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DISSERTATION ABSTRACT

REACTION ANALYSIS OF TEMPLATED POLYMER SYSTEMS

Asa Dee Vaughan
Doctor of Philosophy, August 9, 2008
(B.S., Auburn University, 2003)
290 Typed Pages

Directed by Mark E. Byrne

Templated polymer systems have unique “traineddibigp characteristics that
make them of high interest within chromatograptensers, diagnostic devices, and drug
delivery carriers. In this work, a typical hightyosslinked recognitive polymer from the
literature was synthesized (poly(methacrylic aaeethylene glycol dimethacrylate)
(poly(MAA-co-EGDMA)) imprinted network). Reacticanalysis of this system revealed
low double bond conversions ((35.0 = 2.3) %) whiaticate the feed composition with a
short bi-functional crosslinker are not represewmatof the final polymer network.
Parameters such as monomer-template ratio, crksgjinpercentage, crosslinking
monomer length, reaction temperature, initiator wtelvent wt%, and reaction

mechanism were varied to determine effects upon piblgmerization and template



binding parameters. “Living/controlled” polymertgan techniques used to synthesize
poly(MAA-co-EGDMA) imprinted networks achieved a %3increase in template

binding capacity over imprinting via standard fraeical polymerization methodologies
and demonstrated a 85% increase in template #ffiait equivalent double bond

conversions over imprinting via standard free-rabpolymerization.

Weakly crosslinked poly(MAA-co-EGDMA) and poly(distiaminoethyl-
methacrylate-co-2-hydroxyethyl-methacrylate-co-ptihylene-glycol200dimethacrlyate)
(poly(DEAEM-co-HEMA-co-PEG200DMA)  imprinted gels sthesized via
“living/controlled” polymerization techniques densirate a significant increase in
template binding capacity (90% and 89%) over imprmvia conventional free radical
polymerization, respectively. Poly(DEAEM-co-HEMA-®EG200DMA) gels show a

significant decrease in mesh size with the use liwingy/controlled” polymerization

techniques from 30.3 = 1.7 to 19.7 £ a1 Template dynamic release studies for
poly(DEAEM-co-HEMA-co-PEG200DMA)  imprinted gels  dyesized via
“living/controlled” polymerization techniques densirate a two fold extended release
and a more constant (zero-order) release. Kiratalysis reveals “living/controlled”
reaction mechanisms increase the chemically cdettgiropagation mechanism during
the polymerization thus decreasing the growing rcHaustrations within the network
potentially providing an optimum environment for ethformation of “tailored”
macromolecular memory binding sites. The use wnirif)/controlled” polymerization
techniques within templated mediated polymers prtesein this dissertation have the
potential to significantly enhance the binding paeters and the tailorability of

templated polymer networks for sensors, diagnagiéces, and drug delivery carriers.
v
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1.0INTRODUCTION

Templated polymer networks are unique materiadéd ttave a wide variety of
potential applications within the fields of chromgtaphy, sensors, diagnostic devices,
and advanced drug delivery. The major attractibthese materials is their “trained”
macromolecular recognition for a particular templatolecule. It is in this regard that
the term molecular imprinting is used to descrifbese materials. Molecular imprinting
is the process of using a molecule with specifiocfionality which is defined as the
template molecule, as a template through non-cavat®nding with the forming
copolymer network to form molecular specific binglinpockets during the
polymerization. In addition, these recognitive emetls display robust recognition within
a wide variety of environments. The large numifeairticles focusing on the subject of
non-covalent molecular imprinting describes thedmental building block of the
recognition site. Recognition is due to multiplenrcovalent interactions between the
functional monomers and the template molecule.

The field of molecular imprinting has a signifitaamount of published research
articles; however, intense study of these artiblghlights a significant deficiency within
the current literature. Previous work primarilyatgewith how the imprinted system was
synthesized, how the binding parameters are caémljldhow the imprinted system is
relevant, and how the system would be applied toeat technology. A few research

1



articles deal with methods to enhance binding atarstics by removing non-specific
binding sites within the imprinted polymer in a p@®lymerization process; however,
none of the articles enhance or optimize bindin@ratteristics during the actual
polymerization reaction. Fundamental research wggecific emphasis upon the
enhancement and optimization of templated polymstwarks has not been studied
within the field of molecular imprinting.

This dissertation presents reaction analysis aathods to positively influence
the binding parameters and characteristics of im@di polymer networks. In addition,
the introduction of “living/controlled” polymerizain techniques allows a greater degree
of control over the formation of the imprinted netk. The main object of this work is
to study and develop methods to enhance and ogtithe imprinted polymer binding
parameters.

An overview of the field of macromolecular recadgm along with parameters
that affect the recognitive polymer propertiesrssented in Chapter 2. In Chapter 3, the
synthesis of a typical molecularly imprinted polynie presented in conjunction with the
technique of reaction analysis. “Living/controlledolymerization is described and
applied to templated polymer systems within ChagtePotential applications within the
field of drug delivery implementing “living/contred” polymerization techniques to
enhance loading are presented in Chapter 5 alotig stiuctural analysis and kinetic
analysis.

A proper understanding of the imprinting polymatian reaction and its affect on

the properties of imprinted materials can be usedréate or modify techniques to fine



tune imprinted networks for specific applicationghmn sensors, diagnostic materials,

and drug delivery carriers.



2.0 TEMPLATED POLYMER SYSTEMS

This chapter presents current and historical liteeatrends of imprinted polymer
systems. Template binding parameters such asitgfficapacity, and selectivity are
extremely important to the field. However, verwfeesearch papers optimize or enhance
the binding parameters of imprinted networks. Tdrenation of imprinted polymers is
affected by environmental and compositional paransetsuch as temperature, solvent,
monomer-template ratio, crosslinking monomer (typand concentration),
macromolecular structure, and initiation mechanisrtsis important to note that these
parameters have a direct effect upon the lengtr@iving polymer chains (i.e., kinetic
chain length), the structural architecture of thacromolecule or network, and the
formation of the template binding site. Examinatiof feed compositions, reaction
mechanisms, and macromolecular structure will yiehghortant correlations between
these parameters and the resulting binding chaistate of imprinted systems. However,
analysis of the literature reveals that no invedtigs are currently studying or developing
pre-polymerization techniques to enhance or opgmihe binding parameters of
templated polymer systems. Templated polymer nddsvpromise to be robust artificial
receptors for the use in point-of-care diagnosgeicks, chromatography, sensors, and

controlled drug delivery.



2.1 Overview of Templated Polymer Systems

Templated polymer systems, also known as impriqegmers or recognitive
polymers, are materials with the unique abilityécognize molecules and biomolecules
with “trained” macromolecular recognition, given ethmolecule contains certain
functional interactions™®. The advantage of these artificial recognitionterials,
developed by molecular self assembly, is theintglib be patterned for a wide variety of
molecules. Other desirable characteristics ofelreaterials is the ability to retain their
binding characteristics of affinity, selectivityndloading capacity for a specific template
molecule within a variety of solvents and operatéhw a large range of pH and
temperature environments®® The field has primarily focused upon the deveiept of
imprinted polymers for the recognition non-biolagjienolecules, with increased interest
in biological molecules and therapeutics in thé teecade. Over 80% of the field uses a
poly(methacrylic acid-co-ethylene glycol dimethdatg) (poly(MAA-co-EGDMA))
network to provide the framework for macromolecutszognitior®.

The poly(MAA-co-EGDMA) network is a crosslinkedtmerk which consists of
linear monomer chains attached to one another kxalent links formed by the
incorporation of a crosslinking monomer. A crasslby definition is a chemical linkage
between the linear chains of polynfér In this case, the crosslinking monomer is a
monomer that has two carbon-carbon double bondscHrareact and link two growing
linear polymer chains together. Figure 2.1 is hegtatic of a crosslinked polymer

network that is made up of linear polymer chainsnexted by crosslinking monomers.



The resulting macromolecular structure formed bg thosslinking polymer reaction
forms the backbone for the site specific templatelibg pockets.

Crosslinked polymer networks do not dissolve amdnat soluble in solvent. The
crosslinks between linear chains form an interlthkeacromolecule that can swell in the
solvent, depending on how well the solvent intevactsolvates the polymer chains. The
gel point or gelation point during a polymerizatiogaction is the point at which the
polymer becomes no longer soluble in solvent.

There are three reviews that give great insigtat tine field of imprinted polymers
71920 Macromolecular memory within these polymer sintes are formed through
non-covalent complexation between a template oe$gumolecule and the functional
monomers during the polymerization reaction. Thancept of macromolecular
recognition manifests itself from two major synst effects, (i) shape specific cavities
that match the template molecule, which providebiBzation of the chemistry in a
crosslinked matrix, and (ii) chemical groups orezhtto form multiple complexation
points with the template. During the polymerizatiaaction, the functional monomer
within the non-covalent complex with the templatelecule covalently bond with the
forming polymer matrix via a carbon-carbon doubbmdb. The polymer network forms
around and interconnects with these complexeswe gisupport structure locking the
template monomer complex within the polymer netwdkker the original template is
removed or washed out of the polymer, a rigid dnolssd network retains the three-
dimensional size specific cavity of chemical fuootlity which is target molecule

19, 22

specific Hypothetically, variations in the structural laitecture of the polymer



network will influence the three-dimensional cavityfunctionality. By optimizing the

polymer network structure, the binding parameteay also be optimized.

2.1.1 Introduction to Artificial Recognition via Im printing

Artificial recognition is the use of a syntheti@terial to create artificial receptors
that exploit non-covalent mechanisms to achieveecific interaction with chemical
functionality on a target molecdi& ® %> Artificial recognition has been around for a

30
|

little over six decades with imprinting upon silige and over three decades

3" Intrinsic to the binding event is

considering imprinting upon polymer substrate
the complex orientation of individual elements gomth functional groups to form non-
covalent bonds that promote molecular recognitioNaturally occurring biological
systems have extremely efficient and tight bindpsgameters with small dissociation
constants. One of the strongest biological exampleligand-receptor binding is the
dissociation constant of biotin-streptavidin whizh equal to 18° mol/l * %%  This
dissociation constant is unattainable with curranmtificial recognition techniques;
however, artificial molecularly imprinted polymehave come close to the biological
range of protein-carbohydrate dissociation constaanging from (18 to 10° M) with
theophylline ((2.31 +/- 0.012) x 10* and morphine ((1.2 +/- 0.2) x $jf°.

The structural stability of the surrounding thdieensional network is essential
to retain the orientation of the non-covalent iat¢ions within the receptor site. Proteins
which act as biological receptors have very spegfimary structures of amino acids
with a secondary structure of helices and3 sheets that form a precise binding site

7



orientation. The precise orientation of the pmotstructure has a committed three-
dimensional spatial arrangement that typically redighe receptor amino acid chemistry.
An interlocking polymeric structure forms the backk for the “trained”
macromolecular memory of templated polymer networB®th biological and artificial
receptors depend upon the support network surragnthe binding site for correct
orientation of the non-covalent interactions t@ietheir binding effectiveness.

The choice of artificial receptor versus a biotajireceptor is an interesting one.
While natural receptors have stronger and moreifspéinding, artificial receptors have
a lower production cost with a less restrictive smther shelf life. In addition, artificial
materials have the benefit of having more robustrajon within a wide range of
temperature and pH environments. For example, Xaiil coworkers have shown
poly(MAA-co-EGDMA) imprinted polymers retain theaffinity for the target molecule,
reserpine, in various pHs from (2.0-410) Li-Qin and coworkers show retention of
binding parameters for sinomenine at various teatpees between 20°C and 632Cln
these harsh environments, most proteins wouldtlos® structure and denature.

Until recently, there have been no commercial potsl available employing
imprinted polymer systems. Recently a company mialBP, which is a subsidiary of
Sigma-Aldrich, produces a few produéts” that are available and employ imprinted
polymer networks; however, the binding parametdréshese materials have not been
effectively optimized. The key factor that will ance the overall applicability of
imprinted materials is the tailorability of the Hing characteristics to suit specific

sensing, drug delivery, or extraction needs.



2.1.2 Template Binding Site Formation

The basic method of forming binding sites, whick atrinsic to the imprinted
polymer, is shown in Figure 2.2. The binding sgelependent on non-covalent bonds
between the functional monomer and the templatecuté. The functional monomer or
monomers used are dependent on the functionalitthertemplate molecule. Due to
non-covalent interactions, self assembly of theplate-functional monomer complex
takes place within the pre-polymerization mixture.

Functional interactions forming non-covalent boads essential to the formation
of effective binding sites. The functionality diettemplate molecule forms non-covalent
bonds with functional monomer via ionic bonding,dlggen bonding, hydrophobic
interactions, and Van der Waals forces. Multijpllectional monomers have been used
to form multiple non-covalent interactions with themplate to provide better binding
sites of increased template affinity and selegti%it

The pre-polymerization mixture contains functiomabnomer(s), crosslinking
monomer, initiator, and template molecule. Witkhis solution the functional groups
interact and form non-covalent bonds to reduceGids free energy of the solution and
form a complex known as the template molecule-ioned monomer complex, this
complex forms the basis for the artificial recogmitbinding site. Depending upon the
material properties of the final recognitive polyima porogen may be used to increase
the transport of the template through the macrooudde structure. Solvent can also be

used to limit monomer-monomer interaction. Itngportant that the solvent must not



interfere with the non-covalent bonding between tdrget molecule and the functional
monomers.

During the polymerization process, the polymerwaoek forms around the
template molecule-functional monomer complex forgne macromolecular structure.
The macromolecular structure formed by the polyration reaction is the backbone for
the binding sites. On the length scale of the tatepthe crosslinked polymer network
holds the binding site in a three dimensional sgeairangement of functionality that
conforms uniquely to the template molecule.

In order for an imprinted polymer network to renag the target molecule, the
original target molecule must be removed. A waghprocess removes the target
molecule exposing the “trained” recognition sit€3nce the target molecule is removed,
the resulting polymer network has specific bindoragameters for the target molecule.

Affinity, capacity or loading, and selectivity dfie network for the template are
the binding parameters that are “trained” during $ignthesis of the templated polymer
networks. Binding affinity can be best describbdrinodynamically with Gibbs free
energy models based upon ligand-receptor interastio

AGypg =AG,,, +AG, +AG, +) AG, 2.1
Where the Gibbs free energy of binditGing, Which is equivalent to the addition of the
sum of translational and rotational free energi€.,, the energy change resulting in
restriction of rotors on complexionG,, the free energy change due to the hydrophobic
effect AG,, and the intrinsic free energies of binding fockeaet of interacting groups
summed over all polar interactions with this termcampassing residual vibrational

modesZAGp“S. The equation presented is based upon the coafmmmstrain of each
10



component is introduced upon complex formation, taedcomplex conforms well to the
binding molecule. The free energy of binding isrtlrelated to binding affinity K a
function of temperature T, and the binding conskaftt

AG,,, =k;TIn(K,) 2.2

The affinity is represented by the association tamtswhich is a measure of the extent of
a reversible association between two molecularispeat equilibrium or the dissociation

constant which is the reciprocal of the associatonstant. Loading or capacity is the
guantity of target molecule the polymer network catain and absorb. Selectivity is a
measure of how well the imprinted network can ddfdiate between the target molecule

and other molecules having similar shape and fanatity.

2.1.3 Current Trends in Recognitive Technology

Templated polymer networks have very few prodticgt have been developed
and marketed. However, recent literature sugdestet materials will provide excellent

platforms for point of care testing, selective sersatings, and drug delivery carriérs

4194748 cyrrent literature analysis shows development densor coatings on

§9, 50

microcantilever arrays, catalysis, and separation Recognitive materials for

sensors have been developed for glutasghedring,, proteins and macromolecutés®
%3 tryptophar, hydroxyzing®, fructosyl valing®, digoxir’’, and DNA®  Within the
field of drug delivery, recognitive polymers haveeln developed for delivery of copper

salicylaté®, ketotifen fumaraté’ ® % dexamethason®, norfloxacin®, and timolol®.
y
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Table 2.1 gives a selection of template moleculek their intended purposes that have
been published in the year 2007.

Imprinted systems have great application potenf@ sensor, extraction,
separation, and drug delivery materials. The wiglgety of molecules and biomolecules
that can be imprinted within a polymer network pgparent. However, as previously
stated none of these articles focus on the relshipnbetween the binding characteristics
of the imprinted polymer and the polymerization atean, feed composition, kinetic
parameters, and macromolecular structure. Knoweaafghow binding parameters are
influenced by pre-polymerization conditions and ctem parameters will lead to
procedure for optimization. Optimizing templateding affinity, loading capacity, and
selectivity are essential to develop methods tectiffely tailor the material for a specific

application.

2.2 Parameters that Alter Network Structure of Copdymer and Recognitive

Systems

Differences in environmental and compositional apaeters can change the
polymer structure and alter binding parameters.twidek control using variations in
environmental conditions such as temperature amdpositional parameters such as
solvent, monomer-template composition, and crosisign monomer composition (type
and concentration) can hypothetically be used tmipudate binding parameters. In
addition initiation mechanisms (UV versus thermalymerizations) and binding site
modification can be used to manipulate binding petars. It is important to note that

12



research on how environmental and compositionahrpaters can be used to optimize
and enhance the imprinted polymer binding pararadtias not been done within current
literature. These parameters are described irséftBon along with any trends associated
with binding characteristics. It is also importaatnote computer simulation programs

have been developed to model the formation of imed polymer networks to determine

imprinting quality and binding characteristics. €Be simulations are based upon
functional interactions with the template and fimeal monomer along with

thermodynamic constraints within the pre-polymeti@acomplex

2.2.1 Temperature Effects

For polymerization reactions, temperature has shaw Arrhenius relationship
with conversion. For acrylate and dimethacrylab@atymer networks increasing the
temperature increases both the polymerizationamatkthe double bond conversion. The
polymerization temperature can be varied, but threctral characteristics of the
polymer product are better described by the fimallde bond conversion. For example,
a polymer polymerized at 70°C with a double bondvession of 50% has the same
glass-transition temperatureg &s the same polymer polymerized at 40°C with ebtiou
bond conversion of 50% .  Glass transition temperature is the temperatirere a
smaller second order transition occurs at whichrahmus portions of a polymer soften
and become rubbely Higher temperatures correspond to higher douimed
conversion and are a direct result of increasedhtiimal energy with translates to more
flexibilty within the growing network resulting il@wer steric hinderances.

13



Table 2.1 Selection of Imprinted Systems Published 2007

Template Purpose Ref Template Purpose Ref
Sudanl Sensor 69 Tobacco Mosaic g 70
virus
Renewable Refoldin
Propranolol Functional n Lysozyme 9 &
Lysozyme
Monomer/Sensor
Peptide Analysis/Sensor " Desmetryn Sensor “
p- 75 ] Comparitive 7
Lactoglobulin Sensor Way-1006935 Study
2,4,6 77,78 Triazine/ . 79
Trinitrotoluene Sensor Herbicide Extraction
Protein Sensor/Interaction >> % Proprietary Drug  Extraction 81
. 82 Boc-L- : 83
Uranyl lon Extraction Tryptophan Separation
Phosphonate Sensor 8 Penicillin G Assay/Sensor =%
Propazine Extraction 8 Ribonuclease Sensor 87,88
Diazepam Extraction 89 Bilirubin Separation %0
Domoic Acid Extraction o1 2,4-D Sensor/Assay
Fluoroquinolones Extraction/ 93,94 Nafcillin Sensor %
Separation
- 96 D- - 97
0-Xylene Separation Phenylanine Separation
Chloramphenicol Sensor 98,99 Copper lons Separation 1%
Terbuthylazine Sensor 101 Multiblock Sensor 102
Copolymers
Lyotropic Liquid : . . 103 Ketotifen . 1,6
Crystalline Tissue Engineering Fumarate Drug Delivery
Fluorescein
Dexamethasone Drug Delivery 61 Sodium/ Drug Delivery 1%
Chloromphenicol
Thorium(IV) Extraction 105 Tetracycline Extraction 106
Uric Acid Extraction 107 Triterpene Acid Extraction 108
Norfloxacin Extraction 109 Ciproflaxacin Extraction 110
B-blockers Extraction 1 Dimethoate Sensor 112
Uranyl lons Separation 113 17B-estadiol Sensor 114
Diacetyl Morphine  Extraction 115 4,6-dinitro-o- Sensor 116
cresol
Phenolic Estrogen  Extraction 17 Lipomono- Extraction 118
saccharide
Hydroquinone Sensor 119 L-lysine Separation 120




The kinetic chain length of a polymer is definedtlae number of monomer units
that make up one dynamically growing polymer chalime average kinetic chain length
is the average number of monomer molecules for ehahn initiated. Polydispersity is a
measure of how diverse the kinetic chain lengthvier the entire population of chains. It
is a measure of the distribution of lengths of poéymer chains. Polydispersity index is
the ratio of the average molecular weight of thdymper over the number-average
molecular weight (defined as the total weight dftlaé molecules in the polymer sample
divided by the total number of moles presetit)?: 2 Increasing the double bond
conversion decreases the kinetic chain length #figxting the structural properties of
crosslinked polymer systerfis 2% 122

Within imprinted polymer networks, temperature lzasimilar effect upon the
copolymer double bond conversidh However, in recognitive polymer networks,
binding characteristics are inversely proporticimalemperature increased since they are
based upon non-covalent interactions in the prgretization solution. Non-covalent
bonds that can form non-covalent bonds are ioniing, hydrogen bonding, Van der
Waals forces, dipole-dipole bonds, and hydrophatieractions. However, hydrogen
bonding characterizes the majority of non-covalenteractions used to create
macromolecular memory. Hydrogen bonding strengtfes much stronger at lower
temperatures and decrease in strength as temperiuincreased®®  Imprinted
polymers synthesized at lower temperatures of pehation reduce the kinetic energy
of the molecules within the system thus increasipgrogen bonding forces between the
template molecule and the functional monomers. s Ti@sults in higher template
affinities along with higher capacitie¥ *****° It has been shown for initiation
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temperatures of 40°C imprinted polymers have a drigtapacity than that of those
initiated at 60°C.

Methacrylic polymerization reactions are exothernand the heat given off by
the reaction is proportional to the number of deullonds reacting within the
polymerization. The heat rise within the polymatian solution is proportional to the
molar amount of reacting double bonds within thdymerization solution. The
temperature rises as the reaction proceeds, andresesrchers do not provide a constant
temperature of reaction by removing the heat from teaction. Lack of temperature
control will result in reaction temperatures duripglymerization reaction to be much
higher than initiation temperatures. For an exanpblymerization reactions conducted
within a differential photo-calorimeter, which hashigh degree of temperature control
within the polymerization cell, have only a 1-2t€mperature rise throughout the

polymerization with an 8-10 mg sample size.

2.2.2 Solvent Effects

Solvent has been used in the synthesis of crésslipolymer systems to change
the swelling characteristics of the polymer netwarld to increase the porosity within
highly crosslinked imprinted networks (this is nesary for the diffusion of template
through the network structure). Porosity is dedires the void fraction within the
macromolecular structure. An increase in the ptyad the network will increase the

relative surface area and allow mass transportgfiréhe macromolecule.
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Crosslinked polymers when in contact with a suéabolvent will exhibit
swelling behavior by absorbing a large quantityolvent within the network. Swelling
behavior within crosslinked polymer networks isyeamilar to linear polymer chains
being solvated by a solvent to form a polymer sotut Swelling behavior is dictated by
the change in Gibbs free energy change (2.3), which a combination of Gibbs free
energy of mixing G, and Gibbs elastic free energy.GAG, is further defined in 2.4.

AG = AG, +AG,, 2.3
AG,=AH, -TAS, 2.4
is shown in 2.4. Wher@&H, is the enthalpy of mixing (heat of mixing), T iket
temperature, andS,, is the entropy of mixing. The elastic free eneigygalculated by
equation 2.5, where T is temperature A is the entropy change associated with the

AG,= -TAS, 2.5

change in configuration of the network.

The Flory solvent interaction paramejgrs is a unitless quantity to represent the
enthalpy of mixing. The free energy of mixing etjola using the Flory solvent
interaction parameter is shown in equation 2.6. eWhk is a combination of the
universal gas constant R, multiplied by the temjpeeaT, N; and N, are the number of
molecules for species 1 and species 2, respectely; andv, arethe volume fraction

AG,, =kT(N,Inv, + N, Inv, + yIN,v,) 2.6
of polymer 1 and polymer 2, respectively. Swellbehavior would be augmented by (

< 0) and diminished byy( > 0)%* %8121
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The mesh size of a crosslinked polymer netwsridefined as the average
distance between the linear polymer chains, argdrépresentative of the space available
within the polymer network for diffusidf’ (Figure 2.3). The average mesh size of a
crosslinked polymer structure can be altered byatheunt feed crosslinker (i.e. moles of
crosslinking monomer over the moles of all monomarsl by the length and branching
of crosslinking monomer. In addition, a changesatvent or pH of the solvent would
alter the Flory interaction parameter thus alter $lvelling behavior which will directly
affect the mesh size. High numbers of junctiomtsoior crosslinks within a polymer
network are the reason that highly crosslinked mpely networks do not exemplify
swelling behavior. Increasing the crosslinking immer length has shown to increase the
mesh siz& % |t is important to note that porosity and meite sire on very different
scales and the differences are shown in Figure 2.4.

By changing the swelling characteristics or theopiy of the network, the
diffusion characteristics of the template molectiiugh the polymer will chang€™.
Recent literature demonstrates that an increassolvent concentration in the pre-
polymerization formulation results in a polymerwetk with increased mesh size which
would increase the diffusional transport of templdtrough the macromolecular structure
132134 Explanation for the change in transport propsrii that the solvent does not
become actively incorporated into the growing payrohains and the growing polymer
chains have to form around the solvent within th&tem. Increasing the average mesh
size of the macromolecular structure allows fora@ased diffusional transport through

the polymer matrix.
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In the synthesis of imprinted polymer networkslvent is used as a porogen
which creates pores within the macromolecular strecwhich will allow for faster
diffusion of the template molecule through the pody architecturé®. However, one
cannot neglect that the type of solvent can aftbet template affinity, capacity, and
selectivity of a given systerft' **®  Solvents have the capability to hydrogen bond,
represented by the Karnlet and Taft solvatochrgmaiameterff), which can enhance or
disrupt the interaction between functional monoare template molecufé”**° While
different solvents can be used, in order to maxarize binding characteristics, the
solvent hydrogen bonding capability must be knoworder to select the correct solvent
to enhance the stability and formation of the fior@l monomer-template molecule
complex. The microenvironment surrounding the cdempmust increase the

thermodynamic stability of the complex.

2.2.3 Monomer-Template Composition Effects

The monomer-template (M/T) ratio is defined as timeles of functional
monomer divided by the moles of template moleculthe M/T ratio represents the
population of functional groups for every templatelecule. Linear polymerizations can
be affected by addition of template, which was shdar linear poly(methacrylic acid)
polymerization to increase the rate of polymerati The reason the template complex
lowers critical chain length and increases the meljzation reaction rate*** 14%s that

the monomer attaches non-covalently with the tetapdad reacts. The faster reaction
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rate with the addition of template indicates anamigation of double bonds on the
template.

It has been shown that higher M/T ratios have peced higher populations of
template-functional monomer complexes resultindigher binding affinities?> 143142
Template binding affinity and capacity are depemdan template binding pockets
formed by the non-covalent forces between the tatephnd the functional monomers.
By optimizing the M/T ratio within the pre-polymeation solution a maximum number
of effective template binding pockets would be fedrduring the polymerization. The
imprinting effect is based upon template molecufanretional monomer interactions that
cause the complexation of the artificial bindingesf® %% Template and functional
monomer must be matched so as to provide optimalir sites**.

In loosely crosslinked systems, a decrease inateeof polymerization has been
shown with increasing template concentratifd for a multiple monomer system
employing  acrylamide, acrylic  acid, N-vinyl-2-pyhidinone  and  2-
hydroxyethylmethacrylate. For highly crosslinkeztworks employing methacrylic acid
as the functional monomer no change in the rateadtion was seen with a change in
M/T ratio®>. Highly crosslinked networks versus loosely clioksed networks have
different amounts of crosslinking monomer. Cradshg monomers contribute two
double bonds to the reaction compared to the ongldobond contributed by the
functional monomers. Higher amounts of double boeatting due to high amounts of
crosslinking monomer within the polymerization wibwvershadow any effect upon the
reaction contributed by the change in M/T ratio lehioosely crosslinked network
polymerizations would be more sensitive to changéle template concentration.
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2.2.4 Crosslinking Monomer Composition Effects

The crosslinking monomer is the monomer that presitivo or more linking
points between linear polymer chains. In orderptoduce a network, crosslinking
monomers must have more than one double-bond. IBdadnd functionality indicates
how many directions the polymer can branch out fthencrosslinking junction poift
Of course, crosslinking monomers can possess highaars of functionality and be
bifunctional, trifunctional, etc. Crosslinkingm®t the only junction that can occur within
linear polymer chains. Branching within a polynesbain can occur in which the polymer
chain grows in two or more directions. Primary aedondary cycles can occur within
polymer chains in which a polymer chain bends baobund and reacts with itself
creating a cycle (Figure 2.5) and are not condutm\emn ideal polymer network.

The crosslinking density of a polymer network ¢ual to number of chemical
crosslinks between linear polymer chains in theymper network. Increasing the feed
crosslinking percent, which is moles of crosslikimonomer over moles of all
monomers, increases the crosslinking derstfyy >

The degree of flexibility of the polymer networkains is heavily influenced by
the amount of crosslinking and type of crosslinkinglecule within the polymer network.
Highly crosslinked imprinted polymer networks withort bifunctional crosslinking
monomers have little to no flexibility within theetwork and have higher affinities,
binding capacities, and selectivity compared tos lesosslinked polymerg? 3
Imprinted polymers of low crosslinking percentagemanstrate lower affinities,
capacities, and selectivity which are a direct Itesefi the flexibility in the polymer
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network. It is important to note that the degréerosslinking is also important to the
swelling behavior and the expansion of the polymetwork. Highly crosslinked
materials do not exemplify swelling behavior be@aakthe high crosslinking density.
The crosslinking monomer amount and length care hav effect upon double
bond conversion and the diffusion characteristicthe template molecule through the
macromolecular structurg 2 For example, Noss and co-workers explored bindin
characteristics and diffusion characterization edtasterone imprinted polymers with
various feed crosslinking percents and crosslinkmgnomer lengths. The results
showed that higher feed crosslinking percentagdakiwimprinted networks yielded
higher affinities, capacities, and selectivity. sRiés also showed high feed crosslinking
percentages have lower diffusion coefficietts For non-imprinted networks, diffusion
of drugs have been well studied and have shown itl@easing the crosslinking
monomer length in highly crosslinked polymer systenmcreases the diffusion

coefficients of the drug through the polymer matrix

2.2.5 Binding Site Modification

Molecularly imprinted binding sites are typicalliassified as having populations
of low affinity and high affinity recognition sitedNon-specific binding takes place when
random orientations of the functional monomer bihd template molecule. Control
networks or co-polymer networks formed without tégig molecule are an example of
non-specific binding because the orientations efftmctional monomer are random and
not guided by the templating or imprinted process.
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In recent work, Shimizu and coworkers describe post-polymerization binding
site modification of imprinted networks. In thi©wk, they hypothesized that the binding
limitations of imprinted polymer networks are duethe heterogeneous nature of the
binding sites. In order to correct the heterogesenature of the binding sites, the
researchers devised a method using diazomethahethyl ether or phenyldiazomethane
in toluene to remove the non-selective sites bgrésation. The high affinity sites were
protected by the bound template molecule, ethyhe@e9-acetate. The results of this
experiment show that the removal of the non-selecsites resulted in a higher
population of selective or high affinity sites. TWwerk demonstrates the ability to modify
binding characteristics by manipulation of the &®g binding sites. They shifted the
heterogeneity of non-specific and specific bindsitgs to more specific high affinity
sites thus yielding an enhanced overall templdigigf'®’. Once again, it is important
to note that this enhancement of the templated npety network is done post-

polymerization.

2.2.6 Initiation Mechanisms

Two types of free-radical initiation methods haweb used to create imprinted
polymer networks, thermal and UV initiation. Intbothermal and UV initiated
polymerizations, an increase in initiator concetitracan theoretically lead to a decrease
in the kinetic chain length. Kinetic chain lengthinversely proportional to the rate of
polymerization. Increase in initiator increases tate of polymerization thus decreasing
the kinetic chain lengtfi>. Thus, attempts to increase polymerization rgténbreasing
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radical concentration produces smaller sized pofychains'*2. The amount of initiator
has an effect upon the double bond conversion la@aniacromolecular structure. Both
double bond conversion and macromolecular strucarse expected to significantly

influence the binding parameters of imprinted patymetworks.

2.2.6.1 Kinetic Steps within a Polymerization Reawn

A polymer is a high-molecular weight molecule tlmtcomprised of repeating
units in a linear, branched, or crosslinked architee that is formed during a
polymerization reaction. There are several diffiergypes of reactions used to create
polymers; however, in this work all polymerizatiogactions were free-radical initiated
and had the following steps: initiation, propagatiand termination. It is important to
note that “living/controlled” polymerizations inglaced in Chapter 4 are initiated by free
radicals. However, “living/controlled” polymerizahs have a reversible termination
step additional to the termination step presentedhis section. The polymerization
reaction can be broken down into three steps whigh described in the next three

subsections.

2.2.6.1.1 Initiation Step

The initiation step within the polymerization réan is a two part process in
which the initiator,l, breaks up into radicalde, and the radical attaches itself to a
monomerM, to form a monomer radicd{je. One such initiator, which was used in the
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experimental work presented in this dissertatian,azo-bisisobutyronitrile (AIBN).
When irradiated with UV light, AIBN breaks into tw&ycyanoprop-2-yl radicals and two
nitrogen molecules. The radical produced by theaking of AIBN reacts with the

carbonearbon double bond within the monomer to form a omoar radical.

| OYFEY - 2Re 2.7

Re+M I - M » 2.8

2.2.6.1.2 Propagation Step

The propagation step in the polymerization is thewgh step of the polymer
chain. This step can be where a monomer radidgl,e, attaches to a monomer and
forms a larger monomer radic,+1) ®, wherep andm equals the number of repeating

monomer units. This process continues until theiteation step occurs.

M, ,*+M [0 - M 2.9

(p) (p+1) °

2.2.6.1.3 Termination Step

The termination step of the polymerization reactiegins when two monomer
radicals come together to form a dead polymer chakii of the double bonds have
reacted within this “dead” chain to form inter-ling between monomer units. Monomer

radicals M, e andM, e come together to form the dead polymer chislig;m e.

M M, -M 2.10

[ ]
(p) (m) (p+m)
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2.2.6.2 Thermal Free Radical Polymerizations

Thermal initiated free-radical polymerizations abased upon heat energy
breaking the initiation molecule into radicals frowhich point the polymerization
reaction starts. The microstructure of UV and inar initiated crosslinked polymer
structures have been shown to be simi# Thermal polymerizations at higher
temperatures will have a faster rate of reactian,double bond conversion is a better
indicator of final polymer structur&®’. Thermal initiation takes place in most cases
above a temperature of 40°C. Hydrogen bond stredgtiteases with an increase in
temperature and results in weaker non-covalent ingndithin the template molecule —
functional monomer complex thus giving lower affynibinding sites and lower

population density of binding sites within the finacognitive polymer structure: 2>

2.2.6.3 UV Photo-polymerization

Photoinitiated free radical polymerization emplayphotoinitiator that will break
up into radicals upon irradiation with ultra violaght. In photo-polymerization reactions
the amount and concentration of incident light playn important role in the rate of
radicals forming within the polymerizing mixtureuth affecting the polymerization rate.
The next paragraph closely follows the frameworsented by Odiatt>

The rate of photochemical initiatioRy is given by the following equation,

R =20l 2.11
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wherel, is the intensity of absorbed light in moles (E&mss$), andy is the quantum yield
for initiation. The factor of two indicates thatd radicals are produced when initiator
decays with irradiation or heat. To further ddserthe polymerization ratdR{) when

using UV-initiation methods, the following equatiapplies,

| )2
R, =kp[|v|]["’kaj 2.12

t
wherek, is the propagation constanM] is the monomer concentration akdis the
termination constant. Absorbed light can be quantified easier by the following
equation,

I, =1,£M][Ab 2.13
wherel, is the incident light intensity; is extinction coefficient of initiator,A] is the
concentration of initiator, anldlis the thickness of the irradiated sample.

An increase in intensity will yield an increasetive rate of reaction and double
bond conversior® **> Advantages of photo-polymerization for recogrtigolymer
systems is the ability to have lower temperaturéschvincrease non-covalent bonds
strengths thus increasing the stability of the tetepmolecule —functional monomer

complex. This results in more effective bindingst> 2>%/
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Figure 2.1. General Schematic of a Crosslinked Patyer Network. P1, P2, P3, and
P4 represent four linear polymer chains withinrieéwvork. C1, C2, C3, C4, C5, and C6
are the crosslinking monomer joining the four podyrahains together to form one large

crosslinked macromolecule.
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Figure 2.2. Recognitive Polymer Synthesig\. Solution mixture of template, functional
monomer(s) (squares and circles), crosslinking marpsolvent, and initiator(sig. The
pre-polymerization complex is formed via covalentnon-covalent chemistryC. The
formation of the network (template mediated molacumprinting process)D. Wash

step where original template is removed.
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Figure 2.3. General Schematic of Mesh Siz&he average mesh siZg) Of the polymer
represents the space available within the macraratddor transport. The average
molecular weighbetween crosslink$/ ., is represented by the molecular weight of the

linear polymer between the linkage points.
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Figure 2.4. Porosity and Mesh Size.A polymer network having porosity has large
holes in the macromolecular structure similar pange A). A blow up of portion of
the polymer network gives better resolution of ploees that make up the porosity of the
network@). The black circles represent the polymer net@@yk Mesh size£, and the

molecular weight between crosslinids, can only be seen at the molecular leDgl(
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Figure 2.5. General Schematic of Interconnecting lnear Chains within Polymer
Networks. In this figureA represents a pendant double bdhdepresents a secondary

cycle,C represents a crosslink, abdepresents a primary cycle.
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3.0 REACTION ANALYSIS OF A TYPICAL MOLECULARLY
IMPRINTED SYSTEM

Fractional double bond conversion and associaegblate binding parameters of
molecularly imprinted polymers will be explored finis chapter in relation to initiator
concentration, crosslinking monomer length, monetaeplate composition,
temperature, and solvent concentration. A reptatga example from the current
literature was chosen as a typical molecularly intpd system. The specific network
synthesized and analyzed was a poly(methacrylat-eaiethylene glycol dimethacrylate)
(poly(MAA-co-EGDMA) network. It is important to rie that poly(MAA—co-EGDMA)
copolymer networks account for 80% of the impringedlymer networks to date.
Therefore, this work has significant merit desplie study of one copolymer system.
Reaction analysis was conducted via differenti@nsing calorimetry which yielded
fractional double bond conversion and temperatuvatrol of the polymerization.
Template binding parameters of affinity, capacaypd selectivity were calculated via
Freundlich binding isotherm analysis. The respitessented in this Chapter and Chapter
4 have been published as a research artjclavhich is a significant, novel contribution

to the imprinting field.
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3.1 Scientific Rationale

In this work, we studied, synthesized, and charexetd an imprinted system from
literature with well documented binding paramettrat has been studied by multiple
investigators. We chose an ethyl-adenine-9-acd9A) imprinted poly(MAA-co-
EGDMA) network®®. The objective was to analyze the polymer reactind ascertain
potential template binding parameter optimizatitiategies. To begin we, synthesized
the imprinted polymer via matching all conditionsted within the published work.
During the polymerization, reaction analysis wasduso determine the double bond
conversion of the imprinted polymer. The bindingaccteristics were determined and
compared to documented literature values in ordeertsure the same network was
accurately reproduced.

Also highlighted in this chapter is our use ofatégan analysis to determine how
double bond conversion is affected by the initiatoncentration, solvent concentration,
monomer-template ratio, and crosslinking monompetyln addition, the temperature of
the polymerization reaction was varied in ordes¢e the changes in final double bond
conversion. Our hypothesis was that through olagienv of the polymerization via
reaction analysis valuable information for optintiaa or enhancement techniques will
be determined. Enhancement techniques used thesim¢ imprinted polymers will

yield materials with tailorable binding charactéds.
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3.2 Synthesis of a Typical Recognitive Polymer

Described in this section are the materials andhatst used in the synthesis of a
EA9A templated poly(MAA-co-EGDMA) recognitive netwo with an 80% feed
crosslinker composition (moles of crosslinking mome divided by moles of all
monomers) and a monomer to template (M/T) ratid79. Variations to the original
poly(MAA-co-EGDMA) network are included in this gemn. A schematic of the basic

synthesis and analysis procedure is presentedyurd-B.1.

3.2.1 Materials

The functional monomer, methacrylic acid (MAA),daarosslinking monomer,
ethylene glycol dimethacrylate (EGDMA), were shigpeith inhibitor from Aldrich
(Milwaukee, WI). The inhibitor was removed via ibior removal packing sieves or
vacuum distillation prior to polymerization. The itiator, azo-bis(isobutyronitrile)
(AIBN), template molecule, ethyl adenine-9-acet@A9A)), and analog molecule for
selectivity, ethyl 2-amino-1,6-dihydro-6-oxo-4-pyidimeacetate (EADOP), were used as
received. Monomers, inhibitor removal packing sgveitiator, template, and template
analogue were purchased from Aldrich (Milwaukee,).WIAcetonitrile and methanol
(HPLC grade) were used as received from Fishern8fie (Pittsburgh, PA). The
polymerization solvent was acetonitrile, and théyp®r wash solvent used to remove

template and unreacted monomer was acetonitrilbamet at a 4:1 volume ratio.
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3.2.2 Methods: Polymer Synthesis

A typical polymerization solution forming a poly@A-co-EGDMA) imprinted
network, which matched the literature formulatiaméferencé, was made with 2.61 mL
EGDMA(13.83 mmoles), 0.16 mL MAA(1.87 mmoles), 3.8@. acetonitrile(704.30
mmoles), 26.3 mg of AIBN, and 35.4 mg of EA9A. [hgithe course of the
experiments, it was determined that the additiogueace of chemicals was very
important. Monomers were added and mixed, and teewmplate, solvent, and initiator
were added to the solution. Failure to do thiss@guence resulted in template not
dissolving completely in the pre-polymerizationwan. Solutions were placed in a
sonicator after each solid was added for severautes until the solid was dissolved in
solution. After all components had been mixed, @y(MAA-co-EGDMA) pre-
polymerization solution was made. The solution e ready for polymerization. The
polymerization was carried out via UV-free radipalymerization in a Q-100 differential
photo calorimeter (DPC) from TA Instruments (Newst® Delaware). A poly(MAA-
co-EGDMA) control polymer solution was made exadtlythe same manner as the
imprinted polymer solution except no template wasleal. Another poly(MAA-co-
EGDMA) recognitive polymer exemplifying a highergtee of double bond conversion
was produced by increasing the amount of initiatorl57.6 mg. All experimental
materials and conditions such as the temperaturgopadymerization (0°C + 1°C
throughout exothermic reaction), template, funaiomonomer, crosslinking monomer,
solvent wt%, initiator concentration, purge gasd dne UV light source (mercury arc
source and intensity) were matched with the litemateferencé.
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All polymerization reactions were carried out @ tDPC. The DPC measures the
heat flow from the sample relative to a referenae.pThe heat evolved was measured as
a function of time, and the theoretical reactiothalpy of the monomer solution was
used to calculate the rate of polymerization, R units of fractional double bond
conversion per second. Figure 3.2 shows a schewfatice DPC. Integration of the rate
of polymerization curve versus time yielded the esxpental heat of reaction. The
experimental heat of reaction and the theoretieal lof reaction are used to determine
the final double bond conversion. The calculatiovere analyzed by a visual basic
program within Microsoft Excel, a copy of the cadattached within Appendix C.

The assumptions in the copolymerization of mudtiplonomers (i.e., two types in
this case, functional and crosslinking monomer) evtdrat each monomer had equal
reactivity and the theoretical reaction enthalpyiwé® for a co-monomer mixture was
calculated by the summation of component mole ifvaahultiplied by the monomer heat
of reaction. The theoretical enthalpy of methadeydouble bonds was equal to 13.1 kcal

1.8 pue to the overwhelming fraction of ethylene ogly dimethacrylate

mole
(EGDMA) in the system (i.e., 88% crosslinking or.88 mmoles of EGDMA and 1.87
mmoles of MAA), the majority of the heat of reactivas due to EGDMA double bonds
reacting. EGDMA has two moles of double bond petenof monomer which gives the
number of double bonds that are associated with &b be approximately 94% of all
double bonds in solution. Therefore, this systeam ®e considered EGDMA in
acetonitrile with a dilute amount of MAA.

In a typical experiment involving poly(MAA-co-EGDA) networks, a

recognitive polymer disk was produced by placing51RL of pre-polymerization
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solution within an aluminum hermetic pan, and pigcit in the cell of the DPC. The
solution was allowed to purge with nitrogen for bates at a 40 mL/min purge rate and
a temperature of 20°C. To prevent possible evaporaif the solvent, a small quartz
plate was placed on top of the pan after the 5 taipurge time. Also, since oxygen is a
free radical scavenger, separate oxygen inhib#qmeriments were conducted to assure
adequate nitrogen purge times (Appendix A, Figurk) ANitrogen continued to flow for
the duration of the experiment at a purge rate @fm/min. The solution was then
cooled to the polymerization temperature of 0°C aad held at 0°C for 15 minutes. The
shutter on the UV light source (Novacure 2100, Exfanada, with a 100 Watt mercury
arc light bulb) was opened and the solution waadiated by 52.5 mW/chmUV light
(checked with internal radiometer) for 17 minutéswdiich time the polymerization
reaction was ensured to be over (i.e., the tygo@lmerization time was on the order of
a few minutes). The temperature of the sample we#s hetween 0°C to 1°C throughout
the reaction, and the end point of each reactios determined when the heat flow
changed less than 1%. Figure 3.3 shows a typea thow versus time curve from the
DPC. All polymerization reactions to produce thaypMAA-co-EGDMA) networks
described in this chapter were all created inrasiner. It is important to note that in the
research article the original poly(MAA-co-EGDMA) printed network was taken from,
the monomer solutions were purged with nitrogen iaradliated with UV light for much
longer polymerization times (i.e., approximatelyl&rs). The extended cure time is due
to the polymer mold yielding a significant amoufinmonomer solution along the axis of
the light source. With a low transmittance of UgHi through a bulk polymer solutidn
this would lead to significantly longer cure times.
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During the course of making the polymer sampledrap in the heat flow data
was observed in some of the samples. The dropendata was due to the polymer
sample lifting off the bottom of the pan during twurse of the reaction causing air to be
in between the sample and the bottom of the alumipan. To correct this problem the

sample volume size was limited to 12 within the aluminum pans.

3.2.3 Methods: Evaluation of Template Binding Pararaters

The polymer disks were removed from the DPC pars washed by Soxhlet
extraction with a solution of acetonitrile/methaniol a 4:1 ratio. Extraction was
performed for 2 Y2 weeks and confirmed by analy$ithe template in the wash. The
washing procedure was run until EA9A was no lomdgtected in the wash solution via
absorbance measurements using a Synergy UV-Vis trepbotometer (BioTek
Instruments, Winooski, Vermont). The disks werenthiaken out of the Soxhlet
extraction device and allowed to dry in a fume habdmbient temperature for a 24 hour
period. The drying in ambient temperature redusedden stress cracking by rapid
evaporation of solvent. The samples were theregl@t a vacuum oven at 30°C and 25
inches of mercury vacuum.

The average disk weight for each of the samples 3v@9 + 0.29 mg. The disk
diameter was 4mm with width of 0.5 mm on the owsif the disk with concavity of less
than 0.1 mm in the center of the disk. All samphesl a reaction signature that was

within one standard deviation from the mean to ma@na high degree of quality control
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for the reaction analysis and resultant polymewnégts. Figure 3.4 shows 5 samples
within the standard deviation on a heat flow vetsug curve.

Dynamic binding analysis was determined by pladisis in 200uL of various
concentrations of EA9A in acetonitrile (0.01 to 2a® solutions). After equilibrium was
reached, a 100L aliquot of the solution was taken and absorbaneasured at 265 nm
using a Biotek UV-Vis spectrophotometer. Bindinggmeters were calculated using
various isotherms (e.g., Scatchard, Langmuir, Fibcim).

The equations for Scatchard, Langmuir, and Frecimdsotherms are shown in
equations 3.1, 3.2, and 3.3, respectively. Thealirform of the Scatchard equation is

shown in 3.1
Q
—= =-K + 3.1
o = KaQ* Qna

where Q is the bound amount of templatgisChe equilibrium concentration of template
in the solution, the template equilibrium bindirf§raty is represented by K and Qnaxis
the maximum capacity. The affinity and the maximtemplate loading capacity are
calculated via linear regression of the data.

The Langmuir isotherm is represented by the falhowequation 3.2

K
Q - anaxCe 32
1+K,C,

where Q is the bound amount of template,i<the equilibrium concentration of the
template in solution, the template binding affiniy K, and Qux is the maximum
template loading capacity. Linear regression oflLthegmuir equation is used to find the

affinity and capacity. The Langmuir isotherm assanthat there is uniform one-layer
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adsorption of the template molecule, equilibriumndaitions, and that the surface is
homogeneous.

The Freundlich isotherm is an empirical equatibat tcan have multiplicity of
sites on a surface and can be applied to heterogengurfacéd ** The Freundlich
isotherm is shown in equation, 3.3

Q=k,C; 3.3
where Q represents the bound amount of templatere@resents the equilibrium
concentration of template solution, andépresents the Freundlich equilibrium template
binding affinity constant. The Freundlich affinijonstant and the exponent (n) are
found from a linear regression of this equationdetailed analysis of the calculation of
the average affinity and average number of sitemfthe Freundlich isotherm can be
viewed in section 3.2.4. The isotherm that gawe likst fit to the data was used to
determine the binding parameters. In most polymaescribed in this work, the
Freundlich isotherm gave the best fit. The usthefFreundlich isotherm to characterize
molecularly imprinted polymers has been validatgdShimizu and coworket$ Spivak
and coworker€, and Sellergren and coworkEts Once the equilibrium concentration of
the solution was determined, a mass balance yi¢ldedound concentration.

Selectivity studies for the recognitive polymersrevconducted in similar fashion
to the rebinding studies. Disks were placed in &2solution of EADOP in acetonitrile
and allowed to reach equilibrium. Once equilibriwas reached, a 10@L aliquot of
solution was sampled and the absorbance measuradvavelength of 282 nm. The
equilibrium concentration was calculated, and asrmdance was used to determine the

bound concentration. In addition, further analysias preformed to measure the
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selectivity number which is equal to the averadmigf of EA9A divided by the average
affinity of EADOP. Affinity of the poly(MAA-co-EGDMA) recognitive polymers for
EADOP was also measured via the Freundlich isotlsénge it yielded the best fit to the

data.

3.2.4 Methods: Binding Affinity and Capacity from Freundlich Analysis

Freundlich analysis takes the values from thealimegression of the Freundlich
isotherm and calculates the average affinity anuhcidy for the recognitive polymers.
This analysis was used on all recognitive systetmdiesd within this dissertation. The
method of analysis was taken from Rampey and cosverkn their analysis of
molecularly imprinted polymefs Equation 3.4 is the Freundlich Isotherm wheris Q

Q=k,C; 3.4
the amount bound by the recognitive polymer, theildgium concentration is & the
freundlich affinity is k, and the exponent value is n.

The following equations and their explanations #re basis for the results
presented within this dissertation. Equation 31& 3.4 give the maximum affinity )
and minimum affinity (Knin). Kmax and Kqin represent the limits at which the affinity
spectrum can be from and are determined from theimen (G ma) and minimum

equilibrium concentrations (G-

K = 3.5
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K, =—— 3.6
C

The number of sites (®lx2) was taken between K1 and K2. K1 and K2 are i#ffin
values between Kmin and Kmax. Equation 3.7 is tipgagon used for the number of

sites.
Ny «, =k (1-n*)(K -K3) 3.7
The average affinityK ., ,) is calculated by equation 3.8.
1 _ e ln
Ky v =( n ] Ky —K, 3.8
RVEY S

It is important to note that for all the poly(MAAGEGDMA) recognitive polymers the

values for K and K were all equivalent which allowed for a comparidogtween

systems.

3.3 Results and Discussion

This section highlights reaction analysis and bigdbarameters assessment for a
typical poly(MAA-co-EGDMA) imprinted network dested in recent literature.
Initiator concentration, solvent concentration, ssimking monomer length, and
temperature were varied to determine their respectffect on the double bond
conversion and template binding parameters. A (MAA-co-EGDMA) imprinted
network with enhanced double bond conversion wss synthesized with the purpose of
comparing the resulting binding parameters withithgrinted polymer synthesized from
literature.
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3.3.1 Double Bond Conversion via Reaction Analysis

The poly(MAA-co-EGDMA) literature network was calated to have a
monomer to template ratio of 11.79 (moles of fumtal monomer divided by the moles
of template), and the degree of feed crosslinkmghe system was calculated to be 88
mole% (mole crosslinking monomer/mole all monomer$e polymer was analyzed and
the number of total number of double bonds reagtadDPC revealed a low level of
fractional double bond conversion (35.0 £ 2.3%heTow double bond conversion for
this poly(MAA-co-EGDMA) has never been shown beforehe literature. The result is
significant because most researchers in the litsxatlassify their recognitive polymers
by the feed composition. A low double bond conwiersfor short bi-functional
monomers indicates that the feed composition da#sancurately describe the final
polymer network. Figure 3.5 shows the double bomalversion versus time. The reason
for the low double bond conversion within this pobr network is described via a
discussion of pendant double bonds. It is impartannote an analysis of the wash
indicated little unreacted crosslinker coming frtma polymers, thus pendant bonds are a
good assumption. Pendant double bonds are dooblgskihat are sterically hindered by
the growing polymer network, due to limited molyilihey cannot react with surrounding
radicals. A schematic of pendant double bondsiwithforming polymer network is
shown in Figure 3.6.

In order to verify this hypothesis, a study on #iifect of crosslinking monomer
length upon the double bond conversion for thisrimpd system was undertaken. An
equivalent experiment was conducted using a sliglathger bifunctional crosslinking
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monomer (poly(ethylene glycol) dimethacrylate, PBGR2MA, where the average
number of ethylene glycol groups is 4.5 as oppdsed with EGDMA. The longer
crosslinking monomer will have increased flexilildlong the polymer chain to react.
The same reaction conditions were used in both rerpats with the EGDMA and
PEG200DMA crosslinked monomers. The double bomiversion calculated for the
poly(MAA-co-PEG200DMA) crosslinked polymer was 53&®.0% at a polymerization
temperature of 0°C. The increase in conversiorcatdd that there were lower amounts
of pendant double bonds, which can be attributetieancreased diffusional mobility of
the longer crosslinking monomer to react.

A longer crosslinking monomer increases the flditybof the growing polymer
network chains and reduces the steric hinderamagddad to unreacted pendant double
bonds. Literature analysis reveals double bondr&mmons for similar systems using
PEG200DMA equal to 68-69% with a polymerization pemature of 25°C**’
Therefore, for the molecular imprinting field thesesults highlight that a significant
amount of EGDMA crosslinking monomer in the forntida results in a severely
constrained network formation. Specifically, thesea decrease in the diffusional ability
of pendant double bonds in the growing polymeritwioek to react or limited diffusion
of radicals on the growing network which lowers wersion. More importantly, it also
highlights that the final polymer composition doest represent the initial formulation
when using significant amounts of short, bifunctiborosslinking monomer (i.e., when
intra-molecular distances between crosslinking mogrodouble bonds are short). This is
significant to the field of molecular imprintingngie most groups use high amounts of
EGDMA as crosslinking monomer to produce imprinteetworks and report feed
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crosslinker compositions in relation to binding pedies (affinity, capacity, and
selectivity). Therefore, reaction analysis provideBasis for the accurate comparison of
molecularly imprinted systems; furthermore, whileulle bond conversion has been
studied in highly crosslinked network8this is the first study to confirm low double
bond conversion within highly crosslinked moleclyamprinted polymer systems and
the associated effect on the binding properties.

Contrary to our results’C NMR studies of poly(MAA-co-EGDMA) imprinted
polymers with 83% feed crosslinker produced at astant temperature of 25°C
estimated 83% final double bond conversith Within the molecular imprinting
literature, to the best of our knowledge, this leen the only study of a highly
crosslinked imprinted poly(MAA-co-EGDMA) network tanalyze the double bond
conversion. It gives an uncharacteristically higlulle bond conversion for dilute MAA
in EGDMA (91% of the double bonds are attributed EGDMA). Double bond
conversions of pure EGDMA (non-imprinted) have beeported to be 69% at 60<€,
Since the temperatures of reaction are differedditmnal experimental analysis was
warranted to compare conversions and ascertaieftbet of temperature on the rate of
reaction and conversion for this system.

By using the DPC, temperature could be kept comnstéthin + 1°C during the
course of the polymerization reaction. Temperatidineaction was set a 0 °C, 25 °C, and
50 °C which resulted in 35.0 £ 2.3%, 51.0 + 1.2%d &4.0 £ 1.9% final double bond
conversion for our imprinted system, respectiveljhe rate of polymerization versus
time for temperatures of -25°C, 0°C, 25°C, and 5&8Ghown in Figure 3.7. Double
bond conversions of poly(MAA-co-EGDMA) networks was polymerization
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temperature is shown in Figure 3.8. For pure EGDM#& experimentally found the
double bond conversion at 0°C to be 36.1 + 2.5%y etse in value to our imprinted
system. Even if none of the MAA reacts in our systevhich is highly unlikely, the

double bond conversion at 0 °C is calculated aB3(3®.3) %. Therefore, this confirms
that the majority of the heat of reaction is dueBBDMA double bonds reacting.
However, MAA is incorporated into the system aseaed in template binding analysis.

Studies which use extraction methods and subséqueasurement of unreacted
monomers will overestimate conversion by not coygntirosslinking monomers that do
not diffuse from the structure due to partial reactthat result in dangling, unreacted
pendant double bonds.

Since termination events are more frequent ateniggmperatures with a small in
increase in the propagation constant, the resufthrter kinetic chain lengths. The
temperature increase during the reaction incredeedrate of reaction and overall
conversion, but typically led to decreased affingince hydrogen bonding and the
formation of binding sites decreased with incregdemperature. This is in agreement
with studies involving changes in polymerizatiompeerature and associated binding
parametefs Therefore, for non-covalent imprinting within ére radical
hetero/homopolymerization reactions of multifunob monomers, the strength of
template-monomer interactions is an important Wéeias are the network properties that
influence the stability of the binding site (e grgsslinking density and homogeneity).

The effect of photoinitiator and solvent concetidra on the fractional double
bond conversion is presented in Figure 3.9 andrEi§ulLO, respectively. An increase in
the photoinitiator concentration from 0.4 wt.% (theue of the poly(MAA-co-EGDMA)
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imprinted polymer literature network) to 4.6 wt.iBtreased the double bond conversion
from 35 + 2.3% to 48 + 2.1% (Figure 3.9). This danattributed to an increase in the
concentration of free radicals which provides areased rate of chain initiating species
and an increased rate of reaction (i.e., the ratdes to the square root of initiator
concentration) that ultimately increases the cosiver After 2.4 wt% initiator, the
fractional double bond conversion remained constant

The rate equation applied to the square root @fittitiator can be derived from
the rate expression. The following derivation elgsmatches the derivation of Odfan
The rate of polymerization can be described withagign 3.9, with [M] being the

_dimM]
dt

=R, +R, 3.9
monomer concentration and; Rnd R being the rate of initiation and propagation,
respectively. The rate of initiation is typicallguch lower than the rate of propagation
and can be neglected. The result means that tiee ofapolymerization is closely
approximated to the rate of propagation. Also, fife constants for the propagation
steps are equivalent. The rate expression for piblgmerization reaction can be

expressed as equation 3.10, wher@]h8 the radical concentration ang Is the

R, =k, [M*]M] 3.10

propagation constant. Because the radical corat@ntrin polymerization reactions are
hard to characterize, the radical concentratiotyécally removed from the equation.
Using a steady-state assumption, the radical cdratem during the polymerization is
considered zero during the polymerization reactidrhe steady state assumption also

states that the initiation (Rand termination (Rrates are equivalent, 3.11.
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R, =R,=2k,[M+]? 3.11
The termination rate constant is represented;bySolving this equation for the radical

concentration and substituting in equation 3.10ltesn equation 3.12.

1

R )2

R =k [M]| — 3.12
p p[ ](zktj

At this point, the initiation rate can be defineem the initiator is used as equation 3.13.
R.=2f k,[I] 3.13

In equation 3.13 the initiator efficiency is reprated byf, the initiator concentration is

given as [l], and the rate constant of initiatianky. Combining equation 3.13 with

equation 3.12 yields the equation in which the m@tgpolymerization is scaled to the

square root of the initiator.

R, = kp[M](ZfZ—id[l]Jz 0 |]% 3.14

Increasing the solvent wt% had an opposite aHiact decreased the double bond
conversion (Figure 3.10). This is due to a decmrkasmcentration of initiator and a
decreased concentration of monomers. The effesbloent is important for recognitive
polymer systems since increased amounts of soharg been shown to increase matrix
porosity which is beneficial for diffusional trarmp?% however, increasing the solvent
wt% without a corresponding increase in photoitotiaconcentration may negatively
impact the double bond conversion and overall Btalor fidelity of the binding sites
(e.g. after 60 wt. % solvent the double bond cosieer decreased substantially). Since

the solvent does not get incorporated into the grgwolymer chains, the polymeric
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network must form around the solvent and this pceduan accessible porous structure

for adequate template diffusional transport.

3.3.2 Assessment of Binding Parameters

Equilibrium binding isotherms were conducted oe tholy(MAA-co-EGDMA)
recognitive polymer synthesized from literatures goly(MAA-co-EGDMA) recognitive
network with 48% double bond conversion, and treasated poly(MAA-co-EGDMA)
control network (i.e., no target molecule presenthie formulation). Figure 3.11 shows
the binding isotherms for the two recognitive pogrsiand the control polymer. In this
particular set of experiments, we hypothesized tha to the increased double bond
conversion a change in the binding characteristmsld be observed.

The poly(MAA-co-EGDMA) recognitive network litenate network showed
statistically good agreement with reported datdo@literature (template affinity constant
of 3.23 + 0.21 mM) 2 with a capacity of (776 + 54)ymole/gram. The Freundlich
isotherm was used as the basis for analysis ohgedninding affinity along with number
of binding sites, since the Freundlich isothermegthe best fit to the data, based upén R
values (i.e. square of the correlation coefficiefit)e binding parameter evaluations for
the Langmuir, Scatchard, and additional informatiegarding the Freundlich isotherms
along with the linear regression fitting of the alatith R values are presented in
Appendix A, section A.2. The poly(MAA-co-EGDMAEcognitive polymer with 48%
double bond conversion gave a modest increaseeindmber of binding sites; however,
statistically the binding capacity was within thiarglard deviation of the synthesized
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poly(MAA-co-EGDMA) recognitive polymer literature etwork. In Table 3.1,
poly(MAA-co-EGDMA) with 48% double bond conversidrad a modest higher mean
binding capacity of (860 + 6@)mole/gram at a slightly reduced affinity of (2.63047)
mM™. It is important to note that average affinitylues take into account site sub-
populations of varying affinity. While the conceation of initiator should not be
overlooked in optimization, the increased converslim not lead to an improved average
binding affinity or capacity in this case. An inas® in initiator concentration can
theoretically lead to a decrease in the kineticirchength which, and we hypothesize
with an increase in conversion, may result in iasesl binding site stabilization and
increased structural homogeneity. The kinetic chi@ingth represents the average
number of monomers reacting with an active cemtanfinitiation to termination, and it
is inversely proportional to the radical concentratand the rate of polymerizatidi
Thus, attempts to increase polymerization rate ihgrelasing radical concentration
produces smaller sized polymer chahs

Selectivity studies were performed using a moleculith similar chemical
functionality of EA9A (Figure 3.12-A), ethyl 2-anwvnl,6-dihydro-6-oxo-4-
pyrmidineacetate (EADOP) (Figure 3.12-B). Bindingpacity of EA9A and EADOP
values for poly(MAA-co-EGDMA) recognitive network ith 48% double bond
conversion are shown in Figure 3.13; additionallglectivity numbers (bound
template/bound other molecule) at 2mM concentratiere 2.4 + 1.0 for the recognitive
polymer with 48% double bond conversion. In thistigular analysis, the poly(MAA-

co-EGDMA) network synthesized using literature ddié not show selectivity for the
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Table 3.1. Quantitive Binding Parameters of Poly (MA-co-EGDMA) Networks

using Freundlich Isotherm Analysis.

Polymer Affinity (K) Units Capacity Units
Poly(MAA-co-EGDMA)
recognitive polymer literature 3.12+0.21 mNt 776 £54 umole/gram
match

Poly(MAA-co-EGDMA)
recognitive polymer with 2.63+0.17 mNt 860 = 60 umole/gram
48% double bond conversion
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target molecule, EA9A. Also the original article@e$ not report selectivity data.
Therefore, increasing the double bond conversion aofpoly(MAA-co-EGDMA)
recognitive network did not conclusively lead taatitically significant, improved
binding affinity or capacity, but increased theesgéiivity. This is hypothesized to be due
to a decrease in the kinetic chain length with eased binding site stabilization and
increased structural homogeneity due to an increaséie initiator concentration.
Therefore, even optimization of conventional phoitator can lead to small
improvements in binding parameters. It is alsoangmt to note that the average affinity
of these recognitive polymers take into accounhtaffinity sites and low affinity sites.
The increase in selectivity in this study couldicade a better quality high affinity site
population; however, since the higher affinity spgepulation is typically very low
compared to the population of lower affinity sitésis very difficult to quantify these
differences.

In addition to this study, a more thorough analydiselectivity was performed on
the poly(MAA-co-EGDMA) recognitive polymer from tHaerature and the poly(MAA-
co-EGDMA) recognitive polymer with 48% double boodnversion. This study was
performed exactly in the same manner as the ofiginaing study except the molecule
EA9A was exchanged with EADOP, and the selectiviigmber was calculated with
affinities instead of capacities. Results were aralyzed via the Freundlich isotherm
which gave the best fit. The selectivity numbersvealculated dividing the affinity of
the template divided by the affinity of the analegurhe selectivity numbers were 1.63 +
0.11 and 1.81 + 0.12 for poly(MAA-co-EGDMA) recogwme polymer literature network
and the poly(MAA-co-EGDMA) recognitive polymer wi#dB% double bond conversion,
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respectively.  Selectivities calculated by usinge thffinities are a much better
representation of selectivity of the imprinted pobrs when compared to selectivity
calculated with capacities. Selectivity numberuhssshow an increase in selectivity for
the imprinted polymer with the increased conversioim addition to these studies a
detailed washing analysis presented on the questitf template EA9A theoretically in
the polymer network, bound by the polymer netwaaksgssed by binding isotherms),
and the amount washed out using Soxhlet extractibnese studies are presented and

discussed in Appendix B.

3.4 Conclusion

The results presented in this chapter prove tattion analysis of molecularly
imprinted polymerization reactions has the potérnbtayield a greater understanding of
the imprinting mechanism and associated bindingupaters as related to the structural
architecture of the polymeric network. Pendant deuimnds contribute to low double
bond conversions of poly(MAA-co-EGDMA) imprinted ta@rks (35 + 2.3) %. Low
double bond conversions are significant becausda mesgarchers within the literature
use feed compositions to represent the final potypmeduct. In addition, 80% of the
imprinting field uses a poly(MAA-co-EGDMA) copolym&etwork as the backbone for
their imprinted polymers. Increases in temperatme crosslinking monomer length
increase the double bond conversion by increadiegflexibility of the network thus
decreasing pendant double bonds. Solvent wt% aseeabove 60% show significant
decreases in double bond conversion. Increasegiator wt% can increase the double

76



bond conversion up to 48% double bond conversionEA9A templated poly(MAA-co-
EGDMA) networks polymerized at 0°C. Increases aulde bond conversion slightly
increased the template binding capacity of the @&\A-co-EGDMA) imprinted
network with similar binding capacities and retentof selectivity.

In Chapter 4, additional work with “living/conttetl” polymerization techniques
to create recognitive polymers is done in orderantd structural control to the
polymerization reaction. “Living/controlled” polyanizations show significant control
over linear polymer kinetic chain length. Contodlthe kinetic chain length within an
imprinted copolymer network could contribute to @ren homogenous material which
would give more structural control over the macrtenolar architecture. The reason for
the added structural control is the necessity fsé materials to be engineered for
specific applications. By additional control upitre network structure, the tailorability
of these networks increases; therefore, tailotgbwill inevitability lead to improved

binding characteristics via a rationally optimizedcromolecular structure.
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Figure 3.1Procedure for Imprinted Polymer Synthesis to Bindirg Analysis. The
highly crosslinked imprinted polymers presentethis work are synthesized outlined in

this basic procedure schematic from pre-polymeopanixture to analysis of binding

parameters.
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Figure 3.2 Differential Photo Calorimeter Cell Schenatic. The polymer sample was
placed in the sample paB)(and allowed to purge with nitrogen for 5 minutéBhen a
guartz cover-slip was placed over the sample tagedolvent evaporation. Heat flow
was measured between the sample and referenceRigndring the polymerization
reaction. Top right is an actual photo of the adphe cell with the sample and reference

pan in the cell.
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Sample: Umbleby Mix 0C File: C:...\0C Umpleby Mix.002

Size: 5.4100 mg DSC Operator: A Vaughan

Method: Isothermal for Run Date: 2004-06-22 10:57
Instrument: DSC Q100 V8.2 Build 268
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Figure 3.3 Heat Flow from Differential Photo Calorimeter. Heat flow is measured
versus time for the polymerization reaction. Thatadis analyzed to find the
experimental heat of reaction. The experimentadt haf reaction divided by the

theoretical heat of reaction will give the doubta conversion.
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Figure 3.4 Reaction Signature Quality Control for Ply(MAA-co-EGDMA) Network
Synthesis. Reaction rate versus time (reaction signatures) seenpared for each network
produced. If the reaction signature was one standiaviation or more from the mean,
the polymer was discarded. Using the DPC, theticgasignature was well controlled

and network values deviated less than 5%.
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Figure 3.5 Dynamic Double Bond Conversion of a PolfIAA-co-EGDMA)

Imprinted Network: A Typical Recognitive Polymer. Double bond conversion verses
time for a typical recognitive polymer with 88% teerosslinker and monomer-template
ratio of 11.79. The final double bond conversieaahed is 35%, drastically different

incorporation of junction points compared to thedgercent of crosslinking monomer.
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Figure 3.6 Pendant Double Bond SchematicPendant double bond4&,(B, andC) are
double bonds that are sterically hindered by theosmding polymer network such that

they cannot bend around and react with surroundidgals E andF).
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Figure 3.7 Poly(MAA-co-EGDMA) Recognitive Polymer Rate of Polymerization at
Various Temperatures The rate of reaction was measured at -25°G, (0°C (=),

25°C (=), and 50°C+=). The rate of reaction increased as the temperatareased.
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Figure 3.8 Temperature Influence on Fractional Douke Bond Conversion.
Fractional double bond conversion versus tempezafior a poly (MAA-co-EGDMA)
recognitive polymer network shows an increase imbi® bond conversion with an

increase in polymerization temperature.
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Figure 3.9 Photoinitiator Wt% Effect upon Double Bond Conversion. Parameters

such as feed crosslinking percent (88%), solve#i (&0%), and monomer template ratio
(11.79) are held constant. Error bars represaridstd deviation (n = 3). Arrow
indicates the weight percent of initiator of theigoral poly(MAA-co-EGDMA)

recognitive polymer literature network.
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Figure 3.10 Fractional Double Bond Conversion of #&y(MAA-co-EGDMA)
Recognitive Networks: Solvent wt% Effect Upon Double Bond Conversion Note:
Parameters such as feed crosslinking percent (88W#8)(0.4 wt%) initiator, and
monomer template ratio (11.79) are held constairror bars represent standard
deviation (n = 3). Arrow indicates poly(MAA-co-EGDAJ recognitive polymer from

literature.
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Figure 3.11 Equilibrium Binding Isotherm for Poly(MAA-co-EGDMA) Recognitive
Polymers. Poly(MAA-co-EGDMA) recognitive polymer literatumaatch has a 0.4 wt %
initiator with a 35% final double bond conversiah( Poly(MAA-co-EGDMA)
recognitive polymer with 2.4 wt % initiator whichechonstrated an increased double
bond conversion of 48%»J. A modest increase in the capacity of the pokx@ico-
EGDMA) recognitive polymer is seen. The contrek=) has only non-specific

binding.Note: Error bars represent the standawmr ¢nr= 4).

91



(’/\I N NJ\NH
N N/) N

Figure 3.12 Template and Analogue Molecular Struetre. Template Molecule |,
ethyl-adenine-9-acetate (EA9AA). Selectivity molecule, ethyl-2-amino-1,6-dihydse-

0x0-4-pyrmidineacetate (EADOPBY.
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Figure 3.13 Selectivity Study for Poly(MAA-co-EGDMA) Recognitive Polymers.
Poly(MAA-co-EGDMA) recognitive polymer with 48% dble bond conversion was
selective toward the template, EA9/) (at a concentration of 2.0 mM. The EADQOSH (
bound by the imprinted polymer presented hereds than half of the EA9A bound by
the imprinted network. In this particular stud tholy(MAA-co-EGDMA) recognitive
polymer literature network, with a double bond cersion of 35%, was not selective.

Note: n = 3 and error bars represent the standeod e
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4.0 “LIVING/CONTROLLED” POLYMERIZATION TO PRODUCE

RECOGNITIVE NETWORKS

In this chapter, we explore the use of “living/aotied” polymerization to further
optimize the template binding parameters of imgdnpolymers. *“Living/controlled”
polymerizations show significant control over linepolymer kinetic chain length.
Control of the kinetic chain length within an impeed copolymer network could
contribute to a more homogenous material which dgiNe more structural control over
the macromolecular architecture. The reason fer ddded structural control is the
necessity for these materials to be engineeresggecific applications. By additional
control upon the network structure, the tailorapitf these networks increases; therefore,
tailorability will inevitability lead to improved ibding characteristics via a rationally
optimized macromolecular structure. The reactioalyamis was used to characterize the
imprinted polymers prepared “living/controlled” paterization reaction techniques, and
the binding parameters such as affinity, capaeityd selectivity of different networks
were compared. It is important to note that “colhdd” polymerization techniques have

never been applied to the synthesis of imprintdgdrper networks.
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4.1 Introduction to “Living/Controlled” Polymerizat ion

Iniferters, which are initiator-chain transfer maliles pioneered by Otzg have
been used to create linear polymer chains withpolydispersitie$>. Polydispersity or
polydispersity index (PDI) is the ratio of the aage molecular weight of the chains
divided by the number-average molecular weight fég 4.1 and Figure 4.2).
“Living/controlled” polymerization reactions havedn used to create linear polymers of
uniform chain length®, specific block copolymet&™® and grafted polymers on silicon
surface®?.  Shorter kinetic chain lengths have been show Wiving/controlled”
homopolymerization of methacrylic anhydritfe

Since its initial discovery, “living” polymerizains have developed greatly into a
wide variety of methodologies. Examples of “livingntrolled” techniques include, the
use of ring opening metathesis polymerization (RQW¥Prganometallic moleculé&s?
atom transfer radical polymerizatfo® (ATRP), reverse ATRP? anionic or cationic
polymerization, living Ziegler-Natta polymerizatiotelluride-mediated polymerization
(TERP), and iodide transfer polymerizafian

Polymerization using a “living” polymerization tetique, similar to conventional
free-radical polymerizations, has initiation, prgption, and termination events as
previously presented in Chapter 2, section 2.2.@rir[g the initiation step in a
conventional free-radical polymerization, the mitir is irradiated with UV light and
breaks into highly reactive carbon radicals. Tlaebon radicals actively initiate the
polymerization reaction. However, iniferters withiliving” polymerization reactions

decay upon UV irradiation into more stable dithid@amyl (DTC) radicals which do not
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actively initiate the polymerization. Therefof2TC radicals do not actively participate
within the propagation step. Conversely, the teanon step within “living”
polymerization is significantly different from coentional free-radical termination
events. Within “living” polymerization, the DTC d&al reacts with the propagating
chain forming a macro-iniferter. The macro-ini&rctan decay back into a DTC radical
and a propagating chain during the polymerizationThus “living/controlled”
polymerization adds a reversible termination stefhe polymerization reacti6h? It is
important to note that while there are many differeype mechanisms, virtually all the
methodologies have the reversible termination step.

“Living/controlled” polymerization approaches havad a significant impact
upon the field of linear homo-polymerizaticfi. Qin and coworkers have used
living/controlled polymerization techniques to abtdinear poly(methyl methacrylate)
(poly(MMA)) with a low polydispersity index (PDI=30Y. In addition, they show that
the polydispersity remains relatively constant ehitie molecular weight of the growing
poly(MMA) increase from 60,100 to 182,000 g/moledahe double bond conversion
increases from 27% to 7888 Matyjaszewski and coworkers have demonstrdtat t
similar results are obtained with “living/contralle mechanism in the formation of
polyacrylonitrile, and results show a polymer chaiolecular weight increase during a
23 hour time period with a low polydispersity (PRI85)°.

Similarly, “living/controlled” mechanisms have léd the formation of specific
block copolymers with well-controlled polydispers#. Block copolymer chains are
linear hetero-polymer chains with blocks of specifepeating monomer segments.

Research in the field of “living/controlled” polymeation has involved the building of
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specific block copolymers with highly controlled neomer segments within the polymer
chain in order to create chains of low polydispgrsiith specific functionality'® *> %
For example, a hydroxystyrene-b-isobutylene-b-hygstyrene unique triblock
copolymer has been developed exploiting “livingkrolled” polymerization for the
release of paclitaxel from heart stent coatthg#alinowska and coworkers used a novel
bifunctional inititiator in the presence of a CuCidtalyst to developed specific block
copolymers of methyl methacrylate and tert butytykate with low polydispersities
(PDI=1.13-1.56). In biomedical research, block copolymer chaiasehbeen used to
produce hydrogels with increased hydrophilicity aubsequent swelliny and self-
assembled polymersomes of various size and morgieslodegradable networks for use
as scaffolds for tissue regrowth

Living/controlled polymerization techniques havsoabeen used to graft polymer
chains and networks onto silicon, glass, or polysudrstrates in effect covalently binding
polymer chains to the surface of the substfat® Nakayama and coworkers have used
“living” polymerization to create specific polyN,Ndimethylacrylamide-polyN-[3-
(dimethylamino)propyllacrylamide block hetero-polgra grafted on a polystyrene
substrate. Additionally, Nakayama and coworketiagisimilar “living” polymerization
techniques have graftedN,N-dimethylacrylamide and N,N-dimethylaminoethyl

21, 32 In

methacrylate on chloromethylstyrene to produce Hyp@ched architecturts
addition, iniferters have been used to signifigardbntrol the molecular weight and
polydispersity of grafted linear polymer chainsaktted to the surface of the patrticle (i.e.,

“hairy” particles}’. Tsuji and coworkers have created hairy partiblegrafting Polyi{-

isopropylacrylamide) on polystyrene core partislies“living” polymerizatior?.
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In addition, these reactions have been used fo @@ognitive polymer networks
to surface$* * Titirici and coworkers have taken an L-phenytite anilide imprinted
poly(methacrylic acid-co-ethylene glycol dimethdatg) polymer and grafted it on
silicon substrate beatfs Wei and Husson have grafted Boc-L-Trp imprinpedymers
upon silica gel and have used high pressure lighidmatography (HPLC) columns
packed with them to show improved resolution of rdimeners and increased loading
capacity >°. Piletsky and coworkers have grafted an epinephimprinted 3-
aminophenylboronic acid network was on polystyremeetted’. Delaney and coworkers
have created creatine imprint& N-methylene diacrylamide networks grafted to the
surface of gold electrod®s It is important to note that these papers aget using
“living” polymerization to graft imprinted polymenetworks onto a surface not to
synthesize the imprinted network.

The research of “living/controlled” polymerizat®imo form crosslinked polymer
networks has been very limited. Ward and coworkess a model based upon Flory-
Stockmayer theory to simulate the effect of “liviogntrolled” radical techniques upon
linear polymer chains and crosslinked polymer nekwo. In addition, Ward and
coworkers use “living/controlled” polymerizations synthesize poly(ethylene glycol 200
dimethacrylate) networR& However, none of these papers use “living/colemd

polymerization techniques to synthesize imprintelyimer networks.
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4.2 Hypothesis

The hypothesis is that a “living/controlled” polgnzation mechanism would
create shorter overall kinetic chain length of paody chains, and shorter overall chain
length within polymer networks could potentiallyatislate into changes within the
polymer network. In addition, a decrease in thiydiepersity of the chains within the
polymer network would create a more homogeneousronamecular architecture.
Homogeneity within an imprinted crosslinked polymeetwork would provide a
optimum environment for the site specific bindinges. As a result of increased
homogeneity within the imprinted network, templdisnding characteristic such as
affinity, capacity, and selectivity would be enhadccompared to conventional free-

radical produced networks.

4.3 Recognitive Polymer Synthesis via “Living/Contolled” Polymerization

Techniques

This section describes the materials and methagirdang the synthesis of two
poly(MAA-co-EGDMA) recognitive systems created with'living/controlled”
polymerization techniques. Reaction analysis amlibg parameter determination
methods were similar to previously described meshodChapter 3, section 3.2.2, section

3.2.3, and section 3.2.4.
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4.3.1 Materials

The monomers, methacrylic acid (MAA) and ethylerlgcgl dimethacrylate
(EGDMA), had inhibitors removed via inhibitor remadvpacking sieves or vacuum
distillation prior to polymerization. The initiatoazo-bis(isobutyronitrile) (AIBN),
template molecule (ethyl adenine-9-acetate (EA9&t))yl 2-amino-1,6-dihydro-6-o0xo-4-
pyrmidineacetate (EADOP), and iniferter (tetraettyram disulfide (TED)) were used
as received. Monomers, inhibitor removal packingves, initiator, iniferter, template,
and template analogue were purchased from Aldidiwaukee, WI). HPLC grade
solvents, acetonitrile and methanol, were used ex®ived from Fisher Scientific
(Pittsburgh, PA). The polymerization solvent wa®taaitrile and the polymer wash
solvent (to remove template and unreacted monowas)acetonitrile/methanol at a 4:1

volume ratio.

4.3.2 Methods:Synthesis of “Living/Controlled” PolMAA-co-EGDMA) Networks

The synthesis of the poly(MAA-co-EGDMA) recogngiypolymer prepared via
“living/controlled” polymerization was carried oirt a similar manner to the recognitive
networks presented in Chapter 3. Synthesis metlextribed here prepare highly
crosslinked EA9A imprinted poly(MAA-co-EGDMA) netwks that will be
characterized within this chapter. A typical pobmization solution was made with 2.61
mL of EGDMA(13.83 mmoles), 0.16 mL of MAA(1.87 mnes), 3.96 mL of

acetonitrile(704.30 mmoles), 236.4 mg of AIBN, 44g of TED, and 35.4 mg of EA9A.
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Solutions were placed in a sonicator after eachtiadduntili a homogeneous solution
was obtained. After all components had been mikeel poly(MAA-co-EGDMA) pre-
polymerization solution was made. The solution e ready for polymerization. The
polymerization was carried out in a Q-100 differainphoto calorimeter (DPC) from TA
Instruments (New Castle, Delaware). Using the DRfaction analysis was used to
determine a double bond conversion of 44 % fopiig(MAA-co-EGDMA) network.

The rationale behind a second system was to camitee imprinted system
synthesized from literature data with 35% doubledoconversion to an imprinted system
via “living/controlled” techniques with a 35% doeldbond conversion. The network was
synthesized via trial and error using 254.52 m4I&N and 47.46 mg of TED.

The polymerization reaction was carried out iniffecential photo calorimeter,
DPC, at a temperature of 0°C. The total reactiometof the “living/controlled”
polymerization was 33 minutes compared to 10 mmdite the conventional reaction
(Figure 4.3). The increased reaction time was ttughe addition of a reversible
termination step within the polymerization reactiofihe wash step was carried out in a
Soxhlet extraction apparatus. The binding pararsetere determined by equilibrium
binding studies using EA9A in acetonitrile. Seaty studies were performed with the
template analogue EADOP. Specific details of tlashvstep and determination of the

binding parameters were presented previously irpha, section 3.2.3 and 3.2.4.
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4.4 Results and Discussion

There are two major results from exploiting “liviegntrolled” polymerization
techniques in the formation and optimization of imfgd or recognitive polymers. We
demonstrate an increase in template loading capeadih similar binding affinities and

an increase in template binding affinity with sianiloading capacities.

4.4.1 Template Loading Capacity Enhancement

The final double bond conversion for a poly(MAA-E&DMA) recognitive
polymer prepared via “living/controlled” polymerizan techniques was 44% (Figure
4.4), and the reaction was approximately three ditnager. Longer reaction times are
directly influenced by the reversible terminatidgapswithin the polymerization reaction.
The reversible termination step terminates a grgwadical until equilibrium dictates the
reverse reaction (Figure 4.5).

The binding studies for the poly(MAA-co-EGDMA) mgnitive polymer
prepared via “living/controlled” polymerization tetiques showed an increase in binding
for the template EA9A compared to the binding isoths for the poly(MAA-co-
EGDMA) recognitive polymer synthesized from litansd and the poly(MAA-co-
EGDMA) control (Figure 4.6). The template bindirdfinity and loading capacity
(calculated via Freundlich isotherm analysis) fa poly(MAA-co-EGDMA) recognitive
polymer prepared via “living/controlled” polymerimn techniques were 2.61 + 0.12

mM™? and 1421 + 64umolel/g, respectively. The template loading capafuir the
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recognitive polymer prepared via “living/controlfegolymerization techniques when
compared to the template loading capacity for tbly(MAA-co-EGDMA) recognitive
polymer synthesized from literature (776 * prhole/g) shows a 63% increase in the
template loading capacity. The values for the teeplbinding affinity and loading
capacity calculated via Freundlich analysis arsgmed for the poly(MAA-co-EGDMA)
recognitive polymer prepared via “living/controllepgolymerization techniques and the
poly(MAA-co-EGDMA) recognitive polymer synthesizdtbm literature in Table 4.1.
Both recognitive polymers have roughly equivaleimding affinities. Linearized forms
of the binding data for the poly(MAA-co-EGDMA) regoitive polymer prepared via
“living/controlled” polymerization techniques cae kiewed in Appendix A, section A.5.

The increase in binding is hypothesized to betdushorter kinetic chain lengths
and/or a more narrow dispersity of kinetic chaiwhkjch leads to a more homogeneous
network and potentially a more uniform crosslinknsigy. A smaller number of chains
with a narrow size distribution would decrease thesh size of the macromolecular
structure and lead to a more uniform and higherufamn of appropriately sized
imprinted macromolecular cavities (Figure 4.7). device in the literature of radical
chain homopolymerization of multifunctional monomerusing size exclusion
chromatography and measurements of crosslink gesisiport this conclusiof!.

Iniferters used in this work decay into two ditteobamyl (DTC) radicals, which
are more stable compared to carbon radicals. Eiglist of the DTC radical negates its
significance on the initiation and propagation stefpring the polymerization reaction,
which in this particular case required the addittbicarbon radicals, AIBN, to initiate the

polymerization reaction. During termination stepsh@ polymerization reaction, the
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Table 4.2 Calculated Binding Parameters for Poly(MA-co-EGDMA) Recognitive

Networks using Freundlich Isotherm Analysis: Increae in Template Loading

Capacity
Polymer Affinity (mM?) Capacity gmole/gram)
Poly(MAA-co-EGDMA)
recognitive polymer prepared via
living/controlled 2.61+0.12 1421 + 64
polymerization
(44% double bond conversion)
Poly(MAA-co-EGDMA)
recognitive polymer synthesized 312 +0.21 776 + 54

from literature
(35% double bond conversion)
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stable DTC radicals reversibly terminates with grgvpolymer radical chains which
forms a chain that can re-absorb UV light and ddmagk into a polymer radical and a
DTC radical ®® (Figure 4.4). The limitations and structural hetgmeity of radical
polymerizations caused by fast termination reastican be reduced since iniferters
provide a reversible termination reaction that\aidor the frustrations in the growing
polymer network to be minimized. Frustrations witla crosslinked polymer network
are conformations or arrangements of monomer chamsed during the polymerization
which are not in the lowest thermodynamic free gpestate. These frustrations are
formed via mobility constrainment of the growing lyoer chains from steric

hinderences of the surrounding polymer netWbrk

4.4.2 Template Binding Affinity Enhancement

To determine if changes in binding capacity werengrily due to double bond
conversion differences, another poly(MAA-co-EGDMARcognitive network was
synthesized via “living/controlled” polymerizatiomith a 35% double bond conversion.
The determination of the double bond conversion praormed by reaction analyisis. It
is important to note that in order to obtain a 388&tble bond conversion value a trial
and error variation of the initiator and inifertncentrations was conducted.

Results from the binding study shown in Figure gh8w the binding isotherms
for the poly(MAA-co-EGDMA) recognitive polymer praped via “living/controlled”
polymerization with 35% final double bond conversicompared to the poly(MAA-co-

EGDMA) recognitive polymer synthesized from litana (which had a 35% double
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bond conversion) and poly(MAA-co-EGDMA) control. reeindlich isotherm analysis
was used to calculate the template binding andrgachpacity for the network.

As shown previously in Chapter 3, section 3.2.#uRdlich analysis takes the
values from the linear regression of the Freundisditherm and calculates the average
affinity and capacity for the recognitive polymersThis analysis was used on all
recognitive systems studied within this dissertatiorhe method of analysis was taken
from Rampey and coworkers in their analysis of rolarly imprinted polymefs.
Equation 4.1 is the Freundlich Isotherm where Q is

Q=k,Cqg 4.1
the amount bound by the recognitive polymer, theildgium concentration is & the
Freundlich affinity is k and the exponent value is n.

The following equations and their explanations #re basis for the results
presented within this dissertation. Equation 4@ 4.3 give the maximum affinity )
and minimum affinity (Knn). Kmax and Kqin represent the limits at which the affinity
spectrum can be from and are determined from theimmen (G may and minimum

equilibrium concentrations (G-

Kun =—— 4.2

K = 4.3

The number of sites (Blx2) was taken between K1 and K2. K1 and K2 are iiffin
values between Kmin and Kmax. Equation 4.4 is tipeagon used for the number of

sites.

Ny, =K (L-n?)(K? =K D) 4.4
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The average affinityK ., ,) is calculated by equation 4.5.

1 _ e ln
K :( n ] K mKe 4.5
n-1\ K" -K;

It is important to note that for all the poly(MAAGEGDMA) recognitive polymers the

values for K and K were all equivalent which allowed for a comparidogtween
systems.

The results for the template binding affinity aleéding capacity were 5.94 +
0.40 mM* and 846 + 5Tuimole/g. These results when compared with the pbAA-co-
EGDMA) recognitive polymer synthesized from litans with a template binding
affinity of 3.12 + 0.21 mM shows a 85% increase in the template bindingiaffirThe
loading capacities for both networks were sta@diycsimilar. The template binding
affinity and loading capacity values calculated viee Freundlich analysis for the
poly(MAA-co-EGDMA) recognitive polymer synthesizeftom literature and the
poly(MAA-co-EGDMA) recognitive polymer prepared via‘living/controlled”
polymerization techniques with 35% double bond &awn are shown in Table 4.2.
Linearized forms of the binding data for the pol\M-co-EGDMA) recognitive
polymer prepared via “living/controlled” polymerizan techniques with 35% double
bond conversion can be viewed in Appendix A, secAd.

The poly(MAA-co-EGDMA) recognitive polymer preyeal via
“living/controlled” polymerization techniques wiB5% double bond conversion shows a
higher affinity for the template EA9A. Intrinsidyl this must be due to a higher

population of high affinity sites. We hypothesthe increase in the population of higher
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Table 4.2 Calculated Binding Parameters for Poly(MA-co-EGDMA) Recognitive

Networks using Freundlich Isotherm Analysis: Increae in Template Binding

Affinity
Polymer Affinity (mM?) Capacity gmole/gram)
Poly(MAA-co-EGDMA)
recognitive polymer synthesized 312 +0.21 776 + 54
from literature e -
(35% double bond conversion)
Poly(MAA-co-EGDMA)
recognitive polymer prepared via
living/controlled 504 +0.41 846 + 57

polymerization
(35% double bond conversion)
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affinity sites is due to better network control amdentations of functional monomer
within the network via polymerization with inifertavhich are due to shorter kinetic
chain lengths and/or a more narrow dispersity afe#c chains, leading to a more
homogeneous network. Homogeneity within the maoteoular network in conjunction
with smaller kinetic chain lengths can potentiatigld smaller mesh size distributions
within the network forming a more appropriate sizedymer support network for the
formation specific high affinity recognition sitesBinding isotherms of all EA9A

imprinted poly(MAA-co-EGDMA) polymer networks dedoed and compared within
this chapter are presented in Figure 4.9 Similaralues of template binding affinity
and loading capacity calculated via Freundlich wsial for all EA9A imprinted

poly(MAA-co-EGDMA) polymer networks are presentedliable 4.3.

4.4.3 Selectivity

Selectivity studies were also performed upon thdy(MAA-co-EGDMA)
recognitive polymer prepared via “living/controllegolymerization techniques.The
selectivity study was done in the exact same maasaresented in Chapter 3, section
3.2.3 using the template substitute, EADOP. Thedibg capacity for EA9A and
EADOP for the poly(MAA-co-EGDMA) recognitive polymewith 48% double bond
conversion and the poly(MAA-co-EGDMA) recognitiveolpmer prepared via
“living/controlled” polymerization techniques isgeented in Figure 4.10. It is important

to note that these two recognitive polymers havg senilar double bond conversions.
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Table 4.3 Calculated Binding Parameters for Poly(MA-co-EGDMA) Recognitive

Networks using Freundlich Isotherm Analysis.

Polymer Affinity (mM?) Capacity gmole/gram)

Poly(MAA-co-EGDMA)
recognitive polymer synthesized

. 3.12+0.21 776 =54
from literature
(35% double bond conversion)
Poly(MAA-co-EGDMA)
recognitive polymer prepared via
living/controlled 504 +0.41 846 + 57

polymerization
(35% double bond conversion)

Poly(MAA-co-EGDMA)
recognitive polymer 2.63+0.17 860 + 60
(48% double bond conversion)

Poly(MAA-co-EGDMA)
recognitive polymer prepared via
“living/controlled”
polymerization
(44% double bond conversion)

2.61+£0.12 1421 + 64

110



The values of selectivity based upon capacitieeevze4 + 1.0 and 1.9 = 0.5 for
poly(MAA-co-EGDMA) recognitive polymer with 48% dble bond conversion and
poly(MAA-co-EGDMA) recognitive polymer prepared via‘living/controlled”
polymerization techniques, respectively. It is ortpnt to note that poly(MAA-co-
EGDMA) recognitive polymer prepared via ‘“living/doolled” polymerization
techniques had a 63% increase in the number ofrigrgites while retaining a selective
nature for the template. It is hypothesized thating/controlled” polymerization
decreases the kinetic chain length and creates r@ mamogeneous macromolecular
structure which provides an optimum network for th®bilization for the three
dimensional spatial arrangement of functional geowhich would enhance the template
binding parameters. In addition, the minimizatarthe frustrations through reversible
termination reactions reduce the steric hinderemgdsn the growing polymer network
and allow the monomers to conform to thermodynaltyidawer energy states which
would translate into a more thermodynamically carigel environment which potentially
increase and/or enhance the number of effectiveifgpbinding sites within the network.

Selectivity studies based upon affinities wasf@raed on the poly(MAA-co-
EGDMA) recognitive polymer prepared via “living/doolled” polymerization
techniques. Specifics on the study can be founcChapter 3, section 3.3.2. The
selectivity number calculated was (1.47 + 0.07) tobe poly(MAA-co-EGDMA)
recognitive polymer prepared via “living/controllfedolymerization techniques. These
results also indicate that there is an increasedben of binding sites by 63% while

retaining selectivity for the target molecule, EA9Xalues of the selectivity based upon
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Table 4.4 Calculated Selectivity Numbers based upofffinities and Capacity for

Poly(MAA-co-EGDMA) Recognitive Networks.

. Selectivity
Polymer (Kse'e}‘z“’“y ) (Bound EA9A/Bound EADOP)
EAOATTREADOP (2mM™ Concentration)
Poly(MAA-co-EGDMA)
recognitive po_lymer synthesized 163+0.11 N/A
from literature
(35% double bond conversion)
Poly(MAA-co-EGDMA)
recognitive polymer 1.81+0.12 24+1.0
(48% double bond conversion)
Poly(MAA-co-EGDMA)
recognitive polymer prepared via
living/controlled 1.47 +0.07 1.9+05

polymerization
(44% double bond conversion)
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affinity values for the poly(MAA-co-EGDMA) recogimte polymer synthesized from
literature, the poly(MAA-co-EGDMA) recognitive patyer with 48% double bond
conversion, and the poly(MAA-co-EGDMA) recognitivpolymer prepared via
“living/controlled” polymerization techniques areegented in Table 4.4. It is important
to note that selectivity studies were not donetlierpoly(MAA-co-EGDMA) recognitive
polymer prepared via ‘“living/controlled” polymerizan with 35% double bond
conversion.

In addition to these studies a detailed washinglyais on the quantities of
template EA9A theoretically in the polymer netwotdlqund by the polymer network
(assessed by binding isotherms), and the amourfteslasut using Soxhlet extraction.

These studies are presented and discussed in Agggnd

4.5 Conclusion

We are the first group within the field to empldiliving/controlled”
polymerization to synthesize imprinted polymer ratkg. This work indicates that
“living/controlled” polymerization technigues camcrease the template binding capacity
over that of conventional free-radical polymeriaas (demonstrated here by a 63%
increase). At matching conversions, “living/coffird” polymerization technigques can
increase the template binding affinity (demonsttdtere by a 85% increase). In addition,
EA9A imprinted poly(MAA-co-EGDMA) polymers show sadtivity of 1.47 £ 0.07 with
the 63% increase in template loading capacity. iflceease in binding parameters is

hypothesized from shorter overall kinetic chain gifis, a more homogeneous
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macromolecular architecture within the polymerictwagk, and minimization of

limitations and structural heterogeneity of radiqalymerizations caused by fast
termination reactions through reversible terminatioeactions that allow the
minimization of frustrations in the growing polymer Additional work with

“living/controlled” polymerization strategies in iinction with reaction analysis of
molecular imprinted polymers will inevitability ldao improved binding characteristics
via a rationally optimized macromolecular structureSince imprinted network
applications depend implicitly on the extent of woh of the structural and binding
characteristics, this work and future work in thi®a are expected to yield promising

new materials for sensors, point-of-care diagnestiad drug delivery carriers.
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Figure 4.1 Schematic of the “Living/Controlled” Polymerization of Linear Chains.
Conventional free-radical polymerization methodspidglly yield high chain
polydispersities which are distributions of polymehnains of varying lengthsAjf.
“Living/controlled” polymerization techniques haveeen shown to produce linear

polymer chains with shorter kinetic chain lengtteng with low polydispersitiesH).
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# of Chains

Figure 4.2 Schematic of the Distribution of LinearPolymer Chains Polydispersity is
the ratio of the weight average molecular weightidid by the number average
molecular weight (M/My). The solid line presents linear polymer chastritbution with
a low polydispersity. The dashed line presentsnaal polymer chain distribution

exemplifying a high polydispersity within the limea polymer chains.
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Figure 4.3 Polymerization Time for “Living/Control led” versus Standard UV Free-
radical Polymerization of Poly(MAA-co-EGDMA) Imprin ted Networks. The
polymerization incorporating “living/controlled” jpomerization techniques=¢) has a
2200 second polymerization time while the converdldJV-free radical polymerization
(~—) has a 1000 second polymerization time. Longdyrperization reaction times are

typical of “living/controlled” polymerization.
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Figure 4.4. Dynamic Double Bond Conversion of a PgIMAA-co-EGDMA) Polymer
Network via “Living/controlled” Polymerization. Double bond conversion verses time
for a polymer synthesized with “living/controlleddolymerization with 88% feed
crosslinker and monomer-template ratio of 11.79e Timal double bond conversion

reached is 44%.
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Figure 4.5. Reversible Termination. The schematic shows the reversible termination
reaction that occurs with the DTC radical and awgng polymer radical to form a
macroiniferter. This macroiniferter can be irradéhwith UV light to decay into a DTC
radical and polymer radical to continue the reactwocess. Note:n = number of

repeating ethylene glycol units.
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Figure 4.6 Equilibrium Binding Isotherm for a Poly(MAA-co-EGDMA)
Recognitive Polymer Synthesized via “Living/contrded” Polymerization
Techniques. Poly(MAA-co-EGDMA) recognitive  polymer prepared iav
“living/controlled” polymerization techniques wi##% double bond conversiol | has

a 63% increase in the number of binding sites ¢ivar of the poly(MAA-co-EGDMA)
recognitive polymer synthesized from literatue¢ (35% double bond conversion). Both
recognitive networks showed higher binding than ploé/(MAA-co-EGDMA) control

(==). Note: Error bars represent the standard errer4).
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Figure 4.7 Controlled/Living Polymerization and the Effect on Imprinted Network
Structure. A. In mono-vinyl polymerization, the use of inifer yields a lower
polydispersity of kinetic chains and decreased ayerchain length.
crosslinked networks, addition of iniferter leadsatmore uniform and higher population
of appropriately sized imprinted macromolecularitas for the template. An optimal

mesh sizef, gives the binding site a better functional coafagion which leads to

enhanced binding properties.
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Figure 4.8 Equilibrium Binding Isotherm for Poly(M AA-co-EGDMA) Recognitive
Polymer Synthesized via “Living/controlled” Polymerization Techniques: Matching
Double Bond Conversions. Poly(MAA-co-EGDMA) recognitive polymer preparedav
“living/controlled” polymerization techniques witB5% double bond conversiom\)(
shows a slight increase in loading capacity ovet of the poly(MAA-co-EGDMA)
recognitive polymer synthesized from literature) (35% double bond conversion).
However, Freundlich isotherm analysis yields arreéase in template binding affinity
(5.94 + 0.40 compared to 3.12 + 0.21) MMBoth recognitive networks showed higher
binding than the poly(MAA-co-EGDMA) controk=€). Note: Error bars represent the

standard error (n = 4).
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Figure 4.9 Binding Isotherm Comparison of All EA9A Imprinted Poly(MAA-co-
EGDMA) Networks Conventional Free-Radical versus “living/controlled”
Polymerization Techniques. This figure presents all the isotherms for EA®printed
poly(MAA-co-EGDMA) networks, the poly(MAA-co-EGDMA)recognitive polymer
prepared via “living/controlled” polymerization teuques with 44% double bond
conversion @), the poly(MAA-co-EGDMA) recognitive polymer premal via
“living/controlled” polymerization techniques wit6% double bond conversion)( the
poly(MAA-co-EGDMA) recognitive polymer with 48% dbie bond conversiorsj, the
poly(MAA-co-EGDMA) recognitive polymer synthesizédom literature ¢), and the

poly(MAA-co-EGDMA) control &=). Error bars represent the standard error (n = 4)

129



0.012
—~  0.01 -
£
T
2 0.008 -
(%]
k)
£ 0.006 -
S
2 0.004 -
>
o
m
0.002 A
0 .

(48% Double Bond Conversion) “Living/controlled”
(44% Double Bond Conversion)

Figure 4.10 Selectivity Comparison for Poly(MAA-coEGDMA) Recognitive
Networks for Ethyladenine (EA9A): Selectivity Study. Both networks were more
selective for EA9A &) than that of the analog molecule EADOS @t template and

analog concentrations of 2.0 mM. Error bars regwestandard deviation (n = 3).
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Figure 4.11 Poly(MAA-co-EGDMA) Networks Binding Isaherms for EA9A and

EADOP: Selectivity Analysis Poly(MAA-co-EGDMA) recognitive polymer network
with 48% double bond conversiom)(and poly(MAA-co-EGDMA) recognitive polymer
prepared via “Living/controlled” polymerization tetiques &) have higher selectivity
for the template EA9A than for the template anaE§DOP based upon affinities
calculated from these isotherms. Binding isotlerfar EADOP are shown for
poly(MAA-co-EGDMA) recognitive polymer network with8% double bond conversion
(o) and poly(MAA-co-EGDMA) recognitive polymer prepar via “Living/controlled”

polymerization techniques). Error bars represent standard error (n = 4).
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5.0 ENHANCED TEMPLATE LOADING AND CONTROLLED RELEAS E
VIA “LIVING/CONTROLLED” POLYMERIZATION
REACTIONS: FOCUSING ON POTENTIAL

DRUG DELIVERY CARRIERS

In this chapter, we transition from highly croekkd imprinted networks to
weakly crosslinked imprinted gels. In Chapter #e tuse of ‘“living/controlled”
polymerization techniques increased the templatelibg capacity by 63% in a highly
crosslinked network. Thin films employing the ugeveakly crosslinked imprinted gels
have been the subject of significant merit withire ffield of advanced drug delivery
carriers. Furthermore, an increase in the temphateling capacity within weakly
crosslinked polymer networks would significantlypact the field of imprinted materials
for advanced drug delivery.

Our hypothesis from Chapter 4, explaining the 6Bfitrease in the template
binding capacity, was due to shorter kinetic changths and/or a more narrow dispersity
of kinetic chains, which leads to a more homogesamtwork structure (i.e., structure
lends itself to larger number of appropriate sigedrinted cavities). Highly crosslinked
imprinted polymer networks, such as those preseiie@hapter 4, are very brittle
(networks must be solvated at all times to keemfavacking) which make the analysis
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of the material properties extremely difficult. \WMever, mechanical analysis of flexible,
weakly crosslinked gels has been used to calcti@enesh size of imprinted and non-
imprinted gels. The binding parameters of impdntgels synthesized via
“living/controlled” polymerization methodologiescalg with mesh size analysis could
potentially illuminate structural characteristidsat influence the increase in binding
parameters.

The two weakly crosslinked imprinted networks/ged®d in this study were an
ethyl-adenine-9-acetate (EA9A) imprinted poly(methac acid-co-ethylene glycol
dimethacrylate) (poly(MAA-co-EGDMA)) copolymer netwk and a diclofenac sodium
imprinted poly(diethylaminoethyl-methacrylate-cd¥2droxyethyl-methacrylate-co-
polyethyleneglycol 200 dimethacrylate) (poly(DEAEM-HEMA-co-PEG200DMA)
copolymer network. Both copolymer networks are kiacrosslinked with 5%
crosslinker (moles of crosslinking monomer dividbg mole of all monomers in

solution).

5.1 Introduction to Controlled Drug Delivery

Controlled drug delivery by definition is a method technique that delivers a
therapeutic amount of drug in an extended durdatahe body. Drugs and drug delivery
carriers can be delivered via an enteral routeaoemqteral route. Drug delivered through
an enteral route enters the body through the gasstinal (Gl) tract by absorption and
then enters the blood circulation. Specificallye enteral route refers to drug delivery
via the Gl tract which means drug can be absorli@dhe tongue (i.e., sublingual), the
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mouth (i.e.,buccal cavity), the stomach (i.e., geally), the intestine (i.e., small and
large intestines), and the rectum. The parentetde refers to methods of drug delivery
such as intravenous, intramuscular, subcutanentitadermal, percutaneous, inhalation,
intraarterial, intrathecal, intraperitoneal, andjival’. The most common forms of drug
delivery are oral, ingestion, pulmonary, and tramstal’. Each drug delivery method has
advantages and disadvantages when delivering tgtia@mounts of drug to the body.

In many cases, drug delivery from thin films armhtings is based upon the
Fickian model of release kinetics. Gels exhibghhrelaxation rates and rate limiting
diffusion processes which typically result in tredease rate being proportional to the
concentration gradieht The advantage of tuning co-polymer network fiowlity is the
ability to manipulate the macromolecular structoinethe micro-scale thus controlling the
drug release ratd>. The control of diffusional characteristics withihese gels is a
distinct advantage for drug delivery applications.

Macromolecular memory within co-polymer gels isetatively new method for
additional control of the therapeutic diffusion gblaracteristics and is especially useful
with thin films and coatings. Imprinting techniguentroducing “macromolecular
memory” within gels increase the tailorability dfiet macromolecular structure by
producing gel networks with intrinsic template bingl parameters of affinity and
capacity for the template molecule. Binding andmogy of template therapeutics within
hydrogel networks have shown extended therapeet&ase potential within thin films
for use within ocular delivery *©

Over 90% of the current methods of ocular drugvedey are in the form of
topical eye drops that treat ocular disease. Thg dolution within topical eye drops is
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very concentrated because of low bioavailabilitghmonly 1-7% of the applied drug
being absorbe& *. The use of topical eye drop solutions delivdeafve amounts of
drug to the eye; however, within a 15 minute tirpars after initial application, all the
drug from the instilled eye-drop volume has beested from the eye by tear turnover.
Drug delivery via thin films using enhanced temelatffinity and loading will allow for
an advanced drug delivery device, such as a comeast for controlled therapeutic

delivery to the eye.

5.2 Hypothesis

The hypothesis is that with the use of a “livingftolled” polymerization
mechanism within weakly crosslinked materials, safigal increases in the template
loading/capacity for both an EA9A imprinted poly(MAco-EGDMA) network and an
diclofenac sodium imprinted poly(DEAEM-co-HEMA-cd=B200DMA) network will
be observed. Dynamic mechanical analysis of weakbgslinked imprinted gels will
illuminate inherent changes in network structure.(ia more homogeneous imprinted
network) resulting from “living/controlled” polymimation. Dynamic template release
analysis of these imprinted gel networks formed Wi@ing” reaction schemes with
increased loading and altered structural charatiesiwill show enhanced tailorability of

the template release profiles of these imprintdahgivorks.
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5.3 Materials and Methods

Described in this section are the materials anchatst used in the synthesis of
two loosely crosslinked networks: poly(MAA-co-EGDNMAImprinted gels and
poly(DEAEM-co-HEMA-co-PEG200DMA) imprinted gels. llAgels were synthesized

containing 5% crosslinker in the feed composition.

5.3.1 Materials

The monomers, methacrylic acid (MAA) and ethylerlgcgl dimethacrylate
(EGDMA), had inhibitors removed via inhibitor remadvpacking sieves or vacuum
distillation prior to polymerization. Monomers used received were 2-hydroxyethyl
methacrylate (HEMA), diethylaminoethyl methacryl{leEAEM). The initiator azo-
bis(isobutyronitrile) (AIBN), template moleculestlfgl adenine-9-acetate (EA9A) and
diclofenac sodium), and iniferter (tetraethylthimradisulfide (TED)) were used as
received. Monomers, inhibitor removal packing s®vinitiator, iniferter, and template
were purchased from Aldrich (Milwaukee, WI). Poly{gene glycol 200 dimethacrylate
(PEG200DMA) was purchased from Polysciences, Inarfiigton, PA). HPLC grade
solvents, acetonitrile and methanol, were used exived from Fisher Scientific
(Pittsburgh, PA). The polymer wash solvent (to reenademplate and unreacted
monomer) was acetonitrile/methanol at a 4:1 voluawo for the EA9A recognitive

network or deionized water for the diclofenac sadi@cognitive network.
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5.3.2 Methods: Synthesis of Poly(MAA-co-EGDMA) Reanitive Gels

A typical polymerization solution resulting in a\&A imprinted poly(MAA-co-
EGDMA) gel, was made with 0.187 mL of EGDMA(0.993mwmie), 0.16 mL of
MAA(18.86 mmoles), 18.55 mg of AIBN, and 84.06 nfgg®A9A. Solutions were placed
in a sonicator for several minutes until all solidere dissolved. Poly(MAA-co-
EGDMA) control gel solution was made exactly in g#@me manner as the recognitive
gel except no EA9A template was added. Poly(MAAEESDMA) recognitive gel
prepared via “living/controlled” polymerization tetiques was made by addition of 3.89
mg of iniferter, TED. The molar ratio of the molekinitiator divided by the moles of
iniferter was 8.61. For both recognitive gels, @éneount of monomer and template added
to mixtures was 0.16 mL of MAA, 0.187 mL of EGDMAnd 84.06 mg of EA9A. For
polymerization, the temperature of polymerizatiomswl4°C = 1°C throughout the
exothermic reaction and a light intensity of 52.8/fon?. Lower temperatures resulted
in freezing of the pre-polymerization mixture. Alblymers were polymerized within the
DPC resulting in discs having 3 mm diameter andniimthickness.

Poly(MAA-co-EGDMA) gel disks for template diffusioanalysis studies were
made with a specially designed glass mold to aehe&edisk size of 28 mm diameter and
1 mm thickness. These disks were polymerized tdngperature of 14°C and light
intensity of 52.5 mWi/cth The disks were washed in a modified Soxhletagion

device to ensure the disks were immersed in sokveall times.
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5.3.3 Methods: Synthesis of Poly(DEAEM-co-HEMA-co-EG200DMA) Recognitive

Gels

A typical polymerization solution for the diclofemasodium imprinted
poly(DEAEM-co-HEMA-co-PEG200DMA) gel was made with336 mL of DEAEM
(1.673 mmole), 3.659 mL of HEMA (30.118 mmole), 3B5mL of PEG200DMA (1.673
mmole), 20 mg of AIBN (0.121 mmole), and 150 mgditlofenac sodium (0.352
mmole). The components were mixed and sonicatddl swlids were dissolved in
solution. The poly(DEAEM-co-HEMA-co-PEG200DMA) reguaitive gels were prepared
with the template molecule, and the control gelsemgrepared without the template.
Poly(DEAEM-co-HEMA-co-PEG200DMA) control gel wasettexact same mixture of
monomers and initiator excluding the template makec Poly(DEAEM-co-HEMA-co-
PEG200DMA) recognitive gel prepared via “living/¢cmiled” polymerization technique
was synthesized with 4.20 mg of TED (0.014 mmolah)d 40 mg of AIBN (0.242
mmole). The solutions were pipetted between twa 6” glass plates separated by 0.25
mm Teflon spacers using long-stemmed pipettes. dlhss plates were coated with
trichloromethylsilane to prevent strong adhererfdd® polymer matrix to the glass. The
solutions and equipment were then transferred kdBsaun Labmaster 130 1500/1000
Glovebox (Stratham, NH), which provided an ineitrbgen) atmosphere for free-radical
UV photopolymerization. The solutions were leftcapped and open to the nitrogen
until the Q levels inside reached negligible levels (<1 PPMJhe polymerization
reaction was carried out for 8 minutes for the (OFAEM-co-HEMA-co-
PEG200DMA) control and recognitive gels while fohet “living/controlled”
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polymerization prepared polymers the reaction tiwas 24 minutes. The intensity of
light from a UV Flood Curing System (Torrington, CWas 40 mW/crhat a voltage of
325V, and the temperature within the glovebox @&%C.

The glass plates were soaked in deionized (Dlewanhd the polymers were
peeled off the plates and cut into circular dissisgia size 10 cork borer (13.5 mm). The
gels were washed in a well-mixed 2 L container ofnater for 7 days with a constant
5 mL per minute flowrate of de-ionized water thrbuthe container. Absence of
detectable drug released from the polymer was igdriby spectroscopic monitoring.
The discs were allowed to dry under laboratory domts at a temperature of 20°C for
24 hours and then transferred to a vacuum ovenn(21g, 33-34°C) for 24 hours until

the disc weight change was less than 0.1 wt%.

5.3.4 Methods: Binding Studies for Poly(MAA-co-EGDM\) Gels

Binding analysis was conducted using poly(MAA-cofBE@A) recognitive gel
disks within acetonitrile. After a 24 hour peridthe absorbance of the solution was
measured with a Synergy UV-Vis spectrophotomet&eparate kinetic studies were
performed to assure equilibrium conditions wereched. A mass balance was used to
determine the bound amount of drug within the paymel. This binding analysis was

performed using similar methods as described posliyan Chapter 3, section 3.2.3.
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5.3.5 Methods: Binding Studies for Poly(DEAEM-co-HBMA-co-PEG200DMA) Gels

A stock solution of 1 mg/mL of diclofenac sodiunasvprepared and diluted to
five concentrations (0.05 mg/mL, 0.10 mg/mL, 0.1§/mL, 0.20 mg/mL, and 0.25
mg/mL) in 50 mL conical vials. Initial absorbanad@seach concentration were measured
in the UV-vis spectrophotometer. After the initaldlsorbance, a washed poly(DEAEM-
co-HEMA-co-PEG200DMA) polymer disk was inserted each vial and allowed to
equilibriate over a 7 day period. After equilibriuwas reached, the solutions were
vortexed for 10 seconds, and the absorbances oédhéibrium concentrations were
measured via the Synergy UV/Vis spectrophotomeBeoTek Instruments, Winooski,
VT). The wavelength of absorbance for diclofenadism was 276 nm. It is important
to note that all gels were analyzed in triplicateis important to note all binding values

are based upon the dry weight of the gel.

5.3.6 Methods: Template Diffusion Analysis of Poly|AA-co-EGDMA) Gels

Dried, washed discs were placed in a 2.0 mM smiutf EA9A in acetonitrile
and allowed to reach equilibrium. Release studiese performed using 50 mL
polypropylene conical vials with 25 mL of acetoitr Mixing was achieved by placing
vials on an Ocelot oscillator (Boekel Scientifigdsterville, PA). To ensure an infinite
sink for the release studies, the fluid was chareyeay 8 hours for the first 36 hours and

thereafter every 24 hours. At every fluid chang@08 uL aliquot of the solution was
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taken and the EA9A concentration was measured Wa dgectrophotometry at a
wavelength of 265 nm.

The diffusion coefficient of template was calcathtfrom Fick’s law, which
describes one-dimensional planar solute release §rels®. For geometries with aspect
ratios (exposed surface length/thickness) grehter 10, edge effects can be ignored and
the problem approached as a one-dimensional prce3siution of Fick’s law for short

times of diffusion is given by equation, 5.1,
1
2
M, :4{&} 5.1

whereM; is the mass of EA9A released at titéVl.. is the mass of EA9A released at
time equal to infinity,D is the diffusion coefficient independent of pawsiti and
concentration, and. is the thickness of the disk. For each polymetwoek, the
fractional release of EA9AMY/M.) versus €°/L) was plotted and the diffusion

coefficient was calculated from the slope.

5.3.7 Methods: One Dimensional Transport Analysis rom Poly(DEAEM-co-

HEMA-co-PEG200DMA) Gels

The diffusion studies for the hydrogels employe8ide-Bi-Side Cell Diffusion
Apparatus, (PermeGear, Hellertown, PA). Afterweeshing procedure, the thickness of
the swollen gels was measured with an electronozamieter. The gels were then placed
between the diffusion cells. An aliquot of 3.4 .1 mM diclofenac sodium aqueous

solution was placed on one side of the hydrogelendmother 3.4 mL aliquot of DI water
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was placed in the other side of the cell. At vasidzimes, 0.2 mL aliquots were taken
from both the donor and receptor cell and were omeadsvia a Synergy UV-Vis
spectrophotometer (BioTek Instruments, Winooski, rivient) to determine the
concentration within each side of the cell. Datswollected and linear regression of the
data was analyzed by plotting (Ln(1+8C)) against (-2At/V) then calculating the slope

to determine the permeability (5.2),

L 1- 2| = 2Ap 5.2
C, Y,

whereC; is the concentration in the receptor c€ll,is the concentration of the donor cell,

A is the area of diffusiony is the volume of each half cell,is time, andP is the

permeability. The diffusion coefficient was caletdd from the following two equations,

D =P—6 53
Kd
v (C -
Kd :&: S(CI CO) 54
CS VmCo

5.3 and 5.4, wherB is the diffusion coefficient? is the permeabilityy is the hydrogel
thickness,Kq is the partition coefficientCy, is the concentration of the solute in the
hydrogel at equilibriumCs is the concentration of the solute in solutioe@ilibrium,C

is the initial concentration of the solute in sauat andC, is the concentration of the
solute in solution after equilibrium. The volunmefsthe solution and the hydrogel are

andVy, respectively.
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5.3.8 Methods: Determination of Polymer Gel SpecifiVolumes/Swelling Studies

After polymerization, three gels of each polymesteyn were taken for dry,
swollen, and relaxed specific volume determinaBaperiments. These were calculated
for the poly(MAA-co-EGDMA) recognitive gel, the pdMAA-co-EGDMA) recognitive
gel prepared via “living/controlled” polymerizatiotechniques, the poly(DEAEM-co-
HEMA-co-PEG200DMA) recognitive gel, and the poly(REM-co-HEMA-co-
PEG200DMA) recognitive gel prepared via “living/¢oolled” polymerization
techniques. For the dry specific volume deternnomatgels were placed in the vacuum
oven at a temperature and pressure of 30°C 28 snchélg vacuum until the weight
change was less than 0.1 wt%. Once dry, the gete then taken out and the dry mass
was measured on a Sartorius scale. Afterwardnaityedetermination kit was installed
on the Sartorius scale. The mass of the gel was tireasured in heptane, a non-solvent
(density of 0.684 g/mL at a temperature of 25°Gnce measurements were taken,
Archimedes bouyancy principle was used to calcuta¢edensity of the dry polymer as

shown in equation 5.5,

_ Wa [Ioh

- 5.5
W, -W,

Px

wherepy is the density of the sampM/, is the mass of the sample in ai s the density
of heptane, andl\, is the weight of the sample in heptane. The $ipecolume of the
polymer was calculated as the reciprocal of densifyie experiment was repeated for
both the relaxed and swollen gel. The relaxedspgetific volume was calculated directly

after the polymerization reaction without any aaial solvent being introduced into the
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gel. The swollen gel specific volume was calcuasdter the gel reached swelling
equilibrium with the solvent for each system. H®wilibrium volume swelling ratio Q

was calculated with the swollen volurdeand the volume of the dry polyméfyy, (5.6).

=_S 5.6
Q V

dry
Dynamic swelling studies of the poly(DEAEM-co-HEM&-PEG200DMA) gels

were preformed by measuring the initial gel dry gieito determine the dry mass of
polymer. The gel was then placed in a 0.5 mg/ndloéénac sodium solution (i.e., gel
was loading in addition to swelling). The gel waken out of solution and patted dry
with Kimwipes®, and the gel weight measured. Afteg weight was measured, the gel
was placed back in solution to continue swellinthe measurement was repeated once
every 5 minutes for the first hour, once every li@utes for the second hour, and then

every 30 minutes until the gel reached a constasisrwhich indicated equilibrium.

5.3.9 Methods: Calculation of Mesh Size

Static experiments were performed on EA9A imprinpedy(MAA-co-EGDMA)
and diclofenac sodium imprinted poly(DEAEM-co-HEM#&-PEG200DMA) gels in the
equilibrium swollen state (with solvents being aceétrile and DI water, respectively).
Samples of each gel (1 mm x 5 mm x 15 mm stripsgwemoved from the solvent and
analyzed with a RSA Ill Dynamic Mechanical AnalyZ&MA), (TA Instruments, New

Castle, DE) to obtain stress versus strain. Eaplkranent was conducted in controlled
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force mode with a force ramp from 0.001 to 0.3 T™he raw data obtained for each gel is
included in Appendix A, section A.4.

Polymer gel mesh size was calculated via dataecttl from the static
experiments via a DMA and by using the theory diber elasticity. The following

equation” ! describes the tension of a swollen, un-stretcludghper sampler.

RT
r=| e [a—izj 5.7
\m? a

R is the universal gas constaiiitis the temperaturey is the effective number of moles
of chains in a real network/ is the volume of the swollen polymersis the swollen
polymer fraction calculated by polymer dry voluMg, divided by the polymer swollen
volume V;, anda is the deformation of a network structure by ebtr@pn which is
equivalent to the stretched length over initiabign(o = L/L,).

The following equatioh *? takes into account the polymer swollen until

equilibrium with the solvent, but not prepared atvent.
r= RT(_i j 1- 2Me [a—izjuz%s 5.8
vM. M, a ’

wherev is the specific volume of the polymer in the redxstate M, is the number

average molecular weight, amd.is the average molecular weight between crosslinks.

Taking equation 5.8 and the fact that the averagkecular weight between crosslinks is

much smaller than the number average molecular hvdige., M . << M,) will yield

equation 5.9.
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r= RT(_% j(a —%juié 5.9
VIVl ¢

The stress and strain data obtained by the stgperenents from DMA was plotted with

the a term on the y axis and tensioron the x axis to obtain the slope which gave the
average molecular weight between crosslivks. To determine the actual mesh size,

of the polymer network, the relationship fto M. is needed from Peppas and Barr-

Howell®> 13

£= Q%{ZC{MC j]%l 5.10
M,
where Q is the equilibrium volume swelling rati@, is the characteristic ratio for the
polymer (obtained from the molar average of @drom the homopolymers), and; is
the effective molecular weight of the repeating déetermined by a weighted average of
the copolymer composition). It is important to emdhe equilibrium volume swelling
ratio, Q, is the swollen volume of the gel dividey the dry volume of the gel or the
reciprocal of the swollen polymer volume fractioifthe C, values used in this analysis
were for polymethacrylic acidCy = 14), for polyethylene glycol dimethacrylat€,(
=3.8), and for the poly(DEAEM-co-HEMA-co-PEG200DMA)typical average value of

the characteristic raticC{ = 11) was usedf *** The carbon-carbon bond length of the

polymer backbone, which is equal to 1é4is represented by length,
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5.3.10 Methods: Dynamic Template Release Profiles

The gels, after reaching equilibrium with the dielvac sodium binding solution,
were placed in a Sotax Dissolution Apparatus, (Hans, PA) in 1000 mL of artificial
lacrimal solution. The artificial lacrimal soluhioconsisted of solution 6.78 g/L NaCl,
2.18 g/L NaHCQ, 1.38 g/L KCI, and 0.084 g/L Cag£2H,0, and the pH of the solution
was 8.0'". The lacrimal solution was stirred at a constate of 75 rpm by the paddles
within the dissolution apparatus and kept at a tsoisemperature of 37°C. The solution
within the dissolution apparatus was measured \Baotek Synergy UV/Vis at 276 nm
until the change in concentration within the sauatdid not change more than 1%. The
dissolution experiments were performed on two typegoly(DEAEM-co-HEMA-co-
PEG200DMA) recognitive gels and the control gel.

The fractional template release profiles were rdeiteed by taking the amount of
diclofenac sodium released at the specified time#gd the dissolution experiment,iM
divided by the maximum amount of diclofenac soditgteased during the dissolution
experiment, M. The fractional template release profile/Nl, was determined for each

gel and plotted versus time.

5.3.11 Analysis of Kinetic Parameters

A dark reaction was used to determine the kinetafilp of the poly(MAA-co-
EGDMA) control gel, the poly(MAA-co-EGDMA) recogive gel, and the poly(MAA-
co-EGDMA) recognitive gel prepared via “living/coolled” polymerization techniques.
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A dark reaction was preformed by analysis of the cd reaction and conversion after the
UV light was shut off for a period of time. Theaotion analysis was analyzed via the
program SAE which is presented in Appendix C. Tethod was to purge the system
with nitrogen, take the system to the reaction temafure, turn on the UV light for a
specified amount of time, turn the light off foninutes, and then turn the UV light on to
complete the reaction. Each data point on theltregugraphs was obtained by one
complete polymerization reaction. For the poly(MAA-EGDMA) control gel and
recognitive gel, the UV light turn on/off period sv20 seconds. For example, run one
would have the UV light on for 20 seconds thenWhélight remained off for 5 minutes
then UV turned back on to complete the reactiomn Rvo had the UV light on for 40
seconds, run three had the UV light on for 60 sdspand so on until the total reaction
was analyzed. Similar studies were done by Anaethcoworker$® ' The equations
used to find the termination and propagation cansta and k, are 5.11 and 5.12, and
the derivation of these equations can be seen ianGxt Flory® ?°. The equation 5.11 is

a rearrangement of the equation in Chapter 3, equatl4,

k
Rp 5.11

- i
kz  [M](fidn)

where M] is the monomer concentration, the initiator effircy isf, I, is the light
intensity, ¢ is the extinction coefficient, and [l] is the imitor concentration. The
unsteady state equation used to decouple the pmbpagconstant and the termination

constant is shown in 5.12,
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1

ke =

M]., M. - 1
Rpt:t1 Rpt:to

wheret;andty are the time final and time initial for the timecrement, M] . and
[M] -1, are the monomer concentration at time final ancetimitial, respectively, and
Rp=u. andRpi=, are the rate of polymerization at final time aniial time, respectively.
Thirteen dark reactions for the kinetic analysts poly(MAA-co-EGDMA)
control gel are shown in Figure 5.1. Similar deglctions were performed to obtain the
kinetic data for poly(MAA-co-EGDMA) recongitive gednd poly(MAA-co-EGDMA)
recognitive gel prepared via “living/controlled” lgmerization techniques. It is
important to note that time intervals for the “hg/controlled” polymerization kinetic
analysis were 30 seconds due to a longer readtramn tOnce the data was obtained from
the dark reaction experiments and ensuing reaetnatysis of the data was analyzed via
the program SAE, the program KINO (Appendix D) wesed to evaluate the kinetic

parameters.
5.4 Results and Discussion

Template binding results for the poly(MAA-co-EGDMAgontrol gel, the
poly(MAA-co-EGDMA) recognitive gel, and the poly(Mco-EGDMA) recognitive
gel prepared via “living/controlled” polymerizaticlechniques are presented in Figure
5.2. As demonstrated by the equilibrium bindingtherm, the poly(MAA-co-EGDMA)

recognitive gel had a 42% increase in templateibghdapacity over that of the control
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network. The template loading capacity for they@dlAA-co-EGDMA) control gel and
recognitive gel was (1.40 + 0.30 and 2.00 + 0.20)0X mmole/g, respectively. The
increase in capacity of the poly(MAA-co-EGDMA) reputive gel results from the
macromolecular memory produced by the imprintingpcpss. The concept of
macromolecular recognition manifests itself fronotmajor synergistic effects, (i) shape
specific cavities that match the template moleculbich provide stabilization of the
chemistry in a crosslinked matrix, and (ii) cherhigaoups oriented to form multiple
complexation points with the template. Macromolacunemory and the imprinting
effect demonstrated in weakly crosslinked gels ignicant since most imprinted
systems to date are highly crosslinked polymerke imprinting effect is the result of
“training” macromolecular memory with the intrinstemplate binding parameters of
affinity and loading capacity.

The poly(MAA-co-EGDMA) recognitive gel preparedavi‘living/controlled”
polymerization techniques had a 90% increase irpl&t@ binding capacity over that of
the poly(MAA-co-EGDMA) recognitive gel and a 171%crease in template binding
capacity over the control (Figure 5.2) (both theognitive gel and control were prepared
using conventional free-radical polymerization)heTtemplate loading capacity for the
poly(MAA-co-EGDMA) recognitive gel prepared via Ving/controlled” polymerization
techniques was 3.80 + 0.40 x 4éhmole/g. The increase in template binding capacit
for the gel formed via “living” polymerization incdates enhanced macromolecular
memory for the template above standard free-ragioblmerization methods. Template
binding affinities calculated for the poly(MAA-cod&DMA) control, recognitive, and
recognitive gel prepared via ‘“living/controlled” lgmerization techniques by the
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Freundlich analysis are (1.93 + 0.10, 2.45 + Oai®] 2.21 + 0.11) mM, respectively. It
is important to note that the template bindingratf§i of the recognitive gel and the
recognitive gel prepared via “living/controlled” lgmerization techniques had a similar
average affinity; however, both recognitive gelsl lrahigher average affinity than the
control network. The increased template bindirfanéy is a direct result of imprinting
within the poly(MAA-co-EGDMA) polymer network. Alihe binding parameters for the
weakly crosslinked poly(MAA-co-EGDMA) networks gpeesented in Table 5.1.

Diclofenac sodium binding results for the poly(DEX-co-HEMA-co-
PEG200DMA) control gel, the poly(DEAEM-co-HEMA-cd=5200DMA) recognitive
gel, and the poly(DEAEM-co-HEMA-co-PEG200DMA) recotive gel prepared via
“living/controlled” polymerization techniques areregented in Figure 5.3. The
poly(DEAEM-co-HEMA-co-PEG200DMA) recognitive gel ttaa 94% increase in
template loading over that of the control networkhe diclofenac sodium loading
capacities for the poly(DEAEM-co-HEMA-co-PEG200DM&gntrol and recognitive gel
are (0.96 + 0.12 and 1.87 + 0.20) x*I@mole/g, respectively. As discussed for the
EA9A imprinted weakly crosslinked gels, an increasetemplate loading capacity
indicates macromolecular memory within the recageigel.

The poly(DEAEM-co-HEMA-co-PEG200DMA) recognitiveely prepared via
“living/controlled” polymerization techniques had&% increase in template loading
capacity over that of the recognitive gel and a%68crease over that of the control gel.
The template loading capacity for the poly(DEAEMHdEMA-co-PEG200DMA)

recognitive gel prepared via “living/controlled” [gmerization techniques was (3.54 *
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Table 5.1. Poly(MAA-co-EGDMA) Recognitive Gel Bindihg Characteristics:

Binding affinity and loading capacity for the 5%@sslinked recognitive gels.

Gel T
e e Ka( mm™) Capacity(mmole/g)

Poly(MAA-co-EGDMA)
recognitive gel 2.45+0.13 2.0+0.2 x107

Poly(MAA-co-EGDMA)
recognitive gel prepared via
“living/controlled” 2.21 + 0.11 3.8+0.4 x 107
polymerization techniques
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0.16) x 10° mmole/g (Figure 5.3). Template binding affinitieslculated by the
Freundlich isotherm show statistically similar v@dufor the poly(DEAEM-co-HEMA-
co-PEG200DMA) recognitive gels. Both recognitivelgy have significantly higher
template binding affinities (15.05 + 0.82 and 1451D.73 for the recognitive gel and
recognitve gel pepared via “living/controlled” potgrization techniques, respectively)
than the control gel which had a template bindiffiniay of 9.91 + 0.49 mM.. As
presented previously for the EA9A imprinted geltee higher affinities for the diclofenac
sodium imprinted gels compared to the control dfhisy show the imprinting effect of
macromolecular memory.  All binding parameters fibre diclofenac imprinted
poly(DEAEM-co-HEMA-co-PEG200DMA) recognitive gelseapresented in Table 5.2.

In comparison, the EA9A imprinted poly(MAA-co-EGDM gels and the
diclofenac sodium imprinted poly(DEAEM-co-HEMA-cd=B200DMA) gels have very
similar overall trends. Typical imprinting techoes show an increase in template
loading capacity which can be attributed to macrecdar memory.
“Living/controlled” polymerization techniques enlwnthe template loading capacity of
both networks by approximately 90% which indicatett “living” polymerization
technigues augment the macromolecular memory cadptr the typical free-radical
polymerization techniques.

While these networks have similar trends, thendifis for the poly(MAA-co-
EGDMA) recognitive gels have smaller affinities quaned to the poly(DEAEM-co-
HEMA-co-PEG200DMA) recognitive gels. Poly(DEAEM-¢tEMA-co-PEG200DMA)
imprinted gels have a 4.5 times longer crosslinkimgnomer than the poly(MAA-co-
EGDMA) gels. Increased crosslinking monomer lengts shown to decrease the
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binding affinity and capacity due to flexibility dhe gel network. However, the non-
covalent bonding which take place between the fanat groups on the template and the
“trained” macromolecular memory site for the EA9fnprinted network and the
diclofenac sodium imprinted network are differenThe EA9A imprinted gel uses
hydrogen bonding with strengths of 0.2-3 kCal/nfdl® create macromolecular memory,
and in comparison, diclofenac sodium imprinted gede ionic bonding, which are the
strongest non-covalent bonds (ionic bonds are 2Qu3@s stronger than hydrogen
bond$?), to create macromolecular memory. Stronger rmraient bonds used to create
macromolecular memory would translate into highféniéies for the template molecule
as shown in the case of EA9A imprinted gels congbéoediclofenac sodium imprinted
gels.

The rebinding solvent used for EA9A imprinted gelsd diclofenac sodium
imprinted gels are acetonitrile and DI water, respely. A polar solvent has a
permanent dipole moment and can form hydrogen Ingnidetween molecules. A polar
aprotic solvent has a permanent dipole moment as$ chot form hydrogen bonding
between molecules. DI water is a polar protic eotwvith a dielectric constant of 80.4 at
a temperature of 25°C, and acetonitrile is a papaotic solvent with a dielectric constant
of 37.5 at a temperature of 25°C.  Acetonitrileesicnot competitively bind to the
template with the EA9A imprinted polymer networkchase there is no hydrogen
bonding interaction with the template molecule. eTdiclofenac sodium imprinted
polymer network does have competitive binding du®t water hydrogen bonding with
the template molecule. In addition, the diclofesadium imprinted polymer has ionic
bonding which increases the binding affinity in\ater. However the addition of ionic
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Table 5.2 Poly(DEAEM-co-HEMA-co-PEG200DMA) Recogriive Gel Binding

Characteristics: Binding affinity and loading capacity for the 5%cpgnitive gels.

Gel Type
p Ka(mM™) Capacity(mmole/g)

Poly(DEAEM-co-HEMA-co-
PEG200DMA) recognitive 15.05 +0.82 (1.87 £0.30) x 107

gel

Poly(DEAEM-co-HEMA-co-

PEG200DMA) recognitive
gel prepared via 1457 +0.73 (3.54 +0.25) x 107
“living/controlled”

polymerization techniques
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bonding interactions between the recognitive polymetwork and template molecule
within a polar protic or a polar aprotic solvent wle enhance the resulting template
binding affinity of the network. The overall bing trends of the recognitive polymer
gels prepared via “living/controlled” polymerizatiorecognitive gels, and control are
similar between the two systems and are similampitkeshe differences within the
solvents.

Comparing values of loading capacity from the Blguiim binding isotherms of
EA9A imprinted gels and diclofenac sodium imprintgls, diclofenac sodium imprinted
gels bind a higher capacity of diclofenac sodiurtoater concentrations. Higher binding
at lower concentrations translate into higher bigdiaffinities which again is
representative of the higher affinity and corredateell with the data calculated via the
Freundlich isotherm with diclofenac sodium improhigels. Initial points on the binding
curve at lower concentrations have a high degreaffence upon the strength of the
template binding affinity.

To ensure the enhanced loading from the poly(MAAEGDMA) gel and
poly(DEAEM-co-HEMA-co-PEG200DMA) gel prepared Vvia living/controlled”
polymerization techniques was not a result fromnges in double bond conversion,
reaction analysis was performed on both gels terdehe double bond conversion. The
double bond conversion calculated via reactionyamafor the poly(MAA-co-EGDMA)
recognitive gel and recognitive gel prepared viairig/controlled” polymerization
techniques was (56 + 3.2 and 59 * 3.5)%, respdgtivBimilarly, reaction analysis was
performed on the poly(DEAEM-co-HEMA-co-PEG200DMA)xcognitive gel and
recognitive gel prepared via “living/controlled” [gmerization techniques to determine
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the double bond conversion. The results showltbtt the poly(DEAEM-co-HEMA-co-
PEG200DMA) recognitive gels had similar double baodversions of (80 = 5.1 and 83
+4.7)%.

Double bond conversion results conclusively rulg ecreases in template
binding capacity due to increased double bond asiwe. An increase in reacted double
bonds would alter the structure by incorporatiomafre polymer chains into the network.
These systems have 5% crosslinking for the bothAi§rinted gels and the diclofenac
sodium imprinted gels. Higher double bond conwersifor these networks would
decrease the kinetic chain length potentially iasheg the crosslinking density thus
decreasing the mesh size which would alter therpelystructure. The goal of this study
is to determine what changes “living/controlled’lypoerization mechanisms have on the
structure and by keeping the double bond conversarstant. Then theoretically, the
structural changes will be affected only by thevifig/controlled” polymerization
mechanism.

To determine whether the increase in template ihgadvia “living”
polymerization techniques was due to a incorpomnaidd more functional monomer
within the network, a poly(DEAEM-co-HEMA-co-PEG20MA) control gel prepared
via “living/controlled” polymerization techniquesas synthesized and diclofenac sodium
binding studies were performed on the resultingpalyymer network. It is important to
note the control gel was synthesized in the exantesmanner as the recognitive gel
excluding the template molecule. A control gel nfed via “living/controlled”
polymerization techniques having a higher bindiagacity than the control gel made
with standard free-radical polymerization would icade an increase in non-specific
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binding in the template loading capacity. The lesould be explained by a greater
percentage of functional monomer incorporated & nketwork (i.e., “living/controlled”
polymerization techniques affect the reactivityas). However, the experimental results
show that the equilibrium template binding isothéomthe poly(DEAEM-co-HEMA-co-
PEG200DMA) control gel prepared via “living/contied” polymerization techniques
was a statistical match to the equilibrium templdiending isotherm for the
poly(DEAEM-co-HEMA-co-PEG200DMA) control gel. Thamilar binding parameters
indicate that “living/controlled” polymerization de not potentially affect the amount of
functional monomer incorporated within the gel.(ireactivity ratios). This statement is
based upon similar non-specific binding shown bthlibe poly(DEAEM-co-HEMA-co-
PEG200DMA) controls gel made with conventional fradical polymerization and the
poly(DEAEM-co-HEMA-co-PEG200DMA) control gel prept via “living/controlled”
polymerization techniques.

Two types of diffusion studies were used to deteenthe template diffusion
coefficients of the EA9A imprinted poly(MAA-co-EGDA) gels and the diclofenac
sodium imprinted poly(DEAEM-co-HEMA-co-PEG200DMAREIs. Fractional template
release analysis and one-dimensional transporiysinalvere the two methods used to
calculate diffusion coefficients. Fractional teedel release analysis was used to
calculate the diffusion coefficients for the EA9/printed poly(MAA-co-EGDMA)
gels. One-dimensional diffusion was not used temeine the diffusion coefficients for
the EA9A imprinted polymers due to the poly(MAA-E6DMA) gels cracking and
causing leaks within the side by side diffusiodscellThe cracking was caused by the fast
evaporation of acetonitrile from the poly(MAA-co-B®&IA) gels which would cause
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stress within the network due to contraction ofypwr chains within the network. The
diffusion coefficients for the diclofenac sodiumgrmted poly(DEAEM-co-HEMA-co-
PEG200DMA) gels were calculated by both the oneedisional transport analysis and
fractional template release analysis.

The EA9A diffusion coefficients for the poly(MAAecEGDMA) recognitive gel
and recognitive gel prepared via “living/controllgablymerization in acetonitrile were
(7.15 + 0.13 and 7.26 + 0.15) x 1@n"/s, respectively. The EA9A diffusion coefficients
poly(MAA-co-EGDMA) recognitive gels were statistlya the same indicating the
polymer network structure for the recognitive geldarecognitive gel prepared via
“living” polymerization techniques are similar. @&hdata from the EA9A diffusion
analysis studies (release curves) for the EA9A inted gels are presented in Appendix
A, section A.4

The diclofenac sodium diffusion coefficients inteafor the poly(DEAEM-co-
HEMA-co-PEG200DMA) recognitive gel and the poly(DEKN-co-HEMA-co-
PEG200DMA) recognitive gel prepared via “living/¢oolled” polymerization
techniques were (1.69 + 0.10 and 1.66 + 0.06) %X d@f/s. The diffusion coefficients for
the poly(DEAEM-co-HEMA-co-PEG200DMA) recognitiveelg and recognitive gel
prepared via “living/controlled” polymerization temiques indicate that the network
structure for the recognitive gels are similar. eTdata obtained during the experiment
and the data needed for the calculation of templiiesion coefficients can be viewed in
Appendix A, section A.4.

Template diffusion through an imprinted polymetwak can be influenced by
three main variables, average mesh size, tempia¢e and template — polymer chain
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interactions (i.e., the imprinting effect). Maniation of one or more of these variables
can alter the diffusion coefficient. An increasepolymer mesh size holding template
size and template-polymer chain interactions conist@uld correspond to an increase in
template diffusion. An increase in template siz#ding mesh size and template —
polymer chain interactions constant would corresptm a decrease in the template
diffusion coefficient. An increase in template elymer chain interactions holding
template size and mesh size constant would comelspm a decrease in the template
diffusion coefficient. Before comparing the dgfan coefficients of the EA9A
imprinted gels to the diclofenac sodium gels, n&gh analysis for the gels is needed to
complete the discussion.

To further investigate the poly(MAA-co-EGDMA) netwostructure, the mesh

sizes were calculated for both EA9A imprinted gel$he mesh sizes were (4.13 +

0.20),& and (4.13 = 0.30; for the poly(MAA-co-EGDMA) recognitive gel prepareth
“living/controlled” polymerization techniques analp(MAA-co-EGDMA) recognitive
gel, respectively. The small mesh size resultirgnf the calculations indicate both
poly(MAA-co-EGDMA) recognitive gels are in a collsgd state. Although these
poly(MAA-co-EGDMA) networks have a small mesh sizegsh sizes for similar

poly(MAA-co-PEGDMA) gel networks have been presentgithin literature having

mesh sizes ranging from 3.4-2338%>2* The mesh sizes calculated for the poly(MAA-
co-EGDMA) gels are within the literature ranges &osimilar poly(MAA-co-PEGDMA)
gel. Crosslinked polymer networks in a collapsedtes would have a high Flory

interaction parameteg{ > 0) with the solvent which decreases the equulibrswelling
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ratio thus decreasing the mesh &ze The Flory interaction parameter is a unitless
representation of the enthalpy of mixingHy) which relates to the thermodynamic
relationships between the crosslinked polymer chaircontact with a solvent. Swelling
behavior within crosslinked polymer networks areyveimilar to linear polymer chains
being solvated by a solvent to form a polymer soiut Swelling behavior is dictated by
the change in Gibbs free energy chan@s which is a combination of Gibbs free energy
of mixing G, and Gibbs elastic free energy Gdetails of the thermodynamics of
swelling with Gibbs free energy can be found in @ka 2, section 2.2.2). The
poly(MAA-co-EGDMA) recognitive gels in acetonitrileave a collapsed network which
will be indicated by the Flory polymer solvent irgetion parametey,

Similar mesh sizes for the poly(MAA-co-EGDMA) reputive gels and
recognitive gel prepared via “living/controlled” lgmerization techniques confirm the
network structure being the same which was indecaby the similar diffusion
coefficients. The structural results of the polyAtco-EGDMA) recognitive gels do
not indicate significant changes within the netwstiucture. However, the results also
show more effective binding sites with a 90% insee@n the binding capacity for the
poly(MAA-co-EGDMA) recognitive gel prepared via Ving/controlled” polymerization
techniques. “Living/controlled” polymerization tatques have shown to produce
shorter kinetic chain lengths and low polydispéesitin linear polymer networks?’.
Hypothetically, more effective binding sites reldate the homogeneity within the gel
based upon how the specific orientations of fumaiagroups interact with the template.
Homogeneity within the macromolecular structure Idopotentially have similar
calculated average mesh sizes within the netwoodkyelver, those same gels with a
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similar average mesh sizes could have significadifferent mesh size distribution
profiles within the calculated average mesh sizeufadion.
Further investigations into the network structwfe the diclofenac imprinted

poly(DEAEM-co-HEMA-co-PEG200DMA) gels determined shesizes of (30.3 £ 1.7)

and (19.7 £ 2.1A for the poly(DEAEM-co-HEMA-co-PEG200DMA) recognigvgel
and poly(DEAEM-co-HEMA-co-PEG200DMA) recognitive Ige prepared via

“living/controlled” polymerization techniques, resgively. These mesh size values

compare with literature values of 21-3i1for a similar hydrogel network produced with
90% HEMA and 5% PEG200DMA The poly(DEAEM-co-HEMA-co-PEG200DMA)

recognitive gel prepared via “living/controlled” lpmerization techniques demonstrates

a smaller mesh size (19.7 = 2,&)compared to (30.3 £ 1.7,; at equivalent conversions.
“Living/controlled” polymerizations create smallenesh sizes, which hypothetically
originates from smaller kinetic chain lengths withihe copolymer network which
contributes to the overall homogeneity of the neknsiructure.

In comparison, the diffusion coefficients for theoly(MAA-co-EGDMA)
recognitive gel and the poly(DEAEM-co-HEMA-co-PEGZIMA) recognitive gel show
diffusion coefficients of (7.15 + 0.13) x 0and (1.69 + 0.10) x Tbcnt/s for EA9A and
diclofenac sodium, respectively. The diffusion fticeents were calculated via fractional
template release analysis and one-dimensional sgengliffusion analysis, respectively.

Differences in the diffusion coefficients betwettie networks can be explained
by size of the template molecule and length ofsloking monomer within the network.

The EA9A has a molecular weight of 221.22 g/mold #me diclofenac sodium has a
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molecular weight of 318.14 g/mole. The adenineebaksthe molecule EA9A has a
0]
hydrodynamic radius calculated via Gaussian 94 Af% and diclofenac sodium has a

hydrodynamic radius of #%2°. A network produced with PEG200DMA crosslinking
monomer would translate into a larger mesh sizéisinvihe polymer network since it is a
longer crosslinking monomer (n = 4.5 for PEG200DMiAd n = 1 for EGDMA). Mesh

size analysis confirms the mesh size differenceshef EA9A imprinted gel and the
diclofenac sodium imprinted gel; the mesh size ltesuere (4.13 £ 0.3A and (30.7

1.7) ,& respectively. Comparing just the template molkecsize and corresponding
network mesh size, the EA9A imprinted gels havemnaller template molecule with a
smaller average mesh size, and the diclofenac sodimprinted gels have a larger
template molecule and a larger average mesh siPeppas and coworkers show

poly(methacrylic acid-co-polyethylene glycol) nangrinted polymers (50% crosslinker)

with various mesh sizes from (216 — 16!08)correspond to small diffusion coefficient
changes (1.3 — 1.6) x focnf/s with a Calcitonin (a 32 amino acid polypeptide
hormone°.

The diffusion coefficient for the poly(MAA-co-EGDA) recognitive gel is
higher than the diffusion coefficient for the pdAEM-co-HEMA-co-PEG200DMA)
recognitive gel (7.15 + 0.13 x fOocnf/s compared to 1.69 + 0.10 x 1@nt/s,
respectively). The diffusion coefficients for inmied polymers are heavily influenced
by the template binding affinities. The templaiedng affinities calculated by the
Freundlich isotherm analysis for the poly(MAA-co-B8A) recognitive gel and for the

poly(DEAEM-co-HEMA-co-PEG200DMA) were 2.45 + 0.13Mr' and 15.05 + 0.82
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mM™, respectively. While mesh size and template miéecsize are important to the
diffusional transport, there was a significant ease comparatively in template binding
affinity which results in a significant increasethe template — polymer chain interaction.
The increase in binding affinity would influenceethdiffusion coefficient through
stronger intrinsic macromolecular recognition site§he diclofenac sodium would
diffuse through the gel binding and rebinding tocneanolecular memory sites with
strong ionic non-covalent bondimg its way through the network while EA9A would
have to diffuse through the network binding andirrdimg to macromolecular memory
sites with relatively weak hydrogen bonding. Theersgth of the diclofenac sodium
binding site based upon affinity is approximatekya strong as the EA9A binding site
which would significantly influence the templatgpelymer chain. A similar argument
can be presented for the recognitive gels prepaeetliving/controlled” polymerizations.
Table 5.3 lists all the factors that influence tésg diffusion.

Dynamic swelling studies were performed on thdofitmac sodium imprinted
poly(DEAEM-co-HEMA-co-PEG200DMA) gels (Figure 5.4)The poly(DEAEM-co-
HEMA-co-PEG200DMA) control gel and recognitive gehd very similar trends as
shown Figure 5.4. The similar dynamic equilibrigmelling curve for the control and
recognitive gel indicate the mesh sizes of thesedapolymer networks are very similar.
Swelling is ultimately dictated by the thermodynarmquilibrium as presented previously
in this chapter and in Chapter 2, section 2.2.2thé Gibbs free energy of mixing is
negative, the gel is solvated by the solvent. &&nahesh sizes correspond to smaller
amounts of solvent in the gel; thus polymers withaber mesh sizes have smaller
equilibrium swelling ratios if the solvent and poigr composition are held constant.
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Table 5.3 Characteristics that Influence Templat®iffusion within Imprinted Gels

Template
Hydrodynami Mesh .
Gel Type Ka Template c Size Diffusion
5t Molecular ; Coefficient
(mm™) A Radius o 2 )
Weight o A (cm/s) x 10
A

Poly(DEAEM-co-HEMA-co-

PEGZOODMQ/:)I recognitive 15.05 + 0.82 318.14 16 303+17  1.69+0.10

Poly(MAA-co-EGDMA)
recognitive gel 2.45+0.13 221.22 5 4,13+0.20 7.15+£0.13
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The smaller swelling ratio also indicates a smath@lecular weight between crosslinks
(more crosslinking points decrease swelling). dlgaamic equilibrium swelling curve

for the poly(DEAEM-co-HEMA-co-PEG200DMA) recognigv gel prepared via

“living/controlled” polymerization techniques isvi@r than both the poly(DEAEM-co-

HEMA-co-PEG200DMA) control and recognitive gels icating that the gel structure

swells to a smaller extent. Thus, the polymer nmufraction in the swollen state is
higher. The smaller mesh size is confirmed by thesh size analysis for the
poly(DEAEM-co-HEMA-co-PEG200DMA) gels.

Release profiles versus time for the diclofenaaiiem imprinted poly(DEAEM-
co-HEMA-co-PEG200DMA) gels are shown in Figure 5The poly(DEAEM-co-
HEMA-co-PEG200DMA) recognitive gel releases 179%enemplate compared to the
control network over a period of 7 days. The pbEFAEM-co-HEMA-co-
PEG200DMA) control gel released 0.48 + 0.01 mg icfaflenac sodium over a 7 day
time period while the poly(DEAEM-co-HEMA-co-PEG20MA) recognitive gel
released 1.34 + 0.04 mg of diclofenac sodium. eamuantities of template released
from the poly(DEAEM-co-HEMA-co-PEG200DMA) recognié gel indicates the
“trained” macromolecular memory increases the tameploading capacity and confirms
the increases in template binding shown in the iptesv binding analysis for the
recognitive gel.

The fractional template release profile for thely@@EAEM-co-HEMA-co-
PEG200DMA) recognitive gel showed that 70% of #x@mplate was released over a time
period of 700 minutes (Figure 5.6). The recogeitpel showed a two-fold extension in
the release time over that of the control gel. @twatrol gel released 70% of the template
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over a time period of 300 minutes. The diffusiomefticients calculated from the
fractional template release profiles for the polg@AEM-co-HEMA-co-PEG200DMA)
recognitive gel and the poly(DEAEM-co-HEMA-co-PE@ZIMA) recognitive gel
prepared via “living/controlled” polymerization tetiques were 3.20 + 0.48 x 1@nf/s
and 1.49 + 0.33 x IDcn'/s, respectively. These values correspond toviees
calculated for the diclofenac sodium imprinted gela one-dimensional transport
analysis.

To determine how well the release curves matchedRickian release profile
coefficient (n = 0.5), the log of the fractionale@se was plotted on the y axis and the log
of the time was plotted on the x axis. The resaf the analysis show that the
poly(DEAEM-co-HEMA-co-PEG200DMA) control gel confms very well to the
Fickian release profile (n = 0.48). The poly(DEAKM-HEMA-co-PEG200DMA)
recognitive gel and recognitive gel prepared viairig/controlled” polymerization
technigue release profiles are less Fickian andimyawwward zero-order release profiles
with profile coefficients of n = 0.68 and n = 0.7@spectively. “Living/controlled”
polymerization techniques along with molecular impng shifted the release profiles
toward a zero-order release profile. Zero-ordexase has a linear release profile which
is constant and not dependant upon time or corat@mr The slower release profile for
imprinted gels has been shown within our reseamdum to be due to the intrinsic
template binding characteristics of the polymerwoek®. The “trained” macromolecular
memory within hydrogels display controlled releasefiles that can be explained by the
“tumbling hypothesis” presented in a recent redearticle. The hypothesis states that
as the molecule diffuses through the network itdbimnd unbinds to multiple binding
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sites. Because of the flexibility of the gel netlyothe template molecule, diclofenac
sodium, can unbind from one complexation point amave to another complexation
point on its way through the network.

The poly(DEAEM-co-HEMA-co-PEG200DMA) recognitiveely prepared via
“living/controlled” polymerization techniques reksd 34% more drug over a 7 day
period in a more controlled manner than the polyABEI-co-HEMA-co-PEG200DMA)
recognitive gel (Figure 5.5). The recognitive gekpared via “living/controlled”
polymerization techniques released 1.87 + 0.06 wgr @ 7 day time period. The
increase in amount of template released from theogmtive gel prepared via
“living/controlled” polymerization techniques care lattributed to the 89% increase in
template loading capacity over that of the recogmitgel as shown in the previous
template binding analysis for the poly(DEAEM-co-HEMo0-PEG200DMA) recognitive
gel prepared via “living/controlled” polymerizatiaachniques.

The fractional template release profile for thielalenac sodium imprinted
poly(DEAEM-co-HEMA-co-PEG200DMA) gel formed via Wing/controlled”
polymerization techniques showed that 70% of theptate is released over a time period
of 1400 minutes (Figure 5.6). This means imprigptvia “living” polymerization
techniques extend or delay the template releadeéepby two fold over that of imprinting
via free-radical polymerization techniques and flmld over that of the control network.

The “tumbling hypothesis” states that the temptatables from binding site to
binding site on the way out of the gel. Templateding analysis showed an 89%
increase of the loading capacity for the poly(DEAEMHEMA-co-PEG200DMA)
recognitive gel prepared via “living/controlled” lgmerization over that of the
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poly(DEAEM-co-HEMA-co-PEG200DMA) recognitive gelThis would mean there are
almost twice as many sites within the same voluipabymer network (i.e., polymer
dimensions were the same for all polymers analymettis chapter). Twice as many
sites would mean a template molecule would bind @mgind to binding sites twice as
many times thus increasing/extending the dynamease profile. The smaller mesh size
of the poly(DEAEM-co-HEMA-co-PEG200DMA) gel prepdrevia “living/controlled”
polymerization techniques in conjunction with a ttveo fold increase in sites with
imprinted the “trained” macromolecular memory i€ tteason for the extended release
profile.

In addition to the binding, diffusion, and stuc@l analysis of these gels, the
kinetic parameters of these poly(MAA-co-EGDMA) gelere analyzed to determine
what changes the “living” polymerization technigbad upon the kinetic constants of
propagation and termination. The propagation @ons,, termination constark;, and
k/k, versus double bond conversion are shown in Fi§ufeFigure 5.8, and Figure 5.9,
respectively.

The propagation constant versus conversion (Fi§urg for the poly(MAA-co-
EGDMA) recognitive and control gel follow typicakgerimental values found in the
literaturd® > 3! The propagation constant remains relatively tortswhere the
chemical reaction is controlling the propagationchaism for the gels (less than 0.23
fractional double bond conversion). At higher cersions, the propagation constant for
the recognitive and control gel start to decreascating that the propagation is being

controlled by the diffusion controlled mechanisfihe diffusion controlled propagation
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mechanism is where the controlling factor is thdiaal diffusing through the network to
react with double bonds thus propagating chins

For the “living/controlled” recognitive gel, progation remains relatively
constant until the fractional double bond convergieaches between 0.3 and 0.4. This
indicates that the addition of iniferter increatiess amount of network formed during the
chemical reaction controlled propagation mechanisafter a fractional double bond
conversion of 0.4, the propagation constant deeseaxlicating the diffusion controlled
propagation mechanism.

The termination constants for the poly(MAA-co-EGBMcontrol, recognitive
gels, and gels prepared via “living/controlled’lamues have similar trends (Figure 5.8).
The termination constank;, versus conversion has a relatively constant ramigfe a
decrease of termination constant at higher conwessi Typically, the termination
constant has three regions. The regions are m@mpexs by a decrease in termination
constant, a plateau in termination constant, adélcaease in termination constant. These
regions represent termination through segmentdusidn, limitation of segmental
diffusion and the increasing dominance of reactiiffusion, and diffusion controlled
termination dependant upon propagating eventseotisely. The segmental diffusion
for the poly(MAA-co-EGDMA) networks is not evidenh the data. Crosslinking
reactions have a much earlier onset of gelatioreaty as 5% conversioff. The
reactions presented in Figure 5.8 have the firsa gaint at or above 5% conversion.
Evident with the poly(MAA-co-EGDMA) gels is the péau region from a fractional
double bond conversion of (0.05 — 0.42). Segmatthlsion is limited and the reaction
diffusion becomes increasingly dominant during gestion of the polymerization. After
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a fractional double bond conversion of 0.42, thenteation constant decreases which is
consistent with literature. The decrease in thaitgation constant at higher double bond
conversions is due to a decrease in propagatiom®a®d monomer controlled diffusion.
The ratio ofk/k, is shown in Figure 5.9.

The results from the kinetic analysis for the gBIRA-co-EGDMA) imprinted
gels indicate that “living/controlled” polymerizah specifically increases the chemical
controlled propagation mechanism. The increag@enchemical controlled propagation
mechanism in combination with increasing the bigdoapacity for these gels indicate
that effective binding sites are formed during cloain controlled segment of the
polymerization.

Macromolecular memory is formed during the polyiregion reaction and
manifests itself from two major synergistic effedi$ shape specific cavities that match
the template molecule, which provide stabilizatiointhe chemistry in a crosslinked
matrix, and (ii) chemical groups oriented to forraltiple complexation points with the
template.  “Living/controlled” polymerizations haveeversible termination which
increases the chemical controlled propagation nmesha during which the growing
polymer chains are not hindered by diffusion limdas which lead to frustrations
formed via mobility constrainment from steric hiadces of the surrounding polymer
network. By increasing the duration of the chemammtrolled propagation mechanism
through “living” polymerization techniques, the ging polymer chains (i.e., including
growing polymer chains forming macromolecular meyhevould have more time during

the reaction to move to the lowest energy confoionat
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5.5 Conclusions

The work presented in this chapter confirms thepdtlyesis was that the use of
“living/controlled” polymerization techniques substially increased template
loading/capacity. Both EA9A imprinted poly(MAA-d6&DMA) gels and diclofenac
sodium imprinted poly(DEAEM-co-HEMA-co-PEG200DMA) el prepared via
“living/controlled” polymerizations show a 90% a®8% increase in template loading
capacity over conventional free-radical imprintitegghniques, respectively, while both
systems retain statistically similar binding affies. Increases in template binding trends
were similar for both poly(MAA-co-EGDMA) and poly@AEM-co-HEMA-co-
PEG200DMA) recognitive gels and recognitive gelepared via “living/controlled”
polymerization techniques despite solvent diffeemn(i.e., acetonitrile and DI water are
polar aprotic and polar protic solvents, respetfive Mesh size analysis of diclofenac

sodium imprinted poly(DEAEM-co-HEMA-co-PEG200DMA)ls reveal a mesh size

decrease at equivalent double bond conversion {B68 + 1.7),& to (19.7 2.1),&
which strongly indicate that “living/controlled” ponerization techniques shorten the
kinetic chain length which leads to a more homogesepolymer network. Shorter
overall kinetic chain length would increase theformity and integrity of the binding
sites formed within the polymer network thus inseahe template binding/loading
capacity.

The use of “living/controlled” polymerization temiques with an increase in
“trained” macromolecular memory sites result iraager quantity of template released in

solution for a given gel. “Living/controlled” patyerization of a diclofenac sodium
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imprinted poly(DEAEM-co-HEMA-co-PEG200DMA) gel yi#gé a more homogeneous
network with twice as many macromolecular memorydbig pockets that significantly
extend the fractional template release profile bfa@or of two. A detailed kinetic
analysis reveals that “living/controlled” reactionechanisms increase the chemically
controlled propagation mechanism within the polyizegion reaction. This in
conjunction with the increase in binding indicatiest binding sites are formed during the
chemical controlled segment of the polymerizatidhiving/controlled” polymerization
techniques as shown within this chapter have sgant enhancement potential for the
tailorability of weakly crosslinked imprinted polyn networks for advanced drug

delivery carriers.
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Figure 5.1 Poly(MAA-co-EGDMA) Dark Reaction Kinetic Analysis. Thirteen dark
reactions shown in the figure demonstrate the dsaktion analysis for the determination
of propagation and termination kinetic constantghis graph represents the rate of

polymerization of poly(MAA-co-EGDMA) control gel vsus time.
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Figure 5.2 Poly(MAA-co-EGDMA) Recognitive Gel Bindng Isotherms. Data points
(==) represent the poly(MAA-co-EGDMA) control gek)(represent the poly(MAA-co-
EGDMA) recognitive gel, and&) represent the poly(MAA-co-EGDMA) recognitive gel
via “living/controlled” polymerization techniques. The poly(MAA-co-EGDMA)
recognitive gel prepared via “living/controlled” lpmerization techniques has a loading
capacity 90% higher than the poly(MAA-co-EGDMA) ogmitive gel capacity and

171% higher than the control. Error bars repregenstandard error with n=4.
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Figure 5.3 Poly(DEAEM-co-HEMA-co-PEG200DMA) Recognrive Gel Binding

Isotherms. Imprinted hydrogel binding is demonstrated for tieenplate, diclofenac

sodium. Poly(DEAEM-co-HEMA-co-PEG200DMA)  recogniéi gel via

“living/controlled” polymerization techniquesA] shows a 89% increase in loading

capacity over that of poly(DEAEM-co-HEMA-co-PEG20WRIB) recognitive gel ) and

a 168% increase in loading over that of the cont®bth recognitive gels bound more

diclofenac sodium compared to the control gel (Brror bars represent the standard

error with n=3.
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Figure 5.4 Equilibrium Swelling Studies for Poly(DEAEM-co-HEMA-co-
PEG200DMA) Recognitive Gels. The recognitive gelH) and the control gel (x) had
similar swelling characteristics in the aqueoususoh of diclofenac sodium
(concentration was 2 mg/mL). The recognitive getpared via “living/controlled”
polymerization A) had lower swelling values in the aqueous solutdndiclofenac
sodium which indicates a smaller mesh size witheamacromolecular structure. Mesh
size studies confirmed the mesh size was smalleth® recognitive gel prepared via

“living/controlled” polymerization. The error barspresent the standard error with n=3.
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Figure 5.5 Dynamic Release Studies for Poly(DEAEMe-HEMA-co-PEG200DMA)
Recognitive Gels. The recognitive gel prepared via “living/contenll polymerization
(A) released a higher amount of diclofenac sodiumnad@mpared with the recognitive
gel @) and the control gel (x). It is important to ndteat the recognitive gel via
“living/controlled” did not reach equilibrium witthe solution until after 6 days. The

error bars represent the standard error with n=3.
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Figure 5.6 Fractional Release of Template for PolfAEAEM-co-HEMA-co-
PEG200DMA) Recognitive Gels. The recognitive gel prepared via “living/controlled
polymerization A) had a longer release time when compared withegbegnitive gel €)

and the control gel (x). It is important to nokatt this graph shows the release profile
only until 70% of the diclofenac sodium is releasdthe error bars represent the standard

error with n=3.
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Figure 5.7 Propagation Constant from Poly(MAA-co-ESDMA) Kinetic Analysis.
The propagation constant for the Poly(MAA-co-EGDMA&Eognitive gel)and control
gel (e)had statistically similar trends with double bomdnversion. Chemically
controlled propagation mechanism occurs until abO3 fractional double bond
conversion. Higher conversions have a decreagerapagation indicating diffusion
controlled propagation. The “living/controlled” aagnitive gel &) shows a more
constant rate of propagation until a fractionallelond conversion of 0.40 indicating a

longer chemical controlled propagation mechanism.

184



1000000 -+
100000 - A

= A, @ . x )
@ 10000 A Aan } oy .‘.,.' .
Q )
o 1000 - ™}
£ n
3 100 |
X

10 -

1 T T T T T 1
0 0.1 0.2 0.3 0.4 0.5 0.6
Double Bond Conversion

Figure 5.8 Termination Constant from Poly(MAA-co-EGDMA) Kinetic Analysis.
The termination constant for the Poly(MAA-co-EGDM#Ecognitive gelw), control gel

(®), and “living/controlled” recognitive gel&) shows statistically similar trends.
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Figure 5.9 Ratio of k/k, from Poly(MAA-co-EGDMA) Kinetic Analysis. The ratios
are shown for poly(MAA-co-EGDMA) recognitive gelm), control gel ¢), and
“living/controlled” recognitive gel A). It is important to note that both the propagati

and termination constant trends matched litergtureopolymer networks.
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6.0 CONCLUSIONS

Reaction analysis of templated polymer systems thaspotential to yield a
greater understanding of the imprinting mechanisch @ssociated binding parameters as
related to the structural architecture of the pdyim network. Low double bond
conversions (35 = 2.3) % are determined via reactinalysis for highly crosslinked
poly(MAA-co-EGDMA) imprinted networks. Low doubldond conversions are
significant because most researchers within theralitre use feed compositions to
represent the final polymer product. It is impattéo note that 80% of the imprinting
field uses a poly(MAA-co-EGDMA) copolymer networks ghe backbone for their
imprinted polymers.

“Living/controlled” polymerization techniques hatiee potential to yield higher
affinities and higher capacities within imprintedtworks while retaining selectivity for
the target molecule for highly crosslinked network®e show for a typical highly
crosslinked recognitive polymer system a 63% imnsgem the loading capacity with
retention of selectivity for the template molecekhyl-adenine-9-acetate (EA9A) using
“living/controlled” polymerization techniques. lmaddition, the use of “living”
polymerization techniques at equivalent conversiongeases the template binding

affinity by 85% over conventional UV free-radicallpmerizations.
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“Living/controlled” polymerization techniques caalso increase the binding
capacity within a recognitive polymer network thats a low amount of crosslinking and
a high degree of flexibility within the polymer meirk. An EA9A recognitive
poly(MAA-co-EGDMA) gel and diclofenac sodium impted poly(DEAEM-co-HEMA-
co-PEG200DMA) gel show an increase in capacity 0%9and 89%, respectively,
compared to conventional reactions. It is impdrtem note the diclofenac sodium
imprinted poly(DEAEM-co-HEMA-co-PEG200DMA) gel symsized with conventional
free-radical techniques and synthesized via “li\¢ogtrolled” polymerization techniques
have statistically similar binding affinities. Slar results were found for poly(MAA-co-
EGDMA) recognitive gel. Mesh size analysis of dfehac sodium imprinted

poly(DEAEM-co-HEMA-co-PEG200DMA) gels reveal a mesize decrease (30.3 +/-

1.7 to 19.7 +/- 2.1)& at equivalent double bond conversion with the okéliving”
polymerization strategy. @ The decrease in mesh sm®ngly indicates that
“living/controlled” polymerization techniques shent the kinetic chain length which
leads to a more homogeneous polymer network whempaced to conventional free-
radical polymerizations.

The use of “living/controlled” polymerization tegiques with an increase in
“trained” macromolecular memory sites result iragger quantity of template released in
solution for a given gel as well as more controérothe release profile. A diclofenac
sodium imprinted poly(DEAEM-co-HEMA-co-PEG200DMAXgwith a smaller mesh
size in conjunction with twice as many macromolacumemory binding pockets
significantly extend the fractional template reke@sofile by two-fold. A detailed kinetic

analysis reveals that “living/controlled” reactionechanisms increase the chemically
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controlled propagation mechanism during the polyna¢éion reaction which would
decrease the growing chain frustrations within tletwork potentially providing a
optimum environment for the formation of “tailorediacromolecular memory binding
sites. “Living/controlled” polymerization technigs as shown within this dissertation
have significant enhancement potential for thetability of both highly crosslinked and
weakly crosslinked imprinted polymer networks fensors, point of care devices, and

advanced drug delivery carriers.
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APPENDIX A

Appendix A is a supplemental data set that is edeidr verification of data
presented within the main chapters of this disierta Section A.1 has the determination
of adequate purge times for nitrogen to removeothgen (a radical scavenger) within
the polymerization reaction. Section A.2 has thedr fits of the binding data to each of
the three binding isotherms mentioned in Chapter(S8atchard, Langmuir, and
Freundlich isotherms). Section A.3 has the rawsstiversus strain curves for the static
experiment via the RSA Ill Dynamic Mechanical Anady (DMA) used for the
calculation of the mesh size for the poly(MAA-co-BEMA) and poly(DEAEM-co-
HEMA-co-PEG200DMA recognitive gels. Data for thelaulation of diffusion

coefficients in Chapter 5 are presented in Sedidn

A.1 Nitrogen Purge Times

Oxygen is a radical scavenger which inhibits thdymerization reaction.
Removal of the oxygen from the polymerization remactvas preformed by allowing the
pre-polymerization solution to purge with nitrogenfo determine if 20 minutes (5

minutes with quartz cover plate off before begigrtine sample run and 15 minutes with
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Figure A.1 Purge Time Experiments for Poly(MAA-coEGDMA) Recognitive Gels.
For the poly(MAA-co-EGDMA) recognitive polymer geblymerized with no nitrogen
purge &=), nitrogen purge time of 2 hours=), and nitrogen purge time (20 min) used in
all experiments-{~). The purpose was to determine if the 20 minwey@ time was

adequate. The results show that the 20 minuteepiimge was an adequate purge time.
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quartz cover plate on during the sample run) wasadequate purge time for the
polymerization reaction, two purging experimentgavanalyzed. The first experiment
was a polymerization of the pre-polymerization solu with oxygen present, without

purging with nitrogen. The second experiment wayrperization of the pre-

polymerization solution in an oxygen free atmospheith a 2 hour purge time (1 hour
with quartz plate off and 1 hour with quartz plate to ensure complete oxygen removal.
These two experiments were analyzed and were glaitethe same graph as the 20
minute purge time ( Figure A.1). Results show 2Qute purge time was an adequate

purge time to remove any oxygen in the cell thatianhibit the reaction.

A.2 Poly(MAA-co-EGDMA) Recognitive Networks Binding Isotherm Fit Analysis.

The Freundlich isotherm was the method of anali@ighe binding parameters
for the poly(MAA-co-EGDMA recognitive networks. €hreason the Freundlich
isotherm was used is that the data gave the hdetthie Fruendlich isotherm, and it does
not assume a monolayer of template-site interactibhe data was fitted to Scatchard
plot, Langmuir isotherm, and Freundlich isothernd dhese are given in Figure A.2,
Figure A.3, and Figure A.4, respectively. The éindorms of the equations can be
derived from the equations given in chapter 3. Bhaling data is fitted to the linear
forms of the Scatchard (equation 3.1), Langmuirtheom (equation 3.2), and the
Freundlich isotherm (equation 3.3), and subseqliesdr regression is used to find the

parameters necessary to calculate the bindingtgfind capacity.

192



0.009
0.008 |+ a
0.007 -
0.006 -
B 0.005 -
C_eq 0.004 -
0.003 -
0.002 -
0.001 -

0 0.001 0.002 0.003 0.004 0.005
B

Figure A.2 Scatchard Plot of Poly(MAA-co-EGDMA) Recognitive Polymers. The
linear regression of the following curves gave adrared value of 0.69, 0.35, and 0.12
for the poly(MAA-co-EGDMA) recognitive polymer frortiterature(35% double bond
conversion)¢), poly(MAA-co-EGDMA) recognitive polymer with 48%louble bond
conversions), and poly(MAA-co-EGDMA) recognitive polymer vidiving/controlled”
polymerization techniques(44% double bond convejél, respectively. The x-axis is
the bound amount (B), and the y-axis is the boumdumt divided by the equilibrium

concentration (B/¢g).
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Figure A.3 Langmuir Isotherm Linear Regression of Poly(MAA-co-EGDMA)
Recognitive Polymers. The linear regression of the following curves gave squared
value of 0.98, 0.93, and 0.90 for the poly(MAA-cGEMA) recognitive polymer from
literature(35% double bond conversian)( poly(MAA-co-EGDMA) recognitive
polymer with 48% double bond conversiar),(and poly(MAA-co-EGDMA) recognitive
polymer via “living/controlled” polymerization teaiques(44% double bond conversion)
(A), respectively. The x-axis is 1 divided by theuiéirium concentration (1/€), and

the y-axis is 1 divided by the bound amount (1/B).
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Figure A.4 Freundlich Isotherm Linear Regression & Poly(MAA-co-EGDMA)
Recognitive Polymers(LOG-LOG). The linear regression of the following curves gave
a R squared value of 1.00, 0.94, and 0.96 for thig(l@AA-co-EGDMA) recognitive
polymer from literature(35% double bond conversioh) poly(MAA-co-EGDMA)
recognitive polymer with 48% double bond convers{ah and poly(MAA-co-EGDMA)
recognitive polymer via “living/controlled” polymezation techniques(44% double bond
conversion)d), respectively. The x-axis for the plot is theg lof the equilibrium

concentration (g, and the y-axis is the log of the bound amount (B
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The basis for the best fit to the data is the ayef@ squared @R value (square of the
correlation coefficient). The curve fits shown afer poly(MAA-co-EGDMA)
recognitive polymer from literature(35% double bowdnversion), poly(MAA-co-
EGDMA) recognitive polymer with 48% double bond wersions, and poly(MAA-co-
EGDMA) recognitive polymer via “living/controlledpolymerization techniques(44%
double bond conversion).

It is important to note that both the Freundicbtherm and the Langmuir
isotherm gave similar values for the binding affinfor the poly(MAA-co-EGDMA)

recognitive polymer from literature.

A.3 Raw Data from Static Experiment for Calculation of Mesh Size for Poly(MAA-

co-EGDMA) and Poly(DEAEM-co-HEMA-co-PEG200DMA) Recanitive Gels

The data presented in this section is the raw tdd&tn from the static experiment
from the RSA Ill DMA. The data obtained and used dalculation of mesh size is the
linear stress versus strain data presented in tpegahs. Each graph has three sample
runs for each type of polymer network. It is imjaot to note all analysis of gels was

preformed witho < 2. The mesh size analysis is presented in €h&pt
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Figure A.5. Raw Stress versus Strain Data for Thre Poly(MAA-co-EGDMA)
Recognitive Gels. The raw data for stress versus strain is usedltulate the mesh size.
It is important to note the strain in % is equalA\tdL, - 100%, whereAL is (L - L, ), L
is the extended length, and ks the original un-stretched length. Also,< 2 for all

experimental analysis of mesh size.
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Figure A.6. Raw Stress versus Strain Data for Thre Poly(MAA-co-EGDMA)
Recognitive Gels via “Living/controlled” Polymerization. The raw data for stress
versus strain is used to calculate the mesh dizis.important to note the strain in % is
equal toAL/L, - 100%, whereAL is ( L - L, ), L is the extended length, and is the

original un-stretched length. Alse< 2 for all experimental analysis of mesh size.
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Figure A.7. Raw Stress versus Strain Data for Thre Poly(DEAEM-co-HEMA-co-
PEG200DMA) Recognitive Gels. The raw data for stress versus strain is used to
calculate the mesh size. It is important to nbeedtrain in % is equal tdL/L, - 100%,
whereAL is (L - Ly ), L is the extended length, andik the original un-stretched length.

Also, a < 2 for all experimental analysis of mesh size.
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Figure A.8. Raw Stress versus Strain Data for Thre Poly(DEAEM-co-HEMA-co-
PEG200DMA) Recognitive Gels via “Living/controlled” Polymerization. The raw
data for stress versus strain is used to calcthatenesh size. It is important to note the
strain in % is equal tAL/L, - 100%, where\L is (L - Ly ), L is the extended length, and

L, is the original un-stretched length. Alsog 2 for all experimental analysis of mesh

size.
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A.4 Data used for the Calculation of Diffusion Codfcients.

Data for the calculation of the diffusion coefficte for the EA9A imprinted
poly(MAA-co-EGDMA) gels and gels prepared via “lng/controlled” polymerization
techniqgues are presented in Figure A.9. Data lier ¢alculation of the diffusion
coefficients for the diclofenac sodium imprinted yWBEAEM-co-HEMA-co-
PEG200DMA) gels and gels prepared via “living/cotied” polymerization techniques

are presented in Figure A.10.
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Figure A.9. Fractional Release for the Calculationof Diffusion Coefficients for
EA9A Imprinted Poly(MAA-co-EGDMA) Gels. M¢/M., was plotted to only 70% to
calculate the diffusion coefficients. Poly(MAA-&SDMA) recognitive gel 4) and
poly(MAA-co-EGDMA) recognitive gel prepared via Ving/controlled” polymerization
techniques==) curves are presented. The slope was obtained linear regression and
the diffusion coefficients were calculated. Detadf this analysis are presented in

Chapter 5, section 5.3.6.
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Figure A.10 One Dimensional Transport Data for Ditofenac Sodium Imprinted
Poly(DEAEM-co-HEMA-co-PEG200DMA) Gels. Linear regression of the graph will
yield the permeability? for the poly(DEAEM-co-HEMA-co-PEG200DMA) recognigv
gel (A) and the poly(DEAEM-co-HEMA-co-PEG200DMA) recogwné gel prepared via
“living/controlled” polymerization techniquess). The specifics of the calculation of
values for the x axis and y axis see Chapter Sjose&.3.7, the concentration in the
receptor cell isZ;, the concentration of the donor celldg the area of diffusion i8,, the
volume of each half cell ig, and time id. Important to note values are calculated post-

lag time.
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A.5 Linearization of Selected Data for Freundlich sotherm Analysis.

In this section linear regressions of the poly(MAA-EGDMA) recognitive
polymer synthesized via “living/controlled” polyneation techniques with 35% double
bond conversion binding data, and the selectititgies for the poly(MAA-co-EGDMA)
recognitive polymer synthesized from literaturelygdAA-co-EGDMA) recognitive
polymer with 48% double bond conversion, and polx@Aco-EGDMA) recognitive
polymer synthesized via “living/controlled” polyneation techniques with 44% double

bond conversion. These data sets are presented(Log-Log) format.
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Figure A.11 Freundlich Isotherm Linear Regressionof Poly(MAA-co-EGDMA)
Recognitive Polymers Synthesized via “Living” Polyrerization (35% Double Bond
Converison) (LOG-LOG). The linear regression of the following curves gaveR
squared value of 0.70 for the poly(MAA-co-EGDMA)ognitive polymer synthesized
via “living/controlled” polymerization techniques3%% double bond conversiom)(
The x-axis for the plot is the log of the equiliom concentration (&), and the y-axis is
the log of the bound amount (B). The Langmuirhgoin gave an affinity of 5.52 + 0.55

mM™,
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Figure A.12 Freundlich Isotherm Linear Regressionof Poly(MAA-co-EGDMA)
Recognitive Polymers for Selectivity Analysis (LOG-OG). The linear regression of
poly(MAA-co-EGDMA) recognitive polymers are presedf poly(MAA-co-EGDMA)
recognitive polymer from literature(35% double booonversion)), poly(MAA-co-
EGDMA) recognitive polymer with 48% double bond wersions(), and poly(MAA-
co-EGDMA) recognitive polymer via “living/controli® polymerization techniques(44%
double bond conversioly], respectively. The x-axis for the plot is theglof the

equilibrium concentration (&), and the y-axis is the log of the bound amount (B
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APPENDIX B

In Appendix B, the washing analysis is presented the highly crosslinked
poly(MAA-co-EGDMA) recognitive polymers described Chapters 3 and 4. Three
types of recognitive polymers were washed in tinggro-Soxhlet extraction devices that
were custom made at the Auburn University GlasspShbhe micro-Soxhlet extraction
device was specifically made for a 10 mm x 50 mma¥ittan Extraction Thimble filter.
The wash solvent used was a 1 to 4 ratio of methemacetonitrile. The washing
procedure was preformed on a hot plate in a satidtbakeep the temperature of each

Soxhlet extraction device the same.

B.1 Method of Micro-Soxhlet Extraction for Poly(MAA-co-EGDMA) Recognitive

Polymer Disks.

A sample of approximately 100 mg for each recogeitnetwork, literature
recognitive polymer, recognitive polymer with 48%outhle bond conversion, and
recognitive polymer via “living/controlled” polymization techniques were placed in
separate micro-Soxhlet extraction devices to wasth eone separately. The effluent
within flask at the bottom of each Soxhlet extractdevice was measured via a Synergy
UV-vis spectrophotometer to measure the conceatratf EA9A. The volume of the
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effluent was then measured in a graduated cylinddre concentration and the volume

data was used to calculate the mass of EA9A washedf the polymer.

B.2 Results of Micro-Soxhlet Extraction for Poly(MAA-co-EGDMA) Recognitive

Polymer Disks.

The results of the extraction experiment yieldt tthee poly(MAA-co-EGDMA)
recognitive polymer from literature released 0.%#36.014 mg of the EA9A within the
polymer wash. The poly(MAA-co-EGDMA) recognitivelgmer with 48% double bond
conversion released 0.084 + 0.017 mg of the EA9Ahiwithe polymer wash, and
poly(MAA-co-EGDMA) recognitive polymer via “livingdontrolled” polymerization
techniques released 0.087 + 0.013 mg of the EA9#empolymer wash (Figure B.1). In
literature, the polymers are ground to a powdehvéi® um particle sizé Smaller
particle sizes would allow for removal of trappeAdA and faster template transport
thus giving higher wash out efficiencies. Literatistates that 90% of the EA9A is
washed out in a 24 hour time peribdA schematic of how the diffusion of drug diffsse
out from a highly crosslinked network (Figure B.2By grinding the polymer into
smaller particles, more template would be ableitinugk out from the polymer network

thus leaving less template trapped within the pelynmetwork.
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Figure B.1 Wash Analysis for Highly Crosslinked Pol(MAA-co-EGDMA)
Recognitive Networks. The release of the EA9A over the given time peiiadicates
that poly(MAA-co-EGDMA) recognitive polymer from térature ¢) released more
EA9A that the poly(MAA-co-EGDMA) recognitive polymewith 48% double bond
conversion &) and the poly(MAA-co-EGDMA) recognitive polymer avi
“living/controlled” polymerization techniquesA(). Error bars represents the standard
error. (n=3) It is important to note that laterpesments show that the Whatman
extraction filter did absorb a significant amourft BA9A which would cause the
numbers presented in the graph to be significdatler than the actual amount of EA9A

washed out of the imprinted polymer.
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Figure B.2 Schematic of Diffusion Through a Crosshked Polymer Network. The
diffusion of the template takes place through tb&/mer network. The polymer with
template laced throughout the netwoA).( The template diffuses out through the open
portions of the polymer networkB]. The network with template locked within the
polymer network due to the template not havingisigiit space to diffuse out of the
polymer C). Smaller particle size would contribute to lowamounts of trapped

template within the polymer network.
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B.3 Calculation of Masses of EA9A Bound, Removed,nd Initially for EA9A

Imprinted Poly(MAA-co-EGDMA) Polymer Networks.

This section is dedicated to the evaluation whetheramounts of EA9A initially
within the polymer (during synthesis), loading capaof the polymer, and template
washed out of the polymer within the poly(MAA-co-BGIA) recognitive networks are
scientifically feasible. The calculation the ad¢tamount of EA9A within the poly(MAA-
co-EGDMA) recognitive network synthesized from dgeire, the poly(MAA-co-
EGDMA) recognitive network with 48% increased corsen, and poly(MAA-co-
EGDMA) recognitive network via “living/controlledpolymerization techniques. The
wt% calculated from the initial solutions (based alh solvent evaporated from the
polymer network) for the poly(MAA-co-EGDMA) recogiie network synthesized from
literature, the poly(MAA-co-EGDMA) recognitive nebnk with 48% increased
conversion, and poly(MAA-co-EGDMA) recognitive netik via “living/controlled”
polymerization techniques are 0.01193, 0.0114, &an@1097, respectively. The
molecular weight of EA9A is 221.22 mg/mmole. Fooly§MAA-co-EGDMA)
recognitive polymer synthesized from literature ttadculation is shown in B.1. It is

important to note all values will be listed a vahfemg of template divided by g of dry

polymer.
0.01195-M9 EA9A | 1000mgpolymer :11_93M 51
mgpolymer)\ g polymer gdry polymer

The corresponding values for the initial EA9A witlthe network for the poly(MAA-co-

EGDMA) recognitive network with 48% increased corsven, and poly(MAA-co-

211



EGDMA) recognitive network via “living/controlledjolymerization techniques are 11.4
and 10.97 mg EA9A/g dry polymer, respectively.

The loading capacity for the EA9A imprinted pdWAA-co-EGDMA) gels are
calculated via the binding isotherms obtained ftbmbinding analysis of the recognitive
gels presented in Chapter 3 and Chapter 4. Theesdor the loading capacity are
(0.0015 £ 0.0004, 0.004 + 0.0012, and 0.00996 #IB) mmole EA9A/g of dry polymer.
Equation B.2 calculates the mg of EA9A bound by thay(MAA-co-EGDMA)

recognitive gel synthesized from literature, an8 &alculates the error.

0.0015mmoIeEA9A'(221.22ngA9Aj _ O.BSM 8.0
gdry polymen_ mmoleEA9A gdry polymer
0.00044m(;“°'e—'5|AgA on o

gdrypo ymer[o_33 mg ]=0.0968mg— -
o_oomw gdry polymer gdry polymer

gdry polymer

The results show for the loading capacity in mg BA®r g of dry polymer to be (0.33 +
0.097, 0.88 = 0.26, and 2.20 + 0.28) mg EA9A/g of polymer for the poly(MAA-co-
EGDMA) recognitive network synthesized from litens, the poly(MAA-co-EGDMA)
recognitive network with 48% increased conversiamd poly(MAA-co-EGDMA)
recognitive network via “living/controlled” polymigiation techniques.

The washing procedure presented in Appendix Btiae B.2 calculated the
amount of EA9A washed from the imprinted polymetwaeks. The weight of polymer
used was (78.37, 92.20, and 83.90) mg of dry polyimethe poly(MAA-co-EGDMA)

recognitive network synthesized from literatures goly(MAA-co-EGDMA) recognitive
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network with 48% increased conversion, and poly(MéAEGDMA) recognitive
network via “living/controlled” polymerization teamues, respectively.

The weights washed out of the polymer were (0486014, 0.081 + 0.017, and
0.087 £ 0.013) mg for the poly(MAA-co-EGDMA) recatwe network synthesized from
literature, the poly(MAA-co-EGDMA) recognitive nebnk with 48% increased
conversion, and poly(MAA-co-EGDMA) recognitive neiik via “living/controlled”
polymerization techniques, respectively. It is ortant to note four main assumptions
were made in this wash out analysis (i) none of HAA decomposes during the
washing procedure, (ii) none of the EA9A adsorhmethe sides of the round bottom flask
during measurement of the wash,(iii) the extracfittier does not significantly absorb
EA9A, and (iv) all EA9A washed from the polymer isontained within the
acetonitrile:methanol wash effluent in the flask.Wash out values are calculated via

equation B.4, and equation B.5 is used to calcsildte error.

0.135mgpf EA9A ! 1000mg | _ 4 75 MIEASA 5
78.37mgdry polymer g gdry polymer
0.014mg 1748 mg EA9A _ 0. mgEA9A B.5
0.135mg gdry polymer gdry polymer

The amounts of template washed out of the EA9Arimgd poly(MAA-co-
EGDMA) networks are (1.75 = 0.18, 0.88 + 0.18, dn@4 + 0.16) mg EA9A/ g dry
polymer for the poly(MAA-co-EGDMA) recognitive nebrk synthesized from literature,
the poly(MAA-co-EGDMA) recognitive network with 48%creased conversion, and

poly(MAA-co-EGDMA) recognitive network via “livingdontrolled” polymerization

213



techniques, respectively. It is important to nttat later experiments show that the
Whatman extraction filter did absorb a significamtount of EA9A which would cause
the numbers presented in the graph to be signtficdower than the actual amount of

EA9A washed out of the imprinted polymer.

B.4 Discussion of Results

The washing analysis reveals that the poly(MAA-&GBEBVIA) copolymer
network is synthesized with more than enough teteptacompensate for the amount of
EA9A bound within the network. The poly(MAA-co-EGIA) recognitive network
synthesized from literature and the poly(MAA-co-EKAB) recognitive network with
48% increased conversion had enough drug washeaf tlue polymer to compensate for
the EA9A loading capacity. However, the poly(MAA-EGDMA) recognitive network
via “living/controlled” polymerization techniquesddnot have enough EA9A washed out
of the network to compensate for the associateditgnparameters.

The template EA9A washed out of the polymer isspnted in Figure B.1.
Examination of the curve indicate that the poly(M&&-EGDMA) recognitive polymer
with 48% double bond conversion and poly(MAA-co-EKBB) recognitive polymer
prepared via “living/controlled” polymerization tatiques have lower amounts of drug
washed out of the polymer network. The poly(MAAEGDMA) recognitive polymer
with 48% double bond conversion has an increasédtor which as shown in Chapter 3
translates into smaller kinetic chain length. Hyjatically, a more homogeneous
network with shorter kinetic chain length (Chapt¢rsuggests smaller mesh sizes which
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in effect lock more template within the polymer wietk. The reasons for the low
amounts of EA9A washing out for the *“living” polymzation could be due to
decomposition of EA9A in the effluent from the washer a 2.5 week period at a
temperature of 80°C and/or adsorption on the sideenglass round bottom flask. Later
experiments determined that the Whatman extrachiber did absorb a significant
amount of EA9A which would cause the amounts rerddvem the imprinted polymer
be significantly lower than the actual amount of @Aremoved. All the amounts of

EA9A from the synthesis, loading, and wash aregqtesl in Table B.1.

B.5 References

1. Spivak, D.; Gilmore, M. A.; Shea, K. J., Evaloat of Binding and Origins of

Specificity of 9-Ethyladenine Imprinted Polymeds.Am. Chem. Soc. 1997, 119, (19),

4388-4393.
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Table B.1 Amounts of EA9A Contained in the Synthesi Loading, and Wash

Effluent for Poly(MAA-co-EGDMA) Recognitive Network s.

Polymer Synthesis Loading Wash
mg EA9A/g dry mg EA9A/g dry mg EA9A/g dry
polymer polymer polymer*

Poly(MAA-co-EGDMA)
recognitive polymer
literature match 11.93 0.33 £0.097 1.75+0.18
(35% double bond
conversion)

Poly(MAA-co-EGDMA)
recognitive polymer

(48% double bond 11.40 0.88 + 0.26 0.88 +0.18
conversion)
Poly(MAA-co-EGDMA)
recognitive polymer via
living/controlled 10.97 2.20+0.28 1.04+0.16

polymerization
techniques

* Later experiments determined that the Whatman etira filter did absorb a
significant amount of EA9A which would cause thecammts removed from the imprinted

polymer be lower than the actual amount of EA9A oeed.
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APPENDIX C

In appendix C, the Visual Basic code developedtf@ calculation of double
bond conversion is presented. The Visual Basie awoals used to analyze all recognitive
polymers presented within this dissertation. Thegpam name is “SAE”. The program
was designed and developed for the express pugi@s®lysis of the data obtained from

the DPC.

C.1 Program Setup

Procedure for the analysis is in chronologicaleord Open an Excel workbook
containing the Visual Basic program presented is #ippendix, press “CTRL-S” to set
up the spreadsheet. Second data from the diffatgaitoto calorimeter is taken from the
Universal Analysis program (TA Instruments, New {Bg<DE) and pasted into the first
three columns under the cells labeled, Time (s€ejnperature (°C), and Heat Flow
(W/g). Third the theoretical heat of reaction mostplaced in the cell below the labeled
cell heat of reaction, and the average moleculaghtef the solution must be placed in
the cell below the average molecular weight. important to note if any sudden drops
in data are observed a correction factor of thecteamount of the drop (10 W/g etc
determined from the heat flow just before the dsaptracting the heat flow just after the
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drop) must be added to the program under theigéll intensity correction. The analysis
of the data is done by pressing “CTRL-A". The piaog to set up and analyze for kinetic
parameters is “CTRL-E”. Before pressing “CTRL-Elata must be placed within the
cells below Delta Time, which is the time after theak of the reaction for analysis (it
normally takes 25 sec for the rate to come to dauiin after the light shut off time) and

Light Shutoff Time (min) which is the time the ligis shut off after the beginning of the
data collection, respectively. Graphs of the datalwe made by pressing “CTRL-G” after

the data is analyzed.

C.2 Program Code for “SAE”

Sub Setup()

' Setup Macro

' Macro recorded 2/21/2006 by Asa Vaughan

" Keyboard Shortcut: Ctrl+s

' Cells.Select

With Selection

.HorizontalAlignment = xIGeneral
\VerticalAlignment = xIBottom
WrapText = True
.Orientation = 0
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AddIndent = False
IndentLevel =0
.ShrinkToFit = False
.ReadingOrder = xIContext
.MergeCells = False
End With
With Selection.Font
.Name = "Arial"
.FontStyle = "Regular"
.Size =8
.Strikethrough = False
.Superscript = False
.Subscript = False
.OutlineFont = False
.Shadow = False
.Underline = xlUnderlineStyleNone
.Colorindex = xIAutomatic
End With
Selection.Rows.AutoFit
Selection.Columns.AutoFit
Cells(1, 1) = "Heat of Reaction J/mole"
Cells(1, 2) = "MW avg"
Cells(1, 3) = "Intensity Heat Flow W/g"
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Cells(1, 4) = "Rp Max (sec-1)"

Cells(1, 5) = "Final Conversion"

Cells(1, 6) = "Temperature ( °C)"

Cells(1, 7) = "TimeRpmax"

Cells(1, 8) = "Conversion RpMax"

Cells(1, 9) = "program kmax"

Cells(1, 10) = "Total Polymerization Time (min)"
Cells(1, 11) = "kmax override"

Cells(1, 12) = "Total Time Data Taken (sec)"
Cells(1, 13) = "Time for Kinetic Time Analysis (mih
Cells(1, 14) = "Light Intesity Correction”
Cells(3, 1) = "Time (sec)"

Cells(3, 2) = "Temperature (°C)"

Cells(3, 3) = "Heat Flow (W/g)"

Cells(3, 4) = "Actual Heat Flow (W/g)"
Cells(3, 5) = "Rp (sec-1)"

Cells(3, 6) = "Time"

Cells(3, 7) = "Conversion"

Cells(3, 9) = "rpsum"”

Cells(3, 12) = "rp initial"

Cells(3, 13) = "rp final"

Cells(11, 10) = "Kinetic Rp Max (sec-1)"
Cells(11, 11) = "Kinetic Final Converion"
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Cells(11, 12) = "Temperature (°C)"
Cells(11, 13) = "Kinetic Time Rpmax"
Cells(11, 14) = "Kinetic Conversion RpMax"
End Sub

Sub Analyze()

" Analyze Macro

' Macro recorded 2/21/2006 by Asa Vaughan

' Keyboard Shortcut: Ctrl+a
Dim x As Double

Dim y As Double

Dim z As Double

Dim i As Double

Dim j As Double

Dim k As Double

Dim time As Double

Dim temp As Double

Dim heatflow As Double
Dim avgmw As Double

Dim heatofreaction As Double
Dim lightintensity As Double
Dim rp As Double

Dim rpnew As Double
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Dim correctedheatflow As Double
Dim hf As Double

Dim hfnew As Double

Dim rpold As Double

Dim kmax As Double

Dim rpinitial As Double

Dim rpfinal As Double

Dim rpsum As Double

Dim conversion As Double

Dim finalconversion As Double
Dim rpmax As Double

Dim rpmaxold As Double

Dim rpmaxnew As Double

Dim polyrxtime As Double

Dim kmaxoveride As Double

Dim timerpmax As Double

Dim initialdatapoint As Double
Dim finaldatapoint As Double
Dim numberofpoints As Double
Dim conversionrpmax As Double
Dim lightintensitycorrection As Double
Dim ii As Double
lightintensitycorrection = Cells(2, 14)
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i=4

Do While Cells(ii, 1) >0
initialdatapoint = Cells(4, 1)
finaldatapoint = Cells(ii, 1)
i=ii+1

Loop

numberofpoints =i - 4
heatofreaction = Cells(2, 1)
avgmw = Cells(2, 2)

kmax = numberofpoints
lightintensity = Cells(kmax, 3)
Cells(2, 3) = lightintensity

Cells(2, 9) = kmax

rpnew =0
hf=0
hfnew =0

rpinitial = 0
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rpfinal = 0

rosum =0

rpmax = 0

rpold =0

rpmaxold = 0
romaxnew = 0
timerpmax =0

temp = Cells(3000, 2)
Cells(2, 6) = temp
converionrpmax = 0

Do While k < kmax

hfnew = Cells(i, 3) - (lightintensity + lightinteitgcorrection)
If hfnew < 0 Then Cells(i, 4) = hf

If hfnew > 0 Then hf = hfnew

Cells(i, 4) = hf

rpold = rp

rpnew = Cells(i, 4) * avgmw / heatofreaction
If ropnew <0 Thenrp=rp

If ropnew > 0 Then rp = rpnew

Cells(i, 5) =rp

Cells(i, 6) = time

If rp = rpold Then time = time
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If rp > rpold Then time =time + 0.2
If rp < rpold Then time =time + 0.2
If time = 0.2 Then rpinitial = rp
Cells(4, 12) = rpinitial

rpfinal = rp

Cells(4, 13) = rpfinal
rpsum = rpsum + rp
Cells(i, 9) = rpsum

izZi+1

k=k+1

Loop

k=0

i=4

Do While (k < kmax)

If Cells(i, 6) = 0 Then conversion = 0
If Cells(i, 6) > 0 Then conversion = (time * (rpiiail + rpfinal + 2 * Cells(i, 9))) / (time *
2 * 5)

Cells(i, 7) = conversion
finalconversion = conversion

Cells(2, 5) = finalconversion

k=k+1
i=i+1
Loop
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Do While (k < kmax)

rpmaxnew = Cells(i, 5)

If romaxnew > rpmax Then rpmax = rpmaxnew

If romaxnew < rpmax Then rpmax = rpmax

If romaxnew = rpmax Then rpmax = rpmax
Cells(2, 4) = rpmax

izZi+1

k=k+1

Loop

i=4

k=0

Do While k < kmax

rpmaxnew = Cells(i, 5)

If romaxnew = rpmax Then timerpmax = Cells(i, 6)
Cells(2, 7) = timerpmax

If romaxnew = rpmax Then conversionrpmax = Cellsi,

Cells(2, 8) = conversionrpmax

i=i+1
k=k+1
Loop

'kinetic section'
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Dim kmaxoverride As Double

Dim kineticconversion As Double
kmaxoverride = Cells(2, 13) *60 * 5
Cells(2, 11) = kmaxoverride

i=4

k=0

rpmaxnew = 0

romax =0

kineticconversion = 0

Cells(12, 12) = temp

Do While (k < kmaxoverride)

rpmaxnew = Cells(i, 5)

If romaxnew > rpmax Then rpmax = rpmaxnew
If romaxnew < rpmax Then rpmax = rpmax
If romaxnew = rpmax Then rpmax = rpmax
Cells(12, 10) = rpmax

i=i+1

k=k+1

Loop

i=4

k=0

Do While k < kmaxoverride

rpmaxnew = Cells(i, 5)
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If romaxnew = rpmax Then timerpmax = CelI6f
Cells(12, 13) = timerpmax

If romaxnew = rpmax Then conversionrpmaRetis(i, 7)
Cells(12, 14) = conversionrpmax

kineticconversion = Cells(i, 7)

Cells(12, 11) = kineticconversion

i=i+1
k=k+1
Loop

Rows("14:14").RowHeight = 60
Range("J14").Select
ActiveCell.FormulaR1C1 = "Rp at Light"
With ActiveCell.Characters(Start:=1, Length:¥Ebnt

.Name = "Arial"

.FontStyle = "Regular"

.Size =8

.Strikethrough = False

.Superscript = False

.Subscript = False

.OutlineFont = False

.Shadow = False

.Underline = xlUnderlineStyleNone

.Colorindex = xIAutomatic
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End With
Range("J14").Select
ActiveCell.FormulaR1C1 = "Rp at Light Shutdown"
With ActiveCell.Characters(Start:=1, Length:¥Font
.Name = "Arial"
.FontStyle = "Regular"
.Size =8
.Strikethrough = False
.Superscript = False
.Subscript = False
.OutlineFont = False
.Shadow = False
.Underline = xlUnderlineStyleNone
.ColorIndex = xIAutomatic
End With
Range("K14").Select
ActiveCell.FormulaR1C1 = "Rp at Light Shutdoplus deltatime”
With ActiveCell.Characters(Start:=1, Length:¥¥nt
.Name = "Arial"
.FontStyle = "Regular"
.Size =8
.Strikethrough = False

.Superscript = False
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.Subscript = False
.OutlineFont = False
.Shadow = False
.Underline = xlUnderlineStyleNone
.Colorindex = xIAutomatic
End With
Range("L14").Select
ActiveCell.FormulaR1C1 = "Conversion at lightusdown"
With ActiveCell.Characters(Start:=1, Length:¥Ent
.Name = "Arial"
.FontStyle = "Regular"
.Size =8
.Strikethrough = False
.Superscript = False
.Subscript = False
.OutlineFont = False
.Shadow = False
.Underline = xlUnderlineStyleNone
.Colorindex = xIAutomatic
End With
Range("M14").Select
ActiveCell.FormulaR1C1 = "Conversion at Lighusdown plus deltatime”
With ActiveCell.Characters(Start:=1, Length:F4ont
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.Name = "Arial"

.FontStyle = "Regular"

.Size =8

.Strikethrough = False

.Superscript = False

.Subscript = False

.OutlineFont = False

.Shadow = False

.Underline = xlUnderlineStyleNone

.Colorindex = xIAutomatic
End With
Range("N14").Select
ActiveCell.FormulaR1C1 = "Delta time sec"
With ActiveCell.Characters(Start:=1, Length:¥Font

.Name = "Arial"

.FontStyle = "Regular"

Size =8

.Strikethrough = False

.Superscript = False

.Subscript = False

.OutlineFont = False

.Shadow = False

.Underline = xlUnderlineStyleNone
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.Colorindex = xIAutomatic
End With
Range("014").Select
ActiveCell.FormulaR1C1 = "Light Shutoff time ni
With ActiveCell.Characters(Start:=1, Length:¥Font
.Name = "Arial"
.FontStyle = "Regular"
.Size =8
.Strikethrough = False
.Superscript = False
.Subscript = False
.OutlineFont = False
.Shadow = False
.Underline = xlUnderlineStyleNone
.Colorindex = xIAutomatic
End With
Range("J15").Select
Range("P1").Select
ActiveCell.FormulaR1C1 = "Rp SS Analysis"
With ActiveCell.Characters(Start:=1, Length:¥Ebnt
.Name = "Arial"
.FontStyle = "Regular"
.Size =8
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.Strikethrough = False
.Superscript = False
.Subscript = False
.OutlineFont = False
.Shadow = False
.Underline = xlUnderlineStyleNone
.Colorindex = xIAutomatic
End With
Range("Q1").Select
ActiveCell.FormulaR1C1 = "Time Start min"
With ActiveCell.Characters(Start:=1, Length:¥Font
.Name = "Arial"
.FontStyle = "Regular"
Size =8
.Strikethrough = False
.Superscript = False
.Subscript = False
.OutlineFont = False
.Shadow = False
.Underline = xlUnderlineStyleNone
.Colorindex = xIAutomatic
End With
Range("R1").Select
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ActiveCell.FormulaR1C1 = "Deltatime min"

With ActiveCell.Characters(Start:=1, Length:Fnt
.Name = "Arial"

.FontStyle = "Regular"

Size =8

.Strikethrough = False
.Superscript = False

.Subscript = False

.OutlineFont = False

.Shadow = False

.Underline = xlUnderlineStyleNone
.Colorindex = xIAutomatic

End With

Range("s1").Select

ActiveCell.FormulaR1C1 = "Endtime min"

With ActiveCell.Characters(Start:=1, Length:Fnt
.Name = "Arial"
.FontStyle = "Regular"

Size =8

.Strikethrough = False

.Superscript = False

.Subscript = False

.OutlineFont = False
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.Shadow = False
.Underline = xlUnderlineStyleNone
.Colorindex = xIAutomatic

End With

Range("Q3").Select

End Sub

Sub drkrxnanalyze()
" drkrxnanalyze Macro
' Macro recorded 6/20/2006 by Asa Dee Vaughan'
' Keyboard Shortcut: Ctrl+e
Dim lightofftime As Double
Dim rplightofftime As Double
Dim rplightouttime As Double
Dim convlightofftime As Double
Dim convlightouttime As Double
Dim drkrxndeltatime As Double
Dim a As Double
Dim b As Double
Dim c As Double
Dim i As Double

Dim heatofreaction As Double
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Dim avgmw As Double
heatofreaction = Cells(2, 1)
avgmw = Cells(2, 2)
lightofftime = Cells(15, 15)
drkrxndeltatime = Cells(15, 14)
lightofftime = (lightofftime * 60)
a=0

i=4

Do While a < (lightofftime - drkrxndeltatime)
a = Cells(i, 1)

rplightofftime = Cells(i, 5)
convlightofftime = Cells(i, 7)
i=i+1

Loop

Cells(15, 10) = rplightofftime
Cells(15, 12) = convlightofftime
b=0

i=4

Do While b < (lightofftime)

b = Cells(i, 1)

rplightouttime = Cells(i, 3) * avgmw / heatadietion
convlightouttime = Cells(i, 7)
=i+l
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Loop
Cells(15, 11) = rplightouttime
Cells(15, 13) = convlightouttime

End Sub

Sub Graph()'
" Graph Macro
' Macro recorded 2/21/2006 by Asa Vaughan'

' Keyboard Shortcut: Ctrl+g

Range("P7").Select
Charts.Add
ActiveChart.ChartType = xIXY Scatter
ActiveChart.SetSourceData Source:=Sheets("$Heeange("P7")
ActiveChart.SeriesCollection.NewSeries
ActiveChart.SeriesCollection(1).XValues = "=8tl#R4C6:R18984C6"
ActiveChart.SeriesCollection(1).Values = "=Si¢#ie4C4:R18984C4"
ActiveChart.SeriesCollection(1).Name = "=""H&ddw""
ActiveChart.Location Where:=xlLocationAsNewShd¢éame:="Heat Flow vs Time"
With ActiveChart

.HasTitle = True

.ChartTitle.Characters.Text = "Heat Flow"
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Axes(xICategory, xIPrimary).HasTitle = &ru

Axes(xICategory, xIPrimary).AxisTitle.Clzaters.Text = "Time (sec)"

Axes(xIValue, xIPrimary).HasTitle = True

Axes(xIValue, xIPrimary).AxisTitle.Charaes. Text = "Heat Flow (W/g)"
End With
ActiveChart.PlotArea.Select
Selection.Interior.Colorindex = xINone
ActiveChart.Axes(xIValue).MajorGridlines.Select
Selection.Delete
Sheets("Sheetl").Select
Charts.Add
ActiveChart.ChartType = xIXY Scatter
ActiveChart.SetSourceData Source:=Sheets("$HeRange("P7")
ActiveChart.SeriesCollection.NewSeries
ActiveChart.SeriesCollection(1).XValues = "=8ti#R4C6:R18984C6"
ActiveChart.SeriesCollection(1).Values = "=Si¢#ie4C5:R18984C5"
ActiveChart.SeriesCollection(1).Name = "=""Rp™
ActiveChart.Location Where:=xILocationAsNewShd¢ame:="Rp vs Time"
With ActiveChart

.HasTitle = True

.ChartTitle.Characters.Text = "Rp"

Axes(xICategory, xIPrimary).HasTitle = €ru

Axes(xICategory, xIPrimary).AxisTitle.Clzaters.Text = "Time (sec)"
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Axes(xIValue, xIPrimary).HasTitle = True
Axes(xIValue, xIPrimary).AxisTitle.Characs.Text = "Rp (sec -1)"
End With
ActiveChart.PlotArea.Select
Selection.Interior.Colorindex = xINone
ActiveChart.Axes(xIValue).MajorGridlines.Select
Selection.Delete
Sheets("Sheetl").Select
Charts.Add
ActiveChart.ChartType = xIXY Scatter
ActiveChart.SetSourceData Source:=Sheets("$HeRange("P7")
ActiveChart.SeriesCollection.NewSeries
ActiveChart.SeriesCollection(1).XValues = "=8t#R4C6:R18984C6"
ActiveChart.SeriesCollection(1).Values = "=Si¢#ie4C7:R18984C7"
ActiveChart.SeriesCollection(1).Name = "=""Cension"""
ActiveChart.Location Where:=xILocationAsNewShdéame:= _
"Conversion vs Time"
With ActiveChart
.HasTitle = True
.ChartTitle.Characters.Text = "Conversion”
Axes(xICategory, xIPrimary).HasTitle = €ru
Axes(xICategory, xIPrimary).AxisTitle.Claaters.Text = "Time"

Axes(xIValue, xIPrimary).HasTitle = True
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Axes(xIValue, xIPrimary).AxisTitle.Characs. Text = _
"Fractional Double Bond Conversion"
End With
ActiveChart.PlotArea.Select
Selection.Interior.Colorindex = xINone
ActiveChart.Axes(xIValue).MajorGridlines.Select
Selection.Delete
ActiveChart.Axes(xIValue).Select
With ActiveChart.Axes(xIValue)
.MinimumScalelsAuto = True
.MaximumScale = 1
.MinorUnitlsAuto = True
.MajorUnitlsAuto = True
.Crosses = xIAutomatic
.ReversePlotOrder = False
.ScaleType = xlILinear
.DisplayUnit = xINone
End With
Sheets("Sheetl").Select
Charts.Add
ActiveChart.ChartType = xIXY Scatter
ActiveChart.SetSourceData Source:=Sheets("$Heeange("P7")
ActiveChart.SeriesCollection.NewSeries
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ActiveChart.SeriesCollection(1).XValues = "=8t#R4C6:R18984C6"
ActiveChart.SeriesCollection(1).Values = "=Siiée4C2:R18984C2"
ActiveChart.SeriesCollection(1).Name = "=""Tesngture"""
ActiveChart.Location Where:=xILocationAsNewShdéame:="Temp vs Time"
With ActiveChart

.HasTitle = True

.ChartTitle.Characters.Text = "Temperature"

Axes(xICategory, xIPrimary).HasTitle = &ru

Axes(xICategory, xIPrimary).AxisTitle.Clzaters.Text = "Time (sec)"

Axes(xIValue, xIPrimary).HasTitle = True

Axes(xIValue, xIPrimary).AxisTitle.Characs. Text = "Temperature °C"
End With
ActiveChart.PlotArea.Select
Selection.Interior.Colorindex = xINone
ActiveChart.Axes(xIValue).MajorGridlines.Select
Selection.Delete
Sheets("Conversion vs Time").Select
ActiveChart.Axes(xICategory).AxisTitle.Select
Selection.Characters.Text = "Time (sec)"
Selection.AutoScaleFont = False
With Selection.Characters(Start:=1, Length:-Hot

.Name = "Arial"

.FontStyle = "Bold"
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.Size =10

.Strikethrough = False

.Superscript = False

.Subscript = False

.OutlineFont = False

.Shadow = False

.Underline = xlUnderlineStyleNone

.Colorindex = xIAutomatic
End With
Sheets("Sheetl").Select
Charts.Add
ActiveChart.ChartType = xIXY Scatter
ActiveChart.SetSourceData Source:=Sheets("$HeRange("P7")
ActiveChart.SeriesCollection.NewSeries
ActiveChart.SeriesCollection(1).XValues = "=8ti#R4C7:R18984C7"
ActiveChart.SeriesCollection(1).Values = "=Si¢#ie4C5:R18984C5"
ActiveChart.SeriesCollection(1).Name = "=""Rp™
ActiveChart.Location Where:=xILocationAsNewShd¢ame:="Rp vs Conversion"
With ActiveChart

.HasTitle = True

.ChartTitle.Characters.Text = "Rp"

Axes(xICategory, xIPrimary).HasTitle = €ru

Axes(xICategory, xIPrimary).AxisTitle.Claaters. Text = _
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"Fractional Double Bond Conversion"
Axes(xIValue, xIPrimary).HasTitle = True
Axes(xIValue, xIPrimary).AxisTitle.Characs. Text = "Rp (sec -1)"
End With
ActiveChart.PlotArea.Select
Selection.Left = 33
Selection.Top =40
Selection.Interior.Colorindex = xINone
ActiveChart.Axes(xIValue).MajorGridlines.Select
Selection.Delete
ActiveWindow.ScrollWorkbookTabs Sheets:=1
Sheets("Sheetl").Select

End Sub
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APPENDIX D

The kinetic parameters for the recognitive systeanenanalyzed in order to find
the termination constant jkand propagation constanty,Yk The program name is
“KINO”. All kinetic constants were analyzed by shprogram. The program was
developed and designed to collect and analyze dlee fdom the dark reaction analysis
presented in Chapter 5. The first step was to tiakedata from the DPC and analyze the
data with the program “SAE” presented in AppendixAdter the data has been analyzed
with the program “SAE”, the kinetic parameters floe data set can be calculated via the

program “KINO”.

D.1 Program Setup and Use

The first step is to take each excel file for tlaek reaction and rename them as 1,
2, 3, 4, etc. Chonological order is important lve renaming of the Excel files. The
second step is to open up a workbook containin/teeal Basic program “KINO”. The
third step is to open up the program file and #ditlocation of the data. Default location
is found within the code within the subroutine kingetdata line 19. Insert the location

of the data in the C:\DocumentsandSettings\vaudgdbcuments\MAATEMPLATE
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KINETIC\" by replacing the file name. Forth stepto open up a new workbook. Press
“CTRL+K” which sets up the Excel spreadsheet. Siep is to insert the values under
the labled cells for monomer concentration steadyes(Monomer Concentration SS),
feed crosslinking, light intensity value in Einstge(lo), initiator concentration, and the
initiator extinction coefficient. Once these vauare inputted the operator may press
“CTRL+I" this opens up all the workbooks in the a@&brm until done. An error message
may pop up at this point. To correct this erra tiperator must go back to line 18 of the
subroutine kineticgetdata and change the valuel @b the required number of files to be
analyzed. Step six is to press “CTRL-N" which gaak the data and gives values in the
labeled columns for the kinetic constants of pr@piag and termination. Step seven is
to press “CTRL-O” to create the graphs of the daf@his completes the analysis

program.

D.2 Program Code for “KINO”

Sub kineticsetup()
' kineticsetup Macro
' Macro recorded 6/20/2006 by Asa Dee Vaughan

' Keyboard Shortcut: Ctrl+k
Rows("1:1").RowHeight = 51.75
Rows("1:1").Select
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With Selection
.HorizontalAlignment = xIGeneral
VerticalAlignment = xIBottom
WrapText = True
.Orientation = 0
AddIndent = False
.IndentLevel =0
.ShrinkToFit = False
.ReadingOrder = xIContext
.MergeCells = False
End With
Range("Al1").Select
ActiveCell.FormulaR1C1 = "Rp at Light shut ddwn
With ActiveCell.Characters(Start:=1, Length:¥¥bnt
.Name = "Arial"
.FontStyle = "Regular"
.Size =10
.Strikethrough = False
.Superscript = False
.Subscript = False
.OutlineFont = False
.Shadow = False
.Underline = xlUnderlineStyleNone
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.Colorindex = xIAutomatic
End With
Range("B1").Select
ActiveCell.FormulaR1C1 = "Rp at Light out pldsltatime"
With ActiveCell.Characters(Start:=1, Length:¥Eont
.Name = "Arial"
.FontStyle = "Regular"
.Size =10
.Strikethrough = False
.Superscript = False
.Subscript = False
.OutlineFont = False
.Shadow = False
.Underline = xlUnderlineStyleNone
.Colorindex = xIAutomatic
End With
Range("C1").Select
ActiveCell.FormulaR1C1 = "Conversion at lightus down"
With ActiveCell.Characters(Start:=1, Length:>Z&nt
.Name = "Arial"
.FontStyle = "Regular"
.Size = 10
.Strikethrough = False
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.Superscript = False
.Subscript = False
.OutlineFont = False
.Shadow = False
.Underline = xlUnderlineStyleNone
.Colorindex = xIAutomatic
End With
Range("D1").Select
ActiveCell.FormulaR1C1 = "Conversion at lightt@lus deltatime"
With ActiveCell.Characters(Start:=1, Length:¥E®nt
.Name = "Arial"
.FontStyle = "Regular"
.Size =10
.Strikethrough = False
.Superscript = False
.Subscript = False
.OutlineFont = False
.Shadow = False
.Underline = xlUnderlineStyleNone
.Colorindex = xIAutomatic
End With
Range("E1").Select
Columns("D:D").ColumnWidth = 10
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Columns("C:C").ColumnWidth = 10.57
ActiveCell.FormulaR1C1 = "Delta time"
With ActiveCell.Characters(Start:=1, Length:¥Font

.Name = "Arial"

.FontStyle = "Regular"

.Size =10

.Strikethrough = False

.Superscript = False

.Subscript = False

.OutlineFont = False

.Shadow = False

.Underline = xlUnderlineStyleNone

.Colorindex = xIAutomatic
End With
Range("E1").Select
ActiveCell.FormulaR1C1 = "Delta time sec"
With ActiveCell.Characters(Start:=1, Length:¥Ebnt

.Name = "Arial"

.FontStyle = "Regular"

.Size = 10

.Strikethrough = False

.Superscript = False

.Subscript = False
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.OutlineFont = False
.Shadow = False
.Underline = xlUnderlineStyleNone
.Colorindex = xIAutomatic
End With
Range("F1").Select
ActiveCell.FormulaR1C1 = "Time light Shut off"
With ActiveCell.Characters(Start:=1, Length:¥Fant
.Name = "Arial"
.FontStyle = "Regular"
.Size =10
.Strikethrough = False
.Superscript = False
.Subscript = False
.OutlineFont = False
.Shadow = False
.Underline = xlUnderlineStyleNone
.Colorindex = xIAutomatic
End With
Range("H1").Select
ActiveCell.FormulaR1C1 = "Monomer Conc SS"
With ActiveCell.Characters(Start:=1, Length:>Font
.Name = "Arial"
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.FontStyle = "Regular"
.Size =10
.Strikethrough = False
.Superscript = False
.Subscript = False
.OutlineFont = False
.Shadow = False
.Underline = xlUnderlineStyleNone
.Colorindex = xIAutomatic
End With
Range("J1").Select
ActiveCell.FormulaR1C1 = "Feed Crosslinking"
With ActiveCell.Characters(Start:=1, Length:¥Fent
.Name = "Arial"
.FontStyle = "Regular"
.Size = 10
.Strikethrough = False
.Superscript = False
.Subscript = False
.OutlineFont = False
.Shadow = False
.Underline = xlUnderlineStyleNone
.Colorindex = xIAutomatic
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End With
Range("K1").Select
ActiveCell.FormulaR1C1 = "kp/kt*.5 ss"
With ActiveCell.Characters(Start:=1, Length:¥Ebnt
.Name = "Arial"
.FontStyle = "Regular"
.Size =10
.Strikethrough = False
.Superscript = False
.Subscript = False
.OutlineFont = False
.Shadow = False
.Underline = xlUnderlineStyleNone
.Colorindex = xIAutomatic
End With
Range("L1").Select
ActiveCell.FormulaR1C1 = "lo"
With ActiveCell.Characters(Start:=1, Length:E)nt
.Name = "Arial"
.FontStyle = "Regular"
.Size = 10
.Strikethrough = False

.Superscript = False
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.Subscript = False
.OutlineFont = False
.Shadow = False
.Underline = xlUnderlineStyleNone
.Colorindex = xIAutomatic
End With
Range("M1").Select
ActiveCell.FormulaR1C1 = "Initiator Concentiatl'
With ActiveCell.Characters(Start:=1, Length:¥Ent
.Name = "Arial"
.FontStyle = "Regular"
.Size =10
.Strikethrough = False
.Superscript = False
.Subscript = False
.OutlineFont = False
.Shadow = False
.Underline = xlUnderlineStyleNone
.Colorindex = xIAutomatic
End With
Range("N1").Select
ActiveCell.FormulaR1C1 = "Initiator extinctiaoefficient"
With ActiveCell.Characters(Start:=1, Length:¥¥»nt
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.Name = "Arial"

.FontStyle = "Regular"

.Size =10

.Strikethrough = False

.Superscript = False

.Subscript = False

.OutlineFont = False

.Shadow = False

.Underline = xlUnderlineStyleNone

.Colorindex = xIAutomatic
End With
Range("H2").Select
Range("O1").Select
ActiveCell.FormulaR1C1 = "Rp SS"
With ActiveCell.Characters(Start:=1, Length:Fsnt

.Name = "Arial"

.FontStyle = "Regular"

.Size = 10

.Strikethrough = False

.Superscript = False

.Subscript = False

.OutlineFont = False

.Shadow = False
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.Underline = xlUnderlineStyleNone
.Colorindex = xIAutomatic
End With
Range("P1").Select
ActiveCell.FormulaR1C1 = "Conv ss"
With ActiveCell.Characters(Start:=1, Length:FOnt
.Name = "Arial"
.FontStyle = "Regular"
.Size =10
.Strikethrough = False
.Superscript = False
.Subscript = False
.OutlineFont = False
.Shadow = False
.Underline = xlUnderlineStyleNone
.Colorindex = xIAutomatic
End With
Range("Q1").Select
ActiveCell.FormulaR1C1 = "Time"
With ActiveCell.Characters(Start:=1, Length:£ont
.Name = "Arial"
.FontStyle = "Regular"
.Size = 10
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.Strikethrough = False
.Superscript = False

.Subscript = False

.OutlineFont = False

.Shadow = False

.Underline = xlUnderlineStyleNone
.Colorindex = xIAutomatic

End With

Range("Q2").Select

Range("G1").Select

ActiveCell.FormulaR1C1 = "kt*.5 uss"

With ActiveCell.Characters(Start:=1, Length:Fnt
.Name = "Arial"
.FontStyle = "Regular"

.Size = 10
.Strikethrough = False
.Superscript = False
.Subscript = False
.OutlineFont = False
.Shadow = False
.Underline = xlUnderlineStyleNone
.Colorindex = xIAutomatic
End With
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Range("G2").Select
End Sub

Sub kineticgetdata()

" kineticgetdata Macro

' Macro recorded 6/20/2006 by Asa Dee Vaughan

' Keyboard Shortcut: Ctrl+i

Dim filename As String

Dim filenumber As Double

filenumber = 1

Dim i As Double

i=4

Dim col As String

Dim row As String

Dim numcol As Integer

Dim numrow As Integer

Dim where As String

Do While filenumber <> 14

filename = "C:\Documents and Settings\vaughad\My

Documents\MAATEMPLATEKINETIC\" & filenumber & ".xI$
Workbooks.Open filename:=filename
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Range("J15:015").Select
Selection.Copy
ActiveWindow.Close
col = Chr(Asc("A"))
NUMrow = i
where = col & numrow
Range(where).Select
ActiveSheet.Paste
With Selection.Font
.Name = "Arial"
.Size =8
.Strikethrough = False
.Superscript = False
.Subscript = False
.OutlineFont = False
.Shadow = False
.Underline = xlUnderlineStyleNone
.Colorindex = xIAutomatic
End With
Range("A3").Select
=i+l
filenumber = filenumber + 1

Loop
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End Sub

Sub ssandussanalysis()

' ssandussanalysis Macro

' Macro recorded 6/20/2006 by Asa Dee Vaughan

' Keyboard Shortcut: Ctrl+n

Dim rpss As Double

Dim convss As Double
Dim monconc As Double
Dim iniconc As Double
Dim iniext As Double
Dim io As Double

Dim kpktss As Double
Dim i As Double

Dim j As Double

Dim k As Double

Dim timeuss As Double
Dim prob As Double
prob =1/ (Cells(2, 8) + 1)
iniext = Cells(2, 14)
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iniconc = Cells(2, 13)
monconc = Cells(2, 8)

io = Cells(2, 12)

timeussa = 1

timeuss =1

Do While timeuss > 0
rpss = Cells(i, 1)
convss = Cells(i, 3)
monconc = monconc * (1 - (prob * convss))
iniconc = iniconc * (1 - (prob * convss))
kpktss = rpss / (monconc * Abs((io * iniexiniconc) ~ 0.5))
Cells(i, 11) = kpktss
timeuss = Cells(i, 6)
i=i+1
Loop

Dim rpto As Double

Dim rpti As Double

Dim mto As Double

Dim mti As Double

Dim convo As Double

Dim convi As Double
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Dim kpktsss As Double
Dim deltat As Double
Dim a As Double

Dim b As Double

Dim c As Double

Dim ktuss As Double

Dim kp As Double

a=4
b=0
timeuss =1
Cells(3, 7) = "kt*.5)"
Cells(3, 8) = "kp"
Cells(3, 12) = "kt/kp"
Cells(3, 13) = "kt"
Do While timeuss > 0
rpto = Cells(a, 1)
rpti = Cells(a, 2)
convo = Cells(a, 3)
convi = Cells(a, 4)
mto = monconc * (1 - (prob * convo))
mti = monconc * (1 - (prob * convi))
kpktsss = Cells(a, 11)
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deltat = Cells(a, 5)
If rpto = 0 Then ktuss =0
If rpto > 0 Then ktuss = (kpktsss / (2 * déltat((mti / rpti) - (mto / rpto))
Cells(a, 7) = ktuss
kp = ktuss * kpktsss
Cells(a, 8) = kp
Ifkp=0Thenkp=1
Cells(a, 12) = (ktuss * ktuss) / kp
Cells(a, 13) = (ktuss * ktuss)
timeuss = Cells(a, 6)
a=a+1
Loop
End Sub
Sub Macro3()
' Macro3 Macro
' Macro recorded 12/11/2006 by Asa Dee Vaughan

' Keyboard Shortcut: Ctrl+o
Charts.Add
ActiveChart.ChartType = xIXY Scatter
ActiveChart.SetSourceData Source:=Sheets("$Heeainge("A1:Q16"), PlotBy _
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:=xIRows
ActiveChart.SeriesCollection(1).Delete
ActiveChart.SeriesCollection(1).Delete
ActiveChart.SeriesCollection(1).Delete
ActiveChart.SeriesCollection(1).Delete
ActiveChart.SeriesCollection(1).Delete
ActiveChart.SeriesCollection(1).Delete
ActiveChart.SeriesCollection(1).Delete
ActiveChart.SeriesCollection(1).Delete
ActiveChart.SeriesCollection(1).Delete
ActiveChart.SeriesCollection(1).Delete
ActiveChart.SeriesCollection(1).Delete
ActiveChart.SeriesCollection(1).Delete
ActiveChart.SeriesCollection(1).Delete
ActiveChart.SeriesCollection(1).Delete
ActiveChart.SeriesCollection(1).Delete
ActiveChart.SeriesCollection.NewSeries
ActiveChart.SeriesCollection(1).XValues = "=8ti#ER4C3:R16C3"
ActiveChart.SeriesCollection(1).Values = "=Si¢#e4C13:R16C13"
ActiveChart.SeriesCollection(1).Name = "=""l¢ gonversion™"
ActiveChart.Location where:=xlLocationAsObjetame:="Sheet1"
With ActiveChart

.HasTitle = True
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.ChartTitle.Characters.Text = "kt vs corsien”

Axes(xICategory, xIPrimary).HasTitle = &ru

Axes(xICategory, xIPrimary).AxisTitle.Claaters.Text = _

"Fractional Conversion"

Axes(xIValue, xIPrimary).HasTitle = True

Axes(xIValue, xIPrimary).AxisTitle.Charaes. Text = "kt (L/(mole-sec))"
End With
ActiveChart.PlotArea.Select
Selection.Interior.Colorindex = xINone
ActiveChart.Axes(xIValue).MajorGridlines.Select
Selection.Delete
ActiveWindow.Visible = False
Range("J18").Select
Charts.Add
ActiveChart.ChartType = xIXY Scatter
ActiveChart.SetSourceData Source:=Sheets("$Heeange("'J18")
ActiveChart.SeriesCollection.NewSeries
ActiveChart.SeriesCollection(1).XValues = "=8ti#ER4C3:R16C3"
ActiveChart.SeriesCollection(1).Values = "=Si¢#ie4C8:R16C8"
ActiveChart.SeriesCollection(1).Name = "=""kp sonversion""
ActiveChart.Location where:=xlLocationAsObjeltame:="Sheet1"
With ActiveChart

.HasTitle = True
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.ChartTitle.Characters.Text = "kp vs cosuan"
Axes(xICategory, xIPrimary).HasTitle = &ru
Axes(xICategory, xIPrimary).AxisTitle.Claaters.Text = _
"Fractional Conversion"
Axes(xIValue, xIPrimary).HasTitle = True
Axes(xIValue, xIPrimary).AxisTitle.Charaes. Text = "kp (L/(mole-sec))"
End With
ActiveChart.PlotArea.Select
Selection.Interior.Colorindex = xINone
ActiveChart.Axes(xIValue).MajorGridlines.Select
Selection.Delete
ActiveWindow.Visible = False
Range("M20").Select
Charts.Add
ActiveChart.ChartType = xIXY Scatter
ActiveChart.SetSourceData Source:=Sheets("$Heeainge("M20"), PlotBy:= _
xIColumns
ActiveChart.SeriesCollection.NewSeries
ActiveChart.SeriesCollection(1).XValues = "=8ti#ER4C3:R16C3"
ActiveChart.SeriesCollection(1).Values = "=Si¢ée4C12:R16C12"
ActiveChart.SeriesCollection(1).Name = "=""ktkp conversion""
ActiveChart.Location where:=xlLocationAsObjestame:="Sheet1"
With ActiveChart
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.HasTitle = True

.ChartTitle.Characters.Text = "kt to kpoaswersion"

Axes(xICategory, xIPrimary).HasTitle = &ru

Axes(xICategory, xIPrimary).AxisTitle.Claaters.Text = _

"Fractional Conversion"

Axes(xIValue, xIPrimary).HasTitle = True

Axes(xIValue, xIPrimary).AxisTitle.Characs. Text = "kt over kp"
End With
ActiveChart.PlotArea.Select
Selection.Interior.Colorindex = xINone
ActiveChart.Axes(xIValue).MajorGridlines.Select
Selection.Delete
ActiveChart.ChartTitle.Select
Selection.Characters.Text = "kt to kp vs comi@r”
Selection.AutoScaleFont = False
With Selection.Characters(Start:=1, Length:=R2apt

.Name = "Arial"

.FontStyle = "Regular"

.Size =12

.Strikethrough = False

.Superscript = False

.Subscript = False

.OutlineFont = False
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.Shadow = False
.Underline = xlUnderlineStyleNone
.Colorindex = xIAutomatic
End With
ActiveChart.ChartArea.Select

End Sub
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APPENDIX E
Appendix E gives an overview of the error analysied in the dissertation.
E.1 Error Analysis

Average values of multiple experiments were reggbrwvith their corresponding
standard deviations. When multiplying or dividiagantities, the fractional standard
deviations were squared, added, and then the squatref the sum was used to calculate
the fractional total deviation. For example, cdesiA + dA and B + db, where dA and
dB are the corresponding standard deviations. alautate the multiplication of A and B

(i.e., X = A x B with total error £ dX) equation Ewas used.

S IR .1
X A B
For addition or subtraction of average values gitfindard deviations, sum of
squares analysis was also used (equation E.2).
dx = /(dA)* +(dB)? +... E.2
Sample average values were calculated where apat®prith 95% confidence

limits for the mean. For example consider, equaEd3.
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_ t S
Y + (@20 E.3

IN

whereY is the sample mealty,, 2 1) IS the upper critical value of thedistribution with

n-1 degrees of freedorms,is the standard deviation, aNds the number of observations.
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