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Templated polymer systems have unique “trained” binding characteristics that 

make them of high interest within chromatography, sensors, diagnostic devices, and drug 

delivery carriers.  In this work, a typical highly crosslinked recognitive polymer from the 

literature was synthesized (poly(methacrylic acid-co-ethylene glycol dimethacrylate) 

(poly(MAA-co-EGDMA)) imprinted network).  Reaction analysis of this system revealed 

low double bond conversions ((35.0 ± 2.3) %) which indicate the feed composition with a 

short bi-functional crosslinker are not representative of the final polymer network.  

Parameters such as monomer-template ratio, crosslinking percentage, crosslinking 

monomer length, reaction temperature, initiator wt%, solvent wt%, and reaction 

mechanism were varied to determine effects upon the polymerization and template 
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binding parameters.  “Living/controlled” polymerization techniques used to synthesize 

poly(MAA-co-EGDMA) imprinted networks achieved a 63% increase in template 

binding capacity over imprinting via standard free-radical polymerization methodologies 

and demonstrated a 85% increase in template affinity at equivalent double bond 

conversions over imprinting via standard free-radical polymerization.     

Weakly crosslinked poly(MAA-co-EGDMA) and poly(diethylaminoethyl-

methacrylate-co-2-hydroxyethyl-methacrylate-co-polyethylene-glycol200dimethacrlyate) 

(poly(DEAEM-co-HEMA-co-PEG200DMA) imprinted gels synthesized via 

“living/controlled” polymerization techniques demonstrate a significant increase in 

template binding capacity (90% and 89%) over imprinting via conventional free radical 

polymerization, respectively.  Poly(DEAEM-co-HEMA-co-PEG200DMA) gels show a 

significant decrease in mesh size with the use of “living/controlled” polymerization 

techniques from 30.3 ± 1.7  to 19.7 ± 2.1
o

A .  Template dynamic release studies for 

poly(DEAEM-co-HEMA-co-PEG200DMA) imprinted gels synthesized via 

“living/controlled” polymerization techniques demonstrate a two fold extended release 

and a more constant (zero-order) release.  Kinetic analysis reveals “living/controlled” 

reaction mechanisms increase the chemically controlled propagation mechanism during 

the polymerization thus decreasing the growing chain frustrations within the network 

potentially providing an optimum environment for the formation of “tailored” 

macromolecular memory binding sites.  The use of “living/controlled” polymerization 

techniques within templated mediated polymers presented in this dissertation have the 

potential to significantly enhance the binding parameters and the tailorability of 

templated polymer networks for sensors, diagnostic devices, and drug delivery carriers. 
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1.0 INTRODUCTION 

 

 Templated polymer networks are unique materials that have a wide variety of 

potential applications within the fields of chromatography, sensors, diagnostic devices, 

and advanced drug delivery.  The major attraction of these materials is their “trained” 

macromolecular recognition for a particular template molecule.  It is in this regard that 

the term molecular imprinting is used to describe these materials.  Molecular imprinting 

is the process of using a molecule with specific functionality which is defined as the 

template molecule, as a template through non-covalent bonding with the forming 

copolymer network to form molecular specific binding pockets during the 

polymerization.  In addition, these recognitive materials display robust recognition within 

a wide variety of environments.  The large number of articles focusing on the subject of 

non-covalent molecular imprinting describes the fundamental building block of the 

recognition site.  Recognition is due to multiple non-covalent interactions between the 

functional monomers and the template molecule.   

 The field of molecular imprinting has a significant amount of published research 

articles; however, intense study of these articles highlights a significant deficiency within 

the current literature.  Previous work primarily deals with how the imprinted system was 

synthesized, how the binding parameters are calculated, how the imprinted system is 

relevant, and how the system would be applied to current technology.  A few research 
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articles deal with methods to enhance binding characteristics by removing non-specific 

binding sites within the imprinted polymer in a post polymerization process; however, 

none of the articles enhance or optimize binding characteristics during the actual 

polymerization reaction.  Fundamental research with specific emphasis upon the 

enhancement and optimization of templated polymer networks has not been studied 

within the field of molecular imprinting. 

 This dissertation presents reaction analysis and methods to positively influence 

the binding parameters and characteristics of imprinted polymer networks.  In addition, 

the introduction of “living/controlled” polymerization techniques allows a greater degree 

of control over the formation of the imprinted network.  The main object of this work is 

to study and develop methods to enhance and optimize the imprinted polymer binding 

parameters.   

 An overview of the field of macromolecular recognition along with parameters 

that affect the recognitive polymer properties is presented in Chapter 2.  In Chapter 3, the 

synthesis of a typical molecularly imprinted polymer is presented in conjunction with the 

technique of reaction analysis.  “Living/controlled” polymerization is described and 

applied to templated polymer systems within Chapter 4.  Potential applications within the 

field of drug delivery implementing “living/controlled” polymerization techniques to 

enhance loading are presented in Chapter 5 along with structural analysis and kinetic 

analysis.   

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

the properties of imprinted materials can be used to create or modify techniques to fine 
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tune imprinted networks for specific applications within sensors, diagnostic materials, 

and drug delivery carriers. 
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2.0 TEMPLATED POLYMER SYSTEMS 

  

 This chapter presents current and historical literature trends of imprinted polymer 

systems.  Template binding parameters such as affinity, capacity, and selectivity are 

extremely important to the field.  However, very few research papers optimize or enhance 

the binding parameters of imprinted networks.  The formation of imprinted polymers is 

affected by environmental and compositional parameters, such as temperature, solvent, 

monomer-template ratio, crosslinking monomer (type and concentration), 

macromolecular structure, and initiation mechanisms.  It is important to note that these 

parameters have a direct effect upon the length of growing polymer chains (i.e., kinetic 

chain length), the structural architecture of the macromolecule or network, and the 

formation of the template binding site.  Examination of feed compositions, reaction 

mechanisms, and macromolecular structure will yield important correlations between 

these parameters and the resulting binding characteristics of imprinted systems. However, 

analysis of the literature reveals that no investigators are currently studying or developing 

pre-polymerization techniques to enhance or optimize the binding parameters of 

templated polymer systems.  Templated polymer networks promise to be robust artificial 

receptors for the use in point-of-care diagnostic devices, chromatography, sensors, and 

controlled drug delivery. 
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2.1 Overview of Templated Polymer Systems 

 

 Templated polymer systems, also known as imprinted polymers or recognitive 

polymers, are materials with the unique ability to recognize molecules and biomolecules 

with “trained” macromolecular recognition, given the molecule contains certain 

functional interactions 1-18.  The advantage of these artificial recognition materials, 

developed by molecular self assembly, is their ability to be patterned for a wide variety of 

molecules.  Other desirable characteristics of these materials is the ability to retain their 

binding characteristics of affinity, selectivity, and loading capacity for a specific template 

molecule within a variety of solvents and operate within a large range of pH and  

temperature environments19, 20.  The field has primarily focused upon the development of 

imprinted polymers for the recognition non-biological molecules, with increased interest 

in biological molecules and therapeutics in the last decade.  Over 80% of the field uses a 

poly(methacrylic acid-co-ethylene glycol dimethacrylate) (poly(MAA-co-EGDMA)) 

network to provide the framework for macromolecular recognition 4.   

 The poly(MAA-co-EGDMA) network is a crosslinked network which consists of 

linear monomer chains attached to one another by covalent links formed by the 

incorporation of a crosslinking monomer.  A crosslink by definition is a chemical linkage 

between the linear chains of polymer 21.  In this case, the crosslinking monomer is a 

monomer that has two carbon-carbon double bonds that can react and link two growing 

linear polymer chains together.  Figure 2.1 is a schematic of a crosslinked polymer 

network that is made up of linear polymer chains connected by crosslinking monomers.  
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The resulting macromolecular structure formed by the crosslinking polymer reaction 

forms the backbone for the site specific template binding pockets. 

 Crosslinked polymer networks do not dissolve and are not soluble in solvent.  The 

crosslinks between linear chains form an interlinked macromolecule that can swell in the 

solvent, depending on how well the solvent interacts or solvates the polymer chains.  The 

gel point or gelation point during a polymerization reaction is the point at which the 

polymer becomes no longer soluble in solvent. 

 There are three reviews that give great insight into the field of imprinted polymers 

7, 19, 20.  Macromolecular memory within these polymer structures are formed through 

non-covalent complexation between a template or “guest” molecule and the functional 

monomers during the polymerization reaction.  The concept of macromolecular 

recognition manifests itself from two major synergistic effects, (i) shape specific cavities 

that match the template molecule, which provide stabilization of the chemistry in a 

crosslinked matrix, and (ii) chemical groups oriented to form multiple complexation 

points with the template. During the polymerization reaction, the functional monomer 

within the non-covalent complex with the template molecule covalently bond with the 

forming polymer matrix via a carbon-carbon double bond.  The polymer network forms 

around and interconnects with these complexes to give a support structure locking the 

template monomer complex within the polymer network. After the original template is 

removed or washed out of the polymer, a rigid crosslinked network retains the three-

dimensional size specific cavity of chemical functionality which is target molecule 

specific 19, 22.  Hypothetically, variations in the structural architecture of the polymer 
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network will influence the three-dimensional cavity of functionality.  By optimizing the 

polymer network structure, the binding parameters may also be optimized.  

 

2.1.1 Introduction to Artificial Recognition via Im printing 

 

 Artificial recognition is the use of a synthetic material to create artificial receptors 

that exploit non-covalent mechanisms to achieve a specific interaction with chemical 

functionality on a target molecule2-4, 6, 23-29.  Artificial recognition has been around for a 

little over six decades with imprinting upon silica gel 30 and over three decades 

considering imprinting upon polymer substrates19, 31-37.  Intrinsic to the binding event is 

the complex orientation of individual elements along with functional groups to form non-

covalent bonds that promote molecular recognition.  Naturally occurring biological 

systems have extremely efficient and tight binding parameters with small dissociation 

constants.  One of the strongest biological examples of ligand-receptor binding is the 

dissociation constant of biotin-streptavidin which is equal to 10-15 mol/l 4, 38.  This 

dissociation constant is unattainable with current artificial recognition techniques; 

however, artificial molecularly imprinted polymers have come close to the biological 

range of protein-carbohydrate dissociation constants ranging from (10-3 to 10-6 M) with 

theophylline ((2.31 +/- 0.012) x 10-7 )39 and morphine ((1.2 +/- 0.2) x 10-6)40.   

 The structural stability of the surrounding three-dimensional network is essential 

to retain the orientation of the non-covalent interactions within the receptor site.  Proteins 

which act as biological receptors have very specific primary structures of amino acids 

with a secondary structure of α helices and β sheets that form a precise binding site 
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orientation.  The precise orientation of the protein structure has a committed three-

dimensional spatial arrangement that typically aligns the receptor amino acid chemistry.  

An interlocking polymeric structure forms the backbone for the “trained” 

macromolecular memory of templated polymer networks.  Both biological and artificial 

receptors depend upon the support network surrounding the binding site for correct 

orientation of the non-covalent interactions to retain their binding effectiveness.  

 The choice of artificial receptor versus a biological receptor is an interesting one. 

While natural receptors have stronger and more specific binding, artificial receptors have 

a lower production cost with a less restrictive and longer shelf life.  In addition, artificial 

materials have the benefit of having more robust operation within a wide range of 

temperature and pH environments. For example, Xizhi and coworkers have shown 

poly(MAA-co-EGDMA) imprinted polymers retain their affinity for the target molecule, 

reserpine, in various pHs from (2.0-4.0)41.  Li-Qin and coworkers show retention of 

binding parameters for sinomenine at various temperatures between 20°C and 60°C42.  In 

these harsh environments, most proteins would lose there structure and denature. 

 Until recently, there have been no commercial products available employing 

imprinted polymer systems.  Recently a company named IMIP, which is a subsidiary of 

Sigma-Aldrich, produces a few products43, 44 that are available and employ imprinted 

polymer networks; however, the binding parameters of these materials have not been 

effectively optimized.  The key factor that will enhance the overall applicability of 

imprinted materials is the tailorability of the binding characteristics to suit specific 

sensing, drug delivery, or extraction needs.   
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2.1.2 Template Binding Site Formation 

  

 The basic method of forming binding sites, which are intrinsic to the imprinted 

polymer, is shown in Figure 2.2.  The binding site is dependent on non-covalent bonds 

between the functional monomer and the template molecule.  The functional monomer or 

monomers used are dependent on the functionality on the template molecule.  Due to 

non-covalent interactions, self assembly of the template-functional monomer complex 

takes place within the pre-polymerization mixture.   

 Functional interactions forming non-covalent bonds are essential to the formation 

of effective binding sites.  The functionality of the template molecule forms non-covalent 

bonds with functional monomer via ionic bonding, hydrogen bonding, hydrophobic 

interactions, and Van der Waals forces.    Multiple functional monomers have been used 

to form multiple non-covalent interactions with the template to provide better binding 

sites of increased template affinity and selectivity 6.  

 The pre-polymerization mixture contains functional monomer(s), crosslinking 

monomer, initiator, and template molecule.  Within this solution the functional groups 

interact and form non-covalent bonds to reduce the Gibbs free energy of the solution and 

form a complex known as the template molecule-functional monomer complex, this 

complex forms the basis for the artificial recognition binding site.  Depending upon the 

material properties of the final recognitive polymer, a porogen may be used to increase 

the transport of the template through the macromolecular structure.  Solvent can also be 

used to limit monomer-monomer interaction.  It is important that the solvent must not 



 10 

interfere with the non-covalent bonding between the target molecule and the functional 

monomers.     

 During the polymerization process, the polymer network forms around the 

template molecule-functional monomer complex forming a macromolecular structure.  

The macromolecular structure formed by the polymerization reaction is the backbone for 

the binding sites.  On the length scale of the template, the crosslinked polymer network 

holds the binding site in a three dimensional special arrangement of functionality that 

conforms uniquely to the template molecule. 

 In order for an imprinted polymer network to recognize the target molecule, the 

original target molecule must be removed.  A washing process removes the target 

molecule exposing the “trained” recognition sites.  Once the target molecule is removed, 

the resulting polymer network has specific binding parameters for the target molecule.   

 Affinity, capacity or loading, and selectivity of the network for the template are 

the binding parameters that are “trained” during the synthesis of the templated polymer 

networks.  Binding affinity can be best described thermodynamically with Gibbs free 

energy models based upon ligand-receptor interactions.   

 ∑+++= + phrrtbind ∆G∆G∆G∆G∆G  2.1 

Where the Gibbs free energy of binding ∆Gbind, which is equivalent to the addition of the 

sum of translational and rotational free energies ∆Gt+r, the energy change resulting in 

restriction of rotors on complexion ∆Gr, the free energy change due to the hydrophobic 

effect ∆Gh, and the intrinsic free energies of binding for each set of interacting groups 

summed over all polar interactions with this term encompassing residual vibrational 

modes ∑∆Gp
45.  The equation presented is based upon the conformation strain of each 
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component is introduced upon complex formation, and the complex conforms well to the 

binding molecule.  The free energy of binding is then related to binding affinity Ka, a 

function of temperature T, and the binding constant kB
46. 

 ( )aBbind KTln-k∆G =  2.2 

The affinity is represented by the association constant which is a measure of the extent of 

a reversible association between two molecular species at equilibrium or the dissociation 

constant which is the reciprocal of the association constant. Loading or capacity is the 

quantity of target molecule the polymer network can retain and absorb.  Selectivity is a 

measure of how well the imprinted network can differentiate between the target molecule 

and other molecules having similar shape and functionality.   

 

2.1.3 Current Trends in Recognitive Technology 

  

 Templated polymer networks have very few products that have been developed 

and marketed.  However, recent literature suggest these materials will provide excellent 

platforms for point of care testing, selective sensor coatings, and drug delivery carriers 3, 

4, 19, 47, 48.  Current literature analysis shows development for sensor coatings on 

microcantilever arrays, catalysis, and separations 13, 49, 50.  Recognitive materials for 

sensors have been developed for glucose5, ephedrine51, proteins and macromolecules23, 52, 

53, tryptophan54, hydroxyzine55, fructosyl valine56, digoxin57, and DNA58.  Within the 

field of drug delivery, recognitive polymers have been developed for delivery of copper 

salicylate59, ketotifen fumarate 1, 6, 60, dexamethasone 61, norfloxacin 62, and timolol 63.  
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Table 2.1 gives a selection of template molecules and their intended purposes that have 

been published in the year 2007. 

 Imprinted systems have great application potential for sensor, extraction, 

separation, and drug delivery materials.  The wide variety of molecules and biomolecules 

that can be imprinted within a polymer network is apparent.  However, as previously 

stated none of these articles focus on the relationship between the binding characteristics 

of the imprinted polymer and the polymerization reaction, feed composition, kinetic 

parameters, and macromolecular structure.  Knowledge of how binding parameters are 

influenced by pre-polymerization conditions and reaction parameters will lead to 

procedure for optimization.  Optimizing template binding affinity, loading capacity, and 

selectivity are essential to develop methods to effectively tailor the material for a specific 

application.   

 

2.2 Parameters that Alter Network Structure of Copolymer and Recognitive 

Systems 

 

 Differences in environmental and compositional parameters can change the 

polymer structure and alter binding parameters.  Network control using variations in 

environmental conditions such as temperature and compositional parameters such as 

solvent, monomer-template composition, and crosslinking monomer composition (type 

and concentration) can hypothetically be used to manipulate binding parameters.  In 

addition initiation mechanisms (UV versus thermal polymerizations) and binding site 

modification can be used to manipulate binding parameters.  It is important to note that 
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research on how environmental and compositional parameters can be used to optimize 

and enhance the imprinted polymer binding parameters has not been done within current 

literature.  These parameters are described in this section along with any trends associated 

with binding characteristics.  It is also important to note computer simulation programs 

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

imprinting quality and binding characteristics.  These simulations are based upon 

functional interactions with the template and functional monomer along with 

thermodynamic constraints within the pre-polymerization complex 5, 64.  

 

2.2.1 Temperature Effects  

 

 For polymerization reactions, temperature has shown an Arrhenius relationship 

with conversion.  For acrylate and dimethacrylate copolymer networks increasing the 

temperature increases both the polymerization rate and the double bond conversion.  The 

polymerization temperature can be varied, but the structural characteristics of the 

polymer product are better described by the final double bond conversion.  For example, 

a polymer polymerized at 70°C with a double bond conversion of 50% has the same 

glass-transition temperature, Tg as the same polymer polymerized at 40°C with a double 

bond conversion of 50% 65-67.   Glass transition temperature is the temperature where a 

smaller second order transition occurs at which amorphous portions of a polymer soften 

and become rubbery68.  Higher temperatures correspond to higher double bond 

conversion and are a direct result of increased vibrational energy with translates to more 

flexibilty within the growing network resulting in fewer steric hinderances. 
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Table 2.1 Selection of Imprinted Systems Published in 2007 

 

 

 

Template Purpose Ref  Template Purpose Ref 

Sudan1 Sensor 69  
Tobacco Mosaic 
virus 

Sensor 70 

Propranolol 
Renewable 
Functional 
Monomer/Sensor 

71  Lysozyme 
Refolding 
Lysozyme 

72 

Peptide Analysis/Sensor 73  Desmetryn Sensor 74 
β – 
Lactoglobulin 

Sensor 75  Way-1006935 
Comparitive 
Study 

76 

2,4,6 
Trinitrotoluene 

Sensor 77, 78  
Triazine/ 
Herbicide 

Extraction 79 

Protein Sensor/Interaction 53, 80  Proprietary Drug Extraction 81 

Uranyl Ion Extraction 82  
Boc-L- 
Tryptophan 

Separation 83 

Phosphonate Sensor 84  Penicillin G Assay/Sensor 13, 85 
Propazine Extraction 86  Ribonuclease Sensor 87, 88 
Diazepam Extraction 89  Bilirubin Separation 90 
Domoic Acid Extraction 91  2,4-D Sensor/Assay 92 

Fluoroquinolones 
Extraction/ 
Separation 

93, 94  Nafcillin Sensor 95 

o-Xylene Separation 96  
D- 
Phenylanine 

Separation 97 

Chloramphenicol Sensor 98, 99  Copper Ions Separation 100 

Terbuthylazine Sensor 101  
Multiblock 
Copolymers 

Sensor 102 

Lyotropic Liquid 
Crystalline 

Tissue Engineering 103  
Ketotifen 
Fumarate 

Drug Delivery 1, 6 

Dexamethasone Drug Delivery 61  
Fluorescein 
Sodium/ 
Chloromphenicol 

Drug Delivery 104 

Thorium(IV) Extraction 105  Tetracycline Extraction 106 
Uric Acid Extraction 107  Triterpene Acid Extraction 108 
Norfloxacin Extraction 109  Ciproflaxacin Extraction 110 
Β-blockers Extraction 111  Dimethoate Sensor 112 
Uranyl Ions Separation 113  17β-estadiol Sensor 114 

Diacetyl Morphine Extraction 115  
4,6-dinitro-o-
cresol 

Sensor 116 

Phenolic Estrogen Extraction 117  
Lipomono- 
saccharide 

Extraction 118 

Hydroquinone Sensor 119  L-lysine Separation 120 
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 The kinetic chain length of a polymer is defined as the number of monomer units 

that make up one dynamically growing polymer chain.  The average kinetic chain length 

is the average number of monomer molecules for each chain initiated.  Polydispersity is a 

measure of how diverse the kinetic chain length is over the entire population of chains.  It 

is a measure of the distribution of lengths of the polymer chains.  Polydispersity index is 

the ratio of the average molecular weight of the polymer over the number-average 

molecular weight (defined as the total weight of all the molecules in the polymer sample 

divided by the total number of moles present) 21, 121, 122.   Increasing the double bond 

conversion decreases the kinetic chain length thus affecting the structural properties of 

crosslinked polymer systems 65, 121, 122.   

 Within imprinted polymer networks, temperature has a similar effect upon the 

copolymer double bond conversion 22.  However, in recognitive polymer networks, 

binding characteristics are inversely proportional to temperature increased since they are 

based upon non-covalent interactions in the pre-polymerization solution.  Non-covalent 

bonds that can form non-covalent bonds are ionic bonding, hydrogen bonding, Van der 

Waals forces, dipole-dipole bonds, and hydrophobic interactions.  However, hydrogen 

bonding characterizes the majority of non-covalent interactions used to create 

macromolecular memory.  Hydrogen bonding strengths are much stronger at lower 

temperatures and decrease in strength as temperature is increased 123.  Imprinted 

polymers synthesized at lower temperatures of polymerization reduce the kinetic energy 

of the molecules within the system thus increasing hydrogen bonding forces between the 

template molecule and the functional monomers.  This results in higher template 

affinities along with higher capacities 15, 124-129.  It has been shown for initiation 
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temperatures of 40°C imprinted polymers have a higher capacity than that of those 

initiated at 60°C 8.   

 Methacrylic polymerization reactions are exothermic, and the heat given off by 

the reaction is proportional to the number of double bonds reacting within the 

polymerization.  The heat rise within the polymerization solution is proportional to the 

molar amount of reacting double bonds within the polymerization solution.  The 

temperature rises as the reaction proceeds, and most researchers do not provide a constant 

temperature of reaction by removing the heat from the reaction.  Lack of temperature 

control will result in reaction temperatures during polymerization reaction to be much 

higher than initiation temperatures.  For an example, polymerization reactions conducted 

within a differential photo-calorimeter, which has a high degree of temperature control 

within the polymerization cell,  have only a 1-2°C temperature rise throughout the 

polymerization with an 8-10 mg sample size.   

 

2.2.2 Solvent Effects 

 

 Solvent has been used in the synthesis of crosslinked polymer systems to change 

the swelling characteristics of the polymer network and to increase the porosity within 

highly crosslinked imprinted networks (this is necessary for the diffusion of template 

through the network structure).  Porosity is defined as the void fraction within the 

macromolecular structure.  An increase in the porosity of the network will increase the 

relative surface area and allow mass transport through the macromolecule.     
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 Crosslinked polymers when in contact with a suitable solvent will exhibit 

swelling behavior by absorbing a large quantity a solvent within the network.  Swelling 

behavior within crosslinked polymer networks is very similar to linear polymer chains 

being solvated by a solvent to form a polymer solution.  Swelling behavior is dictated by 

the change in Gibbs free energy change ∆G (2.3), which a combination of Gibbs free 

energy of mixing Gm, and Gibbs elastic free energy Gel.  ∆Gm is further defined in 2.4. 

 elm GGG ∆+∆=∆  2.3 

 mmm ST∆H∆G ∆−=  2.4 

is shown in 2.4.  Where ∆Hm is the enthalpy of mixing (heat of mixing), T is the 

temperature, and ∆Sm is the entropy of mixing.  The elastic free energy is calculated by 

equation 2.5, where T is temperature and ∆Sel is the entropy change associated with the 

  elel ST∆G ∆−=  2.5 

change in configuration of the network. 

 The Flory solvent interaction parameter χ1, is a unitless quantity to represent the 

enthalpy of mixing.  The free energy of mixing equation using the Flory solvent 

interaction parameter is shown in equation 2.6.  Where k is a combination of the 

universal gas constant R, multiplied by the temperature T, N1 and N2 are the number of 

molecules for species 1 and species 2, respectively and v1 and v2 are the volume fraction  

 ( )212211m 1lnlnkTG vNvNvN χ++=∆  2.6 

of polymer 1 and polymer 2, respectively.  Swelling behavior would be augmented by (χ1 

< 0) and diminished by (χ1 > 0) 21, 68, 121.   



 18 

    The mesh size of a crosslinked polymer network is defined as the average 

distance between the linear polymer chains, and it is representative of the space available 

within the polymer network for diffusion130 (Figure 2.3). The average mesh size of a 

crosslinked polymer structure can be altered by the amount feed crosslinker (i.e. moles of 

crosslinking monomer over the moles of all monomers) and by the length and branching 

of crosslinking monomer.  In addition, a change in solvent or pH of the solvent would 

alter the Flory interaction parameter thus alter the swelling behavior which will directly 

affect the mesh size.  High numbers of junction points or crosslinks within a polymer 

network are the reason that highly crosslinked polymer networks do not exemplify 

swelling behavior.  Increasing the crosslinking monomer length has shown to increase the 

mesh size121, 122.  It is important to note that porosity and mesh size are on very different 

scales and the differences are shown in Figure 2.4. 

 By changing the swelling characteristics or the porosity of the network, the 

diffusion characteristics of the template molecule through the polymer will change 131.  

Recent literature demonstrates that an increase in solvent concentration in the pre-

polymerization formulation results in a polymer network with increased mesh size which 

would increase the diffusional transport of template through the macromolecular structure 

132-134. Explanation for the change in transport properties is that the solvent does not 

become actively incorporated into the growing polymer chains and the growing polymer 

chains have to form around the solvent within the system.  Increasing the average mesh 

size of the macromolecular structure allows for increased diffusional transport through 

the polymer matrix.   
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 In the synthesis of imprinted polymer networks, solvent is used as a porogen 

which creates pores within the macromolecular structure which will allow for faster 

diffusion of the template molecule through the polymer architecture 135.  However, one 

cannot neglect that the type of solvent can affect the template affinity, capacity, and 

selectivity of a given system 26, 136.   Solvents have the capability to hydrogen bond, 

represented by the Karnlet and Taft solvatochromic parameter (β), which can enhance or 

disrupt the interaction between functional monomer and template molecule 137-140.  While 

different solvents can be used, in order to maximize the binding characteristics, the 

solvent hydrogen bonding capability must be known in order to select the correct solvent 

to enhance the stability and formation of the functional monomer-template molecule 

complex.  The microenvironment surrounding the complex must increase the 

thermodynamic stability of the complex.    

  

2.2.3 Monomer-Template Composition Effects  

 

 The monomer-template (M/T) ratio is defined as the moles of functional 

monomer divided by the moles of template molecule.  The M/T ratio represents the 

population of functional groups for every template molecule.  Linear polymerizations can 

be affected by addition of template, which was shown for linear poly(methacrylic acid) 

polymerization to increase the rate of polymerization.  The reason the template complex 

lowers critical chain length and increases the polymerization reaction rate 6, 141, 142 is that 

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

template. 

 It has been shown that higher M/T ratios have produced higher populations of 

template-functional monomer complexes resulting in higher binding affinities 125, 143-145.  

Template binding affinity and capacity are dependant on template binding pockets 

formed by the non-covalent forces between the template and the functional monomers.  

By optimizing the M/T ratio within the pre-polymerization solution a maximum number 

of effective template binding pockets would be formed during the polymerization. The 

imprinting effect is based upon template molecule – functional monomer interactions that 

cause the complexation of the artificial binding site 143, 146-148.  Template and functional 

monomer must be matched so as to provide optimal binding sites 149.   

 In loosely crosslinked systems, a decrease in the rate of polymerization has been 

shown with increasing template concentration 143 for a multiple monomer system 

employing acrylamide, acrylic acid, N-vinyl-2-pyrrolidinone and 2-

hydroxyethylmethacrylate.   For highly crosslinked networks employing methacrylic acid 

as the functional monomer no change in the rate of reaction was seen with a change in 

M/T ratio22.  Highly crosslinked networks versus loosely crosslinked networks have 

different amounts of crosslinking monomer.  Crosslinking monomers contribute two 

double bonds to the reaction compared to the one double bond contributed by the 

functional monomers.  Higher amounts of double bond reacting due to high amounts of 

crosslinking monomer within the polymerization would overshadow any effect upon the 

reaction contributed by the change in M/T ratio while loosely crosslinked network 

polymerizations would be more sensitive to changes in the template concentration. 
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2.2.4 Crosslinking Monomer Composition Effects 

 

 The crosslinking monomer is the monomer that provides two or more linking 

points between linear polymer chains.  In order to produce a network, crosslinking 

monomers must have more than one double-bond.  Double bond functionality indicates 

how many directions the polymer can branch out from the crosslinking junction point68.  

Of course, crosslinking monomers can possess higher orders of functionality and be 

bifunctional, trifunctional, etc.  Crosslinking is not the only junction that can occur within 

linear polymer chains.  Branching within a polymer chain can occur in which the polymer 

chain grows in two or more directions.  Primary and secondary cycles can occur within 

polymer chains in which a polymer chain bends back around and reacts with itself 

creating a cycle (Figure 2.5) and are not conducive to an ideal polymer network.   

 The crosslinking density of a polymer network is equal to number of chemical 

crosslinks between linear polymer chains in the polymer network.  Increasing the feed 

crosslinking percent, which is moles of crosslinking monomer over moles of all 

monomers, increases the crosslinking density 5, 150, 151.    

 The degree of flexibility of the polymer network chains is heavily influenced by 

the amount of crosslinking and type of crosslinking molecule within the polymer network.  

Highly crosslinked imprinted polymer networks with short bifunctional crosslinking 

monomers have little to no flexibility within the network and have higher affinities, 

binding capacities, and selectivity compared to less crosslinked polymers 22, 137.  

Imprinted polymers of low crosslinking percentage demonstrate lower affinities, 

capacities, and selectivity which are a direct result of the flexibility in the polymer 
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network.  It is important to note that the degree of crosslinking is also important to the 

swelling behavior and the expansion of the polymer network.  Highly crosslinked 

materials do not exemplify swelling behavior because of the high crosslinking density.     

 The crosslinking monomer amount and length can have an effect upon double 

bond conversion and the diffusion characteristics of the template molecule through the 

macromolecular structure 5, 22.  For example, Noss and co-workers explored binding 

characteristics and diffusion characterization of testosterone imprinted polymers with 

various feed crosslinking percents and crosslinking monomer lengths.  The results 

showed that higher feed crosslinking percentages within imprinted networks yielded 

higher affinities, capacities, and selectivity.  Results also showed high feed crosslinking 

percentages have lower diffusion coefficients 152. For non-imprinted networks, diffusion 

of  drugs have been well studied and have shown that increasing the crosslinking 

monomer length in highly crosslinked polymer systems increases the diffusion 

coefficients of the drug through the polymer matrix 5.  

 

2.2.5 Binding Site Modification 

 

 Molecularly imprinted binding sites are typically classified as having populations 

of low affinity and high affinity recognition sites.  Non-specific binding takes place when 

random orientations of the functional monomer bind the template molecule.  Control 

networks or co-polymer networks formed without template molecule are an example of 

non-specific binding because the orientations of the functional monomer are random and 

not guided by the templating or imprinted process.   
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 In recent work, Shimizu and coworkers 137 describe post-polymerization binding 

site modification of imprinted networks.  In this work, they hypothesized that the binding 

limitations of imprinted polymer networks are due to the heterogeneous nature of the 

binding sites.  In order to correct the heterogeneous nature of the binding sites, the 

researchers devised a method using diazomethane in diethyl ether or phenyldiazomethane 

in toluene to remove the non-selective sites by esterification.  The high affinity sites were 

protected by the bound template molecule, ethyl adenine-9-acetate.  The results of this 

experiment show that the removal of the non-selective sites resulted in a higher 

population of selective or high affinity sites. The work demonstrates the ability to modify 

binding characteristics by manipulation of the existing binding sites.  They shifted the 

heterogeneity of non-specific and specific binding sites to more specific high affinity 

sites thus yielding an enhanced overall template affinity 137.    Once again, it is important 

to note that this enhancement of the templated polymer network is done post-

polymerization. 

 

2.2.6 Initiation Mechanisms  

 

 Two types of free-radical initiation methods have been used to create imprinted 

polymer networks, thermal and UV initiation.  In both thermal and UV initiated 

polymerizations, an increase in initiator concentration can theoretically lead to a decrease 

in the kinetic chain length. Kinetic chain length is inversely proportional to the rate of 

polymerization.  Increase in initiator increases the rate of polymerization thus decreasing 

the kinetic chain length121.  Thus, attempts to increase polymerization rate by increasing 
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radical concentration produces smaller sized polymer chains 122.  The amount of initiator 

has an effect upon the double bond conversion and the macromolecular structure.  Both 

double bond conversion and macromolecular structure are expected to significantly 

influence the binding parameters of imprinted polymer networks.  

 

2.2.6.1 Kinetic Steps within a Polymerization Reaction 

 

 A polymer is a high-molecular weight molecule that is comprised of repeating 

units in a linear, branched, or crosslinked architecture that is formed during a 

polymerization reaction.  There are several different types of reactions used to create 

polymers; however, in this work all polymerization reactions were free-radical initiated 

and had the following steps: initiation, propagation, and termination.  It is important to 

note that “living/controlled” polymerizations introduced in Chapter 4 are initiated by free 

radicals.  However, “living/controlled” polymerizations have a reversible termination 

step additional to the termination step presented in this section.  The polymerization 

reaction can be broken down into three steps which are described in the next three 

subsections. 

 

2.2.6.1.1 Initiation Step 

 

 The initiation step within the polymerization reaction is a two part process in 

which the initiator, I, breaks up into radicals, R●, and the radical attaches itself to a 

monomer, M, to form a monomer radical, M●.  One such initiator, which was used in the 
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experimental work presented in this dissertation, is azo-bisisobutyronitrile (AIBN).  

When irradiated with UV light, AIBN breaks into two 2-cyanoprop-2-yl radicals and two 

nitrogen molecules.  The radical produced by the breaking of AIBN reacts with the 

carbon-carbon double bond within the monomer to form a monomer radical.                                   

                                     

 • → RI HeatUV 2/  2.7 

 •→+• MMR  2.8 

 

2.2.6.1.2 Propagation Step 

 

 The propagation step in the polymerization is the growth step of the polymer 

chain.  This step can be where a monomer radical, M(p) ●, attaches to a monomer and 

forms a larger monomer radical, M(p+1) ●, where p and m equals the number of repeating 

monomer units.  This process continues until the termination step occurs. 

 •→+• + )1()( pp MMM  2.9 

 

2.2.6.1.3 Termination Step 

  

 The termination step of the polymerization reaction begins when two monomer 

radicals come together to form a dead polymer chain.  All of the double bonds have 

reacted within this “dead” chain to form inter-linking between monomer units.  Monomer 

radicals, M(p) ● and M(m) ● come together to form the dead polymer chain, M(p+m) ●. 

 )()()( mpmp MMM +→•+•  2.10 
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2.2.6.2 Thermal Free Radical Polymerizations 

 

 Thermal initiated free-radical polymerizations are based upon heat energy 

breaking the initiation molecule into radicals from which point the polymerization 

reaction starts.  The microstructure of UV and thermal initiated crosslinked polymer 

structures have been shown to be similar 153.  Thermal polymerizations at higher 

temperatures will have a faster rate of reaction, but double bond conversion is a better 

indicator of final polymer structure 65-67. Thermal initiation takes place in most cases 

above a temperature of 40°C. Hydrogen bond strength decreases with an increase in 

temperature and results in weaker non-covalent bonding within the template molecule – 

functional monomer complex thus giving lower affinity binding sites and lower 

population density of binding sites within the final recognitive polymer structure 15, 125-127.  

 

2.2.6.3 UV Photo-polymerization 

 

 Photoinitiated free radical polymerization employs a photoinitiator that will break 

up into radicals upon irradiation with ultra violet light.  In photo-polymerization reactions 

the amount and concentration of incident light plays an important role in the rate of 

radicals forming within the polymerizing mixture thus affecting the polymerization rate.  

The next paragraph closely follows the framework presented by Odian 122. 

 The rate of photochemical initiation (Ri) is given by the following equation, 

 ai IR φ2=  2.11 
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where Ia is the intensity of absorbed light in moles (Einsteins), and φ is the quantum yield 

for initiation.  The factor of two indicates that two radicals are produced when initiator 

decays with irradiation or heat.  To further describe the polymerization rate (Rp) when 

using UV-initiation methods, the following equation applies, 
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where kp is the propagation constant, [M] is the monomer concentration and kt is the 

termination constant.  Absorbed light Ia. can be quantified easier by the following 

equation,  

 [ ]bAMII oa ][ε=  2.13 

where Io is the incident light intensity, ε is extinction coefficient of initiator, [A] is the 

concentration of initiator, and b is the thickness of the irradiated sample. 

 An increase in intensity will yield an increase in the rate of reaction and double 

bond conversion 154, 155. Advantages of photo-polymerization for recognitive polymer 

systems is the ability to have lower temperatures which increase non-covalent bonds 

strengths thus increasing the stability of the template molecule –functional monomer 

complex.  This results in more effective binding sites 15, 125-127.  
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Figure 2.1. General Schematic of a Crosslinked Polymer Network.  P1, P2, P3, and 

P4 represent four linear polymer chains within the network.  C1, C2, C3, C4, C5, and C6 

are the crosslinking monomer joining the four polymer chains together to form one large 

crosslinked macromolecule. 
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Figure 2.2. Recognitive Polymer Synthesis. A. Solution mixture of template, functional 

monomer(s) (squares and circles), crosslinking monomer, solvent, and initiator(s). B. The 

pre-polymerization complex is formed via covalent or non-covalent chemistry. C. The 

formation of the network (template mediated molecular imprinting process). D. Wash 

step where original template is removed.  
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Figure 2.3.  General Schematic of Mesh Size. The average mesh size (ξ) of the polymer 

represents the space available within the macromolecule for transport.  The average 

molecular weight between crosslinks, M c, 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 to a sponge (A).  A blow up of portion of 

the polymer network gives better resolution of the pores that make up the porosity of the 

network(B).  The black circles represent the polymer network(C).  Mesh size ξ, and the 

molecular weight between crosslinks M c, can only be seen at the molecular level(D). 
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Figure 2.5. General Schematic of Interconnecting Linear Chains within Polymer 

Networks.  In this figure A represents a pendant double bond, B represents a secondary 

cycle, C represents a crosslink, and D represents a primary cycle.   
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3.0 REACTION ANALYSIS OF A TYPICAL MOLECULARLY 

IMPRINTED SYSTEM 

 

 Fractional double bond conversion and associated template binding parameters of 

molecularly imprinted polymers will be explored in this chapter in relation to initiator 

concentration, crosslinking monomer length, monomer-template composition, 

temperature, and solvent concentration.  A representative example from the current 

literature was chosen as a typical molecularly imprinted system.  The specific network 

synthesized and analyzed was a poly(methacrylic acid-co-ethylene glycol dimethacrylate) 

(poly(MAA-co-EGDMA) network.  It is important to note that poly(MAA–co-EGDMA) 

copolymer networks account for 80% of the imprinted polymer networks to date.  

Therefore, this work has significant merit despite the study of one copolymer system.   

Reaction analysis was conducted via differential scanning calorimetry which yielded 

fractional double bond conversion and temperature control of the polymerization.  

Template binding parameters of affinity, capacity, and selectivity were calculated via 

Freundlich binding isotherm analysis.  The results presented in this Chapter and Chapter 

4 have been published as a research article 1,   which is a significant, novel contribution 

to the imprinting field.  
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3.1 Scientific Rationale 

 

 In this work, we studied, synthesized, and characterized an imprinted system from 

literature with well documented binding parameters that has been studied by multiple 

investigators.  We chose an ethyl-adenine-9-acetate (EA9A) imprinted poly(MAA-co-

EGDMA) network 2-6.  The objective was to analyze the polymer reaction and ascertain 

potential template binding parameter optimization strategies.  To begin we, synthesized 

the imprinted polymer via matching all conditions stated within the published work.  

During the polymerization, reaction analysis was used to determine the double bond 

conversion of the imprinted polymer. The binding characteristics were determined and 

compared to documented literature values in order to ensure the same network was 

accurately reproduced.   

 Also highlighted in this chapter is our use of reaction analysis to determine how 

double bond conversion is affected by the initiator concentration, solvent concentration, 

monomer-template ratio, and crosslinking monomer type.  In addition, the temperature of 

the polymerization reaction was varied in order to see the changes in final double bond 

conversion.  Our hypothesis was that through observation of the polymerization via 

reaction analysis valuable information for optimization or enhancement techniques will 

be determined.  Enhancement techniques used to synthesize imprinted polymers will 

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

 

 Described in this section are the materials and methods used in the synthesis of a 

EA9A templated poly(MAA-co-EGDMA) recognitive network with an 80% feed 

crosslinker composition (moles of crosslinking monomer divided by moles of all 

monomers) and a monomer to template (M/T) ratio of 11.79.  Variations to the original 

poly(MAA-co-EGDMA) network are included in this section.  A schematic of the basic 

synthesis and analysis procedure is presented in Figure 3.1. 

 

3.2.1 Materials 

 

 The functional monomer, methacrylic acid (MAA), and crosslinking monomer, 

ethylene glycol dimethacrylate (EGDMA), were shipped with inhibitor from Aldrich 

(Milwaukee, WI).  The inhibitor was removed via inhibitor removal packing sieves or 

vacuum distillation prior to polymerization. The initiator, azo-bis(isobutyronitrile) 

(AIBN), template molecule, ethyl adenine-9-acetate (EA9A)), and analog molecule for 

selectivity, ethyl 2-amino-1,6-dihydro-6-oxo-4-pyrmidineacetate (EADOP), were used as 

received. Monomers, inhibitor removal packing sieves, initiator, template, and template 

analogue were purchased from Aldrich (Milwaukee, WI).  Acetonitrile and methanol 

(HPLC grade) were used as received from Fisher Scientific (Pittsburgh, PA). The 

polymerization solvent was acetonitrile, and the polymer wash solvent used to remove 

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

 

 A typical polymerization solution forming a poly(MAA-co-EGDMA) imprinted 

network, which matched the literature formulation in reference 4, was made with 2.61 mL 

EGDMA(13.83 mmoles), 0.16 mL MAA(1.87 mmoles), 3.96 mL acetonitrile(704.30 

mmoles), 26.3 mg of AIBN, and 35.4 mg of EA9A. During the course of the 

experiments, it was determined that the addition sequence of chemicals was very 

important.  Monomers were added and mixed, and then template, solvent, and initiator 

were added to the solution.  Failure to do this in sequence resulted in template not 

dissolving completely in the pre-polymerization solution.  Solutions were placed in a 

sonicator after each solid was added for several minutes until the solid was dissolved in 

solution. After all components had been mixed, the poly(MAA-co-EGDMA) pre-

polymerization solution was made.  The solution was then ready for polymerization. The 

polymerization was carried out via UV-free radical polymerization in a Q-100 differential 

photo calorimeter (DPC) from TA Instruments (New Castle, Delaware). A poly(MAA-

co-EGDMA) control polymer solution was made exactly in the same manner as the 

imprinted polymer solution except no template was added.  Another poly(MAA-co-

EGDMA) recognitive polymer exemplifying a higher degree of double bond conversion 

was produced by increasing the amount of initiator to 157.6 mg.  All experimental 

materials and conditions such as the temperature of polymerization (0°C ± 1°C 

throughout exothermic reaction), template, functional monomer, crosslinking monomer, 

solvent wt%, initiator concentration, purge gas, and the UV light source (mercury arc 

source and intensity) were matched with the literature reference 4. 
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 All polymerization reactions were carried out in the DPC. The DPC measures the 

heat flow from the sample relative to a reference pan.  The heat evolved was measured as 

a function of time, and the theoretical reaction enthalpy of the monomer solution was 

used to calculate the rate of polymerization, Rp, in units of fractional double bond 

conversion per second. Figure 3.2 shows a schematic of the DPC.  Integration of the rate 

of polymerization curve versus time yielded the experimental heat of reaction.  The 

experimental heat of reaction and the theoretical heat of reaction are used to determine 

the final double bond conversion. The calculations were analyzed by a visual basic 

program within Microsoft Excel, a copy of the code is attached within Appendix C.   

 The assumptions in the copolymerization of multiple monomers (i.e., two types in 

this case, functional and crosslinking monomer) were that each monomer had equal 

reactivity and the theoretical reaction enthalpy derived for a co-monomer mixture was 

calculated by the summation of component mole fraction multiplied by the monomer heat 

of reaction. The theoretical enthalpy of methacrylate double bonds was equal to 13.1 kcal 

mole-17, 8.  Due to the overwhelming fraction of ethylene glycol dimethacrylate 

(EGDMA) in the system (i.e., 88% crosslinking or 13.83 mmoles of EGDMA and 1.87 

mmoles of MAA), the majority of the heat of reaction was due to EGDMA double bonds 

reacting.  EGDMA has two moles of double bond per mole of monomer which gives the 

number of double bonds that are associated with EGDMA to be approximately 94% of all 

double bonds in solution.  Therefore, this system can be considered EGDMA in 

acetonitrile with a dilute amount of MAA.  

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

recognitive polymer disk was produced by placing 12.5 µL of pre-polymerization 



 60 

solution within an aluminum hermetic pan, and placing it in the cell of the DPC.  The 

solution was allowed to purge with nitrogen for 5 minutes at a 40 mL/min purge rate and 

a temperature of 20°C. To prevent possible evaporation of the solvent, a small quartz 

plate was placed on top of the pan after the 5 minute purge time. Also, since oxygen is a 

free radical scavenger, separate oxygen inhibition experiments were conducted to assure 

adequate nitrogen purge times (Appendix A, Figure A.1). Nitrogen continued to flow for 

the duration of the experiment at a purge rate of 40 mL/min. The solution was then 

cooled to the polymerization temperature of 0°C and was held at 0°C for 15 minutes. The 

shutter on the UV light source (Novacure 2100, Exfo, Canada, with a 100 Watt mercury 

arc light bulb) was opened and the solution was irradiated by 52.5 mW/cm2 UV light 

(checked with internal radiometer) for 17 minutes at which time the polymerization 

reaction was ensured to be over (i.e., the typical polymerization time was on the order of 

a few minutes). The temperature of the sample was held between 0°C to 1°C throughout 

the reaction, and the end point of each reaction was determined when the heat flow 

changed less than 1%.  Figure 3.3 shows a typical heat flow versus time curve from the 

DPC.  All polymerization reactions to produce the poly(MAA-co-EGDMA) networks 

described in this chapter were all created in this manner.  It is important to note that in the 

research article the original poly(MAA-co-EGDMA) imprinted network was taken from, 

the monomer solutions were purged with nitrogen and irradiated with UV light for much 

longer polymerization times (i.e., approximately 24 hours). The extended cure time is due 

to the polymer mold yielding a significant amount of monomer solution along the axis of 

the light source. With a low transmittance of UV light through a bulk polymer solution 9, 

this would lead to significantly longer cure times. 
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 During the course of making the polymer samples, a drop in the heat flow data 

was observed in some of the samples.  The drop in the data was due to the polymer 

sample lifting off the bottom of the pan during the course of the reaction causing air to be 

in between the sample and the bottom of the aluminum pan.  To correct this problem the 

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

 

3.2.3 Methods: Evaluation of Template Binding Parameters 

 

 The polymer disks were removed from the DPC pans and washed by Soxhlet 

extraction with a solution of acetonitrile/methanol in a 4:1 ratio. Extraction was 

performed for 2 ½ weeks and confirmed by analysis of the template in the wash. The 

washing procedure was run until EA9A was no longer detected in the wash solution via 

absorbance measurements using a Synergy UV-Vis spectrophotometer (BioTek 

Instruments, Winooski, Vermont). The disks were then taken out of the Soxhlet 

extraction device and allowed to dry in a fume hood at ambient temperature for a 24 hour 

period.  The drying in ambient temperature reduced sudden stress cracking by rapid 

evaporation of solvent.  The samples were then placed in a vacuum oven at 30°C and 25 

inches of mercury vacuum.  

 The average disk weight for each of the samples was 3.69 ± 0.29 mg.  The disk 

diameter was 4mm with width of 0.5 mm on the outside of the disk with concavity of less 

than 0.1 mm in the center of the disk. All samples had a reaction signature that was 

within one standard deviation from the mean to maintain a high degree of quality control 
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for the reaction analysis and resultant polymer networks.  Figure 3.4 shows 5 samples 

within the standard deviation on a heat flow versus time curve.  

 Dynamic binding analysis was determined by placing disks in 200 µL of various 

concentrations of EA9A in acetonitrile (0.01 to 2.0 mM solutions). After equilibrium was 

reached, a 100 µL aliquot of the solution was taken and absorbance measured at 265 nm 

using a Biotek UV-Vis spectrophotometer. Binding parameters were calculated using 

various isotherms (e.g., Scatchard, Langmuir, Freundlich).   

 The equations for Scatchard, Langmuir, and Freundlich isotherms are shown in 

equations 3.1, 3.2, and 3.3, respectively.  The linear form of the Scatchard equation is 

shown in 3.1  

 maxa
e

QQK
C

Q +−=  3.1 

where Q is the bound amount of template, Ce is the equilibrium concentration of template 

in the solution, the template equilibrium binding affinity is represented by Ka, and Qmax is 

the maximum capacity.  The affinity and the maximum template loading capacity are 

calculated via linear regression of the data.   

 The Langmuir isotherm is represented by the following equation 3.2 

 
ea

emaxa

CK1

CQK
Q

+
=  3.2 

where Q is the bound amount of template, Ce is the equilibrium concentration of the 

template in solution, the template binding affinity is Ka, and Qmax is the maximum 

template loading capacity. Linear regression of the Langmuir equation is used to find the 

affinity and capacity.  The Langmuir isotherm assumes that there is uniform one-layer 
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adsorption of the template molecule, equilibrium conditions, and that the surface is 

homogeneous.   

 The Freundlich isotherm is an empirical equation that can have multiplicity of 

sites on a surface and can be applied to heterogeneous surfaces10, 11.  The Freundlich 

isotherm is shown in equation, 3.3   

 n
ef Ck Q =  3.3 

where Q represents the bound amount of template, Ce represents the equilibrium 

concentration of template solution, and kf represents the Freundlich equilibrium template 

binding affinity constant.  The Freundlich affinity constant and the exponent (n) are 

found from a linear regression of this equation.  A detailed analysis of the calculation of 

the average affinity and average number of sites from the Freundlich isotherm can be 

viewed in section 3.2.4.  The isotherm that gave the best fit to the data was used to 

determine the binding parameters. In most polymers described in this work, the 

Freundlich isotherm gave the best fit.  The use of the Freundlich isotherm to characterize 

molecularly imprinted polymers has been validated by Shimizu and coworkers10, Spivak 

and coworkers12, and Sellergren and coworkers13.  Once the equilibrium concentration of 

the solution was determined, a mass balance yielded the bound concentration. 

 Selectivity studies for the recognitive polymers were conducted in similar fashion 

to the rebinding studies. Disks were placed in a 2mM solution of EADOP in acetonitrile 

and allowed to reach equilibrium. Once equilibrium was reached, a 100 µL aliquot of 

solution was sampled and the absorbance measured at a wavelength of 282 nm.  The 

equilibrium concentration was calculated, and a mass balance was used to determine the 

bound concentration.  In addition, further analysis was preformed to measure the 
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selectivity number which is equal to the average affinity 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 isotherm since 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 the linear regression of the Freundlich 

isotherm and calculates the average affinity and capacity for the recognitive polymers.  

This analysis was used on all recognitive systems studied within this dissertation.  The 

method of analysis was taken from Rampey and coworkers in their analysis of 

molecularly imprinted polymers2.  Equation 3.4 is the Freundlich Isotherm where Q is  

 n
ef Ck Q =   3.4 

the amount bound by the recognitive polymer, the equilibrium concentration is Ce, the 

freundlich affinity is kf, and the exponent value is n. 

 The following equations and their explanations are the basis for the results 

presented within this dissertation.  Equation 3.5 and 3.4 give the maximum affinity (Kmax) 

and minimum affinity (Kmin).  Kmax and Kmin represent the limits at which the affinity 

spectrum can be from and are determined from the maximum (Ce max) and minimum 

equilibrium concentrations (Ce min).  

 
max e

min C

1 
 K =  3.5 
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min e

max C

1 
 K =  3.6 

 
The number of sites (NK1-K2) was taken between K1 and K2.  K1 and K2 are affinity 

values between Kmin and Kmax. Equation 3.7 is the equation used for the number of 

sites. 
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The average affinity ( K2-K1K ) is calculated by equation 3.8.   
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It is important to note that for all the poly(MAA-co-EGDMA) recognitive polymers the 

values for K1 and K2 were all equivalent which allowed for a comparison between 

systems. 

 

3.3 Results and Discussion 

 

 This section highlights reaction analysis and binding parameters assessment for a 

typical poly(MAA-co-EGDMA) imprinted network described in recent literature.  

Initiator concentration, solvent concentration, crosslinking monomer length, and 

temperature were varied to determine their respective affect on the double bond 

conversion and template binding parameters.  A poly(MAA-co-EGDMA) imprinted 

network with enhanced double bond conversion was also synthesized with the purpose of 

comparing the resulting binding parameters with the imprinted 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 calculated to have a 

monomer to template ratio of 11.79 (moles of functional monomer divided by the moles 

of template), and the degree of feed crosslinking in the system was calculated to be 88 

mole% (mole crosslinking monomer/mole all monomers). The polymer was analyzed and 

the number of total number of double bonds reacted via DPC revealed a low level of 

fractional double bond conversion (35.0 ± 2.3%).  The low double bond conversion for 

this poly(MAA-co-EGDMA) has never been shown before in the literature. The result is 

significant because most researchers in the literature classify their recognitive polymers 

by the feed composition.  A low double bond conversion for short bi-functional 

monomers indicates that the feed composition does not accurately describe the final 

polymer network.  Figure 3.5 shows the double bond conversion versus time.  The reason 

for the low double bond conversion within this polymer network is described via a 

discussion of pendant double bonds.  It is important to note an analysis of the wash 

indicated little unreacted crosslinker coming from the polymers, thus pendant bonds are a 

good assumption.  Pendant double bonds are double bonds that are sterically hindered by 

the growing polymer network, due to limited mobility they cannot react with surrounding 

radicals.  A schematic of pendant double bonds within a forming polymer network is 

shown in Figure 3.6.     

 In order to verify this hypothesis, a study on the effect of crosslinking monomer 

length upon the double bond conversion for this imprinted system was undertaken.  An 

equivalent experiment was conducted using a slightly longer bifunctional crosslinking 
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monomer (poly(ethylene glycol) dimethacrylate, PEG200DMA, where the average 

number of ethylene glycol groups is 4.5 as opposed to 1 with EGDMA.  The longer 

crosslinking monomer will have increased flexibility along the polymer chain to react.  

The same reaction conditions were used in both experiments with the EGDMA and 

PEG200DMA crosslinked monomers.  The double bond conversion calculated for the 

poly(MAA-co-PEG200DMA) crosslinked polymer was 53.0 ± 2.0% at a polymerization 

temperature of 0°C.  The increase in conversion indicated that there were lower amounts 

of pendant double bonds, which can be attributed to the increased diffusional mobility of 

the longer crosslinking monomer to react.   

 A longer crosslinking monomer increases the flexibility of the growing polymer 

network chains and reduces the steric hinderances that lead to unreacted pendant double 

bonds.  Literature analysis reveals double bond conversions for similar systems using 

PEG200DMA equal to 68-69% with a polymerization temperature of 25°C 14-17.  

Therefore, for the molecular imprinting field these results highlight that a significant 

amount of EGDMA crosslinking monomer in the formulation results in a severely 

constrained network formation. Specifically, there is a decrease in the diffusional ability 

of pendant double bonds in the growing polymeric network to react or limited diffusion 

of radicals on the growing network which lowers conversion. More importantly, it also 

highlights that the final polymer composition does not represent the initial formulation 

when using significant amounts of short, bifunctional crosslinking monomer (i.e., when 

intra-molecular distances between crosslinking monomer double bonds are short). This is 

significant to the field of molecular imprinting since most groups use high amounts of 

EGDMA as crosslinking monomer to produce imprinted networks and report feed 



 68 

crosslinker compositions in relation to binding properties (affinity, capacity, and 

selectivity). Therefore, reaction analysis provides a basis for the accurate comparison of 

molecularly imprinted systems; furthermore, while double bond conversion has been 

studied in highly crosslinked networks 18 this is the first study to confirm low double 

bond conversion within highly crosslinked molecularly imprinted polymer systems and 

the associated effect on the binding properties.  

 Contrary to our results, 13C NMR studies of poly(MAA-co-EGDMA) imprinted 

polymers with 83% feed crosslinker produced at a constant temperature of 25°C 

estimated 83% final double bond conversion 19.  Within the molecular imprinting 

literature, to the best of our knowledge, this has been the only study of a highly 

crosslinked imprinted poly(MAA-co-EGDMA) network to analyze the double bond 

conversion. It gives an uncharacteristically high double bond conversion for dilute MAA 

in EGDMA (91% of the double bonds are attributed to EGDMA). Double bond 

conversions of pure EGDMA (non-imprinted) have been reported to be 69% at 60°C 20. 

Since the temperatures of reaction are different, additional experimental analysis was 

warranted to compare conversions and ascertain the effect of temperature on the rate of 

reaction and conversion for this system.  

 By using the DPC, temperature could be kept constant within ± 1ºC during the 

course of the polymerization reaction.  Temperature of reaction was set a 0 ºC, 25 ºC, and 

50 ºC which resulted in 35.0 ± 2.3%, 51.0 ± 1.2%, and 54.0 ± 1.9% final double bond 

conversion for our imprinted system, respectively.  The rate of polymerization versus 

time for temperatures of -25°C, 0°C, 25°C, and 50°C is shown in Figure 3.7.  Double 

bond conversions of poly(MAA-co-EGDMA) networks versus polymerization 
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temperature is shown in Figure 3.8.  For pure EGDMA, we experimentally found the 

double bond conversion at 0°C to be 36.1 ± 2.5%, very close in value to our imprinted 

system. Even if none of the MAA reacts in our system, which is highly unlikely, the 

double bond conversion at 0 ºC is calculated at (39.3 ± 2.3) %.  Therefore, this confirms 

that the majority of the heat of reaction is due to EGDMA double bonds reacting. 

However, MAA is incorporated into the system as reflected in template binding analysis.  

 Studies which use extraction methods and subsequent measurement of unreacted 

monomers will overestimate conversion by not counting crosslinking monomers that do  

not diffuse from the structure due to partial reaction that result in dangling, unreacted 

pendant double bonds.  

 Since termination events are more frequent at higher temperatures with a small in 

increase in the propagation constant, the result is shorter kinetic chain lengths. The 

temperature increase during the reaction increased the rate of reaction and overall 

conversion, but typically led to decreased affinity since hydrogen bonding and the 

formation of binding sites decreased with increasing temperature. This is in agreement 

with studies involving changes in polymerization temperature and associated binding 

parameters6. Therefore, for non-covalent imprinting within free radical 

hetero/homopolymerization reactions of multifunctional monomers, the strength of 

template-monomer interactions is an important variable as are the network properties that 

influence the stability of the binding site (e.g., crosslinking density and homogeneity). 

 The effect of photoinitiator and solvent concentration on the fractional double 

bond conversion is presented in Figure 3.9 and Figure 3.10, respectively. An increase in 

the photoinitiator concentration from 0.4 wt.% (the value of the poly(MAA-co-EGDMA) 
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imprinted polymer literature network) to 4.6 wt. % increased  the double bond conversion 

from 35 ± 2.3% to 48 ± 2.1%  (Figure 3.9). This can be attributed to an increase in the 

concentration of free radicals which provides an increased rate of chain initiating species 

and an increased rate of reaction (i.e., the rate scales to the square root of initiator 

concentration) that ultimately increases the conversion. After 2.4 wt% initiator, the 

fractional double bond conversion remained constant.   

 The rate equation applied to the square root of the initiator can be derived from 

the rate expression.  The following derivation closely matches the derivation of Odian21.  

The rate of polymerization can be described with equation 3.9, with [M] being the  

 pi RR
M][ +=−

dt

d
 3.9 

monomer concentration and Ri and Rp being the rate of initiation and propagation, 

respectively.  The rate of initiation is typically much lower than the rate of propagation 

and can be neglected.  The result means that the rate of polymerization is closely 

approximated to the rate of propagation.  Also, the rate constants for the propagation 

steps are equivalent.  The rate expression for the polymerization reaction can be 

expressed as equation 3.10, where [M●] is the radical concentration and  kp  is the  

 ][M][MkR pp •=   3.10 

propagation constant.  Because the radical concentration in polymerization reactions are 

hard to characterize, the radical concentration is typically removed from the equation.  

Using a steady-state assumption, the radical concentration during the polymerization is 

considered zero during the polymerization reaction.  The steady state assumption also 

states that the initiation (Ri) and termination (Rt) rates are equivalent, 3.11. 
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 2
tit ][M2kRR •==  3.11 

The termination rate constant is represented by kt.  Solving this equation for the radical 

concentration and substituting in equation 3.10 results in equation 3.12. 
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At this point, the initiation rate can be defined when the initiator is used as equation 3.13. 

 [I]k 2R di f=  3.13 

In equation 3.13 the initiator efficiency is represented by f, the initiator concentration is 

given as [I], and the rate constant of initiation is kd.  Combining equation 3.13 with 

equation 3.12 yields the equation in which the rate of polymerization is scaled to the 

square root of the initiator. 
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 Increasing the solvent wt% had an opposite affect and decreased the double bond 

conversion (Figure 3.10). This is due to a decreased concentration of initiator and a 

decreased concentration of monomers.  The effect of solvent is important for recognitive 

polymer systems since increased amounts of solvent have been shown to increase matrix 

porosity which is beneficial for diffusional transport 22; however, increasing the solvent 

wt% without a corresponding increase in photoinitiator concentration may negatively 

impact the double bond conversion and overall stability or fidelity of the binding sites 

(e.g. after 60 wt. % solvent the double bond conversion decreased substantially). Since 

the solvent does not get incorporated into the growing polymer chains, the polymeric 
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network must form around the solvent and this produces an accessible porous structure 

for adequate template diffusional transport. 

  

3.3.2 Assessment of Binding Parameters 

  

 Equilibrium binding isotherms were conducted on the poly(MAA-co-EGDMA) 

recognitive polymer synthesized from literature, the poly(MAA-co-EGDMA) recognitive 

network with 48% double bond conversion, and the associated poly(MAA-co-EGDMA) 

control network (i.e., no target molecule present in the formulation).  Figure 3.11 shows 

the binding isotherms for the two recognitive polymers and the control polymer.  In this 

particular set of experiments, we hypothesized that due to the increased double bond 

conversion a change in the binding characteristics would be observed.   

 The poly(MAA-co-EGDMA) recognitive network literature network showed 

statistically good agreement with reported data in the literature (template affinity constant 

of 3.23 ± 0.21 mM-1) 2 with a capacity of (776 ± 54) µmole/gram.  The Freundlich 

isotherm was used as the basis for analysis of average binding affinity along with number 

of binding sites, since the Freundlich isotherm gave the best fit to the data, based upon R2 

values (i.e. square of the correlation coefficient). The binding parameter evaluations for 

the Langmuir, Scatchard, and additional information regarding the Freundlich isotherms 

along with the linear regression fitting of the data with R2 values are presented in 

Appendix A, section A.2.   The poly(MAA-co-EGDMA) recognitive polymer with 48% 

double bond conversion gave a modest increase in the number of binding sites; however, 

statistically the binding capacity was within the standard deviation of the synthesized 
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poly(MAA-co-EGDMA) recognitive polymer literature network. In Table 3.1, 

poly(MAA-co-EGDMA) with 48% double bond conversion had a modest higher mean 

binding capacity of (860 ± 60) µmole/gram at a slightly reduced affinity of (2.63 ± 0.17) 

mM-1.  It is important to note that average affinity values take into account site sub-

populations of varying affinity. While the concentration of initiator should not be 

overlooked in optimization, the increased conversion did not lead to an improved average 

binding affinity or capacity in this case. An increase in initiator concentration can 

theoretically lead to a decrease in the kinetic chain length which, and we hypothesize 

with an increase in conversion, may result in increased binding site stabilization and 

increased structural homogeneity.  The kinetic chain length represents the average 

number of monomers reacting with an active center from initiation to termination, and it 

is inversely proportional to the radical concentration and the rate of polymerization 23.  

Thus, attempts to increase polymerization rate by increasing radical concentration 

produces smaller sized polymer chains 21.   

 Selectivity studies were performed using a molecule with similar chemical 

functionality of EA9A (Figure 3.12-A), ethyl 2-amino-1,6-dihydro-6-oxo-4-

pyrmidineacetate (EADOP) (Figure 3.12-B). Binding capacity of EA9A and EADOP 

values for poly(MAA-co-EGDMA) recognitive network with 48% double bond 

conversion are shown in Figure 3.13; additionally, selectivity numbers (bound 

template/bound other molecule) at 2mM concentration were 2.4 ± 1.0 for the recognitive 

polymer with 48% double bond conversion.  In this particular analysis, the poly(MAA- 

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

using Freundlich Isotherm Analysis. 

 
Polymer  Affinity (K) Units Capacity Units 

Poly(MAA-co-EGDMA) 
recognitive polymer literature 

match 
 3.12 ± 0.21 mM-1 776 ± 54 µmole/gram 

      
Poly(MAA-co-EGDMA) 
recognitive polymer with 

48% double bond conversion 
 2.63 ± 0.17 mM-1 860 ± 60 µmole/gram 
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target molecule, EA9A.  Also the original article does not report selectivity data. 

Therefore, increasing the double bond conversion of a poly(MAA-co-EGDMA) 

recognitive network did not conclusively lead to statistically significant, improved 

binding affinity or capacity, but increased the selectivity. This is hypothesized to be due 

to a decrease in the kinetic chain length with increased binding site stabilization and 

increased structural homogeneity due to an increase in the initiator concentration. 

Therefore, even optimization of conventional photo-initiator can lead to small 

improvements in binding parameters.  It is also important to note that the average affinity 

of these recognitive polymers take into account high affinity sites and low affinity sites.  

The increase in selectivity in this study could indicate a better quality high affinity site 

population; however, since the higher affinity site population is typically very low 

compared to the population of lower affinity sites, it is very difficult to quantify these 

differences. 

 In addition to this study, a more thorough analysis of selectivity was performed on 

the poly(MAA-co-EGDMA) recognitive polymer from the literature and the poly(MAA-

co-EGDMA) recognitive polymer with 48% double bond conversion.  This study was 

performed exactly in the same manner as the original binding study except the molecule 

EA9A was exchanged with EADOP, and the selectivity number was calculated with 

affinities instead of capacities. Results were also analyzed via the Freundlich isotherm 

which gave the best fit.   The selectivity number was calculated dividing the affinity of 

the template divided by the affinity of the analogue.  The selectivity numbers were 1.63 ± 

0.11 and 1.81 ± 0.12 for poly(MAA-co-EGDMA) recognitive polymer literature network 

and the poly(MAA-co-EGDMA) recognitive polymer with 48% double bond conversion, 
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respectively.  Selectivities calculated by using the affinities are a much better 

representation of selectivity of the imprinted polymers when compared to selectivity 

calculated with capacities.  Selectivity number results show an increase in selectivity for 

the imprinted polymer with the increased conversion.  In addition to these studies a 

detailed washing analysis presented on the quantities of template EA9A theoretically in 

the polymer network, bound by the polymer network (assessed by binding isotherms), 

and the amount washed out using Soxhlet extraction.  These studies are presented and 

discussed in Appendix B.  

 

3.4 Conclusion 

 

 The results presented in this chapter prove that reaction analysis of molecularly 

imprinted polymerization reactions has the potential to yield a greater understanding of 

the imprinting mechanism and associated binding parameters as related to the structural 

architecture of the polymeric network. Pendant double bonds contribute to low double 

bond conversions of poly(MAA-co-EGDMA) imprinted networks (35 ± 2.3) %.  Low 

double bond conversions are significant because most researchers within the literature 

use feed compositions to represent the final polymer product.  In addition, 80% of the 

imprinting field uses a poly(MAA-co-EGDMA) copolymer network as the backbone for 

their imprinted polymers.  Increases in temperature and crosslinking monomer length 

increase the double bond conversion by increasing the flexibility of the network thus 

decreasing pendant double bonds.  Solvent wt% increases above 60% show significant 

decreases in double bond conversion.  Increases in initiator wt% can increase the double 
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bond conversion up to 48% double bond conversions for EA9A templated poly(MAA-co-

EGDMA) networks polymerized at 0°C.  Increases in double bond conversion slightly 

increased the template binding capacity of the poly(MAA-co-EGDMA) imprinted 

network with similar binding capacities and retention of selectivity.   

 In Chapter 4, additional work with “living/controlled” polymerization techniques 

to create recognitive polymers is done in order to add structural control to the 

polymerization reaction.  “Living/controlled” polymerizations show significant control 

over linear polymer kinetic chain length.  Control of the kinetic chain length within an 

imprinted copolymer network could contribute to a more homogenous material which 

would give more structural control over the macromolecular architecture.  The reason for 

the added structural control is the necessity for these materials to be engineered for 

specific applications.  By additional control upon the network structure, the tailorability 

of these networks increases; therefore, tailorability will inevitability lead to improved 

binding characteristics via a rationally optimized macromolecular structure.  
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Figure 3.1 Procedure for Imprinted Polymer Synthesis to Binding Analysis.  The 

highly crosslinked imprinted polymers presented in this work are synthesized outlined in 

this basic procedure schematic from pre-polymerization mixture to analysis of binding 

parameters.  
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Figure 3.2 Differential Photo Calorimeter Cell Schematic.  The polymer sample was 

placed in the sample pan (S) and allowed to purge with nitrogen for 5 minutes.  Then a 

quartz cover-slip was placed over the sample to reduce solvent evaporation.  Heat flow 

was measured between the sample and reference pan (RR) during the polymerization 

reaction.  Top right is an actual photo of the top of the cell with the sample and reference 

pan in the cell. 
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Figure 3.3 Heat Flow from Differential Photo Calorimeter.  Heat flow is measured 

versus time for the polymerization reaction.  The data is analyzed to find the 

experimental heat of reaction.  The experimental heat of reaction divided by the 

theoretical heat of reaction will give the double bond conversion. 
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Figure 3.4 Reaction Signature Quality Control for Poly(MAA-co-EGDMA) Network 

Synthesis.  Reaction rate versus time (reaction signature) was compared for each network 

produced.  If the reaction signature was one standard deviation or more from the mean, 

the polymer was discarded.  Using the DPC, the reaction signature was well controlled 

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

Imprinted Network: A Typical Recognitive Polymer.  Double bond conversion verses 

time for a typical recognitive polymer with 88% feed crosslinker and monomer-template 

ratio of 11.79.  The final double bond conversion reached is 35%, drastically different 

incorporation of junction points compared to the feed percent of crosslinking monomer. 
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Figure 3.6  Pendant Double Bond Schematic.  Pendant double bonds (A, B, and C) are 

double bonds that are sterically hindered by the surrounding polymer network such that 

they cannot bend around and react with surrounding radicals (E and F).  
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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°C (▬), 0°C (▬), 

25°C (▬), and 50°C (▬).  The rate of reaction increased as the temperature increased. 
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Figure 3.8 Temperature Influence on Fractional Double Bond Conversion.  

Fractional double bond conversion versus temperature for a poly (MAA-co-EGDMA) 

recognitive polymer network shows an increase in double 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%), solvent wt% (50%), and monomer template ratio 

(11.79) are held constant.  Error bars represent standard deviation (n = 3).  Arrow 

indicates the weight percent of initiator of the original poly(MAA-co-EGDMA) 

recognitive polymer literature network. 
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Figure 3.10  Fractional Double Bond Conversion of Poly(MAA-co-EGDMA) 

Recognitive Networks: Solvent wt% Effect Upon Double Bond Conversion.  Note: 

Parameters such as feed crosslinking percent (88%), wt%(0.4 wt%) initiator, and 

monomer template ratio (11.79) are held constant.  Error bars represent standard 

deviation (n = 3). Arrow indicates poly(MAA-co-EGDMA) 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 literature match has a 0.4 wt % 

initiator with a 35% final double bond conversion(■).  Poly(MAA-co-EGDMA) 

recognitive polymer with 2.4 wt % initiator which demonstrated an increased double 

bond conversion of 48% (●).  A modest increase in the capacity of the poly(MAA-co-

EGDMA) recognitive polymer is seen. The control (▬) has only non-specific 

binding.Note: Error bars represent the standard error (n = 4). 
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Figure 3.12  Template and Analogue Molecular Structure.  Template Molecule , 

ethyl-adenine-9-acetate (EA9A) (A). Selectivity molecule, ethyl-2-amino-1,6-dihydro-6-

oxo-4-pyrmidineacetate (EADOP) (B). 
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Figure 3.13 Selectivity Study for Poly(MAA-co-EGDMA) Recognitive Polymers. 

Poly(MAA-co-EGDMA) recognitive polymer with 48% double bond conversion was 

selective toward the template, EA9A, (■) at a concentration of 2.0 mM. The EADOP (■) 

bound by the imprinted polymer presented here is less than half of the EA9A bound by 

the imprinted network.  In this particular study the poly(MAA-co-EGDMA) recognitive 

polymer literature network, with a double bond conversion of 35%, was not selective.  

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

RECOGNITIVE NETWORKS 

 

 In this chapter, we explore the use of “living/controlled” polymerization to further 

optimize the template binding parameters of imprinted polymers.  “Living/controlled” 

polymerizations show significant control over linear polymer kinetic chain length.  

Control of the kinetic chain length within an imprinted copolymer network could 

contribute to a more homogenous material which would give more structural control over 

the macromolecular architecture.  The reason for the added structural control is the 

necessity for these materials to be engineered for specific applications.  By additional 

control upon the network structure, the tailorability of these networks increases; therefore, 

tailorability will inevitability lead to improved binding characteristics via a rationally 

optimized macromolecular structure. The reaction analysis was used to characterize the 

imprinted polymers prepared “living/controlled” polymerization reaction techniques, and 

the binding parameters such as affinity, capacity, and selectivity of different networks 

were compared.  It is important to note that “controlled” polymerization techniques have 

never been applied to the synthesis of imprinted polymer networks.   

  

 

 



 95 

4.1 Introduction to “Living/Controlled” Polymerizat ion 

 

 Iniferters, which are initiator-chain transfer molecules pioneered by Otzu1, 2, have 

been used to create linear polymer chains with low polydispersities3-5.  Polydispersity or 

polydispersity index (PDI) is the ratio of the average molecular weight of the chains 

divided by the number-average molecular weight (Figure 4.1 and Figure 4.2).  

“Living/controlled” polymerization reactions have been used to create linear polymers of 

uniform chain length6-9, specific block copolymers10-15, and grafted polymers on silicon 

surfaces16-21.  Shorter kinetic chain lengths have been shown with “living/controlled” 

homopolymerization of methacrylic anhydride 22.   

 Since its initial discovery, “living” polymerizations have developed greatly into a 

wide variety of methodologies.  Examples of “living/controlled” techniques include, the 

use of ring opening metathesis polymerization (ROMP)23, organometallic molecules6, 24, 

atom transfer radical polymerization6, 25 (ATRP), reverse ATRP8, 26, anionic or cationic 

polymerization, living Ziegler-Natta polymerization, telluride-mediated polymerization 

(TERP), and iodide transfer polymerization23.    

 Polymerization using a “living” polymerization technique, similar to conventional 

free-radical polymerizations, has initiation, propagation, and termination events as 

previously presented in Chapter 2, section 2.2.6. During the initiation step in a 

conventional free-radical polymerization, the initiator is irradiated with UV light and 

breaks into highly reactive carbon radicals.  The carbon radicals actively initiate the 

polymerization reaction.  However, iniferters within “living” polymerization reactions 

decay upon UV irradiation into more stable dithiocarbamyl (DTC) radicals which do not 
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actively initiate the polymerization.   Therefore, DTC radicals do not actively participate 

within the propagation step.  Conversely, the termination step within “living” 

polymerization is significantly different from conventional free-radical termination 

events.  Within “living” polymerization, the DTC radical reacts with the propagating 

chain forming a macro-iniferter.  The macro-iniferter can decay back into a DTC radical 

and a propagating chain during the polymerization.  Thus “living/controlled” 

polymerization adds a reversible termination step to the polymerization reaction27, 28.  It is 

important to note that while there are many different type mechanisms, virtually all the 

methodologies have the reversible termination step.    

 “Living/controlled” polymerization approaches have had a significant impact 

upon the field of linear homo-polymerization 29.  Qin and coworkers have used 

living/controlled polymerization techniques to obtain linear poly(methyl methacrylate) 

(poly(MMA)) with a low polydispersity index (PDI=1.30)8.  In addition, they show that 

the polydispersity remains relatively constant while the molecular weight of the growing 

poly(MMA) increase from 60,100 to 182,000 g/mole and the double bond conversion 

increases from 27% to 78% 26.   Matyjaszewski and coworkers have demonstrated that 

similar results are obtained with “living/controlled” mechanism in the formation of 

polyacrylonitrile, and results show a polymer chain molecular weight increase during a 

23 hour time period with a low polydispersity (PDI=1.05) 6.  

 Similarly, “living/controlled” mechanisms have led to the formation of specific 

block copolymers with well-controlled polydispersities.  Block copolymer chains are 

linear hetero-polymer chains with blocks of specific repeating monomer segments.  

Research in the field of “living/controlled” polymerization has involved the building of 
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specific block copolymers with highly controlled monomer segments within the polymer 

chain in order to create chains of low polydispersity with specific functionality 12, 15, 30.  

For example, a hydroxystyrene-b-isobutylene-b-hydroxystyrene unique triblock 

copolymer has been developed exploiting “living/controlled” polymerization for the 

release of paclitaxel from heart stent coatings31.  Malinowska and coworkers used a novel 

bifunctional inititiator in the presence of a CuCl catalyst to developed specific block 

copolymers of methyl methacrylate and tert butyl acrylate with low polydispersities 

(PDI=1.13-1.56)6.  In biomedical research, block copolymer chains have been used to 

produce hydrogels with increased hydrophilicity and subsequent swelling10, and self-

assembled polymersomes of various size and morphologies, degradable networks for use 

as scaffolds for tissue regrowth 14.  

 Living/controlled polymerization techniques have also been used to graft polymer 

chains and networks onto silicon, glass, or polymer substrates in effect covalently binding 

polymer chains to the surface of the substrate16, 20.  Nakayama and coworkers have used 

“living” polymerization to create specific poly N,Ndimethylacrylamide-poly N-[3-

(dimethylamino)propyl]acrylamide block hetero-polymers grafted on a polystyrene 

substrate.  Additionally, Nakayama and coworkers using similar “living” polymerization 

techniques have grafted N,N-dimethylacrylamide and N,N-dimethylaminoethyl 

methacrylate on chloromethylstyrene to produce hyperbranched architectures18, 21, 32.   In 

addition, iniferters have been used to significantly control the molecular weight and 

polydispersity of grafted linear polymer chains attached to the surface of the particle (i.e., 

“hairy” particles)17.  Tsuji and coworkers have created hairy particles by grafting Poly(N-

isopropylacrylamide) on polystyrene core particles via “living” polymerization33.   
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 In addition, these reactions have been used to graft recognitive polymer networks 

to surfaces 34, 35.  Titirici and coworkers have taken an L-phenylalanine anilide imprinted  

poly(methacrylic acid-co-ethylene glycol dimethacrylate) polymer and grafted it on 

silicon substrate beads34.  Wei and Husson have grafted Boc-L-Trp imprinted polymers 

upon silica gel and have used high pressure liquid chromatography (HPLC) columns 

packed with them to show improved resolution of enantiomers and increased loading 

capacity 36.   Piletsky and coworkers have grafted an epinephrine imprinted 3-

aminophenylboronic acid network was on polystyrene cuvettes37. Delaney and coworkers 

have created creatine imprinted N, N-methylene diacrylamide networks grafted to the 

surface of gold electrodes38.   It is important to note that these papers are based using 

“living” polymerization to graft imprinted polymer networks onto a surface not to 

synthesize the imprinted network. 

 The research of “living/controlled” polymerizations to form crosslinked polymer 

networks has been very limited.  Ward and coworkers use a model based upon Flory-

Stockmayer theory to simulate the effect of “living/controlled” radical techniques upon 

linear polymer chains and crosslinked polymer networks 5.  In addition, Ward and 

coworkers use “living/controlled” polymerizations to synthesize poly(ethylene glycol 200 

dimethacrylate) networks39.  However, none of these papers use “living/controlled” 

polymerization techniques to synthesize imprinted polymer networks. 
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4.2 Hypothesis 

 

 The hypothesis is that a “living/controlled” polymerization mechanism would 

create shorter overall kinetic chain length of polymer chains, and shorter overall chain 

length within polymer networks could potentially translate into changes within the 

polymer network.  In addition, a decrease in the polydispersity of the chains within the 

polymer network would create a more homogeneous macromolecular architecture.  

Homogeneity within an imprinted crosslinked polymer network would provide a 

optimum environment for the site specific binding sites.  As a result of increased 

homogeneity within the imprinted network, template binding characteristic such as 

affinity, capacity, and selectivity would be enhanced compared to conventional free-

radical produced networks.  

 

4.3 Recognitive Polymer Synthesis via “Living/Controlled” Polymerization 

Techniques 

 

 This section describes the materials and methods regarding the synthesis of two 

poly(MAA-co-EGDMA) recognitive systems created with “living/controlled” 

polymerization techniques.  Reaction analysis and binding parameter determination 

methods were similar to previously described methods in Chapter 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 ethylene glycol dimethacrylate 

(EGDMA), had inhibitors removed via inhibitor removal packing sieves or vacuum 

distillation prior to polymerization. The initiator azo-bis(isobutyronitrile) (AIBN), 

template molecule (ethyl adenine-9-acetate (EA9A)), ethyl 2-amino-1,6-dihydro-6-oxo-4-

pyrmidineacetate (EADOP), and iniferter (tetraethylthiuram disulfide (TED)) were used 

as received. Monomers, inhibitor removal packing sieves, initiator, iniferter, template, 

and template analogue were purchased from Aldrich (Milwaukee, WI).  HPLC grade 

solvents, acetonitrile and methanol, were used as received from Fisher Scientific 

(Pittsburgh, PA). The polymerization solvent was acetonitrile and the polymer wash 

solvent (to remove template and unreacted monomer) was acetonitrile/methanol at a 4:1 

volume ratio. 

 

4.3.2 Methods:Synthesis of “Living/Controlled” Poly(MAA-co-EGDMA) Networks 

 

 The synthesis of the poly(MAA-co-EGDMA) recognitive polymer prepared via 

“living/controlled” polymerization was carried out in a similar manner to the recognitive 

networks presented in Chapter 3.  Synthesis method described here prepare highly 

crosslinked EA9A imprinted poly(MAA-co-EGDMA) networks that will be 

characterized within this chapter.  A typical polymerization solution was made with 2.61 

mL of EGDMA(13.83 mmoles), 0.16 mL of MAA(1.87 mmoles), 3.96 mL of 

acetonitrile(704.30 mmoles), 236.4 mg of AIBN, 47.4 mg of TED, and 35.4 mg of EA9A. 
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Solutions were placed in a sonicator after each addition until a homogeneous solution 

was obtained.  After all components had been mixed, the poly(MAA-co-EGDMA) pre-

polymerization solution was made.  The solution was then ready for polymerization. The 

polymerization was carried out in a Q-100 differential photo calorimeter (DPC) from TA 

Instruments (New Castle, Delaware).  Using the DPC, reaction analysis was used to 

determine a double bond conversion of 44 % for the poly(MAA-co-EGDMA) network. 

 The rationale behind a second system was to compare the imprinted system 

synthesized from literature data with 35% double bond conversion to an imprinted system 

via “living/controlled” techniques with a 35% double bond conversion.  The network was 

synthesized via trial and error using 254.52 mg of AIBN and 47.46 mg of TED.   

 The polymerization reaction was carried out in a differential photo calorimeter, 

DPC, at a temperature of 0°C.  The total reaction time of the “living/controlled” 

polymerization was 33 minutes compared to 10 minutes for the conventional reaction 

(Figure 4.3).  The increased reaction time was due to the addition of a reversible 

termination step within the polymerization reaction.  The wash step was carried out in a 

Soxhlet extraction apparatus.  The binding parameters were determined by equilibrium 

binding studies using EA9A in acetonitrile.  Selectivity studies were performed with the 

template analogue EADOP.  Specific details of the wash step and determination of the 

binding parameters were presented previously in Chapter 3, section 3.2.3 and 3.2.4.  
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4.4  Results and Discussion   

 

 There are two major results from exploiting “living/controlled” polymerization 

techniques in the formation and optimization of imprinted or recognitive polymers.  We 

demonstrate an increase in template loading capacity with similar binding affinities and 

an increase in template binding affinity with similar loading capacities.  

 

4.4.1 Template Loading Capacity Enhancement 

 

 The final double bond conversion for a poly(MAA-co-EGDMA) recognitive 

polymer prepared via “living/controlled” polymerization techniques was 44% (Figure 

4.4), and the reaction was approximately three times longer.  Longer reaction times are 

directly influenced by the reversible termination step within the polymerization reaction.  

The reversible termination step terminates a growing radical until equilibrium dictates the 

reverse reaction (Figure 4.5).     

 The binding studies for the poly(MAA-co-EGDMA) recognitive polymer 

prepared via “living/controlled” polymerization techniques showed an increase in binding 

for the template EA9A compared to the binding isotherms for the poly(MAA-co-

EGDMA) recognitive polymer synthesized from literature and the poly(MAA-co-

EGDMA) control (Figure 4.6).  The template binding affinity and loading capacity 

(calculated via Freundlich isotherm analysis) for the poly(MAA-co-EGDMA) recognitive 

polymer prepared via “living/controlled” polymerization techniques were 2.61 ± 0.12 

mM-1 and 1421 ± 64 µmole/g, respectively.   The template loading capacity for the 
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recognitive polymer prepared via “living/controlled” polymerization techniques when 

compared to the template loading capacity for the poly(MAA-co-EGDMA) recognitive 

polymer synthesized from literature (776 ± 54 µmole/g) shows a 63% increase in the 

template loading capacity. The values for the template binding affinity and loading 

capacity calculated via Freundlich analysis are presented for the poly(MAA-co-EGDMA) 

recognitive polymer prepared via “living/controlled” polymerization techniques and the 

poly(MAA-co-EGDMA) recognitive polymer synthesized from literature in Table 4.1.  

Both recognitive polymers have roughly equivalent binding affinities.  Linearized forms 

of the binding data for the poly(MAA-co-EGDMA) recognitive polymer prepared via 

“living/controlled” polymerization techniques can be viewed in Appendix A, section A.5.   

 The increase in binding is hypothesized to be due to shorter kinetic chain lengths 

and/or a more narrow dispersity of kinetic chains, which leads to a more homogeneous 

network and potentially a more uniform crosslink density. A smaller number of chains 

with a narrow size distribution would decrease the mesh size of the macromolecular 

structure and lead to a more uniform and higher population of appropriately sized 

imprinted macromolecular cavities (Figure 4.7). Evidence in the literature of radical 

chain homopolymerization of multifunctional monomers using size exclusion 

chromatography and measurements of crosslink density support this conclusion 40.  

 Iniferters used in this work decay into two dithiocarbamyl (DTC) radicals, which 

are more stable compared to carbon radicals. The stability of the DTC radical negates its 

significance on the initiation and propagation steps during the polymerization reaction, 

which in this particular case required the addition of carbon radicals, AIBN, to initiate the 

polymerization reaction. During termination steps of the polymerization reaction, the  
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Table 4.2 Calculated Binding Parameters for Poly(MAA-co-EGDMA) Recognitive 

Networks using Freundlich Isotherm Analysis: Increase in Template Loading 

Capacity 

 
Polymer  Affinity (mM-1)  Capacity (µmole/gram)  

      
Poly(MAA-co-EGDMA) 

recognitive polymer prepared via 
“living/controlled” 

polymerization  
(44% double bond conversion) 

 

 2.61 ± 0.12  1421 ± 64  

      
Poly(MAA-co-EGDMA) 

recognitive polymer synthesized 
from literature 

 (35% double bond conversion) 

 3.12 ± 0.21  776 ± 54  
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stable DTC radicals reversibly terminates with growing polymer radical chains which 

forms a chain that can re-absorb UV light and decay back into a polymer radical and a 

DTC radical 28 (Figure 4.4). The limitations and structural heterogeneity of radical 

polymerizations caused by fast termination reactions can be reduced since iniferters 

provide a reversible termination reaction that allows for the frustrations in the growing 

polymer network to be minimized.  Frustrations within a crosslinked polymer network 

are conformations or arrangements of monomer chains formed during the polymerization 

which are not in the lowest thermodynamic free energy state.  These frustrations are 

formed via mobility constrainment of the growing polymer chains from steric 

hinderences of the surrounding polymer network41.   

  

4.4.2  Template Binding Affinity Enhancement 

 

 To determine if changes in binding capacity were primarily due to double bond 

conversion differences, another poly(MAA-co-EGDMA) recognitive network was 

synthesized  via “living/controlled” polymerization with a 35% double bond conversion.  

The determination of the double bond conversion was preformed by reaction analyisis.  It 

is important to note that in order to obtain a 35% double bond conversion value a trial 

and error variation of the initiator and iniferter concentrations was conducted.  

 Results from the binding study shown in Figure 4.8 show the binding isotherms 

for the poly(MAA-co-EGDMA) recognitive polymer prepared via “living/controlled” 

polymerization with 35% final double bond conversion compared to the poly(MAA-co-

EGDMA) recognitive polymer synthesized from literature (which had a 35% double 
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bond conversion) and poly(MAA-co-EGDMA) control.  Freundlich isotherm analysis 

was used to calculate the template binding and loading capacity for the network.   

 As shown previously in Chapter 3, section 3.2.4, Freundlich analysis takes the 

values from the linear regression of the Freundlich isotherm and calculates the average 

affinity and capacity for the recognitive polymers.  This analysis was used on all 

recognitive systems studied within this dissertation.  The method of analysis was taken 

from Rampey and coworkers in their analysis of molecularly imprinted polymers42. 

Equation 4.1 is the Freundlich Isotherm where Q is  

 n
ef Ck Q =   4.1 

the amount bound by the recognitive polymer, the equilibrium concentration is Ce, the 

Freundlich affinity is kf, and the exponent value is n. 

 The following equations and their explanations are the basis for the results 

presented within this dissertation.  Equation 4.2 and 4.3 give the maximum affinity (Kmax) 

and minimum affinity (Kmin).  Kmax and Kmin represent the limits at which the affinity 

spectrum can be from and are determined from the maximum (Ce max) and minimum 

equilibrium concentrations (Ce min).  

 
max e

min C

1 
 K =  4.2 

 
min e

max C

1 
 K =  4.3 

 
The number of sites (NK1-K2) was taken between K1 and K2.  K1 and K2 are affinity 

values between Kmin and Kmax. Equation 4.4 is the equation used for the number of 

sites. 
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The average affinity ( K2-K1K ) is calculated by equation 4.5.   
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It is important to note that for all the poly(MAA-co-EGDMA) recognitive polymers the 

values for K1 and K2 were all equivalent which allowed for a comparison between 

systems. 

 The results for the template binding affinity and loading capacity were 5.94 ± 

0.40 mM-1 and 846 ± 57 µmole/g.  These results when compared with the poly(MAA-co-

EGDMA) recognitive polymer synthesized from literature with a template binding 

affinity of 3.12 ± 0.21 mM-1 shows a 85% increase in the template binding affinity.  The 

loading capacities for both networks were statistically similar.  The template binding 

affinity and loading capacity values calculated via the Freundlich analysis for the 

poly(MAA-co-EGDMA) recognitive polymer synthesized from literature and the 

poly(MAA-co-EGDMA) recognitive polymer prepared via “living/controlled” 

polymerization techniques with 35% double bond conversion are shown in Table 4.2.  

Linearized forms of the binding data for the poly(MAA-co-EGDMA) recognitive 

polymer prepared via “living/controlled” polymerization techniques with 35% double 

bond conversion can be viewed in Appendix A, section A.5.   

   The poly(MAA-co-EGDMA) recognitive polymer prepared via 

“living/controlled” polymerization techniques with 35% double bond conversion shows a 

higher affinity for the template EA9A.  Intrinsically, this must be due to a higher 

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

Networks using Freundlich Isotherm Analysis: Increase in Template Binding 

Affinity 

 
Polymer  Affinity (mM-1)  Capacity (µmole/gram)  

Poly(MAA-co-EGDMA) 
recognitive polymer synthesized 

from literature 
 (35% double bond conversion) 

 3.12 ± 0.21  776 ± 54  

      
Poly(MAA-co-EGDMA) 

recognitive polymer prepared via 
“living/controlled” 

polymerization 
 (35% double bond conversion) 

 

 5.94 ± 0.41  846 ± 57  
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affinity sites is due to better network control and orientations of functional monomer 

within the network via polymerization with iniferter which are due to shorter kinetic 

chain lengths and/or a more narrow dispersity of kinetic chains, leading to a more 

homogeneous network.  Homogeneity within the macromolecular network in conjunction 

with smaller kinetic chain lengths can potentially yield smaller mesh size distributions 

within the network forming a more appropriate sized polymer support network for the 

formation specific high affinity recognition sites.  Binding isotherms of all EA9A 

imprinted poly(MAA-co-EGDMA) polymer networks described and compared within 

this chapter are presented in Figure 4.9   Similarly, values of template binding affinity 

and loading capacity calculated via Freundlich analysis for all EA9A imprinted 

poly(MAA-co-EGDMA) polymer networks are presented in Table 4.3.     

 

4.4.3 Selectivity  

 

 Selectivity studies were also performed upon the poly(MAA-co-EGDMA) 

recognitive polymer prepared via “living/controlled” polymerization techniques.  The 

selectivity study was done in the exact same manner as presented in Chapter 3, section 

3.2.3 using the template substitute, EADOP.  The binding capacity for EA9A and 

EADOP for the poly(MAA-co-EGDMA) recognitive polymer with 48% double bond 

conversion and the poly(MAA-co-EGDMA) recognitive polymer prepared via 

“living/controlled” polymerization techniques is presented in Figure 4.10.  It is important 

to note that these two recognitive polymers have very similar double bond conversions.   
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Table 4.3 Calculated Binding Parameters for Poly(MAA-co-EGDMA) Recognitive 

Networks using Freundlich Isotherm Analysis. 

 
Polymer  Affinity (mM-1)  Capacity (µmole/gram)  

Poly(MAA-co-EGDMA) 
recognitive polymer synthesized 

from literature 
 (35% double bond conversion) 

 3.12 ± 0.21  776 ± 54  

      
Poly(MAA-co-EGDMA) 

recognitive polymer prepared via 
“living/controlled” 

polymerization 
 (35% double bond conversion) 

 

 5.94 ± 0.41  846 ± 57  

      
Poly(MAA-co-EGDMA) 

recognitive polymer  
(48% double bond conversion) 

 2.63 ± 0.17  860 ± 60  

      
Poly(MAA-co-EGDMA) 

recognitive polymer prepared via 
“living/controlled” 

polymerization  
(44% double bond conversion) 

 

 2.61 ± 0.12  1421 ± 64  
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 The values of selectivity based upon capacities were 2.4 ± 1.0 and 1.9 ± 0.5 for 

poly(MAA-co-EGDMA) recognitive polymer with 48% double bond conversion and 

poly(MAA-co-EGDMA) recognitive polymer prepared via “living/controlled” 

polymerization techniques, respectively.  It is important to note that poly(MAA-co-

EGDMA) recognitive polymer prepared via “living/controlled” polymerization 

techniques had a 63% increase in the number of binding sites while retaining a selective 

nature for the template.   It is hypothesized that “living/controlled” polymerization 

decreases the kinetic chain length and creates a more homogeneous macromolecular 

structure which provides an optimum network for the stabilization for the three 

dimensional spatial arrangement of functional groups which would enhance the template 

binding parameters.   In addition, the minimization of the frustrations through reversible 

termination reactions reduce the steric hinderences within the growing polymer network 

and allow the monomers to conform to thermodynamically lower energy states which 

would translate into a more thermodynamically conducive environment which potentially 

increase and/or enhance the number of effective specific binding sites within the network. 

  Selectivity studies based upon affinities was preformed on the poly(MAA-co-

EGDMA) recognitive polymer prepared via “living/controlled” polymerization 

techniques.  Specifics on the study can be found in Chapter 3, section 3.3.2.  The 

selectivity number calculated was (1.47 ± 0.07) for the poly(MAA-co-EGDMA) 

recognitive polymer prepared via “living/controlled” polymerization techniques.  These 

results also indicate that there is an increased number of binding sites by 63% while 

retaining selectivity for the target molecule, EA9A.  Values of the selectivity based upon  
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Table 4.4 Calculated Selectivity Numbers based upon Affinities and Capacity for 

Poly(MAA-co-EGDMA) Recognitive Networks. 

 

Polymer  
Selectivity 

(KEA9A/KEADOP) 
 

Selectivity 
(Bound EA9A/Bound EADOP) 

 (2mM-1 Concentration) 
 

Poly(MAA-co-EGDMA) 
recognitive polymer synthesized 

from literature 
 (35% double bond conversion) 

 1.63 ± 0.11  N/A  

      
Poly(MAA-co-EGDMA) 

recognitive polymer  
(48% double bond conversion) 

 1.81 ± 0.12  2.4 ± 1.0  

      
Poly(MAA-co-EGDMA) 

recognitive polymer prepared via 
“living/controlled” 

polymerization  
(44% double bond conversion) 

 

 1.47 ± 0.07  1.9 ± 0.5  
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affinity values for the poly(MAA-co-EGDMA) recognitive polymer synthesized from 

literature, the poly(MAA-co-EGDMA) recognitive polymer with 48% double bond 

conversion, and the poly(MAA-co-EGDMA) recognitive polymer prepared via 

“living/controlled” polymerization techniques are presented in Table 4.4.  It is important 

to note that selectivity studies were not done for the poly(MAA-co-EGDMA) recognitive 

polymer prepared via “living/controlled” polymerization with 35% double bond 

conversion.   

 In addition to these studies a detailed washing analysis on the quantities of 

template EA9A theoretically in the polymer network, bound by the polymer network 

(assessed by binding isotherms), and the amount washed out using Soxhlet extraction.  

These studies are presented and discussed in Appendix B.  

 

4.5 Conclusion 

  

 We are the first group within the field to employ “living/controlled” 

polymerization to synthesize imprinted polymer networks.  This work indicates that 

“living/controlled” polymerization techniques can increase the template binding capacity 

over that of conventional free-radical polymerizations (demonstrated here by a 63% 

increase).  At matching conversions, “living/controlled” polymerization techniques can 

increase the template binding affinity (demonstrated here by a 85% increase).  In addition, 

EA9A imprinted poly(MAA-co-EGDMA) polymers show selectivity of 1.47 ± 0.07 with 

the 63% increase in template loading capacity.  The increase in binding parameters is 

hypothesized from shorter overall kinetic chain lengths, a more homogeneous 
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macromolecular architecture within the polymeric network, and minimization of 

limitations and structural heterogeneity of radical polymerizations caused by fast 

termination reactions through reversible termination reactions that allow the 

minimization of frustrations in the growing polymer.  Additional work with 

“living/controlled” polymerization strategies in conjunction with reaction analysis of 

molecular imprinted polymers will inevitability lead to improved binding characteristics 

via a rationally optimized macromolecular structure.  Since imprinted network 

applications depend implicitly on the extent of control of the structural and binding 

characteristics, this work and future work in this area are expected to yield promising 

new materials for sensors, point-of-care diagnostics, and drug delivery carriers.   
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Figure 4.1 Schematic of the “Living/Controlled” Polymerization of Linear Chains.  

Conventional free-radical polymerization methods typically yield high chain 

polydispersities which are distributions of polymer chains of varying lengths (A).  

“Living/controlled” polymerization techniques have been shown to produce linear 

polymer chains with shorter kinetic chain lengths along with low polydispersities (B).  
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Figure 4.2 Schematic of the Distribution of Linear Polymer Chains.  Polydispersity is 

the ratio of the weight average molecular weight divided by the number average 

molecular weight (Mw/Mn).  The solid line presents linear polymer chain distribution with 

a low polydispersity.  The dashed line presents a linear polymer chain distribution 

exemplifying a high polydispersity within the linear 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” polymerization techniques (▬) has a 

2200 second polymerization time while the conventional UV-free radical polymerization 

(▬) has a 1000 second polymerization time.  Longer polymerization reaction times are 

typical of “living/controlled” polymerization.   
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Figure 4.4. Dynamic Double Bond Conversion of a Poly(MAA-co-EGDMA) Polymer 

Network via “Living/controlled” Polymerization.  Double bond conversion verses time 

for a polymer synthesized with “living/controlled” polymerization with 88% feed 

crosslinker and monomer-template ratio of 11.79. The final 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 a growing polymer radical to form a 

macroiniferter.  This macroiniferter can be irradiated with UV light to decay into a DTC 

radical and polymer radical to continue the reaction process.  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/controlled” Polymerization 

Techniques.  Poly(MAA-co-EGDMA) recognitive polymer prepared via 

“living/controlled” polymerization techniques with 44% double bond conversion (▲) has 

a 63% increase in the number of binding sites over that of the poly(MAA-co-EGDMA) 

recognitive polymer synthesized from literature (●) (35% double bond conversion).  Both 

recognitive networks showed higher binding than the poly(MAA-co-EGDMA) control 

(▬).  Note: Error bars represent the standard error (n = 4). 
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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 iniferter yields a lower 

polydispersity of kinetic chains and decreased average chain length.  B. Within 

crosslinked networks, addition of iniferter leads to a more uniform and higher population 

of appropriately sized imprinted macromolecular cavities for the template. An optimal 

mesh size, ξ, gives the binding site a better functional configuration 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 prepared via 

“living/controlled” polymerization techniques with 35% double bond conversion (∆) 

shows a slight increase in loading capacity over that of the poly(MAA-co-EGDMA) 

recognitive polymer synthesized from literature (●) (35% double bond conversion).  

However, Freundlich isotherm analysis yields an increase in template binding affinity 

(5.94 ± 0.40 compared to 3.12 ± 0.21) mM-1.  Both recognitive networks showed higher 

binding than the poly(MAA-co-EGDMA) control (▬).  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 EA9A imprinted 

poly(MAA-co-EGDMA) networks, the poly(MAA-co-EGDMA) recognitive polymer 

prepared via “living/controlled” polymerization techniques with 44% double bond 

conversion (▲), the poly(MAA-co-EGDMA) recognitive polymer prepared via 

“living/controlled” polymerization techniques with 35% double bond conversion (∆), the 

poly(MAA-co-EGDMA) recognitive polymer with 48% double bond conversion (■),  the 

poly(MAA-co-EGDMA) recognitive polymer synthesized from literature (●), and the 

poly(MAA-co-EGDMA) control (▬).  Error bars represent the standard error (n = 4). 
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Figure 4.10 Selectivity Comparison for Poly(MAA-co-EGDMA) Recognitive 

Networks for Ethyladenine (EA9A): Selectivity Study. Both networks were more 

selective for EA9A (■) than that of the analog molecule EADOP (■) at template and 

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

EADOP: Selectivity Analysis  Poly(MAA-co-EGDMA) recognitive polymer network 

with 48% double bond conversion (■) and poly(MAA-co-EGDMA) recognitive polymer 

prepared via “Living/controlled” polymerization techniques (▲) have higher selectivity 

for the template EA9A than for the template analog EADOP based upon affinities 

calculated from these isotherms.   Binding isotherms for EADOP are shown for 

poly(MAA-co-EGDMA) recognitive polymer network with 48% double bond conversion 

(□) and poly(MAA-co-EGDMA) recognitive polymer prepared 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 crosslinked imprinted networks to 

weakly crosslinked imprinted gels.  In Chapter 4, the use of “living/controlled” 

polymerization techniques increased the template binding capacity by 63% in a highly 

crosslinked network.  Thin films employing the use of weakly crosslinked imprinted gels 

have been the subject of significant merit within the field of advanced drug delivery 

carriers.  Furthermore, an increase in the template binding capacity within weakly 

crosslinked polymer networks would significantly impact the field of imprinted materials 

for advanced drug delivery.   

 Our hypothesis from Chapter 4, explaining the 63% increase in the template 

binding capacity, was due to shorter kinetic chain lengths and/or a more narrow dispersity 

of kinetic chains, which leads to a more homogeneous network structure (i.e., structure 

lends itself to larger number of appropriate sized imprinted cavities).  Highly crosslinked 

imprinted polymer networks, such as those presented in Chapter 4, are very brittle 

(networks must be solvated at all times to keep from cracking) which make the analysis 
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of the material properties extremely difficult.  However, mechanical analysis of flexible, 

weakly crosslinked gels has been used to calculate the mesh size of imprinted and non-

imprinted gels.  The binding parameters of imprinted gels synthesized via 

“living/controlled” polymerization methodologies along with mesh size analysis could 

potentially illuminate structural characteristics that influence the increase in binding 

parameters.     

 The two weakly crosslinked imprinted networks/gels used in this study were an 

ethyl-adenine-9-acetate (EA9A) imprinted poly(methacrlyic acid-co-ethylene glycol 

dimethacrylate) (poly(MAA-co-EGDMA)) copolymer network and a diclofenac sodium  

imprinted poly(diethylaminoethyl-methacrylate-co-2-hydroxyethyl-methacrylate-co-

polyethyleneglycol 200 dimethacrylate) (poly(DEAEM-co-HEMA-co-PEG200DMA) 

copolymer network.  Both copolymer networks are weakly crosslinked with 5% 

crosslinker (moles of crosslinking monomer divided by mole of all monomers in 

solution).   

  

5.1 Introduction to Controlled Drug Delivery 

 
 
 Controlled drug delivery by definition is a method or technique that delivers a 

therapeutic amount of drug in an extended duration to the body.  Drugs and drug delivery 

carriers can be delivered via an enteral route or parenteral route.  Drug delivered through 

an enteral route enters the body through the gastrointestinal (GI) tract by absorption and 

then enters the blood circulation.  Specifically, the enteral route refers to drug delivery 

via the GI tract which means drug can be absorbed via the tongue (i.e., sublingual), the 
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mouth (i.e.,buccal cavity), the stomach (i.e., gastrically), the intestine (i.e., small and 

large intestines), and the rectum.  The parenteral route refers to methods of drug delivery 

such as intravenous, intramuscular, subcutaneous, intradermal, percutaneous, inhalation, 

intraarterial, intrathecal, intraperitoneal, and vaginal1.  The most common forms of drug 

delivery are oral, ingestion, pulmonary, and transdermal 2. Each drug delivery method has 

advantages and disadvantages when delivering therapeutic amounts of drug to the body. 

 In many cases, drug delivery from thin films and coatings is based upon the 

Fickian model of release kinetics.  Gels exhibit high relaxation rates and rate limiting 

diffusion processes which typically result in the release rate being proportional to the 

concentration gradient3.  The advantage of tuning co-polymer network functionality is the 

ability to manipulate the macromolecular structure on the micro-scale thus controlling the 

drug release rate 3-5.  The control of diffusional characteristics within these gels is a 

distinct advantage for drug delivery applications. 

 Macromolecular memory within co-polymer gels is a relatively new method for 

additional control of the therapeutic diffusion gel characteristics and is especially useful 

with thin films and coatings.  Imprinting techniques introducing “macromolecular 

memory” within gels increase the tailorability of the macromolecular structure by 

producing gel networks with intrinsic template binding parameters of affinity and 

capacity for the template molecule.  Binding and memory of template therapeutics within 

hydrogel networks have shown extended therapeutic release potential within thin films 

for use within ocular delivery 3, 4, 6. 

 Over 90% of the current methods of ocular drug delivery are in the form of 

topical eye drops that treat ocular disease.  The drug solution within topical eye drops is 
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very concentrated because of low bioavailability with only 1-7% of the applied drug 

being absorbed 6, 7.  The use of topical eye drop solutions deliver effective amounts of 

drug to the eye; however, within a 15 minute time span after initial application, all the 

drug from the instilled eye-drop volume has been flushed from the eye by tear turnover.  

Drug delivery via thin films using enhanced template affinity and loading will allow for 

an advanced drug delivery device, such as a contact lens, for controlled therapeutic 

delivery to the eye.     

   

5.2 Hypothesis    

 

 The hypothesis is that with the use of a “living/controlled” polymerization 

mechanism within weakly crosslinked materials, substantial increases in the template 

loading/capacity for both an EA9A imprinted poly(MAA-co-EGDMA) network and an 

diclofenac sodium imprinted poly(DEAEM-co-HEMA-co-PEG200DMA) network will 

be observed.  Dynamic mechanical analysis of weakly crosslinked imprinted gels will 

illuminate inherent changes in network structure (i.e., a more homogeneous imprinted 

network) resulting from “living/controlled” polymerization. Dynamic template release 

analysis of these imprinted gel networks formed via “living” reaction schemes with 

increased loading and altered structural characteristics will show enhanced tailorability of 

the template release profiles of these imprinted gel networks. 
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5.3 Materials and Methods 

 

 Described in this section are the materials and methods used in the synthesis of 

two loosely crosslinked networks: poly(MAA-co-EGDMA) imprinted gels and 

poly(DEAEM-co-HEMA-co-PEG200DMA) imprinted gels.  All gels were synthesized 

containing 5% crosslinker in the feed composition. 

 

5.3.1 Materials 

 

 The monomers, methacrylic acid (MAA) and ethylene glycol dimethacrylate 

(EGDMA), had inhibitors removed via inhibitor removal packing sieves or vacuum 

distillation prior to polymerization. Monomers used as received were 2-hydroxyethyl 

methacrylate (HEMA), diethylaminoethyl methacrylate (DEAEM).  The initiator azo-

bis(isobutyronitrile) (AIBN), template molecules (ethyl adenine-9-acetate (EA9A) and 

diclofenac sodium), and iniferter (tetraethylthiuram disulfide (TED)) were used as 

received.  Monomers, inhibitor removal packing sieves, initiator, iniferter, and template 

were purchased from Aldrich (Milwaukee, WI). Poly(ethylene glycol 200 dimethacrylate 

(PEG200DMA) was purchased from Polysciences, Inc (Warrington, PA). HPLC grade 

solvents, acetonitrile and methanol, were used as received from Fisher Scientific 

(Pittsburgh, PA). The polymer wash solvent (to remove template and unreacted 

monomer) was acetonitrile/methanol at a 4:1 volume ratio for the EA9A recognitive 

network or deionized water for the diclofenac sodium recognitive network.   
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5.3.2 Methods: Synthesis of Poly(MAA-co-EGDMA) Recognitive Gels 

 

 A typical polymerization solution resulting in an EA9A imprinted poly(MAA-co-

EGDMA) gel, was made with 0.187 mL of EGDMA(0.993 mmole), 0.16 mL of  

MAA(18.86 mmoles), 18.55 mg of AIBN, and 84.06 mg of EA9A. Solutions were placed 

in a sonicator for several minutes until all solids were dissolved. Poly(MAA-co-

EGDMA) control gel solution was made exactly in the same manner as the recognitive 

gel except no EA9A template was added.  Poly(MAA-co-EGDMA) recognitive gel 

prepared via “living/controlled” polymerization techniques was made by addition of 3.89 

mg of iniferter, TED.  The molar ratio of the moles of initiator divided by the moles of 

iniferter was 8.61.  For both recognitive gels, the amount of monomer and template added 

to mixtures was 0.16 mL of MAA, 0.187 mL of EGDMA, and 84.06 mg of EA9A. For 

polymerization, the temperature of polymerization was 14°C ± 1°C throughout the 

exothermic reaction and a light intensity of 52.5 mW/cm2.  Lower temperatures resulted 

in freezing of the pre-polymerization mixture.  All polymers were polymerized within the 

DPC resulting in discs having 3 mm diameter and 1 mm in thickness. 

 Poly(MAA-co-EGDMA) gel disks for template diffusion analysis studies were 

made with a specially designed glass mold to achieve a disk size of 28 mm diameter and 

1 mm thickness.  These disks were polymerized at a temperature of 14°C and light 

intensity of 52.5 mW/cm2.  The disks were washed in a modified Soxhlet extraction 

device to ensure the disks were immersed in solvent at all times.  
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5.3.3 Methods: Synthesis of Poly(DEAEM-co-HEMA-co-PEG200DMA) Recognitive 

Gels 

 

 A typical polymerization solution for the diclofenac sodium imprinted 

poly(DEAEM-co-HEMA-co-PEG200DMA) gel was made with 0.336 mL of DEAEM 

(1.673 mmole), 3.659 mL of HEMA (30.118 mmole), 0.538 mL of PEG200DMA (1.673 

mmole), 20 mg of AIBN (0.121 mmole), and  150 mg of diclofenac sodium (0.352 

mmole).  The components were mixed and sonicated until solids were dissolved in 

solution. The poly(DEAEM-co-HEMA-co-PEG200DMA) recognitive gels were prepared 

with the template molecule, and the control gels were prepared without the template.  

Poly(DEAEM-co-HEMA-co-PEG200DMA) control gel was the exact same mixture of 

monomers and initiator excluding the template molecule.  Poly(DEAEM-co-HEMA-co-

PEG200DMA) recognitive gel prepared via “living/controlled” polymerization technique 

was synthesized with 4.20 mg of TED (0.014 mmole)  and 40 mg of AIBN (0.242 

mmole).  The solutions were pipetted between two 6” x 6” glass plates separated by 0.25 

mm Teflon spacers using long-stemmed pipettes.  The glass plates were coated with 

trichloromethylsilane to prevent strong adherence of the polymer matrix to the glass.  The 

solutions and equipment were then transferred to a MBraun Labmaster 130 1500/1000 

Glovebox (Stratham, NH), which provided an inert (nitrogen) atmosphere for free-radical 

UV photopolymerization.  The solutions were left uncapped and open to the nitrogen 

until the O2 levels inside reached negligible levels (<1 PPM).  The polymerization 

reaction was carried out for 8 minutes for the poly(DEAEM-co-HEMA-co-

PEG200DMA) control and recognitive gels while for the “living/controlled” 
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polymerization prepared polymers the reaction time was 24 minutes.  The intensity of 

light from a UV Flood Curing System (Torrington, CT) was 40 mW/cm2 at a voltage of 

325 V, and the temperature within the glovebox was 25°C.   

 The glass plates were soaked in deionized (DI) water and the polymers were 

peeled off the plates and cut into circular discs using a size 10 cork borer (13.5 mm).  The 

gels were washed in a well-mixed 2 L container of DI water for 7 days with a constant    

5 mL per minute flowrate of de-ionized water through the container.  Absence of 

detectable drug released from the polymer was verified by spectroscopic monitoring.  

The discs were allowed to dry under laboratory conditions at a temperature of 20°C for 

24 hours and then transferred to a vacuum oven (27 in Hg, 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-EGDMA) Gels 

 

 Binding analysis was conducted using poly(MAA-co-EGDMA) recognitive gel 

disks within acetonitrile.  After a 24 hour period, the absorbance of the solution was 

measured with a Synergy UV-Vis spectrophotometer.  Separate kinetic studies were 

performed to assure equilibrium conditions were reached.  A mass balance was used to 

determine the bound amount of drug within the polymer gel.  This binding analysis was 

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

 

 A stock solution of 1 mg/mL of diclofenac sodium was prepared and diluted to 

five concentrations (0.05 mg/mL, 0.10 mg/mL, 0.15 mg/mL, 0.20 mg/mL, and 0.25 

mg/mL) in 50 mL conical vials.  Initial absorbances of each concentration were measured 

in the UV-vis spectrophotometer.  After the initial absorbance, a washed poly(DEAEM-

co-HEMA-co-PEG200DMA) polymer disk was inserted in each vial and allowed to 

equilibriate over a 7 day period.  After equilibrium was reached, the solutions were 

vortexed for 10 seconds, and the absorbances of the equilibrium concentrations were 

measured via the Synergy UV/Vis spectrophotometer (BioTek Instruments, Winooski, 

VT).  The wavelength of absorbance for diclofenac sodium was 276 nm.  It is important 

to note that all gels were analyzed in triplicate.  It is important to note all binding values 

are based upon the dry weight of the gel.  

 

5.3.6 Methods: Template Diffusion Analysis of Poly(MAA-co-EGDMA) Gels 

   

 Dried, washed discs were placed in a 2.0 mM solution of EA9A in acetonitrile 

and allowed to reach equilibrium.  Release studies were performed using 50 mL 

polypropylene conical vials with 25 mL of acetonitrile.  Mixing was achieved by placing 

vials on an Ocelot oscillator (Boekel Scientific, Feasterville, PA).   To ensure an infinite 

sink for the release studies, the fluid was changed every 8 hours for the first 36 hours and 

thereafter every 24 hours. At every fluid change, a 200 µL aliquot of the solution was 
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taken and the EA9A concentration was measured via UV spectrophotometry at a 

wavelength of 265 nm. 

 The diffusion coefficient of template was calculated from Fick’s law, which 

describes one-dimensional planar solute release from gels 8. For geometries with aspect 

ratios (exposed surface length/thickness) greater than 10, edge effects can be ignored and 

the problem approached as a one-dimensional process 8.  Solution of Fick’s law for short 

times of diffusion is given by equation, 5.1, 
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2
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M Lπ∞

 =   
 5.1 

where Mt is the mass of EA9A released at time t, M∞ is the mass of EA9A released at 

time equal to infinity, D is the diffusion coefficient independent of position and 

concentration, and L is the thickness of the disk.  For each polymer network, the 

fractional release of EA9A (Mt/M∞) versus (t0.5/L) was plotted and the diffusion 

coefficient was calculated from the slope. 

 

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

HEMA-co-PEG200DMA) Gels 

 

 The diffusion studies for the hydrogels employed a Side-Bi-Side Cell Diffusion 

Apparatus, (PermeGear, Hellertown, PA).  After the washing procedure, the thickness of 

the swollen gels was measured with an electronic micrometer.  The gels were then placed 

between the diffusion cells.  An aliquot of 3.4 mL of 1 mM diclofenac sodium aqueous 

solution was placed on one side of the hydrogel while another 3.4 mL aliquot of DI water 
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was placed in the other side of the cell.  At various times, 0.2 mL aliquots were taken 

from both the donor and receptor cell and were measured via a Synergy UV-Vis 

spectrophotometer (BioTek Instruments, Winooski, Vermont) to determine the 

concentration within each side of the cell.  Data was collected and linear regression of the 

data was analyzed by plotting (Ln(1-2Ct/Cd)) against (-2At/V) then calculating the slope 

to determine the permeability (5.2), 
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where Ct is the concentration in the receptor cell, Cd is the concentration of the donor cell, 

A is the area of diffusion, V is the volume of each half cell, t is time, and P is the 

permeability.  The diffusion coefficient was calculated from the following two equations,  
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5.3 and 5.4, where D is the diffusion coefficient, P is the permeability, δ is the hydrogel 

thickness, Kd is the partition coefficient, Cm is the concentration of the solute in the 

hydrogel at equilibrium, Cs is the concentration of the solute in solution at equilibrium, Ci 

is the initial concentration of the solute in solution, and Co is the concentration of the 

solute in solution after equilibrium.  The volumes of the solution and the hydrogel are Vs 

and Vm, respectively. 

 



 143 

5.3.8 Methods: Determination of Polymer Gel Specific Volumes/Swelling Studies 

 

 After polymerization, three gels of each polymer system were taken for dry, 

swollen, and relaxed specific volume determination experiments.  These were calculated 

for the poly(MAA-co-EGDMA) recognitive gel, the poly(MAA-co-EGDMA) recognitive 

gel prepared via “living/controlled” polymerization techniques, the poly(DEAEM-co-

HEMA-co-PEG200DMA) recognitive gel, and the poly(DEAEM-co-HEMA-co-

PEG200DMA) recognitive gel prepared via “living/controlled” polymerization 

techniques.  For the dry specific volume determination, gels were placed in the vacuum 

oven at a temperature and pressure of 30°C 28 inches of Hg vacuum until the weight 

change was less than 0.1 wt%.  Once dry, the gels were then taken out and the dry mass 

was measured on a Sartorius scale.  Afterward, a density determination kit was installed 

on the Sartorius scale.  The mass of the gel was then measured in heptane, a non-solvent 

(density of 0.684 g/mL at a temperature of 25°C).  Once measurements were taken, 

Archimedes bouyancy principle was used to calculate the density of the dry polymer as 

shown in equation 5.5, 
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where ρx is the density of the sample, Wa is the mass of the sample in air, ρh is the density 

of heptane, and Wh is the weight of the sample in heptane.  The specific volume of the 

polymer was calculated as the reciprocal of density.  The experiment was repeated for 

both the relaxed and swollen gel.  The relaxed gel specific volume was calculated directly 

after the polymerization reaction without any additional solvent being introduced into the 
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gel.  The swollen gel specific volume was calculated after the gel reached swelling 

equilibrium with the solvent for each system.  The equilibrium volume swelling ratio Q 

was calculated with the swollen volume Vs and the volume of the dry polymer, Vdry, (5.6). 

 
dry

s

V

V=Q  5.6 

 Dynamic swelling studies of the poly(DEAEM-co-HEMA-co-PEG200DMA) gels 

were preformed by measuring the initial gel dry weight to determine the dry mass of 

polymer.  The gel was then placed in a 0.5 mg/mL diclofenac sodium solution (i.e., gel 

was loading in addition to swelling).  The gel was taken out of solution and patted dry 

with Kimwipes®, and the gel weight measured.  After the weight was measured, the gel 

was placed back in solution to continue swelling.  The measurement was repeated once 

every 5 minutes for the first hour, once every 10 minutes for the second hour, and then 

every 30 minutes until the gel reached a constant mass which indicated equilibrium. 

 

5.3.9 Methods: Calculation of Mesh Size  

 

 Static experiments were performed on EA9A imprinted poly(MAA-co-EGDMA) 

and diclofenac sodium imprinted poly(DEAEM-co-HEMA-co-PEG200DMA) gels in the 

equilibrium swollen state (with solvents being acetonitrile and DI water, respectively).  

Samples of each gel (1 mm x 5 mm x 15 mm strips) were removed from the solvent and 

analyzed with a RSA III Dynamic Mechanical Analyzer (DMA), (TA Instruments, New 

Castle, DE) to obtain stress versus strain.  Each experiment was conducted in controlled 
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force mode with a force ramp from 0.001 to 0.3 N.  The raw data obtained for each gel is 

included in Appendix A, section A.4.    

 Polymer gel mesh size was calculated via data collected from the static 

experiments via a DMA and by using the theory of rubber elasticity.  The following 

equation 9-11 describes the tension of a swollen, un-stretched polymer sample, τ. 
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R is the universal gas constant, T is the temperature, υe is the effective number of moles 

of chains in a real network, V is the volume of the swollen polymer, υ2,s is the swollen 

polymer fraction calculated by polymer dry volume Vdry divided by the polymer swollen 

volume Vs, and α is the deformation of a network structure by elongation which is 

equivalent to the stretched length over initial length (α = L/Lo). 

 The following equation9, 12 takes into account the polymer swollen until 

equilibrium with the solvent, but not prepared in solvent.  
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where υ  is the specific volume of the polymer in the relaxed state, Mn is the number 

average molecular weight, and cM is the average molecular weight between crosslinks. 

Taking equation 5.8 and the fact that the average molecular weight between crosslinks is 

much smaller than the number average molecular weight (i.e., cM << Mn) will yield 

equation 5.9. 
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The stress and strain data obtained by the static experiments from DMA was plotted with 

the α term on the y axis and tension τ on the x axis to obtain the slope which gave the 

average molecular weight between crosslinks cM .  To determine the actual mesh size, ξ 

of the polymer network, the relationship of ξ to cM  is needed from Peppas and Barr-

Howell5, 13. 
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where Q is the equilibrium volume swelling ratio, Cn is the characteristic ratio for the 

polymer (obtained from the molar average of the Cn from the homopolymers), and Mr is 

the effective molecular weight of the repeating unit (determined by a weighted average of 

the copolymer composition).  It is important to note the equilibrium volume swelling 

ratio, Q, is the swollen volume of the gel divided by the dry volume of the gel or the 

reciprocal of the swollen polymer volume fraction.  The Cn values used in this analysis 

were for polymethacrylic acid (Cn = 14), for polyethylene glycol dimethacrylate (Cn 

=3.8), and for the poly(DEAEM-co-HEMA-co-PEG200DMA) a typical average value of 

the characteristic ratio (Cn = 11) was used 10, 14-16.  The carbon-carbon bond length of the 

polymer backbone, which is equal to 1.54 
o

A  is represented by length, l.  
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5.3.10 Methods: Dynamic Template Release Profiles 

  

 The gels, after reaching equilibrium with the diclofenac sodium binding solution, 

were placed in a Sotax Dissolution Apparatus, (Horsham, PA) in 1000 mL of artificial 

lacrimal solution.  The artificial lacrimal solution consisted of solution 6.78 g/L NaCl, 

2.18 g/L NaHCO3, 1.38 g/L KCl, and 0.084 g/L CaCl2·2H2O, and the pH of the solution 

was 8.0 17.  The lacrimal solution was stirred at a constant rate of 75 rpm by the paddles 

within the dissolution apparatus and kept at a constant temperature of 37°C.  The solution 

within the dissolution apparatus was measured via a Biotek Synergy UV/Vis at 276 nm 

until the change in concentration within the solution did not change more than 1%.  The 

dissolution experiments were performed on two types of poly(DEAEM-co-HEMA-co-

PEG200DMA) recognitive gels and the control gel.   

 The fractional template release profiles were determined by taking the amount of 

diclofenac sodium released at the specified times during the dissolution experiment, Mt 

divided by the maximum amount of diclofenac sodium released during the dissolution 

experiment, M∞.  The fractional template release profile, Mt/M∞ was determined for each 

gel and plotted versus time. 

 

5.3.11 Analysis of Kinetic Parameters  

 

A dark reaction was used to determine the kinetic profile of the poly(MAA-co-

EGDMA) control gel, the poly(MAA-co-EGDMA) recognitive gel, and the poly(MAA-

co-EGDMA) recognitive gel prepared via “living/controlled” polymerization techniques.  
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A dark reaction was preformed by analysis of the rate of reaction and conversion after the 

UV light was shut off for a period of time.  The reaction analysis was analyzed via the 

program SAE which is presented in Appendix C.  The method was to purge the system 

with nitrogen, take the system to the reaction temperature, turn on the UV light for a 

specified amount of time, turn the light off for 5 minutes, and then turn the UV light on to 

complete the reaction.  Each data point on the resulting graphs was obtained by one 

complete polymerization reaction.  For the poly(MAA-co-EGDMA) control gel and 

recognitive gel, the UV light turn on/off period was 20 seconds.  For example, run one 

would have the UV light on for 20 seconds then the UV light remained off for 5 minutes 

then UV turned back on to complete the reaction.  Run two had the UV light on for 40 

seconds, run three had the UV light on for 60 seconds, and so on until the total reaction 

was analyzed.   Similar studies were done by Anseth and coworkers 18, 19.    The equations 

used to find the termination and propagation constants, kt and kp, are 5.11 and 5.12, and 

the derivation of these equations can be seen in Odian or Flory 9, 20.  The equation 5.11 is 

a rearrangement of the equation in Chapter 3, equation 3.14, 
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where [M] is the monomer concentration, the initiator efficiency is f, Io is the light 

intensity, ε is the extinction coefficient, and [I] is the initiator concentration.  The 

unsteady state equation used to decouple the propagation constant and the termination 

constant is shown in 5.12, 
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where t1and t0 are the time final and time initial for the time increment, [M]  t=t1  and      

[M]  t=t0 are the monomer concentration at time final and time initial, respectively, and 

Rpt=t1 and Rpt=t0  are the rate of polymerization at final time and initial time, respectively. 

 Thirteen dark reactions for the kinetic analysis for poly(MAA-co-EGDMA) 

control gel are shown in Figure 5.1.  Similar dark reactions were performed to obtain the 

kinetic data for poly(MAA-co-EGDMA) recongitive gel and poly(MAA-co-EGDMA) 

recognitive gel prepared via “living/controlled” polymerization techniques.  It is 

important to note that time intervals for the “living/controlled” polymerization kinetic 

analysis were 30 seconds due to a longer reaction time.  Once the data was obtained from 

the dark reaction experiments and ensuing reaction analysis of the data was analyzed via 

the program SAE, the program KINO (Appendix D) was used to evaluate the kinetic 

parameters.   

 

5.4 Results and Discussion 

 

 Template binding results for the poly(MAA-co-EGDMA) control gel, the 

poly(MAA-co-EGDMA) recognitive gel, and the poly(MAA-co-EGDMA) recognitive 

gel prepared via “living/controlled” polymerization techniques are presented in Figure 

5.2.  As demonstrated by the equilibrium binding isotherm, the poly(MAA-co-EGDMA) 

recognitive gel had a 42% increase in template binding capacity over that of the control 
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network.  The template loading capacity for the poly(MAA-co-EGDMA) control gel and 

recognitive gel was (1.40 ± 0.30 and 2.00 ± 0.20) x 10-2  mmole/g, respectively.  The 

increase in capacity of the poly(MAA-co-EGDMA) recognitive gel results from the 

macromolecular memory produced by the imprinting process.  The concept of 

macromolecular recognition manifests itself from two major synergistic effects, (i) shape 

specific cavities that match the template molecule, which provide stabilization of the 

chemistry in a crosslinked matrix, and (ii) chemical groups oriented to form multiple 

complexation points with the template.  Macromolecular memory and the imprinting 

effect demonstrated in weakly crosslinked gels is significant since most imprinted 

systems to date are highly crosslinked polymers.  The imprinting effect is the result of 

“training” macromolecular memory with the intrinsic template binding parameters of 

affinity and loading capacity. 

 The poly(MAA-co-EGDMA) recognitive gel prepared via “living/controlled” 

polymerization techniques had a 90% increase in template binding capacity over that of 

the poly(MAA-co-EGDMA) recognitive gel and a 171% increase in template binding 

capacity over the control (Figure 5.2) (both the recognitive gel and control were prepared 

using conventional free-radical polymerization).  The template loading capacity for the 

poly(MAA-co-EGDMA) recognitive gel prepared via “living/controlled” polymerization 

techniques was 3.80 ± 0.40 x 10-2 mmole/g.  The increase in template binding capacity 

for the gel formed via “living” polymerization indicates enhanced macromolecular 

memory for the template above standard free-radical polymerization methods. Template 

binding affinities calculated for the poly(MAA-co-EGDMA) control, recognitive, and 

recognitive gel prepared via “living/controlled” polymerization techniques by the 
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Freundlich analysis are (1.93 ± 0.10, 2.45 ± 0.13, and 2.21 ± 0.11) mM-1, respectively.  It 

is important to note that the template binding affinity of the recognitive gel and the 

recognitive gel prepared via “living/controlled” polymerization techniques had a similar 

average affinity; however, both recognitive gels had a higher average affinity than the 

control network.  The increased template binding affinity is a direct result of imprinting 

within the poly(MAA-co-EGDMA) polymer network.  All the binding parameters for the 

weakly crosslinked poly(MAA-co-EGDMA) networks are presented in Table 5.1.  

 Diclofenac sodium binding results for the poly(DEAEM-co-HEMA-co-

PEG200DMA) control gel, the poly(DEAEM-co-HEMA-co-PEG200DMA) recognitive 

gel, and the poly(DEAEM-co-HEMA-co-PEG200DMA) recognitive gel prepared via 

“living/controlled” polymerization techniques are presented in Figure 5.3.  The 

poly(DEAEM-co-HEMA-co-PEG200DMA) recognitive gel had a 94% increase in 

template loading over that of the control network.  The diclofenac sodium loading 

capacities for the poly(DEAEM-co-HEMA-co-PEG200DMA) control and recognitive gel 

are (0.96 ± 0.12 and 1.87 ± 0.20) x 102 mmole/g, respectively.  As discussed for the 

EA9A imprinted weakly crosslinked gels, an increase in template loading capacity 

indicates macromolecular memory within the recognitive gel.   

 The poly(DEAEM-co-HEMA-co-PEG200DMA) recognitive gel prepared via 

“living/controlled” polymerization techniques had a 89% increase in template loading 

capacity over that of the recognitive gel and a 168% increase over that of the control gel.  

The template loading capacity for the poly(DEAEM-co-HEMA-co-PEG200DMA) 

recognitive gel prepared via “living/controlled” polymerization techniques was (3.54 ±  
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Table 5.1.  Poly(MAA-co-EGDMA) Recognitive Gel Binding Characteristics: 

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

Gel Type 
  Ka( mM-1) Capacity(mmole/g) 

Poly(MAA-co-EGDMA) 
recognitive gel 

 
 2.45 ± 0.13 2.0 ± 0.2  x 10 -2 

Poly(MAA-co-EGDMA) 
recognitive gel prepared via 

“living/controlled” 
polymerization techniques 

 

 2.21  ±  0.11 3.8 ± 0.4  x 10 -2 
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0.16) x 10-2 mmole/g (Figure 5.3).  Template binding affinities calculated by the 

Freundlich isotherm show statistically similar values for the poly(DEAEM-co-HEMA-

co-PEG200DMA) recognitive gels.  Both recognitive gels have significantly higher 

template binding affinities (15.05 ± 0.82 and 14.57 ± 0.73 for the recognitive gel and 

recognitve gel pepared via “living/controlled” polymerization techniques, respectively) 

than the control gel which had a template binding affinity of 9.91 ± 0.49 mM-1.  As 

presented previously for the EA9A imprinted gels, the higher affinities for the diclofenac 

sodium imprinted gels compared to the control gel affinity show the imprinting effect of 

macromolecular memory.  All binding parameters for the diclofenac imprinted 

poly(DEAEM-co-HEMA-co-PEG200DMA) recognitive gels are presented in Table 5.2. 

 In comparison, the EA9A imprinted poly(MAA-co-EGDMA) gels and the 

diclofenac sodium imprinted poly(DEAEM-co-HEMA-co-PEG200DMA) gels have very 

similar overall trends.  Typical imprinting techniques show an increase in template 

loading capacity which can be attributed to macromolecular memory.  

“Living/controlled” polymerization techniques enhance the template loading capacity of 

both networks by approximately 90% which indicate that “living” polymerization 

techniques augment the macromolecular memory compared to the typical free-radical 

polymerization techniques.   

 While these networks have similar trends, the affinities for the poly(MAA-co-

EGDMA) recognitive gels have smaller affinities compared to the poly(DEAEM-co-

HEMA-co-PEG200DMA) recognitive gels.  Poly(DEAEM-co-HEMA-co-PEG200DMA) 

imprinted gels have a 4.5 times longer crosslinking monomer than the poly(MAA-co-

EGDMA) gels.  Increased crosslinking monomer length has shown to decrease the 
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binding affinity and capacity due to flexibility of the gel network.  However, the non-

covalent bonding which take place between the functional groups on the template and the 

“trained” macromolecular memory site for the EA9A imprinted network and the 

diclofenac sodium imprinted network are different.  The EA9A imprinted gel uses 

hydrogen bonding with strengths of 0.2-3 kCal/mole 21 to create macromolecular memory, 

and in comparison, diclofenac sodium imprinted gels use ionic bonding, which are the 

strongest non-covalent bonds (ionic bonds are 20-30 times stronger than hydrogen 

bonds22), to create macromolecular memory.  Stronger non-covalent bonds used to create 

macromolecular memory would translate into higher affinities for the template molecule 

as shown in the case of EA9A imprinted gels compared to diclofenac sodium imprinted 

gels.     

 The rebinding solvent used for EA9A imprinted gels and diclofenac sodium 

imprinted gels are acetonitrile and DI water, respectively.  A polar solvent has a 

permanent dipole moment and can form hydrogen bonding between molecules.  A polar 

aprotic solvent has a permanent dipole moment and does not form hydrogen bonding 

between molecules.  DI water is a polar protic solvent with a dielectric constant of 80.4 at 

a temperature of 25°C, and acetonitrile is a polar aprotic solvent with a dielectric constant 

of 37.5 at a temperature of 25°C.   Acetonitrile does not competitively bind to the 

template with the EA9A imprinted polymer network because there is no hydrogen 

bonding interaction with the template molecule.  The diclofenac sodium imprinted 

polymer network does have competitive binding due to DI water hydrogen bonding with 

the template molecule.  In addition, the diclofenac sodium imprinted polymer has ionic 

bonding which increases the binding affinity in DI water. However the addition of ionic  
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Table 5.2  Poly(DEAEM-co-HEMA-co-PEG200DMA) Recognitive Gel Binding 

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

 

Gel Type 
  Ka(mM-1) Capacity(mmole/g) 

Poly(DEAEM-co-HEMA-co- 
PEG200DMA) recognitive 

gel 
 15.05 ± 0.82 (1.87 ± 0.30) x 10 -2 

Poly(DEAEM-co-HEMA-co- 
PEG200DMA) recognitive 

gel prepared via 
“living/controlled” 

polymerization techniques 

 14.57 ± 0.73  (3.54 ± 0.25) x 10 -2 
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bonding interactions between the recognitive polymer network and template molecule 

within a polar protic or a polar aprotic solvent would enhance the resulting template 

binding affinity of the network.   The overall binding trends of the recognitive polymer 

gels prepared via “living/controlled” polymerization, recognitive gels, and control are 

similar between the two systems and are similar despite the differences within the 

solvents.   

 Comparing values of loading capacity from the equilibrium binding isotherms of 

EA9A imprinted gels and diclofenac sodium imprinted gels, diclofenac sodium imprinted 

gels bind a higher capacity of diclofenac sodium at lower concentrations.  Higher binding 

at lower concentrations translate into higher binding affinities which again is 

representative of the higher affinity and correlates well with the data calculated via the 

Freundlich isotherm with diclofenac sodium imprinted gels.  Initial points on the binding 

curve at lower concentrations have a high degree of influence upon the strength of the 

template binding affinity. 

 To ensure the enhanced loading from the poly(MAA-co-EGDMA) gel and 

poly(DEAEM-co-HEMA-co-PEG200DMA) gel prepared via “living/controlled” 

polymerization techniques was not a result from changes in double bond conversion, 

reaction analysis was performed on both gels to determine double bond conversion.  The 

double bond conversion calculated via reaction analysis for the poly(MAA-co-EGDMA) 

recognitive gel and recognitive gel prepared via “living/controlled” polymerization 

techniques was (56 ± 3.2 and 59 ± 3.5)%, respectively.  Similarly, reaction analysis was 

performed on the poly(DEAEM-co-HEMA-co-PEG200DMA) recognitive gel and 

recognitive gel prepared via “living/controlled” polymerization techniques to determine 
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the double bond conversion.  The results show that both the poly(DEAEM-co-HEMA-co-

PEG200DMA) recognitive gels had similar double bond conversions of (80 ± 5.1 and 83 

± 4.7)%.   

 Double bond conversion results conclusively rule out increases in template 

binding capacity due to increased double bond conversion.  An increase in reacted double 

bonds would alter the structure by incorporation of more polymer chains into the network.  

These systems have 5% crosslinking for the both EA9A imprinted gels and the diclofenac 

sodium imprinted gels.  Higher double bond conversions for these networks would 

decrease the kinetic chain length potentially increasing the crosslinking density thus 

decreasing the mesh size which would alter the polymer structure.  The goal of this study 

is to determine what changes “living/controlled” polymerization mechanisms have on the 

structure and by keeping the double bond conversion constant. Then theoretically, the 

structural changes will be affected only by the “living/controlled” polymerization 

mechanism.  

 To determine whether the increase in template loading via “living” 

polymerization techniques was due to a incorporation of more functional monomer 

within the network, a poly(DEAEM-co-HEMA-co-PEG200DMA) control gel prepared 

via “living/controlled” polymerization techniques was synthesized and diclofenac sodium 

binding studies were performed on the resulting co-polymer network.  It is important to 

note the control gel was synthesized in the exact same manner as the recognitive gel 

excluding the template molecule.  A control gel formed via “living/controlled” 

polymerization techniques having a higher binding capacity than the control gel made 

with standard free-radical polymerization would indicate an increase in non-specific 
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binding in the template loading capacity.  The result could be explained by a greater 

percentage of functional monomer incorporated in the network (i.e., “living/controlled” 

polymerization techniques affect the reactivity ratios).  However, the experimental results 

show that the equilibrium template binding isotherm for the poly(DEAEM-co-HEMA-co-

PEG200DMA) control gel prepared via “living/controlled” polymerization techniques 

was a statistical match to the equilibrium template binding isotherm for the 

poly(DEAEM-co-HEMA-co-PEG200DMA) control gel.  The similar binding parameters 

indicate that “living/controlled” polymerization does not potentially affect the amount of 

functional monomer incorporated within the gel (i.e., reactivity ratios).  This statement is 

based upon similar non-specific binding shown by both the poly(DEAEM-co-HEMA-co-

PEG200DMA) controls gel made with conventional free-radical polymerization and the 

poly(DEAEM-co-HEMA-co-PEG200DMA) control gel prepared via “living/controlled”  

polymerization techniques.   

 Two types of diffusion studies were used to determine the template diffusion 

coefficients of the EA9A imprinted poly(MAA-co-EGDMA) gels and the diclofenac 

sodium imprinted poly(DEAEM-co-HEMA-co-PEG200DMA) gels.  Fractional template 

release analysis and one-dimensional transport analysis were the two methods used to 

calculate diffusion coefficients.  Fractional template release analysis was used to 

calculate the diffusion coefficients for the EA9A imprinted poly(MAA-co-EGDMA) 

gels.  One-dimensional diffusion was not used to determine the diffusion coefficients for 

the EA9A imprinted polymers due to the poly(MAA-co-EGDMA) gels cracking and 

causing leaks within the side by side diffusion cells.  The cracking was caused by the fast 

evaporation of acetonitrile from the poly(MAA-co-EGDMA) gels which would cause 
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stress within the network due to contraction of polymer chains within the network.  The 

diffusion coefficients for the diclofenac sodium imprinted poly(DEAEM-co-HEMA-co-

PEG200DMA) gels were calculated by both the one dimensional transport analysis and 

fractional template release analysis.   

 The EA9A diffusion coefficients for the poly(MAA-co-EGDMA) recognitive gel 

and recognitive gel prepared via “living/controlled” polymerization in acetonitrile were 

(7.15 ± 0.13 and 7.26 ± 0.15) x 10-9 cm2/s, respectively.  The EA9A diffusion coefficients 

poly(MAA-co-EGDMA) recognitive gels were statistically the same indicating the 

polymer network structure for the recognitive gel and recognitive gel prepared via 

“living” polymerization techniques are similar.  The data from the EA9A diffusion 

analysis studies (release curves) for the EA9A imprinted gels are presented in Appendix 

A, section A.4  

 The diclofenac sodium diffusion coefficients in water for the poly(DEAEM-co-

HEMA-co-PEG200DMA) recognitive gel and the poly(DEAEM-co-HEMA-co-

PEG200DMA) recognitive gel prepared via “living/controlled” polymerization 

techniques were (1.69 ± 0.10 and 1.66 ± 0.06) x 10-9 cm2/s.  The diffusion coefficients for 

the poly(DEAEM-co-HEMA-co-PEG200DMA)  recognitive gel and recognitive gel 

prepared via “living/controlled” polymerization techniques indicate that the network 

structure for the recognitive gels are similar.  The data obtained during the experiment 

and the data needed for the calculation of template diffusion coefficients can be viewed in 

Appendix A, section A.4. 

 Template diffusion through an imprinted polymer network can be influenced by 

three main variables, average mesh size, template size, and template – polymer chain 
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interactions (i.e., the imprinting effect).  Manipulation of one or more of these variables 

can alter the diffusion coefficient.  An increase in polymer mesh size holding template 

size and template-polymer chain interactions constant would correspond to an increase in 

template diffusion.  An increase in template size holding mesh size and template – 

polymer chain interactions constant would correspond to a decrease in the template 

diffusion coefficient.  An increase in template – polymer chain interactions holding 

template size and mesh size constant would correspond to a decrease in the template 

diffusion coefficient.   Before comparing the diffusion coefficients of the EA9A 

imprinted gels to the diclofenac sodium gels, mesh size analysis for the gels is needed to 

complete the discussion.  

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

sizes were calculated for both EA9A imprinted gels.  The mesh sizes were (4.13 ± 

0.20)
o

A  and (4.13 ± 0.30)
o

A for the poly(MAA-co-EGDMA) recognitive gel prepared via 

“living/controlled” polymerization techniques and poly(MAA-co-EGDMA) recognitive 

gel, respectively.  The small mesh size resulting from the calculations indicate both 

poly(MAA-co-EGDMA) recognitive gels are in a collapsed state.  Although these 

poly(MAA-co-EGDMA) networks have a small mesh size, mesh sizes for similar 

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

mesh sizes ranging from 3.4-23.8 
o

A 23, 24.  The mesh sizes calculated for the poly(MAA-

co-EGDMA) gels are within the literature ranges for a similar poly(MAA-co-PEGDMA) 

gel.  Crosslinked polymer networks in a collapsed state would have a high Flory 

interaction parameter (χ1 > 0) with the solvent which decreases the equilibrium swelling 
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ratio thus decreasing the mesh size12.  The Flory interaction parameter is a unitless 

representation of the enthalpy of mixing (∆Hm) which relates to the thermodynamic 

relationships between the crosslinked polymer chains in contact with a solvent.  Swelling 

behavior within crosslinked polymer networks are very similar to linear polymer chains 

being solvated by a solvent to form a polymer solution.  Swelling behavior is dictated by 

the change in Gibbs free energy change ∆G, which is a combination of Gibbs free energy 

of mixing Gm, and Gibbs elastic free energy Gel (details of the thermodynamics of 

swelling with Gibbs free energy can be found in Chapter 2, section 2.2.2).  The 

poly(MAA-co-EGDMA) recognitive gels in acetonitrile have a collapsed network which 

will be indicated by the Flory polymer solvent interaction parameter, χ.   

 Similar mesh sizes for the poly(MAA-co-EGDMA) recognitive gels and 

recognitive gel prepared via “living/controlled” polymerization techniques confirm the 

network structure being the same which was indicated by the similar diffusion 

coefficients.  The structural results of the poly(MAA-co-EGDMA) recognitive gels do 

not indicate significant changes within the network structure.  However, the results also 

show more effective binding sites with a 90% increase in the binding capacity for the 

poly(MAA-co-EGDMA) recognitive gel prepared via “living/controlled” polymerization 

techniques.  “Living/controlled” polymerization techniques have shown to produce 

shorter kinetic chain lengths and low polydispersities in linear polymer networks25-27.  

Hypothetically, more effective binding sites relate to the homogeneity within the gel 

based upon how the specific orientations of functional groups interact with the template.  

Homogeneity within the macromolecular structure could potentially have similar 

calculated average mesh sizes within the network; however, those same gels with a 
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similar average mesh sizes could have significantly different mesh size distribution 

profiles within the calculated average mesh size population.     

 Further investigations into the network structure of the diclofenac imprinted 

poly(DEAEM-co-HEMA-co-PEG200DMA) gels determined mesh sizes of (30.3 ± 1.7) 

and (19.7 ± 2.1) 
o

A for the poly(DEAEM-co-HEMA-co-PEG200DMA) recognitive gel 

and poly(DEAEM-co-HEMA-co-PEG200DMA) recognitive gel prepared via 

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

compare with literature values of 21-31 
o

A for a similar hydrogel network produced with 

90% HEMA and 5% PEG200DMA 3.  The poly(DEAEM-co-HEMA-co-PEG200DMA) 

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

a smaller mesh size (19.7 ± 2.1) 
o

A compared to (30.3 ± 1.7) 
o

A  at equivalent conversions. 

“Living/controlled” polymerizations create smaller mesh sizes, which hypothetically 

originates from smaller kinetic chain lengths within the copolymer network which 

contributes to the overall homogeneity of the network structure.   

 In comparison, the diffusion coefficients for the poly(MAA-co-EGDMA) 

recognitive gel and the poly(DEAEM-co-HEMA-co-PEG200DMA) recognitive gel show 

diffusion coefficients of (7.15 ± 0.13) x 10-9  and (1.69 ± 0.10) x 10-9 cm2/s for EA9A and 

diclofenac sodium, respectively.  The diffusion coefficients were calculated via fractional 

template release analysis and one-dimensional template diffusion analysis, respectively.  

 Differences in the diffusion coefficients between the networks can be explained 

by size of the template molecule and length of crosslinking monomer within the network.  

The EA9A has a molecular weight of 221.22 g/mole and the diclofenac sodium has a 
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molecular weight of 318.14 g/mole.  The adenine base of the molecule EA9A has a 

hydrodynamic radius calculated via Gaussian 94 of 5
o

A 28, and diclofenac sodium has a 

hydrodynamic radius of 16
o

A 29.  A network produced with PEG200DMA crosslinking 

monomer would translate into a larger mesh sizes within the polymer network since it is a 

longer crosslinking monomer (n = 4.5 for PEG200DMA and n = 1 for EGDMA).  Mesh 

size analysis confirms the mesh size differences of the EA9A imprinted gel and the 

diclofenac sodium imprinted gel; the mesh size results were (4.13 ± 0.3) 
o

A  and (30.7 ± 

1.7) 
o

A , respectively. Comparing just the template molecule size and corresponding 

network mesh size, the EA9A imprinted gels have a smaller template molecule with a 

smaller average mesh size, and the diclofenac sodium imprinted gels have a larger 

template molecule and a larger average mesh size.  Peppas and coworkers show 

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

with various mesh sizes from (216 – 163) 
o

A  correspond to small diffusion coefficient 

changes (1.3 – 1.6) x 10-8 cm2/s with a Calcitonin (a 32 amino acid polypeptide 

hormone)30.   

 The diffusion coefficient for the poly(MAA-co-EGDMA) recognitive gel is 

higher than the diffusion coefficient for the poly(DEAEM-co-HEMA-co-PEG200DMA) 

recognitive gel (7.15 ± 0.13 x 10-9 cm2/s compared to 1.69 ± 0.10 x 10-9 cm2/s, 

respectively).  The diffusion coefficients for imprinted polymers are heavily influenced 

by the template binding affinities.  The template binding affinities calculated by the 

Freundlich isotherm analysis for the poly(MAA-co-EGDMA) recognitive gel and for the 

poly(DEAEM-co-HEMA-co-PEG200DMA) were 2.45 ± 0.13 mM-1 and 15.05 ± 0.82 
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mM-1, respectively.  While mesh size and template molecular size are important to the 

diffusional transport, there was a significant increase comparatively in template binding 

affinity which results in a significant increase in the template – polymer chain interaction.   

The increase in binding affinity would influence the diffusion coefficient through 

stronger intrinsic macromolecular recognition sites.  The diclofenac sodium would 

diffuse through the gel binding and rebinding to macromolecular memory sites with 

strong ionic non-covalent bonding on its way through the network while EA9A would 

have to diffuse through the network binding and rebinding to macromolecular memory 

sites with relatively weak hydrogen bonding.  The strength of the diclofenac sodium 

binding site based upon affinity is approximately 6x as strong as the EA9A binding site 

which would significantly influence the template – polymer chain.   A similar argument 

can be presented for the recognitive gels prepared via “living/controlled” polymerizations.  

Table 5.3 lists all the factors that influence template diffusion. 

 Dynamic swelling studies were performed on the diclofenac sodium imprinted 

poly(DEAEM-co-HEMA-co-PEG200DMA) gels (Figure 5.4).  The poly(DEAEM-co-

HEMA-co-PEG200DMA) control gel and recognitive gel had very similar trends as 

shown Figure 5.4.  The similar dynamic equilibrium swelling curve for the control and 

recognitive gel indicate the mesh sizes of these two copolymer networks are very similar.  

Swelling is ultimately dictated by the thermodynamic equilibrium as presented previously 

in this chapter and in Chapter 2, section 2.2.2.  If the Gibbs free energy of mixing is 

negative, the gel is solvated by the solvent.  Smaller mesh sizes correspond to smaller 

amounts of solvent in the gel; thus polymers with smaller mesh sizes have smaller 

equilibrium swelling ratios if the solvent and polymer composition are held constant. 
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Table 5.3  Characteristics that Influence Template Diffusion within Imprinted Gels  

Gel Type 
  

Ka 
(mM-1) 

Template 
Molecular 

Weight 

Template 
Hydrodynami

c 
Radius 

o
A  

Mesh 
Size 
o
A  

Diffusion 
Coefficient 

(cm2/s) x 10-9 

Poly(DEAEM-co-HEMA-co- 
PEG200DMA) recognitive 

gel 
 

 15.05 ± 0.82 318.14 16 30.3 ± 1.7 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 smaller molecular weight between crosslinks 

(more crosslinking points decrease swelling).  The dynamic equilibrium swelling curve 

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

“living/controlled” polymerization techniques is lower than both the poly(DEAEM-co-

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

swells to a smaller extent.  Thus, the polymer volume fraction in the swollen state is 

higher.  The smaller mesh size is confirmed by the mesh size analysis for the 

poly(DEAEM-co-HEMA-co-PEG200DMA) gels.   

  Release profiles versus time for the diclofenac sodium imprinted poly(DEAEM-

co-HEMA-co-PEG200DMA) gels are shown in Figure 5.5. The poly(DEAEM-co-

HEMA-co-PEG200DMA) recognitive gel releases 179% more template compared to the 

control network over a period of 7 days.  The poly(DEAEM-co-HEMA-co-

PEG200DMA) control gel released 0.48 ± 0.01 mg of diclofenac sodium over a 7 day 

time period while the poly(DEAEM-co-HEMA-co-PEG200DMA) recognitive gel 

released 1.34 ± 0.04 mg of diclofenac sodium.  Larger quantities of template released 

from the poly(DEAEM-co-HEMA-co-PEG200DMA) recognitive gel indicates the 

“trained” macromolecular memory increases the template loading capacity and confirms 

the increases in template binding shown in the previous binding analysis for the 

recognitive gel.   

 The fractional template release profile for the poly(DEAEM-co-HEMA-co-

PEG200DMA) recognitive gel showed that 70% of the template was released over a time 

period of 700 minutes (Figure 5.6).  The recognitive gel showed a two-fold extension in 

the release time over that of the control gel.  The control gel released 70% of the template 
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over a time period of 300 minutes.  The diffusion coefficients calculated from the 

fractional template release profiles for the poly(DEAEM-co-HEMA-co-PEG200DMA) 

recognitive gel and the poly(DEAEM-co-HEMA-co-PEG200DMA) recognitive gel 

prepared via “living/controlled” polymerization techniques were 3.20 ± 0.48 x 10-9 cm2/s 

and 1.49 ± 0.33 x 10-9 cm2/s, respectively.   These values correspond to the values 

calculated for the diclofenac sodium imprinted gels via one-dimensional transport 

analysis.   

 To determine how well the release curves matched the Fickian release profile 

coefficient (n = 0.5), the log of the fractional release was plotted on the y axis and the log 

of the time was plotted on the x axis.   The results of the analysis show that the 

poly(DEAEM-co-HEMA-co-PEG200DMA) control gel conforms very well to the 

Fickian release profile (n = 0.48).  The poly(DEAEM-co-HEMA-co-PEG200DMA) 

recognitive gel and recognitive gel prepared via “living/controlled” polymerization 

technique release profiles are less Fickian and moving toward zero-order release profiles 

with profile coefficients of n = 0.68 and n = 0.70, respectively.  “Living/controlled” 

polymerization techniques along with molecular imprinting shifted the release profiles 

toward a zero-order release profile.  Zero-order release has a linear release profile which 

is constant and not dependant upon time or concentration.  The slower release profile for 

imprinted gels has been shown within our research group to be due to the intrinsic 

template binding characteristics of the polymer network3.  The “trained” macromolecular 

memory within hydrogels display controlled release profiles that can be explained by the 

“tumbling hypothesis” presented in a recent research article3.  The hypothesis states that 

as the molecule diffuses through the network it binds and unbinds to multiple binding 
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sites.  Because of the flexibility of the gel network, the template molecule, diclofenac 

sodium, can unbind from one complexation point and move to another complexation 

point on its way through the network.     

 The poly(DEAEM-co-HEMA-co-PEG200DMA) recognitive gel prepared via 

“living/controlled” polymerization techniques released 34% more drug over a 7 day 

period in a more controlled manner than the poly(DEAEM-co-HEMA-co-PEG200DMA) 

recognitive gel (Figure 5.5).  The recognitive gel prepared via “living/controlled” 

polymerization techniques released 1.87 ± 0.06 mg over a 7 day time period.  The 

increase in amount of template released from the recognitive gel prepared via 

“living/controlled” polymerization techniques can be attributed to the 89% increase in 

template loading capacity over that of the recognitive gel as shown in the previous 

template binding analysis for the poly(DEAEM-co-HEMA-co-PEG200DMA) recognitive 

gel prepared via “living/controlled” polymerization techniques.   

  The fractional template release profile for the diclofenac sodium imprinted 

poly(DEAEM-co-HEMA-co-PEG200DMA) gel formed via “living/controlled” 

polymerization techniques showed that 70% of the template is released over a time period 

of 1400 minutes (Figure 5.6).  This means imprinting via “living” polymerization 

techniques extend or delay the template release profile by two fold over that of imprinting 

via free-radical polymerization techniques and four fold over that of the control network.   

 The “tumbling hypothesis” states that the template tumbles from binding site to 

binding site on the way out of the gel.  Template binding analysis showed an 89% 

increase of the loading capacity for the poly(DEAEM-co-HEMA-co-PEG200DMA) 

recognitive gel prepared via “living/controlled” polymerization over that of the 
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poly(DEAEM-co-HEMA-co-PEG200DMA) recognitive gel.  This would mean there are 

almost twice as many sites within the same volume of polymer network (i.e., polymer 

dimensions were the same for all polymers analyzed in this chapter).  Twice as many 

sites would mean a template molecule would bind and unbind to binding sites twice as 

many times thus increasing/extending the dynamic release profile.  The smaller mesh size 

of the poly(DEAEM-co-HEMA-co-PEG200DMA) gel prepared via “living/controlled” 

polymerization techniques in conjunction with a the two fold increase in sites with 

imprinted the “trained” macromolecular memory is the reason for the extended release 

profile.  

  In addition to the binding, diffusion, and structural analysis of these gels, the 

kinetic parameters of these poly(MAA-co-EGDMA) gels were analyzed to determine 

what changes the “living” polymerization technique had upon the kinetic constants of 

propagation and termination.  The propagation constant kp, termination constant kt, and 

kt/kp versus double bond conversion are shown in Figure 5.7, Figure 5.8, and Figure 5.9, 

respectively.   

 The propagation constant versus conversion (Figure 5.7) for the poly(MAA-co-

EGDMA) recognitive and control gel follow typical experimental values found in the 

literature18, 19, 31.  The propagation constant remains relatively constant where the 

chemical reaction is controlling the propagation mechanism for the gels (less than 0.23 

fractional double bond conversion).  At higher conversions, the propagation constant for 

the recognitive and control gel start to decrease indicating that the propagation is being 

controlled by the diffusion controlled mechanism.  The diffusion controlled propagation 
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mechanism is where the controlling factor is the radical diffusing through the network to 

react with double bonds thus propagating chains 32. 

 For the “living/controlled” recognitive gel, propagation remains relatively 

constant until the fractional double bond conversion reaches between 0.3 and 0.4.  This 

indicates that the addition of iniferter increases the amount of network formed during the 

chemical reaction controlled propagation mechanism.  After a fractional double bond 

conversion of 0.4, the propagation constant decreases indicating the diffusion controlled 

propagation mechanism. 

 The termination constants for the poly(MAA-co-EGDMA) control, recognitive 

gels, and gels prepared via “living/controlled” techniques have similar trends (Figure 5.8).  

The termination constant, kt, versus conversion has a relatively constant range with a 

decrease of termination constant at higher conversions.   Typically, the termination 

constant has three regions.  The regions are represented by a decrease in termination 

constant, a plateau in termination constant, and a decrease in termination constant.  These 

regions represent termination through segmental diffusion, limitation of segmental 

diffusion and the increasing dominance of reaction diffusion, and diffusion controlled 

termination dependant upon propagating events, respectively.  The segmental diffusion 

for the poly(MAA-co-EGDMA) networks is not evident in the data.  Crosslinking 

reactions have a much earlier onset of gelation as early as 5% conversion 19.  The 

reactions presented in Figure 5.8 have the first data point at or above 5% conversion.  

Evident with the poly(MAA-co-EGDMA) gels is the plateau region from a fractional 

double bond conversion of (0.05 – 0.42). Segmental diffusion is limited and the reaction 

diffusion becomes increasingly dominant during this section of the polymerization.  After 
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a fractional double bond conversion of 0.42, the termination constant decreases which is 

consistent with literature.  The decrease in the termination constant at higher double bond 

conversions is due to a decrease in propagation events and monomer controlled diffusion.  

The ratio of kt/kp is shown in Figure 5.9.  

 The results from the kinetic analysis for the poly(MAA-co-EGDMA) imprinted 

gels indicate that “living/controlled” polymerization specifically increases the chemical 

controlled propagation mechanism.  The increase in the chemical controlled propagation 

mechanism in combination with increasing the binding capacity for these gels indicate 

that effective binding sites are formed during chemical controlled segment of the 

polymerization.   

 Macromolecular memory is formed during the polymerization reaction and 

manifests itself from two major synergistic effects, (i) shape specific cavities that match 

the template molecule, which provide stabilization of the chemistry in a crosslinked 

matrix, and (ii) chemical groups oriented to form multiple complexation points with the 

template.  “Living/controlled” polymerizations have reversible termination which 

increases the chemical controlled propagation mechanism during which the growing 

polymer chains are not hindered by diffusion limitations which lead to frustrations 

formed via mobility constrainment from steric hindrances of the surrounding polymer 

network.  By increasing the duration of the chemical controlled propagation mechanism 

through “living” polymerization techniques, the growing polymer chains (i.e., including 

growing polymer chains forming macromolecular memory) would have more time during 

the reaction to move to the lowest energy conformation.   
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5.5 Conclusions 

 

 The work presented in this chapter confirms they hypothesis was that the use of 

“living/controlled” polymerization techniques substantially increased template 

loading/capacity.  Both EA9A imprinted poly(MAA-co-EGDMA) gels and diclofenac 

sodium imprinted poly(DEAEM-co-HEMA-co-PEG200DMA) gels prepared via 

“living/controlled” polymerizations show a 90% and 89% increase in template loading 

capacity over conventional free-radical imprinting techniques, respectively, while both 

systems retain statistically similar binding affinities.  Increases in template binding trends 

were similar for both poly(MAA-co-EGDMA) and poly(DEAEM-co-HEMA-co-

PEG200DMA) recognitive gels and recognitive gels prepared via “living/controlled” 

polymerization techniques despite solvent differences (i.e., acetonitrile and DI water are 

polar aprotic and polar protic solvents, respectively).  Mesh size analysis of diclofenac 

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

decrease at equivalent double bond conversion from (30.3 ± 1.7) 
o

A  to (19.7 ± 2.1) 
o

A  

which strongly indicate that “living/controlled” polymerization techniques shorten the 

kinetic chain length which leads to a more homogeneous polymer network.  Shorter 

overall kinetic chain length would increase the uniformity and integrity of the binding 

sites formed within the polymer network thus increase the template binding/loading 

capacity.     

 The use of “living/controlled” polymerization techniques with an increase in 

“trained” macromolecular memory sites result in a larger quantity of template released in 

solution for a given gel.  “Living/controlled” polymerization of a diclofenac sodium 
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imprinted poly(DEAEM-co-HEMA-co-PEG200DMA) gel yields a more homogeneous 

network with twice as many macromolecular memory binding pockets that significantly 

extend the fractional template release profile by a factor of two.   A detailed kinetic 

analysis reveals that “living/controlled” reaction mechanisms increase the chemically 

controlled propagation mechanism within the polymerization reaction.  This in 

conjunction with the increase in binding indicates that binding sites are formed during the 

chemical controlled segment of the polymerization.  “Living/controlled” polymerization 

techniques as shown within this chapter have significant enhancement potential for the 

tailorability of weakly crosslinked imprinted polymer 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 dark reaction analysis for the determination 

of propagation and termination kinetic constants.  This graph represents the rate of 

polymerization of poly(MAA-co-EGDMA) control gel versus time. 
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Figure 5.2 Poly(MAA-co-EGDMA) Recognitive Gel Binding Isotherms. Data points 

(▬) represent the poly(MAA-co-EGDMA) control gel, (□) 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” polymerization techniques has a loading 

capacity 90% higher than the poly(MAA-co-EGDMA) recognitive gel capacity and 

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

Isotherms. Imprinted hydrogel binding is demonstrated for the template, diclofenac 

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

“living/controlled” polymerization techniques (∆) shows a 89% increase in loading 

capacity over that of poly(DEAEM-co-HEMA-co-PEG200DMA) recognitive gel (□) and 

a 168% increase in loading over that of the control.  Both recognitive gels bound more 

diclofenac sodium compared to the control gel (x).  Error 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 gel (□) and the control gel (x) had 

similar swelling characteristics in the aqueous solution of diclofenac sodium 

(concentration was 2 mg/mL).  The recognitive gel prepared via “living/controlled” 

polymerization (∆) had lower swelling values in the aqueous solution of diclofenac 

sodium which indicates a smaller mesh size within the macromolecular structure.  Mesh 

size studies confirmed the mesh size was smaller for the recognitive gel prepared via 

“living/controlled” polymerization.  The error bars represent the standard error with n=3. 
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Figure 5.5  Dynamic Release Studies for Poly(DEAEM-co-HEMA-co-PEG200DMA) 

Recognitive Gels.  The recognitive gel prepared via “living/controlled” polymerization 

(∆) released a higher amount of diclofenac sodium when compared with the recognitive 

gel (□) and the control gel (x).  It is important to note that the recognitive gel via 

“living/controlled” did not reach equilibrium with the 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 Poly(DEAEM-co-HEMA-co-

PEG200DMA) Recognitive Gels.  The recognitive gel prepared via “living/controlled” 

polymerization (∆) had a longer release time when compared with the recognitive gel (□) 

and the control gel (x).  It is important to note that this graph shows the release profile 

only until 70% of the diclofenac sodium is released.  The error bars represent the standard 

error with n=3. 
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Figure 5.7  Propagation Constant from Poly(MAA-co-EGDMA) Kinetic Analysis.  

The propagation constant for the Poly(MAA-co-EGDMA) recognitive gel (■)and control 

gel (●)had statistically similar trends with double bond conversion.  Chemically 

controlled propagation mechanism occurs until about 0.23 fractional double bond 

conversion.  Higher conversions have a decrease in propagation indicating diffusion 

controlled propagation.  The “living/controlled” recognitive gel (▲) shows a more 

constant rate of propagation until a fractional double bond conversion of 0.40 indicating a 

longer chemical controlled propagation mechanism.   
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Figure 5.8  Termination Constant from Poly(MAA-co-EGDMA) Kinetic Analysis.  

The termination constant for the Poly(MAA-co-EGDMA) recognitive gel (■), control gel 

(●), and “living/controlled” recognitive gel (▲) shows statistically similar trends.   
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Figure 5.9 Ratio of kt/kp from Poly(MAA-co-EGDMA) Kinetic Analysis.  The ratios 

are shown for poly(MAA-co-EGDMA) recognitive gel (■), control gel (●), and 

“living/controlled” recognitive gel (▲).  It is important to note that both the propagation 

and termination constant trends matched literature for copolymer networks.   
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6.0 CONCLUSIONS 

 

 Reaction analysis of templated polymer systems has the potential to yield a 

greater understanding of the imprinting mechanism and associated binding parameters as 

related to the structural architecture of the polymeric network.  Low double bond 

conversions (35 ± 2.3) % are determined via reaction analysis for highly crosslinked 

poly(MAA-co-EGDMA) imprinted networks.  Low double bond conversions are 

significant because most researchers within the literature use feed compositions to 

represent the final polymer product.  It is important to note that 80% of the imprinting 

field uses a poly(MAA-co-EGDMA) copolymer network as the backbone for their 

imprinted polymers.   

 “Living/controlled” polymerization techniques have the potential to yield higher 

affinities and higher capacities within imprinted networks while retaining selectivity for 

the target molecule for highly crosslinked networks.  We show for a typical highly 

crosslinked recognitive polymer system a 63% increase in the loading capacity with 

retention of selectivity for the template molecule ethyl-adenine-9-acetate (EA9A) using 

“living/controlled” polymerization techniques.   In addition, the use of “living” 

polymerization techniques at equivalent conversions increases the template binding 

affinity by 85% over conventional UV free-radical polymerizations.  
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 “Living/controlled” polymerization techniques can also increase the binding 

capacity within a recognitive polymer network that has a low amount of crosslinking and 

a high degree of flexibility within the polymer network.  An EA9A recognitive 

poly(MAA-co-EGDMA) gel and diclofenac sodium imprinted poly(DEAEM-co-HEMA-

co-PEG200DMA) gel show an increase in capacity of 90% and 89%, respectively, 

compared to conventional reactions.  It is important to note the diclofenac sodium 

imprinted poly(DEAEM-co-HEMA-co-PEG200DMA) gel synthesized with conventional 

free-radical techniques and synthesized via “living/controlled” polymerization techniques 

have statistically similar binding affinities.  Similar results were found for poly(MAA-co-

EGDMA) recognitive gel.  Mesh size analysis of diclofenac sodium imprinted 

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

1.7 to 19.7 +/- 2.1) 
o

A  at equivalent double bond conversion with the use of “living” 

polymerization strategy.  The decrease in mesh size strongly indicates that 

“living/controlled” polymerization techniques shorten the kinetic chain length which 

leads to a more homogeneous polymer network when compared to conventional free-

radical polymerizations.   

  The use of “living/controlled” polymerization techniques with an increase in 

“trained” macromolecular memory sites result in a larger quantity of template released in 

solution for a given gel as well as more control over the release profile.  A diclofenac 

sodium imprinted poly(DEAEM-co-HEMA-co-PEG200DMA) gel with a smaller mesh 

size in conjunction with twice as many macromolecular memory binding pockets 

significantly extend the fractional template release profile by two-fold. A detailed kinetic 

analysis reveals that “living/controlled” reaction mechanisms increase the chemically 
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controlled propagation mechanism during the polymerization reaction which would 

decrease the growing chain frustrations within the network potentially providing a 

optimum environment for the formation of “tailored” macromolecular memory binding 

sites.  “Living/controlled” polymerization techniques as shown within this dissertation 

have significant enhancement potential for the tailorability of both highly crosslinked and 

weakly crosslinked imprinted polymer networks for sensors, point of care devices, and 

advanced drug delivery carriers. 
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APPENDIX A 

 

 Appendix A is a supplemental data set that is needed for verification of data 

presented within the main chapters of this dissertation.  Section A.1 has the determination 

of adequate purge times for nitrogen to remove the oxygen (a radical scavenger) within 

the polymerization reaction.  Section A.2 has the linear fits of the binding data to each of 

the three binding isotherms mentioned in Chapter 3 (Scatchard, Langmuir, and 

Freundlich isotherms).  Section A.3 has the raw stress versus strain curves for the static 

experiment via the RSA III Dynamic Mechanical Analyzer (DMA) used for the 

calculation of the mesh size for the poly(MAA-co-EGDMA) and poly(DEAEM-co-

HEMA-co-PEG200DMA recognitive gels.  Data for the calculation of diffusion 

coefficients in Chapter 5 are presented in Section A.4. 

 

A.1 Nitrogen Purge Times 

 

 Oxygen is a radical scavenger which inhibits the polymerization reaction.  

Removal of the oxygen from the polymerization reaction was preformed by allowing the 

pre-polymerization solution to purge with nitrogen.  To determine if 20 minutes (5 

minutes with quartz cover plate off before beginning the sample run and 15 minutes with  
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Figure A.1  Purge Time Experiments for Poly(MAA-co-EGDMA) Recognitive Gels.  

For the poly(MAA-co-EGDMA) recognitive polymer gel polymerized 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 minute purge time was 

adequate.  The results show that the 20 minute purge time was an adequate purge time. 
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quartz cover plate on during the sample run) was an adequate purge time for the 

polymerization reaction, two purging experiments were analyzed.  The first experiment 

was a polymerization of the pre-polymerization solution with oxygen present, without 

purging with nitrogen.  The second experiment was polymerization of the pre-

polymerization solution in an oxygen free atmosphere with a 2 hour purge time (1 hour 

with quartz plate off and 1 hour with quartz plate on) to ensure complete oxygen removal.  

These two experiments were analyzed and were plotted on the same graph as the 20 

minute purge time ( Figure A.1).  Results show 20 minute purge time was an adequate 

purge time to remove any oxygen in the cell that would inhibit the reaction. 

 

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

 

 The Freundlich isotherm was the method of analysis for the binding parameters 

for the poly(MAA-co-EGDMA recognitive networks.  The reason the Freundlich 

isotherm was used is that the data gave the best fit to the Fruendlich isotherm, and it does 

not assume a monolayer of template-site interaction.  The data was fitted to Scatchard 

plot, Langmuir isotherm, and Freundlich isotherm and these are given in Figure A.2, 

Figure A.3, and Figure A.4, respectively.  The linear forms of the equations can be 

derived from the equations given in chapter 3.  The binding data is fitted to the linear 

forms of the Scatchard (equation 3.1), Langmuir isotherm (equation 3.2), and the 

Freundlich isotherm (equation 3.3), and subsequent linear regression is used to find the 

parameters necessary to calculate the binding affinity and capacity. 
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Figure A.2  Scatchard Plot of Poly(MAA-co-EGDMA) Recognitive Polymers.  The 

linear regression of the following curves gave a R squared value of 0.69, 0.35, and 0.12 

for the poly(MAA-co-EGDMA) recognitive polymer from literature(35% double bond 

conversion)(○), poly(MAA-co-EGDMA) recognitive polymer with 48% double bond 

conversions(■), and poly(MAA-co-EGDMA) recognitive polymer via “living/controlled” 

polymerization techniques(44% double bond conversion)(∆), respectively.  The x-axis is 

the bound amount (B), and the y-axis is the bound amount divided by the equilibrium 

concentration (B/Ceq). 
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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 a R squared 

value of 0.98, 0.93, and 0.90 for the poly(MAA-co-EGDMA) recognitive polymer from 

literature(35% double bond conversion)(○), poly(MAA-co-EGDMA) recognitive 

polymer with 48% double bond conversion (■), and poly(MAA-co-EGDMA) recognitive 

polymer via “living/controlled” polymerization techniques(44% double bond conversion) 

(∆), respectively.  The x-axis is 1 divided by the equilibrium concentration (1/Ceq), and 

the y-axis is 1 divided by the bound amount (1/B). 
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Figure A.4  Freundlich Isotherm Linear Regression of 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 the poly(MAA-co-EGDMA) recognitive 

polymer from literature(35% double bond conversion)(○), poly(MAA-co-EGDMA) 

recognitive polymer with 48% double bond conversions(■), and poly(MAA-co-EGDMA) 

recognitive polymer via “living/controlled” polymerization techniques(44% double bond 

conversion)(∆), respectively.  The x-axis for the plot is the log of the equilibrium 

concentration (Ceq), 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 average R squared (R2) value (square of the 

correlation coefficient).  The curve fits shown are for poly(MAA-co-EGDMA) 

recognitive polymer from literature(35% double bond conversion), poly(MAA-co-

EGDMA) recognitive polymer with 48% double bond conversions, and poly(MAA-co-

EGDMA) recognitive polymer via “living/controlled” polymerization techniques(44% 

double bond conversion). 

 It is important to note that both the Freundich isotherm and the Langmuir 

isotherm gave similar values for the binding affinity for 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) Recognitive Gels 

 

 The data presented in this section is the raw data taken from the static experiment 

from the RSA III DMA.  The data obtained and used for calculation of mesh size is the 

linear stress versus strain data presented in these graphs.  Each graph has three sample 

runs for each type of polymer network.  It is important to note all analysis of gels was 

preformed with α < 2.  The mesh size analysis is presented in Chapter 5. 
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Figure A.5.  Raw Stress versus Strain Data for Three Poly(MAA-co-EGDMA) 

Recognitive Gels.  The raw data for stress versus strain is used to calculate the mesh size.  

It is important to note the strain in % is equal to ∆L/Lo · 100%, where ∆L is ( L - Lo ), L 

is the extended length, and Lo is the original un-stretched length. Also, α < 2 for all 

experimental analysis of mesh size. 
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Figure A.6.  Raw Stress versus Strain Data for Three Poly(MAA-co-EGDMA) 

Recognitive Gels via “Living/controlled” Polymerization.  The raw data for stress 

versus strain is used to calculate the mesh size.  It is important to note the strain in % is 

equal to ∆L/Lo · 100%, where ∆L is ( L - Lo ), L is the extended length, and Lo is the 

original un-stretched length.  Also, α < 2 for all experimental analysis of mesh size. 
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Figure A.7.  Raw Stress versus Strain Data for Three 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 note the strain in % is equal to ∆L/Lo · 100%,  

where ∆L is ( L - Lo ), L is the extended length, and Lo is the original un-stretched length.  

Also, α < 2 for all experimental analysis of mesh size. 
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Figure A.8.  Raw Stress versus Strain Data for Three Poly(DEAEM-co-HEMA-co-

PEG200DMA) Recognitive Gels via “Living/controlled” Polymerization.  The raw 

data for stress versus strain is used to calculate the mesh size.  It is important to note the 

strain in % is equal to ∆L/Lo · 100%, where ∆L is ( L - Lo ), L is the extended length, and 

Lo is the original un-stretched length.  Also, α < 2 for all experimental analysis of mesh 

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

 

 Data for the calculation of the diffusion coefficients for the EA9A imprinted 

poly(MAA-co-EGDMA) gels and gels prepared via “living/controlled” polymerization 

techniques are presented in Figure A.9.  Data for the calculation of the diffusion 

coefficients for the diclofenac sodium imprinted poly(DEAEM-co-HEMA-co-

PEG200DMA) gels and gels prepared via “living/controlled” polymerization techniques 

are presented in Figure A.10.   
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Figure A.9. Fractional Release for the Calculation of Diffusion Coefficients for 

EA9A Imprinted Poly(MAA-co-EGDMA) Gels.      M t/M∞ was plotted to only 70% to 

calculate the diffusion coefficients.  Poly(MAA-co-EGDMA) recognitive gel (∆) and 

poly(MAA-co-EGDMA) recognitive gel prepared via “living/controlled” polymerization 

techniques (▬) curves are presented. The slope was obtained from linear regression and 

the diffusion coefficients were calculated.  Details of this analysis are presented in 

Chapter 5, section 5.3.6.   
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Figure A.10  One Dimensional Transport Data for Diclofenac Sodium Imprinted 

Poly(DEAEM-co-HEMA-co-PEG200DMA) Gels.  Linear regression of the graph will 

yield the permeability P for the poly(DEAEM-co-HEMA-co-PEG200DMA) recognitive 

gel (▲) and the poly(DEAEM-co-HEMA-co-PEG200DMA) recognitive gel prepared via 

“living/controlled” polymerization techniques (■).  The specifics of the calculation of 

values for the x axis and y axis see Chapter 5, section 5.3.7, the concentration in the 

receptor cell is Ct, the concentration of the donor cell is Cd, the area of diffusion is A,, the 

volume of each half cell is V, and time is t.  Important to note values are calculated post-

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

 

 In this section linear regressions of the poly(MAA-co-EGDMA) recognitive 

polymer synthesized via “living/controlled” polymerization techniques with 35% double 

bond conversion binding data, and the selectivity studies for the poly(MAA-co-EGDMA) 

recognitive polymer synthesized from literature, poly(MAA-co-EGDMA) recognitive 

polymer with 48% double bond conversion, and poly(MAA-co-EGDMA) recognitive 

polymer synthesized via “living/controlled” polymerization techniques with 44% double 

bond conversion.  These data sets are presented in (Log-Log) format.   
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Figure A.11  Freundlich Isotherm Linear Regression of Poly(MAA-co-EGDMA) 

Recognitive Polymers Synthesized via “Living” Polymerization (35% Double Bond 

Converison) (LOG-LOG).  The linear regression of the following curves gave a R 

squared value of 0.70 for the poly(MAA-co-EGDMA) recognitive polymer synthesized 

via “living/controlled” polymerization techniques (35% double bond conversion)(■).  

The x-axis for the plot is the log of the equilibrium concentration (Ceq), and the y-axis is 

the log of the bound amount (B).  The Langmuir isotherm gave an affinity of 5.52 ± 0.55 

mM-1. 
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Figure A.12  Freundlich Isotherm Linear Regression of Poly(MAA-co-EGDMA) 

Recognitive Polymers for Selectivity Analysis (LOG-LOG).  The linear regression of 

poly(MAA-co-EGDMA) recognitive polymers are presented, poly(MAA-co-EGDMA) 

recognitive polymer from literature(35% double bond conversion)(■), poly(MAA-co-

EGDMA) recognitive polymer with 48% double bond conversions(□), and poly(MAA-

co-EGDMA) recognitive polymer via “living/controlled” polymerization techniques(44% 

double bond conversion)(∆), respectively.  The x-axis for the plot is the log of the 

equilibrium concentration (Ceq), 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 for the highly crosslinked 

poly(MAA-co-EGDMA) recognitive polymers described in Chapters 3 and 4.  Three 

types of recognitive polymers were washed in three micro-Soxhlet extraction devices that 

were custom made at the Auburn University Glass Shop.  The micro-Soxhlet extraction 

device was specifically made for a 10 mm x 50 mm Whatman Extraction Thimble filter.  

The wash solvent used was a 1 to 4 ratio of methanol to acetonitrile.  The washing 

procedure was preformed on a hot plate in a sand bath to keep 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 recognitive network, literature 

recognitive polymer, recognitive polymer with 48% double bond conversion, and 

recognitive polymer via “living/controlled” polymerization techniques were placed in 

separate micro-Soxhlet extraction devices to wash each one separately.  The effluent 

within flask at the bottom of each Soxhlet extraction device was measured via a Synergy 

UV-vis spectrophotometer to measure the concentration of EA9A.  The volume of the 
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effluent was then measured in a graduated cylinder.  The concentration and the volume 

data was used to calculate the mass of EA9A washed out of the polymer.   

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

Polymer Disks.  

 
 The results of the extraction experiment yield that the poly(MAA-co-EGDMA) 

recognitive polymer from literature released 0.135 ± 0.014 mg of the EA9A within the 

polymer wash.  The poly(MAA-co-EGDMA) recognitive polymer with 48% double bond 

conversion released 0.084 ± 0.017 mg of the EA9A within the polymer wash, and 

poly(MAA-co-EGDMA) recognitive polymer via “living/controlled” polymerization 

techniques released 0.087 ± 0.013 mg of the EA9A in the polymer wash (Figure B.1).  In 

literature, the polymers are ground to a powder with 50 µm particle size1.  Smaller 

particle sizes would allow for removal of trapped EA9A and faster template transport 

thus giving higher wash out efficiencies.  Literature states that 90% of the EA9A is 

washed out in a 24 hour time period 1.  A schematic of how the diffusion of drug diffuses 

out from a highly crosslinked network (Figure B.2).  By grinding the polymer into 

smaller particles, more template would be able to diffuse out from the polymer network 

thus leaving less template trapped within the polymer network. 
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Figure B.1 Wash Analysis for Highly Crosslinked Poly(MAA-co-EGDMA) 

Recognitive Networks.  The release of the EA9A over the given time period indicates 

that poly(MAA-co-EGDMA) recognitive polymer from literature (●) released more 

EA9A that the poly(MAA-co-EGDMA) recognitive polymer with 48% double bond 

conversion (■) and the poly(MAA-co-EGDMA) recognitive polymer via 

“living/controlled” polymerization techniques (▲).  Error bars represents the standard 

error. (n=3)  It is important to note that later experiments show that the Whatman 

extraction filter did absorb a significant amount of EA9A which would cause the 

numbers presented in the graph to be significantly lower than the actual amount of EA9A 

washed out of the imprinted polymer. 
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Figure B.2  Schematic of Diffusion Through a Crosslinked Polymer Network.  The 

diffusion of the template takes place through the polymer network.  The polymer with 

template laced throughout the network (A).  The template diffuses out through the open 

portions of the polymer network (B).  The network with template locked within the 

polymer network due to the template not having sufficient space to diffuse out of the 

polymer (C).  Smaller particle size would contribute to lower amounts of trapped 

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

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

 

  This section is dedicated to the evaluation whether the amounts of EA9A initially 

within the polymer (during synthesis), loading capacity of the polymer, and template 

washed out of the polymer within the poly(MAA-co-EGDMA) recognitive networks are 

scientifically feasible.  The calculation the actual amount of EA9A within the poly(MAA-

co-EGDMA) recognitive network synthesized from literature, the poly(MAA-co-

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

EGDMA) recognitive network via “living/controlled” polymerization techniques.  The 

wt% calculated from the initial solutions (based on all solvent evaporated from the 

polymer network) for the poly(MAA-co-EGDMA) recognitive network synthesized from 

literature, the poly(MAA-co-EGDMA) recognitive network with 48% increased 

conversion, and poly(MAA-co-EGDMA) recognitive network via “living/controlled” 

polymerization techniques are 0.01193, 0.0114, and 0.01097, respectively.  The 

molecular weight of EA9A is 221.22 mg/mmole.  For poly(MAA-co-EGDMA) 

recognitive polymer synthesized from literature the calculation is shown in B.1.  It is 

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

polymer. 

 
polymerdry  g

EA9A mg
11.93

polymer g

polymer 1000mg

polymer mg

EA9A mg
0.01193 =
















 B.1 

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

EGDMA) recognitive network with 48% increased conversion, and poly(MAA-co-
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EGDMA) recognitive network via “living/controlled” polymerization techniques are 11.4 

and 10.97 mg EA9A/g dry polymer, respectively. 

  The loading capacity for the EA9A imprinted poly(MAA-co-EGDMA) gels are 

calculated via the binding isotherms obtained from the binding analysis of the recognitive 

gels presented in Chapter 3 and Chapter 4.  The values for the loading capacity are 

(0.0015 ± 0.0004, 0.004 ± 0.0012, and 0.00996 ± 0.0013) mmole EA9A/g of dry polymer.  

Equation B.2 calculates the mg of EA9A bound by the poly(MAA-co-EGDMA) 

recognitive gel synthesized from literature, and B.3 calculates the error.   

 
polymerdry  g

EA9A mg
0.33

EA9A mmole

EA9A 221.22mg

polymerdry  g

EA9A mmole
 0.0015 =








 B.2 

 
polymerdry  g

EA9A mg
0.0968

polymerdry  g

EA9A mg
0.33

polymerdry  g

EA9A mmole
 0.0015

polymerdry  g

EA9A mmole
0.00044

=







 B.3 

The results show for the loading capacity in mg EA9A per g of dry polymer to be (0.33 ± 

0.097, 0.88 ± 0.26, and 2.20 ± 0.28) mg EA9A/g of dry polymer for the poly(MAA-co-

EGDMA) recognitive network synthesized from literature, the poly(MAA-co-EGDMA) 

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

recognitive network via “living/controlled” polymerization techniques. 

  The washing procedure presented in Appendix B, section B.2 calculated the 

amount of EA9A washed from the imprinted polymer networks.  The weight of polymer 

used was (78.37, 92.20, and 83.90) mg of dry polymer for the poly(MAA-co-EGDMA) 

recognitive network synthesized from literature, the poly(MAA-co-EGDMA) recognitive 
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network with 48% increased conversion, and poly(MAA-co-EGDMA) recognitive 

network via “living/controlled” polymerization techniques, respectively.   

  The weights washed out of the polymer were (0.135 ± 0.014, 0.081 ± 0.017, and 

0.087 ± 0.013) mg for the poly(MAA-co-EGDMA) recognitive network synthesized from 

literature, the poly(MAA-co-EGDMA) recognitive network with 48% increased 

conversion, and poly(MAA-co-EGDMA) recognitive network via “living/controlled” 

polymerization techniques, respectively.  It is important to note four main assumptions 

were made in this wash out analysis (i) none of the EA9A decomposes during the 

washing procedure, (ii) none of the EA9A adsorbed to the sides of the round bottom flask 

during measurement of the wash,(iii) the extraction filter does not significantly absorb 

EA9A, and (iv) all EA9A washed from the polymer is contained 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 calculates the error. 

 
polymerdry  g

EA9A mg
1.75

 g

mg 1000

polymerdry  mg 78.37

1
EA9A  of 0.135mg =
















 B.4 

 

 
polymerdry  g

EA9A mg
18.0

polymerdry  g

EA9A mg
748.1

mg 0.135

mg 0.014 =







 B.5 

 The amounts of template washed out of the EA9A imprinted poly(MAA-co-

EGDMA) networks are (1.75 ± 0.18, 0.88 ± 0.18, and 1.04 ± 0.16) mg EA9A/ g dry 

polymer for the poly(MAA-co-EGDMA) recognitive network synthesized from literature, 

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

poly(MAA-co-EGDMA) recognitive network via “living/controlled” polymerization 
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techniques, respectively.  It is important to note that later experiments show that the 

Whatman extraction filter did absorb a significant amount of EA9A which would cause 

the numbers presented in the graph to be significantly lower 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-co-EGDMA) copolymer 

network is synthesized with more than enough template to compensate for the amount of 

EA9A bound within the network.  The poly(MAA-co-EGDMA) recognitive network 

synthesized from literature and the poly(MAA-co-EGDMA) recognitive network with 

48% increased conversion had enough drug washed out of the polymer to compensate for 

the EA9A loading capacity.  However, the poly(MAA-co-EGDMA) recognitive network 

via “living/controlled” polymerization techniques did not have enough EA9A washed out 

of the network to compensate for the associated binding parameters.   

  The template EA9A washed out of the polymer is presented in Figure B.1.  

Examination of the curve indicate that the poly(MAA-co-EGDMA) recognitive polymer 

with 48% double bond conversion and poly(MAA-co-EGDMA) recognitive polymer 

prepared via “living/controlled” polymerization techniques have lower amounts of drug 

washed out of the polymer network.  The poly(MAA-co-EGDMA) recognitive polymer 

with 48% double bond conversion has an increased initiator which as shown in Chapter 3 

translates into smaller kinetic chain length.  Hypothetically, a more homogeneous 

network with shorter kinetic chain length (Chapter 4) suggests smaller mesh sizes which 
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in effect lock more template within the polymer network.  The reasons for the low 

amounts of EA9A washing out for the “living” polymerization could be due to 

decomposition of EA9A in the effluent from the wash over a 2.5 week period at a 

temperature of 80°C and/or adsorption on the side of the glass round bottom flask.   Later 

experiments determined that the Whatman extraction filter did absorb a significant 

amount of EA9A which would cause the amounts removed from the imprinted polymer 

be significantly lower than the actual amount of EA9A removed.  All the amounts of 

EA9A from the synthesis, loading, and wash are presented in Table B.1.   
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Table B.1 Amounts of EA9A Contained in the Synthesis, Loading, and Wash 

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

 
Polymer  Synthesis  Loading  Wash  

  
mg EA9A/g dry 

polymer 
 mg EA9A/g dry 

polymer 
 

mg EA9A/g dry 
polymer* 

 

        
Poly(MAA-co-EGDMA) 

recognitive polymer 
literature match 

 (35% double bond 
conversion) 

 11.93  0.33 ± 0.097  1.75 ± 0.18  

        
Poly(MAA-co-EGDMA) 

recognitive polymer  
(48% double bond 

conversion) 

 11.40  0.88 ± 0.26  0.88 ± 0.18  

        
Poly(MAA-co-EGDMA) 
recognitive polymer via 

“living/controlled” 
polymerization 

techniques  
 

 10.97  2.20 ± 0.28  1.04 ± 0.16  

   

* Later experiments determined that the Whatman extraction filter did absorb a 

significant amount of EA9A which would cause the amounts removed from the imprinted 

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

 

 In appendix C, the Visual Basic code developed for the calculation of double 

bond conversion is presented.  The Visual Basic code was used to analyze all recognitive 

polymers presented within this dissertation.  The program name is “SAE”.  The program 

was designed and developed for the express purpose of analysis of the data obtained from 

the DPC.   

 

C.1 Program Setup 

  

 Procedure for the analysis is in chronological order.  Open an Excel workbook 

containing the Visual Basic program presented in this appendix, press “CTRL-S” to set 

up the spreadsheet.  Second data from the differential photo calorimeter is taken from the 

Universal Analysis program (TA Instruments, New Castle, DE) and pasted into the first 

three columns under the cells labeled, Time (sec), Temperature (°C), and Heat Flow 

(W/g).  Third the theoretical heat of reaction must be placed in the cell below the labeled 

cell heat of reaction, and the average molecular weight of the solution must be placed in 

the cell below the average molecular weight.  It is important to note if any sudden drops 

in data are observed a correction factor of the exact amount of the drop (10 W/g etc 

determined from the heat flow just before the drop subtracting the heat flow just after the 
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drop) must be added to the program under the cell light intensity correction.  The analysis 

of the data is done by pressing “CTRL-A”.  The program to set up and analyze for kinetic 

parameters is “CTRL-E”.  Before pressing “CTRL-E”, data must be placed within the 

cells below Delta Time, which is the time after the peak of the reaction for analysis (it 

normally takes 25 sec for the rate to come to equilibrium after the light shut off time) and 

Light Shutoff Time (min) which is the time the light is shut off after the beginning of the 

data collection, respectively. Graphs of the data can be 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 = xlGeneral 

        .VerticalAlignment = xlBottom 

        .WrapText = True 

        .Orientation = 0 
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        .AddIndent = False 

        .IndentLevel = 0 

        .ShrinkToFit = False 

        .ReadingOrder = xlContext 

        .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 = xlAutomatic 

    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" 



 220 

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 (min) " 

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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ii = 4 

Do While Cells(ii, 1) > 0 

initialdatapoint = Cells(4, 1) 

finaldatapoint = Cells(ii, 1) 

ii = ii + 1 

Loop 

 numberofpoints = ii - 4 

heatofreaction = Cells(2, 1) 

avgmw = Cells(2, 2) 

kmax = numberofpoints 

lightintensity = Cells(kmax, 3) 

Cells(2, 3) = lightintensity 

Cells(2, 9) = kmax 

i = 4 

j = 1 

k = 0 

time = 0 

rp = 0 

rpnew = 0 

hf = 0 

hfnew = 0 

rpinitial = 0 
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rpfinal = 0 

rpsum = 0 

rpmax = 0 

rpold = 0 

rpmaxold = 0 

rpmaxnew = 0 

timerpmax = 0 

temp = Cells(3000, 2) 

Cells(2, 6) = temp 

converionrpmax = 0 

Do While k < kmax 

 

hfnew = Cells(i, 3) - (lightintensity + lightintensitycorrection) 

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 rpnew < 0 Then rp = rp 

If rpnew > 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 

i = i + 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 * (rpinitial + 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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k = 0 

i = 4 

Do While (k < kmax) 

rpmaxnew = Cells(i, 5) 

If rpmaxnew > rpmax Then rpmax = rpmaxnew 

If rpmaxnew < rpmax Then rpmax = rpmax 

If rpmaxnew = rpmax Then rpmax = rpmax 

Cells(2, 4) = rpmax 

i = i + 1 

k = k + 1 

Loop 

i = 4 

k = 0 

Do While k < kmax 

rpmaxnew = Cells(i, 5) 

If rpmaxnew = rpmax Then timerpmax = Cells(i, 6) 

Cells(2, 7) = timerpmax 

If rpmaxnew = rpmax Then conversionrpmax = Cells(i, 7) 

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 

        rpmax = 0 

        kineticconversion = 0 

        Cells(12, 12) = temp 

        Do While (k < kmaxoverride) 

        rpmaxnew = Cells(i, 5) 

        If rpmaxnew > rpmax Then rpmax = rpmaxnew 

        If rpmaxnew < rpmax Then rpmax = rpmax 

        If rpmaxnew = 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 rpmaxnew = rpmax Then timerpmax = Cells(i, 6) 

        Cells(12, 13) = timerpmax         

        If rpmaxnew = rpmax Then conversionrpmax = Cells(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:=11).Font 

        .Name = "Arial" 

        .FontStyle = "Regular" 

        .Size = 8 

        .Strikethrough = False 

        .Superscript = False 

        .Subscript = False 

        .OutlineFont = False 

        .Shadow = False 

        .Underline = xlUnderlineStyleNone 

        .ColorIndex = xlAutomatic 
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    End With 

    Range("J14").Select 

    ActiveCell.FormulaR1C1 = "Rp at Light Shutdown" 

    With ActiveCell.Characters(Start:=1, Length:=20).Font 

        .Name = "Arial" 

        .FontStyle = "Regular" 

        .Size = 8 

        .Strikethrough = False 

        .Superscript = False 

        .Subscript = False 

        .OutlineFont = False 

        .Shadow = False 

        .Underline = xlUnderlineStyleNone 

        .ColorIndex = xlAutomatic 

    End With 

    Range("K14").Select 

    ActiveCell.FormulaR1C1 = "Rp at Light Shutdown plus deltatime" 

    With ActiveCell.Characters(Start:=1, Length:=32).Font 

        .Name = "Arial" 

        .FontStyle = "Regular" 

        .Size = 8 

        .Strikethrough = False 

        .Superscript = False 
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        .Subscript = False 

        .OutlineFont = False 

        .Shadow = False 

        .Underline = xlUnderlineStyleNone 

        .ColorIndex = xlAutomatic 

    End With 

    Range("L14").Select 

    ActiveCell.FormulaR1C1 = "Conversion at light shutdown" 

    With ActiveCell.Characters(Start:=1, Length:=28).Font 

        .Name = "Arial" 

        .FontStyle = "Regular" 

        .Size = 8 

        .Strikethrough = False 

        .Superscript = False 

        .Subscript = False 

        .OutlineFont = False 

        .Shadow = False 

        .Underline = xlUnderlineStyleNone 

        .ColorIndex = xlAutomatic 

    End With 

    Range("M14").Select 

    ActiveCell.FormulaR1C1 = "Conversion at Light shutdown plus deltatime" 

    With ActiveCell.Characters(Start:=1, Length:=40).Font 
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        .Name = "Arial" 

        .FontStyle = "Regular" 

        .Size = 8 

        .Strikethrough = False 

        .Superscript = False 

        .Subscript = False 

        .OutlineFont = False 

        .Shadow = False 

        .Underline = xlUnderlineStyleNone 

        .ColorIndex = xlAutomatic 

    End With 

    Range("N14").Select 

    ActiveCell.FormulaR1C1 = "Delta time sec" 

    With ActiveCell.Characters(Start:=1, Length:=10).Font 

        .Name = "Arial" 

        .FontStyle = "Regular" 

        .Size = 8 

        .Strikethrough = False 

        .Superscript = False 

        .Subscript = False 

        .OutlineFont = False 

        .Shadow = False 

        .Underline = xlUnderlineStyleNone 
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        .ColorIndex = xlAutomatic 

    End With 

    Range("o14").Select 

    ActiveCell.FormulaR1C1 = "Light Shutoff time min" 

    With ActiveCell.Characters(Start:=1, Length:=10).Font 

        .Name = "Arial" 

        .FontStyle = "Regular" 

        .Size = 8 

        .Strikethrough = False 

        .Superscript = False 

        .Subscript = False 

        .OutlineFont = False 

        .Shadow = False 

        .Underline = xlUnderlineStyleNone 

        .ColorIndex = xlAutomatic 

    End With 

    Range("J15").Select 

    Range("P1").Select 

    ActiveCell.FormulaR1C1 = "Rp SS Analysis" 

    With ActiveCell.Characters(Start:=1, Length:=14).Font 

        .Name = "Arial" 

        .FontStyle = "Regular" 

        .Size = 8 
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        .Strikethrough = False 

        .Superscript = False 

        .Subscript = False 

        .OutlineFont = False 

        .Shadow = False 

        .Underline = xlUnderlineStyleNone 

        .ColorIndex = xlAutomatic 

    End With 

    Range("Q1").Select 

    ActiveCell.FormulaR1C1 = "Time Start min" 

    With ActiveCell.Characters(Start:=1, Length:=10).Font 

        .Name = "Arial" 

        .FontStyle = "Regular" 

        .Size = 8 

        .Strikethrough = False 

        .Superscript = False 

        .Subscript = False 

        .OutlineFont = False 

        .Shadow = False 

        .Underline = xlUnderlineStyleNone 

        .ColorIndex = xlAutomatic 

    End With 

    Range("R1").Select 



 234 

    ActiveCell.FormulaR1C1 = "Deltatime min" 

    With ActiveCell.Characters(Start:=1, Length:=9).Font 

        .Name = "Arial" 

        .FontStyle = "Regular" 

        .Size = 8 

        .Strikethrough = False 

        .Superscript = False 

        .Subscript = False 

        .OutlineFont = False 

        .Shadow = False 

        .Underline = xlUnderlineStyleNone 

        .ColorIndex = xlAutomatic 

    End With 

    Range("s1").Select 

    ActiveCell.FormulaR1C1 = "Endtime min" 

    With ActiveCell.Characters(Start:=1, Length:=9).Font 

        .Name = "Arial" 

        .FontStyle = "Regular" 

        .Size = 8 

        .Strikethrough = False 

        .Superscript = False 

        .Subscript = False 

        .OutlineFont = False 
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        .Shadow = False 

        .Underline = xlUnderlineStyleNone 

        .ColorIndex = xlAutomatic 

    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 / heatofreaction 

    convlightouttime = Cells(i, 7) 

    i = i + 1 
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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 = xlXYScatter 

    ActiveChart.SetSourceData Source:=Sheets("Sheet1").Range("P7") 

    ActiveChart.SeriesCollection.NewSeries 

    ActiveChart.SeriesCollection(1).XValues = "=Sheet1!R4C6:R18984C6" 

    ActiveChart.SeriesCollection(1).Values = "=Sheet1!R4C4:R18984C4" 

    ActiveChart.SeriesCollection(1).Name = "=""Heat Flow""" 

    ActiveChart.Location Where:=xlLocationAsNewSheet, Name:="Heat Flow vs Time" 

    With ActiveChart 

        .HasTitle = True 

        .ChartTitle.Characters.Text = "Heat Flow" 
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        .Axes(xlCategory, xlPrimary).HasTitle = True 

        .Axes(xlCategory, xlPrimary).AxisTitle.Characters.Text = "Time (sec)" 

        .Axes(xlValue, xlPrimary).HasTitle = True 

        .Axes(xlValue, xlPrimary).AxisTitle.Characters.Text = "Heat Flow (W/g)" 

    End With 

    ActiveChart.PlotArea.Select 

    Selection.Interior.ColorIndex = xlNone 

    ActiveChart.Axes(xlValue).MajorGridlines.Select 

    Selection.Delete 

    Sheets("Sheet1").Select 

    Charts.Add 

    ActiveChart.ChartType = xlXYScatter 

    ActiveChart.SetSourceData Source:=Sheets("Sheet1").Range("P7") 

    ActiveChart.SeriesCollection.NewSeries 

    ActiveChart.SeriesCollection(1).XValues = "=Sheet1!R4C6:R18984C6" 

    ActiveChart.SeriesCollection(1).Values = "=Sheet1!R4C5:R18984C5" 

    ActiveChart.SeriesCollection(1).Name = "=""Rp""" 

    ActiveChart.Location Where:=xlLocationAsNewSheet, Name:="Rp vs Time" 

    With ActiveChart 

        .HasTitle = True 

        .ChartTitle.Characters.Text = "Rp" 

        .Axes(xlCategory, xlPrimary).HasTitle = True 

        .Axes(xlCategory, xlPrimary).AxisTitle.Characters.Text = "Time (sec)" 
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        .Axes(xlValue, xlPrimary).HasTitle = True 

        .Axes(xlValue, xlPrimary).AxisTitle.Characters.Text = "Rp (sec -1)" 

    End With 

    ActiveChart.PlotArea.Select 

    Selection.Interior.ColorIndex = xlNone 

    ActiveChart.Axes(xlValue).MajorGridlines.Select 

    Selection.Delete 

    Sheets("Sheet1").Select 

    Charts.Add 

    ActiveChart.ChartType = xlXYScatter 

    ActiveChart.SetSourceData Source:=Sheets("Sheet1").Range("P7") 

    ActiveChart.SeriesCollection.NewSeries 

    ActiveChart.SeriesCollection(1).XValues = "=Sheet1!R4C6:R18984C6" 

    ActiveChart.SeriesCollection(1).Values = "=Sheet1!R4C7:R18984C7" 

    ActiveChart.SeriesCollection(1).Name = "=""Conversion""" 

    ActiveChart.Location Where:=xlLocationAsNewSheet, Name:= _ 

        "Conversion vs Time" 

    With ActiveChart 

        .HasTitle = True 

        .ChartTitle.Characters.Text = "Conversion" 

        .Axes(xlCategory, xlPrimary).HasTitle = True 

        .Axes(xlCategory, xlPrimary).AxisTitle.Characters.Text = "Time" 

        .Axes(xlValue, xlPrimary).HasTitle = True 
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        .Axes(xlValue, xlPrimary).AxisTitle.Characters.Text = _ 

        "Fractional Double Bond Conversion" 

    End With 

    ActiveChart.PlotArea.Select 

    Selection.Interior.ColorIndex = xlNone 

    ActiveChart.Axes(xlValue).MajorGridlines.Select 

    Selection.Delete 

    ActiveChart.Axes(xlValue).Select 

    With ActiveChart.Axes(xlValue) 

        .MinimumScaleIsAuto = True 

        .MaximumScale = 1 

        .MinorUnitIsAuto = True 

        .MajorUnitIsAuto = True 

        .Crosses = xlAutomatic 

        .ReversePlotOrder = False 

        .ScaleType = xlLinear 

        .DisplayUnit = xlNone 

    End With 

    Sheets("Sheet1").Select 

    Charts.Add 

    ActiveChart.ChartType = xlXYScatter 

    ActiveChart.SetSourceData Source:=Sheets("Sheet1").Range("P7") 

    ActiveChart.SeriesCollection.NewSeries 
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    ActiveChart.SeriesCollection(1).XValues = "=Sheet1!R4C6:R18984C6" 

    ActiveChart.SeriesCollection(1).Values = "=Sheet1!R4C2:R18984C2" 

    ActiveChart.SeriesCollection(1).Name = "=""Temperature""" 

    ActiveChart.Location Where:=xlLocationAsNewSheet, Name:="Temp vs Time" 

    With ActiveChart 

        .HasTitle = True 

        .ChartTitle.Characters.Text = "Temperature" 

        .Axes(xlCategory, xlPrimary).HasTitle = True 

        .Axes(xlCategory, xlPrimary).AxisTitle.Characters.Text = "Time (sec)" 

        .Axes(xlValue, xlPrimary).HasTitle = True 

        .Axes(xlValue, xlPrimary).AxisTitle.Characters.Text = "Temperature °C" 

    End With 

    ActiveChart.PlotArea.Select 

    Selection.Interior.ColorIndex = xlNone 

    ActiveChart.Axes(xlValue).MajorGridlines.Select 

    Selection.Delete 

    Sheets("Conversion vs Time").Select 

    ActiveChart.Axes(xlCategory).AxisTitle.Select 

    Selection.Characters.Text = "Time (sec)" 

    Selection.AutoScaleFont = False 

    With Selection.Characters(Start:=1, Length:=10).Font 

        .Name = "Arial" 

        .FontStyle = "Bold" 
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        .Size = 10 

        .Strikethrough = False 

        .Superscript = False 

        .Subscript = False 

        .OutlineFont = False 

        .Shadow = False 

        .Underline = xlUnderlineStyleNone 

        .ColorIndex = xlAutomatic 

    End With 

    Sheets("Sheet1").Select 

    Charts.Add 

    ActiveChart.ChartType = xlXYScatter 

    ActiveChart.SetSourceData Source:=Sheets("Sheet1").Range("P7") 

    ActiveChart.SeriesCollection.NewSeries 

    ActiveChart.SeriesCollection(1).XValues = "=Sheet1!R4C7:R18984C7" 

    ActiveChart.SeriesCollection(1).Values = "=Sheet1!R4C5:R18984C5" 

    ActiveChart.SeriesCollection(1).Name = "=""Rp""" 

    ActiveChart.Location Where:=xlLocationAsNewSheet, Name:="Rp vs Conversion" 

    With ActiveChart 

        .HasTitle = True 

        .ChartTitle.Characters.Text = "Rp" 

        .Axes(xlCategory, xlPrimary).HasTitle = True 

        .Axes(xlCategory, xlPrimary).AxisTitle.Characters.Text = _ 
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        "Fractional Double Bond Conversion" 

        .Axes(xlValue, xlPrimary).HasTitle = True 

        .Axes(xlValue, xlPrimary).AxisTitle.Characters.Text = "Rp (sec -1)" 

    End With 

    ActiveChart.PlotArea.Select 

    Selection.Left = 33 

    Selection.Top = 40 

    Selection.Interior.ColorIndex = xlNone 

    ActiveChart.Axes(xlValue).MajorGridlines.Select 

    Selection.Delete 

    ActiveWindow.ScrollWorkbookTabs Sheets:=1 

    Sheets("Sheet1").Select 

End Sub 
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APPENDIX D 

 

 The kinetic parameters for the recognitive system were analyzed in order to find 

the termination constant (kt) and propagation constant (kp).  The program name is 

“KINO”.  All kinetic constants were analyzed by this program.  The program was 

developed and designed to collect and analyze the data from the dark reaction analysis 

presented in Chapter 5.  The first step was to take the data from the DPC and analyze the 

data with the program “SAE” presented in Appendix C.  After the data has been analyzed 

with the program “SAE”, the kinetic parameters for the 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 the dark reaction and rename them as 1, 

2, 3, 4, etc.  Chonological order is important in the renaming of the Excel files.  The 

second step is to open up a workbook containing the Visual Basic program “KINO”.  The 

third step is to open up the program file and edit the location of the data.  Default location 

is found within the code within the subroutine kineticgetdata line 19.  Insert the location 

of the data in the C:\DocumentsandSettings\vaughad\MyDocuments\MAATEMPLATE 
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KINETIC\" by replacing the file name.  Forth step is to open up a new workbook.  Press 

“CTRL+K” which sets up the Excel spreadsheet.  Step five is to insert the values under 

the labled cells for monomer concentration steady state (Monomer Concentration SS), 

feed crosslinking, light intensity value in Einstiens (Io), initiator concentration, and the 

initiator extinction coefficient.  Once these values are inputted the operator may press 

“CTRL+I” this opens up all the workbooks in the data form until done.  An error message 

may pop up at this point.  To correct this error the operator must go back to line 18 of the 

subroutine kineticgetdata and change the value of 14 to the required number of files to be 

analyzed.  Step six is to press “CTRL-N” which analyzes the data and gives values in the 

labeled columns for the kinetic constants of propagation and termination.  Step seven is 

to press “CTRL-O” to create the graphs of the data.  This 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 = xlGeneral 

        .VerticalAlignment = xlBottom 

        .WrapText = True 

        .Orientation = 0 

        .AddIndent = False 

        .IndentLevel = 0 

        .ShrinkToFit = False 

        .ReadingOrder = xlContext 

        .MergeCells = False 

    End With 

    Range("A1").Select 

    ActiveCell.FormulaR1C1 = "Rp at Light shut down" 

    With ActiveCell.Characters(Start:=1, Length:=21).Font 

        .Name = "Arial" 

        .FontStyle = "Regular" 

        .Size = 10 

        .Strikethrough = False 

        .Superscript = False 

        .Subscript = False 

        .OutlineFont = False 

        .Shadow = False 

        .Underline = xlUnderlineStyleNone 
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        .ColorIndex = xlAutomatic 

    End With 

    Range("B1").Select 

    ActiveCell.FormulaR1C1 = "Rp at Light out plus deltatime" 

    With ActiveCell.Characters(Start:=1, Length:=30).Font 

        .Name = "Arial" 

        .FontStyle = "Regular" 

        .Size = 10 

        .Strikethrough = False 

        .Superscript = False 

        .Subscript = False 

        .OutlineFont = False 

        .Shadow = False 

        .Underline = xlUnderlineStyleNone 

        .ColorIndex = xlAutomatic 

    End With 

    Range("C1").Select 

    ActiveCell.FormulaR1C1 = "Conversion at light shut down" 

    With ActiveCell.Characters(Start:=1, Length:=29).Font 

        .Name = "Arial" 

        .FontStyle = "Regular" 

        .Size = 10 

        .Strikethrough = False 
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        .Superscript = False 

        .Subscript = False 

        .OutlineFont = False 

        .Shadow = False 

        .Underline = xlUnderlineStyleNone 

        .ColorIndex = xlAutomatic 

    End With 

    Range("D1").Select 

    ActiveCell.FormulaR1C1 = "Conversion at light out plus deltatime" 

    With ActiveCell.Characters(Start:=1, Length:=38).Font 

        .Name = "Arial" 

        .FontStyle = "Regular" 

        .Size = 10 

        .Strikethrough = False 

        .Superscript = False 

        .Subscript = False 

        .OutlineFont = False 

        .Shadow = False 

        .Underline = xlUnderlineStyleNone 

        .ColorIndex = xlAutomatic 

    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:=10).Font 

        .Name = "Arial" 

        .FontStyle = "Regular" 

        .Size = 10 

        .Strikethrough = False 

        .Superscript = False 

        .Subscript = False 

        .OutlineFont = False 

        .Shadow = False 

        .Underline = xlUnderlineStyleNone 

        .ColorIndex = xlAutomatic 

    End With 

    Range("E1").Select 

    ActiveCell.FormulaR1C1 = "Delta time sec" 

    With ActiveCell.Characters(Start:=1, Length:=14).Font 

        .Name = "Arial" 

        .FontStyle = "Regular" 

        .Size = 10 

        .Strikethrough = False 

        .Superscript = False 

        .Subscript = False 
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        .OutlineFont = False 

        .Shadow = False 

        .Underline = xlUnderlineStyleNone 

        .ColorIndex = xlAutomatic 

    End With 

    Range("F1").Select 

    ActiveCell.FormulaR1C1 = "Time light Shut off" 

    With ActiveCell.Characters(Start:=1, Length:=19).Font 

        .Name = "Arial" 

        .FontStyle = "Regular" 

        .Size = 10 

        .Strikethrough = False 

        .Superscript = False 

        .Subscript = False 

        .OutlineFont = False 

        .Shadow = False 

        .Underline = xlUnderlineStyleNone 

        .ColorIndex = xlAutomatic 

    End With 

    Range("H1").Select 

    ActiveCell.FormulaR1C1 = "Monomer Conc SS" 

    With ActiveCell.Characters(Start:=1, Length:=15).Font 

        .Name = "Arial" 
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        .FontStyle = "Regular" 

        .Size = 10 

        .Strikethrough = False 

        .Superscript = False 

        .Subscript = False 

        .OutlineFont = False 

        .Shadow = False 

        .Underline = xlUnderlineStyleNone 

        .ColorIndex = xlAutomatic 

    End With 

    Range("J1").Select 

    ActiveCell.FormulaR1C1 = "Feed Crosslinking" 

    With ActiveCell.Characters(Start:=1, Length:=16).Font 

        .Name = "Arial" 

        .FontStyle = "Regular" 

        .Size = 10 

        .Strikethrough = False 

        .Superscript = False 

        .Subscript = False 

        .OutlineFont = False 

        .Shadow = False 

        .Underline = xlUnderlineStyleNone 

        .ColorIndex = xlAutomatic 
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    End With 

    Range("K1").Select 

    ActiveCell.FormulaR1C1 = "kp/kt^.5 ss" 

    With ActiveCell.Characters(Start:=1, Length:=11).Font 

        .Name = "Arial" 

        .FontStyle = "Regular" 

        .Size = 10 

        .Strikethrough = False 

        .Superscript = False 

        .Subscript = False 

        .OutlineFont = False 

        .Shadow = False 

        .Underline = xlUnderlineStyleNone 

        .ColorIndex = xlAutomatic 

    End With 

    Range("L1").Select 

    ActiveCell.FormulaR1C1 = "Io" 

    With ActiveCell.Characters(Start:=1, Length:=2).Font 

        .Name = "Arial" 

        .FontStyle = "Regular" 

        .Size = 10 

        .Strikethrough = False 

        .Superscript = False 
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        .Subscript = False 

        .OutlineFont = False 

        .Shadow = False 

        .Underline = xlUnderlineStyleNone 

        .ColorIndex = xlAutomatic 

    End With 

    Range("M1").Select 

    ActiveCell.FormulaR1C1 = "Initiator Concentration" 

    With ActiveCell.Characters(Start:=1, Length:=23).Font 

        .Name = "Arial" 

        .FontStyle = "Regular" 

        .Size = 10 

        .Strikethrough = False 

        .Superscript = False 

        .Subscript = False 

        .OutlineFont = False 

        .Shadow = False 

        .Underline = xlUnderlineStyleNone 

        .ColorIndex = xlAutomatic 

    End With 

    Range("N1").Select 

    ActiveCell.FormulaR1C1 = "Initiator extinction coefficient" 

    With ActiveCell.Characters(Start:=1, Length:=32).Font 
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        .Name = "Arial" 

        .FontStyle = "Regular" 

        .Size = 10 

        .Strikethrough = False 

        .Superscript = False 

        .Subscript = False 

        .OutlineFont = False 

        .Shadow = False 

        .Underline = xlUnderlineStyleNone 

        .ColorIndex = xlAutomatic 

    End With 

    Range("H2").Select 

    Range("O1").Select 

    ActiveCell.FormulaR1C1 = "Rp SS" 

    With ActiveCell.Characters(Start:=1, Length:=5).Font 

        .Name = "Arial" 

        .FontStyle = "Regular" 

        .Size = 10 

        .Strikethrough = False 

        .Superscript = False 

        .Subscript = False 

        .OutlineFont = False 

        .Shadow = False 
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        .Underline = xlUnderlineStyleNone 

        .ColorIndex = xlAutomatic 

    End With 

    Range("P1").Select 

    ActiveCell.FormulaR1C1 = "Conv ss" 

    With ActiveCell.Characters(Start:=1, Length:=7).Font 

        .Name = "Arial" 

        .FontStyle = "Regular" 

        .Size = 10 

        .Strikethrough = False 

        .Superscript = False 

        .Subscript = False 

        .OutlineFont = False 

        .Shadow = False 

        .Underline = xlUnderlineStyleNone 

        .ColorIndex = xlAutomatic 

    End With 

    Range("Q1").Select 

    ActiveCell.FormulaR1C1 = "Time" 

    With ActiveCell.Characters(Start:=1, Length:=4).Font 

        .Name = "Arial" 

        .FontStyle = "Regular" 

        .Size = 10 
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        .Strikethrough = False 

        .Superscript = False 

        .Subscript = False 

        .OutlineFont = False 

        .Shadow = False 

        .Underline = xlUnderlineStyleNone 

        .ColorIndex = xlAutomatic 

    End With 

    Range("Q2").Select 

    Range("G1").Select 

    ActiveCell.FormulaR1C1 = "kt^.5 uss" 

    With ActiveCell.Characters(Start:=1, Length:=9).Font 

        .Name = "Arial" 

        .FontStyle = "Regular" 

        .Size = 10 

        .Strikethrough = False 

        .Superscript = False 

        .Subscript = False 

        .OutlineFont = False 

        .Shadow = False 

        .Underline = xlUnderlineStyleNone 

        .ColorIndex = xlAutomatic 

    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 & ".xls" 

     Workbooks.Open filename:=filename 
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    Range("J15:O15").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 = xlAutomatic 

    End With 

    Range("A3").Select 

    i = i + 1 

    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) 

i = 4 

j = 0 

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 * iniext * iniconc) ^ 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 * deltat)) * ((mti / rpti) - (mto / rpto)) 

    Cells(a, 7) = ktuss 

    kp = ktuss * kpktsss 

    Cells(a, 8) = kp 

    If kp = 0 Then kp = 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 = xlXYScatter 

    ActiveChart.SetSourceData Source:=Sheets("Sheet1").Range("A1:Q16"), PlotBy _ 
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        :=xlRows 

    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 = "=Sheet1!R4C3:R16C3" 

    ActiveChart.SeriesCollection(1).Values = "=Sheet1!R4C13:R16C13" 

    ActiveChart.SeriesCollection(1).Name = "=""kt vs conversion""" 

    ActiveChart.Location where:=xlLocationAsObject, Name:="Sheet1" 

    With ActiveChart 

        .HasTitle = True 
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        .ChartTitle.Characters.Text = "kt vs conversion" 

        .Axes(xlCategory, xlPrimary).HasTitle = True 

        .Axes(xlCategory, xlPrimary).AxisTitle.Characters.Text = _ 

        "Fractional Conversion" 

        .Axes(xlValue, xlPrimary).HasTitle = True 

        .Axes(xlValue, xlPrimary).AxisTitle.Characters.Text = "kt (L/(mole-sec))" 

    End With 

    ActiveChart.PlotArea.Select 

    Selection.Interior.ColorIndex = xlNone 

    ActiveChart.Axes(xlValue).MajorGridlines.Select 

    Selection.Delete     

    ActiveWindow.Visible = False     

    Range("J18").Select 

    Charts.Add 

    ActiveChart.ChartType = xlXYScatter 

    ActiveChart.SetSourceData Source:=Sheets("Sheet1").Range("J18") 

    ActiveChart.SeriesCollection.NewSeries 

    ActiveChart.SeriesCollection(1).XValues = "=Sheet1!R4C3:R16C3" 

    ActiveChart.SeriesCollection(1).Values = "=Sheet1!R4C8:R16C8" 

    ActiveChart.SeriesCollection(1).Name = "=""kp vs conversion""" 

    ActiveChart.Location where:=xlLocationAsObject, Name:="Sheet1" 

    With ActiveChart 

        .HasTitle = True 
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        .ChartTitle.Characters.Text = "kp vs conversion" 

        .Axes(xlCategory, xlPrimary).HasTitle = True 

        .Axes(xlCategory, xlPrimary).AxisTitle.Characters.Text = _ 

        "Fractional Conversion" 

        .Axes(xlValue, xlPrimary).HasTitle = True 

        .Axes(xlValue, xlPrimary).AxisTitle.Characters.Text = "kp (L/(mole-sec))" 

    End With 

    ActiveChart.PlotArea.Select 

    Selection.Interior.ColorIndex = xlNone 

    ActiveChart.Axes(xlValue).MajorGridlines.Select 

    Selection.Delete     

    ActiveWindow.Visible = False     

    Range("M20").Select 

    Charts.Add 

    ActiveChart.ChartType = xlXYScatter 

    ActiveChart.SetSourceData Source:=Sheets("Sheet1").Range("M20"), PlotBy:= _ 

        xlColumns 

    ActiveChart.SeriesCollection.NewSeries 

    ActiveChart.SeriesCollection(1).XValues = "=Sheet1!R4C3:R16C3" 

    ActiveChart.SeriesCollection(1).Values = "=Sheet1!R4C12:R16C12" 

    ActiveChart.SeriesCollection(1).Name = "=""ktkp vs conversion""" 

    ActiveChart.Location where:=xlLocationAsObject, Name:="Sheet1" 

    With ActiveChart 
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        .HasTitle = True 

        .ChartTitle.Characters.Text = "kt to kp vs conversion" 

        .Axes(xlCategory, xlPrimary).HasTitle = True 

        .Axes(xlCategory, xlPrimary).AxisTitle.Characters.Text = _ 

        "Fractional Conversion" 

        .Axes(xlValue, xlPrimary).HasTitle = True 

        .Axes(xlValue, xlPrimary).AxisTitle.Characters.Text = "kt over kp" 

    End With 

    ActiveChart.PlotArea.Select 

    Selection.Interior.ColorIndex = xlNone 

    ActiveChart.Axes(xlValue).MajorGridlines.Select 

    Selection.Delete     

    ActiveChart.ChartTitle.Select 

    Selection.Characters.Text = "kt to kp vs conversion" 

    Selection.AutoScaleFont = False 

    With Selection.Characters(Start:=1, Length:=22).Font 

        .Name = "Arial" 

        .FontStyle = "Regular" 

        .Size = 12 

        .Strikethrough = False 

        .Superscript = False 

        .Subscript = False 

        .OutlineFont = False 
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        .Shadow = False 

        .Underline = xlUnderlineStyleNone 

        .ColorIndex = xlAutomatic 

    End With 

    ActiveChart.ChartArea.Select 

End Sub 
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APPENDIX E 

 

 Appendix E gives an overview of the error analysis used in the dissertation. 

 

E.1 Error Analysis 

 

 Average values of multiple experiments were reported with their corresponding 

standard deviations.  When multiplying or dividing quantities, the fractional standard 

deviations were squared, added, and then the square root of the sum was used to calculate 

the fractional total deviation.  For example, consider A ± dA and B ± db, where dA and 

dB are the corresponding standard deviations.  To calculate the multiplication of A and B 

(i.e., X = A x B with total error ± dX) equation E.1 was used. 

 ...
22

+






+






=
B

dB

A

dA

x

dx
 E.1 

 For addition or subtraction of average values with standard deviations, sum of 

squares analysis was also used (equation E.2). 

 ( ) ( ) ...22 ++= dBdAdx  E.2 

 Sample average values were calculated where appropriate with 95% confidence 

limits for the mean.  For example consider, equation E.3. 
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N

st
Y n )1,2/( −± α  E.3 

where Y is the sample mean, t(α / 2, n-1) is the upper critical value of the t-distribution with 

n-1 degrees of freedom, s is the standard deviation, and N is the number of observations. 
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