing imprinted thin film composite mat&riaitss

led to the conclusion that azoinitiated polymerizations that were allowed to proceed to high
conversion under dilute conditions or in presence ofxaess of chain transfer agents (RAFT)
resulted in films with an enhanced homogeneity and template binding affinity. Hierarchical
imprinting on the other hand takes advantage of the morphology control offered by template
synthesis Imprinted polymer beadsbtained from hierarchical imprintingxhibits amolecular

recognition propewt combined with a predefined and unique morphology. Porous silica is used
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as a mold in order to control the particle size, shape and porosity of the resulting imprinted
polymer!®? The template cagither be immobilized to the walls of the mold or the template can

be simply dissolved in the monomer mixture.

In this workthe combination of the two approaches to generate a novel class of porous materials.
Grafting a thin film onto a disposable suppand subsequently removing the support we
anticipated would leave behind a porous material with thin wiiggi(e5.1). The wall thickness

will impact the stability of the framework leading to either gellikateial with a collapsed
structure when the walls are thin or permanently porous morphologies when the walls are
sufficiently thick. In the latter case the support removal will lead to an increase in surface area
impacting the saturation capacity of the mals when used for adsorption under static
conditions or in chromatography. If the grafting is performed by living CRP, multiple layers
may be grafted exhibiting different composition, structure and function. After removing the
support the innermost lay (the first grafted layer) would be exposed within walls which thus
would contain two nomequivalent surfaces In order to test whether this approach could produce
such effects we have started from an identical model system used in our previous
investigaions®! This refers topoly (MAA -co-EDMA) imprinted with an enantiomerically pure
template (Lkphenylalanine w@ilide (L-PA)). Imprinting effects are here straightforwardly assessed

as the ability of the materials to discriminate between the template and its optical antipode as
well as tkeir affinity for the templateL-PA imprinted polymers were thus grafted fraam
common silica support using an immobilized azo initiator or by CRP from RAFT modified
supports. Evaluation was performed by characterising the pore structure, morphology, pore
wettability and template recognition of the polymers prior to and post edlinaval.Some parts

of this chaptehave been published as artit{e
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Figure5.1 Generation of thinwalled beads from composite MfPs

5.2 Results and discussion (11B)

5.2.1 Thin walled imprinted polymer beads generated from azoinitiator or RAFT
composite MIPs.

The concept of combining the figrafting fromo
was investigated using two different SIP protocols that we described in our previowes .chiapt

first (A) starts from silica containing an immobilized azoinitiator-A8IPA) which can be
decomposed by either thermolysis or photol{sishereas the second (R) relies on the use of a
RAFT chain transfer agents immobilized to the silica surface via #@&o (StRAFT) (Figure

5.1).1%® Grafting of polymer from the latter requires artezral source of primary radicals which

is provided by addition of a soluble initiator. The azoinitiator and RAFT modified silicas were
synthesised according to previously reported protocols resulting in surface coverages of initiators

in accordance witbur previous investigatiorfs.

For comparison study of thinwalled materials and thin film composites we elibes best
composites system (from chapter 4) based on HPLC performance such as 10mL, 15mL, and
20mL diluted system from azo modified. These systems showed the highest affinity for the
template and an analogue. Therefore, we focused on these matetigemarated polymers with

nanometre thin walls as shownHigure5.1.
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This procedure has been developed previously for hierarchical imprinting in order to generate
surface confined binding sites for various targmlecules>?8"1%Here the pore system is
filled with the monomer mixture, polymerized and thereafter the silica is etched away by
treatment with fluoride. This leaves behiadigid polymer replica of the kta pore system

with a narrow pore size distribution and high surface area similar to the original silica mold. In
contrast to hierarchical imprinting, removal of the silica from the thin film composites would
leave behind thin walled beads which integgshould depend on the thickness of the grafted
films (Figure5.2). Such uncollapsed beads would exhibit in theory twice the surface area of the
original silica mold.The extent of silica removal was monitored gsmicroelemental analysis,

EDX, TGA and FFIR spectroscopy. The percentage of carbon in the resulting polymers was
very close to the theoretical value calculated considering the stoichiometry of the monomers
used in the grafting step (59.2%C for MAA/EDMAI)he results from the carbon analysis are

given inFigure5.2.
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Figure5.2 Carbon content of the composites (blue bars) and the corresponding polymers obtained afte
fluoride etching (red bars) listed in Tablels.
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Table5.1 Characteristics of molecularly imprinted polymer composites and corresponding thinwalled
imprinted beads prepared by photoinitiated graftingifedica modified with azoinitiator.

Samplé %C %N Mass loss d Sa Dy Vp
%
o) (mf | (m¥g)° | (m)° | (mLig)*°
SiPAL" 20.7 2.52 33 1.4 236 4.1 0.40
SiPA1y 26.9 2.16 43 2.3 179 3.7 0.21
SiPAL° 31.3 1.72 53 3.1 159 3.7 0.16
SiPA" 20.6 2.52 33 1.8 243 4.1 0.40
SiPA 24.6 2.33 40 2.4 174 4.1 0.27
SiPA° 26.5 1.98 46 2.7 214 3.7 0.25
PA1o" 57.4 0.33 97 -- 21 3.9 0.04
PA1” 56.7 0.31 97 -- 126 3.5 0.14
PA1° 58.5 0.19 97 -- 364 5.3 0.49
PAo" 56.0 0.71 97 -- 2.35 3.0 0.02
PA,o” 57.6 0.48 97 -- 15 3.5 0.04
PAo° 57.8 0.26 99 -- 112 3.5 0.16
PAet 58.25 0.23 -- -- 358 23 0.69

(&)The composites were prepared by photoinitiated grafting to full monomer conversion from
silica modified with azoinitiator in a nondiluted (10m&iPA;) or diluted (20 (SiPAx)
system to 1, 2 or 3nm film thickness.(b)Film thickness estimated from the carbon content of the

grafted film. (c)The BET specific surface area)(Specific pore volume (yand average pore
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diameter Dp) were calculated from the nitrogen adgtion isotherms as described in the

experimental part

In view of the nominal elemental composition based on the monomer ratio (60%C) it is clear
from the values iTable5.1 that the silica had been effectivegmoved from the polymers. The
removal of the silica was further supported by the results from IR spectral analysis and TGA.
The IR spectra showed dissapearence of the silica backbone bands at near1lHdcm
spectrum which was essentially superimposatnh the spectrum of a corresponding solution
polymerized reference polymerhe intensity of the peak corresponding to the C=0 group
increased as compared to thee in the composite spectrum (se€igure5.3).The TGA showed

mass losses of the etched samples of ca 95% of their weights which should correspond to the

removal of ca 90% of the silica mol@igble5.1andFigure5.4).
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Figure5.3 FT-IR of the composite SiP4 (A)and the corresponding thimalled MIP PA¢® (B) andbulk
polymer(C)
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Figure5.4 TGA of the composites SiR& (blue),SIPA(red),SiPA(green) and the corresponding thin
walled imprinted polymers.

Scanning electron micrographs reveasgdherical and neagglomeratd particles with a size

around 5um, smaller than #h originalsilica (Figure5.5). The surface was not as smooth as for

the composite particles being probably due to shrinking of the particles during the dissolution
step, as was also reflected by the smaller particle sizes of the new polymers as compared to th
composite§he beads resulting from the composites with the thinner films are on the average
smaller than the silica beads used as a mold whereas the thicker film composites result in beads
which seem to retain the size of the mold. In agreement wihottservation, the cloag
micrographs reveal pores on the surface of the latter beads, whereas the thinner walled beads

exhibit a more compact and seemingly collapsed stru(Bae inFigure5.6).
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Figure5.5 Scanning electron micrographs of imprinted composites beads (A)SifB) SiPAJ, (C)
SiPAS, (D) SiPAG, (E) SiPAG and (F) SiPAG

114



Figure5.6 Scannimy electron micrographs of the polymers resulting from etching of the compiosites
thinwalled imprinted polymer beads. (A) RA (B) PA? (C) PAE, (D) PAy, (E) PAx” and (F) PAS

115



Indeed the measured swelling factors reporteéigure 5.7 confirms that the thinner walled
beads swell more than the thicker walled beads, resulting in swollen state diameters which

approach the size of the silica mold.
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Figure5.7 Volume swelling ratio of thinwalled beads in pure acetonitrile.
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Figure5.8 Surface area in the dry state of composites (blue bars) and corresponding polymers (red bars)
resulting after fluoride catalyzedohing.
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Thus, as anticipated above, the thicker walled beads appear to retain their porosity in the dry
state which is also clearly revealed by the dry state surface area of the ma&tgas(8). The

2 nm am 3nm film composites prepared at intermediate dilution showing higher carbon contents
clearly confirm that this is the case. The polymer beads resulting after etching of these
composites feature much enhanced surface ardhe surface area of the 3nneda even
exceeding that of the corresponding composite. This was also confirmed by the lower swelling

exhibited by this material.

This implies that the film thickness of the composite can be used as a parameter for tuning the
volume changes of the bead$o the best of our knowledge this represents a new approach to
engineer hard/soft properties of network polymers which does not involve the crosslinking level

or distribution of crosslinks.

5.2.2 Characterization of Thin walled materials by chromatographic mode

In order to get an overview of the binding affinities, capacities and mass transfer properties of
the various materials they were packed in small columns and investigated by liquid
chromatography for their ability to retainrRA and its optical antipadD-PA using MeCN as

mobile phase. An initial comparison of the S8&ries of composites revealed a strong influence

of the monomer dilution and film thickness on the chromatographic retentivity and selectivity.
Hence, increasing dilution and nominalnfilthickness led to a general improvement of the
chromatographic properties manifested in an increased retention factor and separation factor.
Figure4.9 shows the corresponding results for the composites reporfeabie5.1.Composites
prepared from concentrated monomer solution feature much lower retention factors and
enantioselectivities compared to the composites prepared in the dilute system, this in spite of the
higher carbon content of the former. We have attributed this to the faster polymerization
occurring in the more concentrated systénthis rapidly leads to locally high viscosities and
blocking of pores hence the low chromatographic retention factors. This contrasts with grafting

under more dilute conditions where monomers can diffuse more freely and accessitip@ian
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system of the materialThe trend of increasing pore volume and surface area with increasing

dilution offers support for this explanatioRigure4.9).
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Figure5.9 Plot of retention factors (k) (&) and enantiomer separation factorsHPDversus sample load
per column cross section area (n/A) fePA (filled symbols) and BPA (open symbols) on columns
packed with composite beads (blue triangles) and ktetsetching (red squares) for Sigand PAs
(A and D); SiPAs and PAZ (B and E) and SiPA® and PAs® (C and F). Mobile phase: MeCN. The
nominal film thickness (d) has been indicated

Figure 5.9 shows a comparison of the sample load dependence of retentivity and

enantioselectivity for the composites and thin walled materials prepared using 15mL toluene as
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diluents. All columns display a trend of decreasing retention and enantioselectivity with sample
load in agreement with previous reports. This is the result of nonlinear chromatography with
constant overloading of lobundent high energy binding sites. Whereas the shape of the
curves for the 1nm film composites and thin walled polymers are nearlyimmppsable, the
thicker film materials behave differently. Removal of the silica support here give rise to beads
displaying much enhanced retentivity and in the case of the 3nm films also enhanced
enantioselectivity. In principle thisehaviorcould havea simple explanatiorRemoval of the

silica support could result in a denser MIP presenting a higher functional capacity and density
of imprinted sites. However, this effect should also be noticeable for the thin film materials.
The result is more likelyelated to the enhanced binding site accessibility resulting from silica
removali an effect which should be more marked for the thicker films, where accessibility is
poor from the start. Removal of silica opens up a new pore system providing new daifusion
paths for the solutes to reach the MIP sites. The improved mass transfer properties are reflected
in the number of theoretical plates and pasymmetryFigure5.10 andFigure5.11). It is clear

from the more than 2x higher plate numbers and the lower peak asymmetry factors that the thin
walled beads feature significantly higher column efficiency.

min

Figure5.10 Chromatogamms obtained by separate injection éPR (red traces) and-BA (blue traces)
on columns packed with the indicated materials. The sample load per column cross section area was
30nmol/cm2.Mobile phase: MeCN/sodium acetate buffer 0.01M pH 4.8: 70/39. (v
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Figure5.11 Number of theoretical plates (A) and peak asymmetry factors (B) at comparable sample loads
(30nmol/cm?2) on columns packed with the ireded materialsMobile phase: MeCN/sodium acetate
buffer (0.01M), pH 4.8: 70/30 (v/v).

5.2.3 Thinwalled imprinted polymer beads generated from RAFT modified
support

To introducelivingnessin the polymer matrixyve decidedto modify the two differentind of

silica support (Si1l00 and Si500) by immobilizing CTA on aminomodified silica support by
catalyzing the ethylchloroformate. After successful grafting of MIP layer on support by surface
initiated graft polymerization techniques. The resulting MIP posites were tested latter
exposed to etching solvent ammonium hydrogen difluoride for 24h and leaves behind the
thinwalled beads which having the leaving properties. These RAFT thinwalled beads were
characterized thoroughly using standard techniques aschRTIR, Microelemental analysis,

TGA, SEM, N2 sorption analysis and evaluated in LC mode as well as batch rebinding studied.
The successful removal of silica was confirmed by the complementary techniques as can see in
theTable5.2. These results are very much similar toazemodified thinwalledeads. Here also

one can see that the percentage of carbon were increased and well comparable to solution
polymer or bulk polymer composition. Thermogravimetry also corgithatthe percentagmass

loss were almost 98% which mean more than 95% of silica was successfully removed. These
results are good agreement with azomodified thinwalled beads. Scanning electron microscopy
also revealed that there is no agglomeratioween the particles during the polymerization and
after etching showed the smaller beads compared to original silica which are showhigutbe

5.14 and Figure 5.15. The surface was not as smooth as for the composite particles being
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probably due to shrinking of the particles during the dissolution step, as was also reflected by the
smaller particle sizes of the new polymers as compared to the composites. From BET results
concluded that these thinwalled beads are shriking means no porosity. This was the fact due to
the harss condition were used in dissolvation process. Lack of porosity in dry state confirmed

that hese beads were acted like g@lsble5.2).

Tableb.2 Characteristics of molecularly imprinted polymer composites prepared by thermally initiated
grafting to full monomer conversion from silica modified with RAFT agent.

Sampes’ | RAFT/ABDV | %C | %N | %S |Mass loss  Sa Dp Vp
) (m?g)° | (nm)® | (mL/g)®

SiPR® 0.5 32.10.85 56 207 4.1 0.25
SiPRe® 2.0 31.7 | 0.81 56 260 3.7 0.33
SiR°%d 0.3 11.0 { 0.72 17 68 32 0.39
SiPR™ 1.4 10.6 | 0.74 19 72 32 0.35
SiPR™ 14 12.70.99/0.29| 20 57 23.7 | 031
PR 0.5 58.23/ 0.58 08 217 | 3.75 | 0.004
PRe 2.0 58.61| 0.37 08 6.35 | 3.75 | 0.008
PR 0.3 ND | ND 08 1.9 3.57 | 0.007
PR 1.4 ND | ND 98 ND ND ND
PRee" 14 58.17(1.22|0.99| 96 6 13 0.007
PRes 1 58.72| 0.25/ 0.01 - 321 6.1 0.43
PRef " 1 58.66| 0.22| 0.03 - 354 7.6 0.51

a) The composites ((3R) were prepared by thermally initiated grafting to full monomer
conversion from (C)SFRAFT or (d) SoeRAFT using different ratios of RAFT agent to
azoinitiator (ABDV). These were etched witloride to yield thin walled polymei2R.
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b) The BET specific surface area)Specific pore volume (yand average pore diametedy)
were calculated from the nitrogen adsorption isotherms as described in the experjpaenta
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Figure5.12 TGA curves of Sil00RAF-Rgent (a), EPA imprinted composite SiPRE (b), and the thin

walled imprinted polymer PRE (c).
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Figure5.13 FTIR of the thinwalled PRA), composite SiPRB), and RAFT agent sil00RAHT).
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Figure5.14 Scanning electron microscopy of composites and corresponding thinwalledftiid’ in
two magnification
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Figure5.15 Scanningelectron micrographs of the polymers resulting from etching of the composites (A)
PR, (B) PR, (C) PR%™, (D) PR°®and (E) PR at two magnifications.
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