
ABSTRACT 

WALKER JR, EDWIN JEROME. Polymeric Networks anchored to Solid Substrates:  

Formation and Application in Biofouling. (Under the direction of Dr. Jan Genzer). 

 

Polymer gels, whether in the bulk or on surfaces, find use in nearly every sector of 

society. However, the development of tools that would allow one to form relationships between 

properties of bulk networks and properties of surface-attached networks often goes unpursued. 

This Ph.D. Dissertation attempts to form a bridge between the two systems with the 

overarching goal of using surface-anchored networks with well-defined properties to reduce 

marine biofouling on ship surfaces. First, we create an avenue for understanding the kinetics 

of gelation for methacrylate polymers cross-linked via the Hay coupling reaction by inventing 

an in-house characterization tool. Typically, a rheometer is used to characterize and understand 

the development of bulk polymer network mechanical properties; but this proved difficult due 

to the nature of the cross-linking reaction. Using a lock-in amplifier and conductivity cell, 

solution conductivities during both polymerization and gelation are measured in situ, 

illustrating the utility of the technique to monitor solution conductivity during both 

polymerization and cross-linking reactions. With this tool in place, the kinetics of gelation in 

the bulk can be elucidated, possibly providing insight into gelation kinetics when polymer 

cross-linking is confined to a surface.  Properties of copolymer networks anchored to surfaces 

are assessed using random copolymers featuring 2-dimethylaminoethyl methacrylate 

(DMAEMA) and propargyl methacrylate (PgMA) units, both of which are bifunctional. These 

bifunctional monomers are used to create multifunctional surfaces that could participate in 

post-network modification (PNM) reactions. With post-network modification reactions comes 

the advantage of changing the chemical characteristics of a network without modifying 

polymer network cross-linking density or polymer network grafting density (analogous to 



carrying out post-polymerization modification reactions involving small molecules). Carrying 

out a PNM reaction on our multifunctional surfaces and testing against non-specific adsorption 

of fibrinogen (Fg) reveals that our surface-attached networks are protein-repellant, thus 

indicating promise as potential antifouling coatings in the marine environment and an 

alternative to polyether materials and polymer brush surfaces. Notably, the thickness of our 

surface-attached networks plays a role in repelling Fg adsorption. Thicker films exhibit greater 

resistance as opposed to thinner films, presumably because sufficient hydration is achieved at 

greater thicknesses. We expanded the breadth of surface-attached networks under investigation 

to include several materials, varying the monomer: co-monomer molar ratio of DMAEMA to 

PgMA and utilizing a betainization reaction to produce amphiphilic, zwitterionic coatings 

anchored to a polystyrene primer film. Photo-cross-linking with benzophenone and using FT-

IR to follow the well-known -C-H insertion reaction reveals that the hydrogen-abstraction step 

occurs with some bias depending on the side-chain chemistry, an insight not given a thorough 

treatment in the literature. The surface properties of our functional coatings are assessed 

extensively using a host of characterization techniques. Chemical composition, wettability, 

swelling factor in a variety of media and atomic force microscopy data are collected. The 

copolymers with a DMAEMA:PgMA molar ratio of 1:1 and 3:1 as well as betainized 

copolymers exhibit bovine serum albumin (BSA) repellency, while only the copolymers and 

Bet-1:1 exhibit Fg repellency. Relationships between protein-repellant performance and 

coating properties are drawn based on insights provided in the literature. The underlying reason 

behind the antifouling potential of our coatings may rest both on their zwitterionic/amphiphilic 

nature and the dimensions of the polymer network mesh.  
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1 Motivation and Dissertation Synopsis 

 

1.1 Motivation 

The properties of bulk and surface-attached networks garner the interest of a plethora 

of researchers in the academy and in industry. Bulk polymer networks are found nearly 

everywhere and an understanding of their properties as well as pertinent tools used for bulk 

gel characterization is relatively well-developed.1 As we transition from the bulk to the surface, 

even less information (i.e. physical properties, chemical properties, and reaction kinetics) is 

available from a pedagogical standpoint, simply because research on surface-attached 

networks is still in its infancy compared to bulk polymer networks.2 It is reasonable to suppose 

that an understanding of polymer network properties in the bulk would provide some insight 

into the properties of polymer networks confined to a surface. If one is to establish property 

relationships between bulk networks and polymer networks anchored to surfaces, both require 

adequate attention. 

This Ph.D. Dissertation attempts to address technical challenges in the characterization 

and understanding of both bulk gel properties and the properties of surface-attached polymer 

networks with an overall thrust towards minimizing adhesion of biological moieties on the 

hulls of ships in marine ecosystems. Known as marine biofouling, the attachment of aquatic 

organisms, of various sizes and adhesion mechanisms, on surfaces along with proteins and 

polysaccharides is a pervasive problem. Usually, this process begins with formation of a 

biofilm composed of proteins, polysaccharides, and bacteria that preconditions the surface for 

the adsorption of macrofoulants.3 Disadvantages associated with marine biofouling, as it 
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pertains to ships, include significant fuel inefficiencies, increased frequency of dry-docking, 

the corrosion and roughening of the hull surface and the transplantation of non-indigenous 

species in non-native environments.4 

Initial solutions to the issue, dating back well over a century, were mitigated with the 

use of biocidal paints, most of which comprised copper resins and tributyltin-(TBT) containing 

products. They proved to be highly effective, but came at the cost of adverse health effects for 

aquatic life.5 Regulations and prohibitions of their use catalyzed an interest to create new types 

of surfaces that were environmentally benign and concurrently possessed robust antifouling 

and/or foul-release properties. While the antifouling and/or foul-release potential of a surface 

is dictated by many surface properties, we will highlight a few to provide context for the work 

herein. 

It has been well established that the antifouling potential of a coating is related strongly 

to the presence of certain functional groups and charges on the surface. The role of functional 

groups in preventing the adhesion of marine organisms has been studied by a plethora of 

researchers.6-8 Ista et al investigated the adhesion of two marine species on self-assembled 

monolayers (SAMs) composed of methyl-, carboxyl-, fluoro-, and ethylene glycol (EG)-

terminated monolayers; the SAMs differed in their polarity, hydrophobicity, and ionic nature.  

The results reported by Ista and coworkers indicated that different organisms preferred 

different wettabilities for adsorption (see examples below).  The most notable result was the 

fact that bacterial adhesion was not observed on the EG-terminated SAM. Poly (ethylene 

glycol) (PEG) possesses a strong affinity for water molecules.  The oxygen atom in each EG 
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repeat unit acts as a hydrogen bond acceptor allowing water molecules to bind tightly to PEG 

via hydrogen bonds.7  Since the densely packed and highly organized water molecules are hard 

to replace, PEG remains solvated and thus relatively resistant to biofouling.9 Unfortunately, in 

the long-term, PEG becomes hydrolytically and oxidatively unstable in oxygen-rich 

environments such as seawater and in the presence of transition metal ions.10  If one is to make 

an antifouling coating, whose basis lies on controlling surface chemistry, then long-term 

stability is a requirement if a pragmatic solution is to be implemented. 

It should not be interpreted as a hard and fast rule that hydrophilic coatings are the 

solution to this problem. After all, some marine foulants adhere favorably on hydrophobic 

surfaces (e.g., Ulva), while others attach preferably on hydrophilic surfaces (e.g., Navicula).8 

Many studies have revealed the advantages of using amphiphilic coatings.11, 12 Amphiphilic 

surfaces contain both hydrophilic and hydrophobic functional groups. Experimental insights 

suggest that nanoscale heterogeneities in the surface chemistry, mechanical properties and 

topography, can render protein adsorption unfavorable.12 Further investigation of amphiphilic 

materials may provide greater substantiation of this mechanism. 

PEG effectively resists bacterial adhesion as well as non-specific protein adsorption 

despite its stability issues.  Recently, zwitterionic polymers have also been shown to resist 

protein adsorption on a level comparable with (or even better than) PEG.13, 14  Zwitterionic 

polymers, such as polybetaines, are macromolecules that contain a cationic and anionic charge 

on each monomeric unit.  To the best of our knowledge, zwitterionic polymers have not been 

shown to be vulnerable to the same oxidative and hydrolytic degradation, albeit no antifouling 
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coating performs satisfactorily indefinitely.  The mechanism by which this resistance is 

accomplished is similar to what is employed by the aforementioned polyether-the presence of 

a tightly bound hydration layer.  However, this hydration layer is facilitated through both 

charge-dipole interactions via the presence of charges on the monomer residues in addition to 

hydrogen bonding.15 Perhaps more importantly, studies carried out by other groups reveal that 

the energy of dehydration for a zwitterionic surface is appreciably higher than that of 

conventional PEG coatings.14-16 It is important to note, however, that the protein resistance of 

polybetaines generally depends on the individual pKa, the length of the spacer between the 

cationic and anionic charges on the pendant groups, and environmental conditions, i.e., ionic 

strength, pH, and temperature.16 These factors have to also be taken into consideration when 

comparing neutral coatings like PEG to those containing zwitterions. 

The advantage of foul-release characteristics becomes apparent since, to date, all non-

toxic antifouling coatings eventually fail. Typically, the coating stiffness and thickness have 

been known to play a role in lowering the strength of adhesion of marine foulants. Weak 

adhesion promotes facile removal of foulants using a mechanical or shear force (e.g., ship in 

motion).17, 18 To quantify what force might be required to remove a foulant from a surface, one 

can rely on the theory of fracture mechanics.  This can aid one in understanding that tuning 

mechanical properties such as elastic modulus, surface energy, film thickness, etc. can lead to 

effective foul release coatings.18
 One can pursue a thorough treatment of this topic, but to do 

so here would be out of place. We will focus on the surface modulus since it relates to the 

cross-linking density of the polymer network. Put simply, low modulus materials require a 
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smaller pull-off force or removal force than high modulus surfaces.17 An example 

corroborating this involved the use of model PDMS coatings to show that the removal of 80% 

of green alga Ulva linza sporelings was accomplished at low moduli of E=0.2 and E=0.8 MPa 

as opposed to no release for the stiffest PDMS coating used (E=9.4 MPa).19 In the case of 

surface-attached networks, one might expect that the stiffness, which is directly related to the 

cross-linking density, would play a role in the adhesion strength required to remove attached 

foulants. The cross-linking density, however, not only controls the modulus of the network, 

but can prohibit foulants from settling based on their size and how it compares to the network 

mesh dimensions. This is a relatively new insight into the anti-fouling characteristics of 

surface-attached networks that has been underexplored. Experimental evidence for this effect 

has been provided recently by Pandiyarajan and co-workers and serves as one justification for 

why polymer networks constitute competitive alternatives to polymer brushes.20 In the case of 

polymer brushes, where the chains are not cross-linked, there is no mesh comprising 

crosslinked polymer chains. Therefore, many more conformations are available, some of which 

may allow penetration of an approaching moiety. However, in the case of surface-attached 

networks, the possible polymer chain conformations are more restricted and this may serve to 

exclude biological moieties depending on how their size compares to the size of the mesh (c.f. 

Figure 1.1). 
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Figure 1.1.  Protein adsorption on surfaces functionalized with polymer brushes and surface-

attached networks. Penetration may be allowed through adoption of different polymer chain 

conformations in the case of polymer brushes, but might be limited in the case of polymer 

networks. 

 

This brief introduction serves to illustrate the importance of various surface properties 

on the antifouling and foul-release potential of a surface as well as to convey the complexity 

and difficulty of the problem. Hydrophilicity, amphiphilicity, zwitteration, modulus, network 

mesh size, and coating thickness are many of the surface characteristics that deserve fair 

consideration for the role they play in minimizing adhesion or promoting weak adhesion of 

approaching marine organisms and biological moieties. This Ph.D. Dissertation attempts to 

account for some of these properties (amphiphilicity, zwitteration, polymer cross-linking, 

coating thickness) through the investigation of bulk network properties and functionalized 

networks on surfaces as platforms for making protein-repellant coatings. Protein-repellant 

surfaces should delay the development of a conditioning film and discourage marine 

biofouling. 
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1.2 Dissertation Synopsis  

This section provides a synopsis of Chapters 2-5. Each Chapter has its own literature review 

and references with the exception of Chapter 5, which contains references only. 

In Chapter 2 of this Ph.D. Dissertation we describe the development and preliminary 

application of a novel, in-house characterization technique for the purposes of monitoring 

polymerization and network formation for methacrylate monomers methyl methacrylate 

(MMA) and propargyl methacrylate (PgMA). This arose out of a need to understand the 

viscoelastic properties of networks formed using the Hay coupling reaction-a cross-linking 

reaction involving terminal alkyne coupling catalyzed by the copper-

tetramethylethylenediamine (TMEDA) complex.21 Typically, rheological tools, such as a 

rheometer, are used to characterize the mechanical properties of forming gels in situ such as 

the storage modulus, loss modulus, and onset of gelation as well as the timescales needed to 

form the gel. However, the nature of rheometry was not conducive to such monitoring as it did 

not allow for the diffusion of O2 into the bulk gel, necessary for catalyst regeneration and 

continued cross-linking. Inhomogeneous cross-linking led to erroneous measurements and a 

need to identify an alternative method for monitoring cross-linking of polymers in the bulk 

while allowing O2 to diffuse into the solution. Instead of using a rheometer, we set up a system 

involving a lock-in amplifier, custom-made conductivity cell, LabVIEW, and a laptop 

computer to continuously monitor and record solution conductivity with time. Results from 

benchmark experiments were used to establish conditions for a conductive environment that 

render observation of incipient viscosity changes with polymerization and gelation feasible, 

while allowing for optimal mixing. The technique is assessed for its utility by monitoring the 
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polymerization/gelation of PgMA monomer and the polymerization of MMA monomer. 

Notable decreases in the solution conductivity are observed in both cases and are attributed 

primarily to increases in viscosity known to occur for both reactions. Shifting project 

objectives arrested further exploration of the technique’s ability to systematically monitor the 

evolution of the viscoelastic properties of polymers cross-linked using the Hay coupling. While 

still in its infancy, this technique shows promise as an alternative means of gleaning kinetic 

information of free-radical polymerizations, e.g., the rate constant (k), and activation energy 

(EA), based on prior work reported by others. It also can be used to investigate relationships 

between the rate of Hay coupling and terminal alkyne composition, O2 flow rate, copper-

TMEDA complex concentration and total polymer concentration. With the kinetics of polymer 

cross-linking understood in the bulk, one may be able to make predictions about the kinetics 

of polymer cross-linking on surfaces. 

In Chapter 3 we transition to polymer networks anchored to a surface. Specifically, we 

generate a reactive, multifunctional, surface-attached photo-cross-linked poly (2-

dimethylamino)ethyl methacrylate-co-propargyl methacrylate) (DMAEMA-co-PgMA) 

network and demonstrate that carrying out a simple post-network modification (PNM) reaction 

offers a potential route to acquiring multifunctional coatings with resistance to fibrinogen (Fg) 

attachment. This route of generating functional coatings through PNM presents a few 

advantages, which are highlighted in Chapter 3. A typical approach, often adopted by many 

groups in making protein-resistant coatings, involves converting preformed chains to 

zwitterions first. However, our approach involves modifying networks after cross-linking is 
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complete which will allow one to decouple the effects of cross-linking and chemistry on 

protein-attachment when both aspects are tuned. We used a quaternization reaction between 

11-bromoundecyltrichlorosilane (BUTS) and the DMAEMA-co-PgMA copolymer to create a 

covalently immobilized priming layer of ~9 nm in thickness. This was followed by a cross-

linking step involving a blend of the copolymer and dimethoxy-2-phenylacetophenone 

(DMPA) (activated with UV light), to yield a surface-anchored polymer gel with multiple 

functionalities present at the surface for chemical tailoring i.e. tertiary amine and terminal 

alkyne. Thicknesses of our multifunctional coatings were controlled by tuning the applied UV 

dose and the solution concentration. Coating thicknesses were varied over an order of 

magnitude from ~15 nm to more than 100 nm. The copolymer network coatings were modified 

using 1,3-propane sultone and tested against Fg, a protein whose adsorption correlates with the 

adsorption of Ulva, a marine foulant.22 While we observed Fg attachment on the OTS control 

and on thinner, multifunctional coatings, the thicker coatings performed much more favorably 

illustrating that coating thickness at the nanometer-length scale contributes to the anti-fouling 

characteristics of a surface. We infer that the surface hydration of our modified networks is 

higher for greater thicknesses and that this contributes appreciably to their improved protein-

repellant performance. 

In Chapter 4 we investigate the antifouling potential of the same copolymer as in 

Chapter 3, but expand this study to include the homopolymers, copolymers with different 

chemical compositions and their betainized counterparts. We modify the system arrangement 

in order to make improvements on limitations encountered in Chapter 3. Photo-cross-linked, 
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surface-attached amphiphilic, zwitterionic networks are generated using benzophenone (BP) 

and UV light. The networks are anchored to cross-linked polystyrene (PS) primer films. The 

use of BP allowed us to follow the crosslinking and grafting of the polymeric chains via the 

proton abstraction/C-H insertion mechanism using Fourier Transform Infrared (FT-IR). FT-IR 

data lead to a greater mechanistic understanding of the -C-H insertion mechanism for each of 

our materials. pPgMA cross-linking/grafting occurs primarily through the polymer backbone, 

while tertiary-amine-rich copolymers undergo cross-linking/grafting through the polymer 

backbone and side-chain. We characterized the surface properties of our films given the strong 

relationship that exists between surface properties and the antifouling potential of coatings. 

Wettability and swelling factor are mediated by a combination of polymer chain composition 

and network density. We found that the swelling factor of our betainized coatings is solvent-

dependent. The volume-phase-transition is regulated, based on the ionic strength of the 

solution and valency of the electrolyte dissolved. A qualitative assessment of the antifouling 

potential of our coatings was carried out using fluorescein isothiocyanate (FITC)-bovine serum 

albumin (BSA) and Fg. Our results indicated that the copolymers and betainized copolymers 

exhibited a relatively high degree of BSA repellency. A size-exclusion effect likely played a 

role in the performance of the copolymers considering their weak hydration, while significant 

hydration is expected to play a significant role in the performance of the betainized copolymers 

against BSA. Performance against Fg revealed that the 3:1 copolymer is highly effective in 

repelling Fg attachment, while the betainized coatings experienced minimal fouling. 
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In Chapter 5 we provide a framework for future experimental pursuits that would 

answer questions generated in Chapters 2-4. Prospects for the application of our in-house 

characterization tool are provided that should significantly expand upon the work in Chapter 

2, including determination of activation energies for the polymerizations of MMA, PgMA and 

DMAEMA as well as copolymerizations involving the latter two. Additionally, returning to 

the Hay coupling reaction and varying the aforementioned parameters that control the rate of 

cross-linking in the bulk would provide valuable insights that rheometry cannot deliver due to 

lack of oxygen diffusion into the bulk during the Hay coupling. Future work for Chapter 4 

includes a determination of the mesh size, which will help confirm or deny our intuitions 

regarding the performance of our coatings. Testing of our coatings against marine foulants is 

also discussed. Finally, since the success of our functional coatings relies on their foul-release 

potential, we discuss plans for further modifications to our materials that will render them more 

foul-release as well as grafting them to surfaces with micro-topographies. 
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2 Solution Conductivity:  An Alternative Method to Monitoring 

Polymerization and Gelation 

 

2.1 Introduction 

2.1.1 Polymer Networks: A Brief Introduction 

Polymer gels/polymer networks are assemblies of macromolecules that are held 

together via strong physical interactions or by chemical bonds – both in so-called crosslink 

points.  Most often they exist as bulk networks swollen with fluid. Unconstrained polymer 

networks are referred to as bulk networks.  They can also be confined to a surface to yield in-

plane networks or surface-attached networks.  Our focus in this chapter is on bulk networks. 

Synthetic examples of polymer networks include contact lenses and artificial skin while 

biological examples include the cytoskeleton of cells and the extracellular matrix in the human 

body.1,2 A comprehensive review of polymer gels and their applications is outside the scope of 

this work and the reader is encouraged to consult available reviews on the topic.1,3  

Synthetic networks are often formed by cross-linking polymers or copolymers, i.e., 

polymers containing more than one distinct monomer unit.  The degree of cross-linking, which 

can be defined as the number of polymer chain units between cross-links or the number of 

cross-linking points along a chain, controls the modulus of the network. A larger number of 

cross-linking points between polymer chains generally leads to a higher modulus.  There are 

two common ways to form polymer networks.  Step-growth and chain growth polymerizations 

can lead to polymer networks when at least one of the monomers, known as a cross-linker, is 

multifunctional (contains three or more reactive groups).  In many cases, low molar mass 

prepolymer or oligomers are formed and the ends of multiple prepolymers are linked through 
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the cross-linker.  Another technique entails cross-linking polymer chains through their sides 

via a cross-linking monomer.4  The latter technique provides a way to restrict the degree of 

cross-linking.  This also allows for the incorporation of another monomer that adds a distinct 

characteristic to the network, but does not participate in the cross-linking reaction. Yet, another 

technique involves cross-linking polymer chains at their ends through a cross-linking reaction, 

where the cross-linking density can be modified by the molecular weight of the chain. Higher 

molecular weight polymers would yield networks with a lower modulus, while shorter chains 

would result in stiffer networks.  A network formed from copolymer chains carrying a 

monomer that can be chemically modified is advantageous in making functionalized polymer 

networks.  The viscoelastic properties of polymer networks such as the storage modulus (G’) 

and loss modulus (G’’) are typically measured using a rheological device, i.e., rheometer. 

However, the use of a rheometer may pose limitations to understanding the properties of niche 

systems such as the Glaser/Hay coupling that will be discussed below. 

The focus of the work described in this Chapter is to devise an alternative method for 

monitoring the viscoelastic properties of poly (2-dimethylaminoethyl methacrylate-co-

propargyl methacrylate) (poly (DMAEMA-co-PgMA) networks formed in the bulk. Poly 

(DMAEMA-co-PgMA), a copolymer (cf. Figure 2.1) bearing two bifunctional monomers with 

different chemical handles, can be used to create gels with tunable properties. Gel properties 

can be manipulated by changing the monomer: co-monomer ratio in the 
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Figure 2.1.  Chemical scheme of poly(DMAEMA-co-PgMA) copolymer. 

 

polymerization feed and by functionalizing the side-groups of each monomer. Based on the 

desired application, different properties (e.g. protein repellency, protein-binding, stimuli 

responsiveness, etc.) can be custom-built into the network. The versatility of poly (DMAEMA-

co-PgMA)-based networks makes them an attractive platform for a variety of applications 

including antibiofouling coatings5, drug delivery6, bioconjugation7 and actuators.8 Some 

applications call for gels with specific mechanical properties e.g. gels with an elastic modulus 

below 100s kPa are considered good candidates for pressure-sensitive adhesives found in 

consumer products such as tapes and labels.9,10 If polymer gels are used, then the type and 

degree of cross-linking become highly important because that will dictate the properties of the 

adhesive.  Proper control over the properties of polymer networks requires an understanding 

of the kinetics of gelation. The rate and extent of cross-linking, as well as the cross-linking 

density determine the evolution of mechanical properties, i.e., G’ and G’’, of gels during and 

after synthesis. In pursuit of improved control over polymer networks formed on surfaces, we 
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sought to correlate the relationships between gelation kinetics and properties in bulk polymer 

networks to the same relationships in polymer networks formed on surfaces. 

 

2.1.2 Monitoring Polymer Network Formation: Solution Conductivity vs. Rheology 

If polymer chains contain side groups with terminal alkynes, they may be cross-linked 

through the Glaser reaction to create networks.  The Glaser reaction (alternatively called Hay 

coupling if tetramethylenediamene (TMEDA) is employed) is depicted in Figure 2.2.  

 

 

Figure 2.2.  Glaser-Hay coupling reaction scheme. 

 

This reaction relies on a copper salt catalyst, which facilitates the coupling of terminal 

alkynes, and a ligand such as TMEDA. TMEDA, a Lewis base, acts as a chelating agent and 

complexes with Cu+ via the formation of coordinate bonds (cf. Figure 2.3). A detailed 

mechanism of the oxidative coupling is available in the literature.11, 12  Once an alkyne coupling 

has occurred, catalyst regeneration requires the presences of molecular oxygen.  Oxygen is not 

consumed; it facilitates the regeneration of the complex. Therefore, a uniform concentration of 

dissolved oxygen throughout the reaction environment is required to prevent inhomogeneous 

cross-linking so rates of catalyst regeneration are uniform.  Hay coupling is convenient because 

it proceeds at room temperature in a variety of organic media and the rate of cross-linking can 
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be controlled by varying the concentration of dissolved oxygen, the Cu-TMEDA complex 

(CTC) concentration and by adjusting the terminal alkyne composition of the initial polymer. 

 

 

Figure 2.3.  Cu-TMEDA complex formed between Cu and TMEDA which facilitates the 

coupling reaction of terminal alkynes.11 

 

The process of network formation outlined above depends upon the kinetics of 

oxidative coupling.  The rate of oxidative coupling and the degree of cross-linking are 

important parameters.  The degree of cross-linking in a network correlates directly with the 

network modulus.  The rate of cross-linking determines the timescale required for making bulk 

networks and networks on surfaces.  Characterizing the network formation process through 

parameters such as the rate and extent of cross-linking requires monitoring the gelation process 

in situ.  

Rheological experiments allow monitoring gelation by measuring changes in viscosity.  

The time of onset of gelation as well as the storage and loss moduli of the final network can be 

ascertained from rheological data.  However, as will be discussed later, ensuring delivery of 

O2 to all catalyst sites may be challenging with the use of a rheometer. 
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Depending on the reagents present, electrical resistance (ER) measurements present an 

alternative method to monitoring polymer network formation. In principle, the concentration 

and mobility of salts in solution give rise to solution conductivities that may be affected by the 

same changes in viscosity known to occur with gelation.  One of the earliest reports of using 

electrical resistivity measurements to follow the formation and curing of polymer gels was the 

work of Kienle and Race on glycol and glycerol-based resins.  Electrical resistance 

measurements were taken during the formation, gelation and curing/aging stages of resins and 

it was observed that the electrical resistance progressively increased over the successive 

stages.13 This was the first indication that electrical resistivity measurements might be used to 

study the formation and curing of resins.  

Fineman and Puddington, inspired by this notion, attempted to monitor the degree of 

curing in phenolic resins through electrical resistance measurements. They reported that the 

electrical resistance of phenolic-formaldehyde resins changes with the formation of cross-

links. An initial decrease in ER was observed as the sample warmed up, followed by a rapid 

increase in ER as curing occurred. The rate of the observed increase in resistivity depended on 

the presence or absence of either an accelerator or plasticizer. Electrical resistance increased 

over time until reaching a constant value. The authors presumed that the plateau of the ER 

coincided with the completion of curing. Phenolic-formaldehyde density was observed to 

follow a similar trend: it increased with time until reaching a steady value. The rate of the 

observed increase in density was lowered as the amount of accelerator was decreased and when 

a plasticizer was added. All of these studies were performed isothermally. Fineman and 
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Puddington concluded that ER measurements were sensitive to changes in the internal 

molecular arrangement of the polymer during curing and to the rate and extent of cross-

linking.14 Aukward and Warfield made similar observations in a study of the curing process of 

encapsulating resins, reporting a large change in solution resistivity during cross linking (from 

108 to 1017 Ω-cm). They calculated the exponential temperature coefficient(s) of resistivity 

using the slope of resistivity vs. temperature data plotted on a logarithmic scale.15 This 

provided evidence that resistivity could be used as a measure of cross-linking. 

Investigations using ER to determine the kinetics and extent of cross-linking expanded 

to include the kinetics and extent of polymerization. Warfield and Petree used electrical 

resistivity measurements to follow the course of polymerizations of thermosetting polymers. 

They reported a new method for calculating the activation energy for the polymerization of a 

thermosetting polymer, diallyl phthalate. This was carried out isothermally for different 

temperatures (85°C to 110°C). Using semi-logarithmic plots of resistivity vs. time, Warfield 

and Petree showed that the slope of the logarithm of the resistivity-time curve was temperature-

dependent. The maximum slopes over their entire data sets were taken and plotted vs. 1/T to 

calculate an activation of energy, EA of 16 kcal/mole, very close to the value of 15.2 kcal/mole 

reported by Spurs.16 Resistivity values were measured at a low field strength (225 V/cm) and 

any conductivity within the sample was attributed to the presence of ionized impurities.17 

These observations demonstrated that resistivity measurements could be used as an index of 

the polymerization rate.  
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Dudek’s investigation of the effect of strong electric fields (20 kV/cm) on the rate and 

mechanism of polymerization of vinyl monomers is noteworthy. He reported that initiator 

concentration, polymerization temperature, and monomer dipole moment could affect the 

influence of the electric field on the rate of polymerization. Vinyl monomers investigated for 

these effects included styrene and vinyl acetate18 as well as methyl methacrylate.19 Dudek 

reported that increasing temperature or initiator concentration decreased the diminishing effect 

of strong, homogeneous DC electric fields on the rate of polymerization and degree of 

polymerization. In other words, polymerization was less hindered by the presence of an 

external electric field as initiator concentration or the system temperature increased. The 

degree of influence of an external electric field on the rate of polymerization was also 

proportional to the monomer dipole moment. Dudek also reported that as the applied voltage 

increased, the rate of polymerization decreased and that this was more apparent at lower 

temperatures.18 In the case of methyl methacrylate, the mechanism of polymerization changed 

from radical to ionic, depending on the polymerization conditions in the presence of a DC 

electric field, i.e. electric field intensity, monomer type (dipole moment), initiator type and the 

temperature. 19 This provided evidence that polymerization can be sensitive to external electric 

fields. This phenomenon must thus be considered if electrical resistivity measurements that 

rely on applied DC electric fields are used to follow polymerization. 

Monitoring the transition of low-viscosity monomer solutions to highly cross-linked 

solids using ER measurements allowed researchers to extract important kinetic parameters and 

capture qualitatively the rate and extent of cross-linking in gelation.  Studies have 
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demonstrated that increases in solution viscosity can reduce the mobility of charged species 

and therefore increase the ER of the solution.  Equations 2.1 and 2.2 show that the conductance, 

S (in S), i.e., the reciprocal of the resistance, R (in Ω), of a solution is related to the 

concentration, C (in mol/L), and mobility, µ (in m2/s*V) of charge carriers via the conductivity, 

κ (in μS/cm). 

𝑆 =
1

𝑅
= 𝜅

𝐴

𝑑
          (2.1) 

𝜅 = 𝐹 ∑ 𝑧µ𝐶𝑖          (2.2) 

µ =
𝑧𝑒

6𝜋𝜂𝑟
          (2.3) 

Equation 2.3 shows that the mobility of these charge carriers is inversely proportional to the 

viscosity, η (in kg/m*s) of the medium.20 Studies using electrical resistance measurements to 

track gelation have, to date, relied on human observation to determine the onset of gelation and 

have noted that the slopes of resistance-time plots do not change.17 Additionally, no 

quantitative relationships have been reported between ER and moduli values. Therefore, if 

electrical resistance measurements are used to monitor cross-linking, another characterization 

method is required to characterize the modulus of the network and determine the onset of 

gelation.  The rate of cross-linking can, however, be captured through ER measurements via 

resistance-time plots.14,15  

 

2.1.3 Limitations of rheological experiments 

Previous rheological studies on network formation of random copolymers of ethyl 

methacrylate (EMA) and propargyl methacrylate (PgMA) (cross-linker) were carried out by 



24 

 

 

 

 

Dr. Iva Stibingerova (Institute of Chemical Technology, Prague, Czech Republic) using a G2 

rheometer (unpublished results).  Figure 2.4 shows the change of the viscoelastic properties 

over time during the Hay coupling reaction. Inability to deliver oxygen to the catalyst was 

proposed as the reason for the observed atypical behavior, described below.  The EMA:PgMA 

ratio was 1:2 in this sample. The sample comprised random copolymer chains, TMEDA and 

CuBr in dimethylformamide (DMF) and a sinusoidally varying stress was applied between an 

upper and lower geometry.   

 

Figure 2.4.  Gelation of poly(EMA-co-PgMA) copolymer, using a 1 wt% complex 

concentration; EMA:PgMA molar ratio is 1:2.  The storage and loss moduli are plotted in red 

and blue colors, respectively. 

 

As G’ continued to increase, the network became more like an elastic solid than a viscous 

liquid.  However, a drop in both moduli was observed during the network formation process 
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at approximately 10,000 seconds.  This was attributed to the breaking of a crust that developed 

on the outside of the sample, while the inner parts of the sample remained relatively soft.  The 

rate of cross-linking at the air/network interface was higher than in the bulk because oxygen 

had to diffuse across the interface and through the bulk before reaching and regenerating the 

Cu catalyst.  This lack of uniformity in the rate of cross-linking would explain why a harder 

exterior first develops; Cu moieties at the surface were regenerated faster than Cu moieties in 

the bulk.  When the crust broke, the modulus dropped and oxygen was again allowed to 

penetrate into the sample’s inner regions.  Another increase in the modulus followed.  This 

experiment demonstrated that, when following gelation using a rheometer, formation of a crust 

on the sample created a barrier to oxygen penetration and prevented uniform distribution of 

oxygen. This was undesirable because the nature of the measuring device prevented us from 

seeing how the viscoelastic properties of the polymer network develop. 

Since the requirements of performing an experiment using the G2 rheometer prevented 

the delivery of oxygen to the reaction sites, we attempted to monitor network formation using 

ER instead.  One way to facilitate this was to create an initial environment of low resistance to 

ensure that any changes in viscosity due to cross-linking are accounted for via corresponding 

changes to a measureable current.  Since we sought to create cross-linked networks of varying 

cross-linking densities, this would result in a range of viscosities.  Determining what gives rise 

to an environment of high conductance and creating such an environment should enable 

tracking the formation of gels with varying cross-linking densities, even for lightly cross-linked 

gels where viscosity increases are small.  



26 

 

 

 

 

The following discussion describes variables and environmental conditions tested to 

develop optimal conditions to study network formation and polymerization using ER. We setup 

a new, in-house characterization tool in order to probe the viscoelastic behavior of our system 

without using rheometery. A lock-in amplifier, laptop, conductivity cell and LabVIEW were 

used to continuously monitor and record the passage of current in solution. We demonstrated 

the utility of our setup by monitoring the polymerization of methyl methacrylate and the 

polymerization/gelation of PgMA. 

 

2.2 Materials  

2,2’-Azobis (isobutyronitrile) (AIBN), 98%, was purchased from Sigma-Aldrich and 

recrystallized from methanol (HPLC Grade, Fisher Chemical).  2-(Dimethylamino) ethyl 

methacrylate (DMAEMA), 98%, was purchased from Aldrich and treated with inhibitor 

remover (Aldrich) prior to use. Propargyl methacrylate (PgMA), 98%, was purchased from 

Alfa Aesar and treated with inhibitor remover. Methyl methacrylate (MMA), 99%, was 

purchased from Aldrich. N,N-Dimethylformamide, 99.9%, (CHROMASOLV Plus for HPLC) 

was purchased from Sigma-Aldrich. N,N-Dimethylacetamide (DMA), 99%, pure was 

purchased from Acros Organics. CuBr, 98%, was purchased from Sigma Aldrich. N,N,N,N-

Tetramethylethylenediamine (Reagent Plus, 99%) (TMEDA) was purchased from Sigma 

Aldrich. CuBr2, 98%, was purchased from Sigma Aldrich. Anhydrous MgCl2, 98%, was 

purchased from Sigma Aldrich. Poly (methyl methacrylate) standard (Mn: 152,500 Da, Mw: 

161,500 Da) (PMMA) with a polydispersity index of 1.06 was purchased from Polymer 

Source, Inc. A model SR830 DSP Lock-In Amplifier was purchased from Stanford Research 
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Systems. A custom-made conductivity cell with platinum electrodes, borrowed from Dr. 

Wesley Henderson’s lab (NC State University), was designed by Materials Mates Italia. A 

Traceable Expanded-Range Thermometer (-40-1200°C) was purchased from Fisher Scientific. 

LabVIEW virtual interfaces were purchased and downloaded from www.ni.com/labview/. 

Molecular sieves, 3 Å, were purchased from Sigma-Aldrich. Custom-made glass vials with a 

14/20 opening were made in the NC State Glass Shop. Unless specified otherwise, reagents 

were used as received.  

 

2.3 Experimental 

Drying DMF. A condenser was filled with molecular sieves and placed in an oven set to 280 °C 

for 24 hours. An oil bath was pre-heated to 110 °C on a hot plate. A 3-neck was rinsed 

thoroughly with THF and acetone to remove impurities. Then, two septa were attached to the 

3-neck and a syringe needle was inserted to pump N2 into the reaction vessel. This left one 

opening for water vapor to escape. The flow of N2 was started and the 3-neck was flame dried 

using a torch to remove moisture inside. The condenser filled with molecular sieves was 

attached immediately. 50 mL of DMF was added into the 3-neck and placed within oil bath. 

After the condenser had cooled to room temperature, water (25 °C) was pumped through the 

outer region (annulus) of the condenser to condense trace amounts of DMF. After several 

hours, the flask was pressurized with N2 gas and sealed with septa. 

Electrical Resistance (ER) Setup.  The lock-in amplifier and laptop computer were plugged 

into the same outlet so that both devices shared the same ground. The National Instruments 
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General Purpose Interface Bus (GPIB) cord was used to connect the computer to the lock-in 

amplifier. The computer was turned on and LabVIEW was launched before the Lock-In 

Amplifier was turned on. The conductivity cell and metal cannula were cleaned along with a 

custom-made glass vial with a 14/20 opening (cf. Figure 2.5 left) before every experiment. 

The electrodes were rinsed gently with DIW and acetone, wiped with a ChemWipe and blow 

dried with N2 gas. The vial was then filled with the desired solution. Wires attached to the cell 

were threaded up through a condenser (cf. Figure 2.5 right) and contacted with alligator clips 

plugged into the lock-in amplifier. The cell was suspended such that it did not interfere with 

an inserted stir bar. Either bubbling air or N2 into the solution was done through the metal 

cannula using a compressor or a Schlenk line attached to an N2 cylinder, respectively. 

LabVIEW 2011 was opened and a modified virtual interface (VI) was used to control and 

record readings from the lock-in amplifier.  

 



29 

 

 

 

 

 

Figure 2.5.  Top left) Conductivity cell. Bottom left) Glass vial. right) Condenser set-up. 

 

Free-radical polymerization of PgMA under an AC electric field. PgMA monomer was passed 

through an inhibitor remover column to remove the inhibitor.  All polymerizations were carried 

out in a Schlenk flask containing monomer and AIBN at 75°C under nitrogen after performing 

three freeze-pump-thaw cycles. Total monomer concentration used was 1.3 M with a [M]/[I] 

ratio of 1600:1. 6.8 mM of NaCl and 0.4 mL of deionized water (DIW) were added to create a 

sensitive environment for ER increases. An AC electric field strength of 1.33 V/m was used at 

a frequency of 7 Hz. This was calculated as the voltage (4 mV) applied over the distance 

between the electrodes (3 mm). The temperature of the solution was monitored using a 

temperature probe inserted into the reaction vessel and plugged into a Traceable Expanded-

Range Thermometer (-40-1200 °C) with a digital read-out. 
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Free-radical polymerization of MMA under an AC electric field. MMA monomer was passed 

through a column of basic alumina to remove the inhibitor.  All polymerizations were carried 

out in a Schlenk flask containing monomer and AIBN at 75°C under nitrogen after performing 

three freeze-pump-thaw cycles. Total monomer concentration used was 1.3 M with a [M]/[I] 

ratio of 1600:1. 11.8 mM of NaCl and 1 mL of DIW were added to create a sensitive 

environment for ER increases. An AC electric field strength of 1.33 V/m was used at a 

frequency of 7 Hz. The temperature of the solution was monitored using a temperature probe 

plugged into a Traceable Expanded-Range Thermometer (-40-1200 °C) with a digital read-out. 

Solution resistance measurements. Effects of multiple components on the ER were assessed in 

separate experiments and involved the following: wet DMF (wDMF), anhydrous DMF (Anh 

DMF), DMAEMA, PgMA, TMEDA, CuBr, DIW and additional salts including NaCl, CuBr2 

and MgCl2 in the reaction vessel. Amounts of the aforementioned components reflect 

quantities used in previous cross-linking studies. Experiments were carried out in custom-made 

vials using a total solution volume of 2 mL, which remained consistent throughout while 

mixing with a stir bar. DMF was dried using molecular sieves. The Cu-TMEDA complex 

(CTC) was taken from the supernatant of a separate stock solution of 4 mL wDMF, 73 mM (or 

2 wt%) CTC (42 mg of CuBr, 45 μL of TMEDA). The molarity of the CTC stock solutions 

was halved and doubled for certain studies which the author clarifies when appropriate. 

‘TMEDA only’ samples were made according to the protocol for the CTC solutions, but 

without CuBr. All DIW was added with a pipette. Supernatants were collected with a pipette 

once undissolved solids settled; typically, this was 400 μL. 
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Solution conductivity measurements. The effects of multiple reagents on the solution 

conductivity were assessed in separate experiments and involved the following: DMA, MMA, 

NaCl, and DIW. All solution conductivity experiments were carried out using 4 mV of 

potential giving rise to an electric field of 1.33 V/m. Typical experiments were carried out in 

a three-neck flask using a total solution volume of 25 mL, while mixing with a stir bar.  

 

 

 

Figure 2.6.  a) Visual representation of Ionic Conductivity as a means of monitoring 

polymerization and gelation.  b) SR830 Lock-in Amplifier. 

 

An illustration of the concept of monitoring polymerization and gelation is provided in Figure 

2.6. As the sample transitions from a solution of monomer to polymer and finally a gel, 

viscosity should increase, causing ionic mobility to decrease and increasing the ER of the 

a) 

b) 
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sample. An SR830 Lock-In Amplifier (cf. Figure 2.6B) from Stanford Research Systems was 

used to both provide a potential (4 or 10 mV), at a frequency of 7 Hz, as well as measure the 

resulting alternating current (AC).  LabVIEW software was used to create a communication 

portal to allow continuous recording of the current over time.  An electromotive force was 

applied using the lock-in amplifier through the solution via a custom-made conductivity cell.  

The cell’s flat, rectangular electrodes were made of platinum and were borrowed from Dr. 

Henderson’s lab; the cell constant was reported to be approximately 0.82 cm-1  using a KCl 

conductivity standard.  

 

2.4 Results & Discussion 

Figure 2.7 shows a semi-log plot of the calculated resistance vs. time for the individual 

constituents (or mixtures of constituents) that are present during network formation.  These 

tests were conducted for ~4 hours since the previous gelation experiments took place on a 

similar time scale. The amount of DMAEMA monomer used in this test corresponds to the 

concentration of monomeric units found in the mass of copolymer weighed out for previous 

gelation experiments. Anhydrous DMF exhibited the highest resistance. An addition of 460 

mM of DMAEMA did not decrease the resistance dramatically.  However, a marked decrease 

in resistance was observed upon addition of 400 µL of supernatant from a 73 mM solution of 

the CTC solution.  
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Figure 2.7.  Resistance vs. time for anhydrous DMF, DMAEMA monomer, CTC, and their 

mixtures. 

 

As mentioned earlier, DMAEMA monomer has little impact on the resistance of the system 

compared to the salt, as can be seen from the modest drop in resistance from the ‘Anh DMF’ 

data set to the ‘Anh DMF & DMAEMA monomer’ data set. Therefore, changes in resistance 

observed are attributed primarily to the mobility and concentration of ions derived from 

dissolved catalyst.  Figure 2.7 also reveals that the calculated resistance for each sample 

remains relatively constant over time.  Henceforth, bar charts will be used to show average 

resistance values from subsequent studies along with error bars corresponding to a 95% 
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confidence interval. A study on the effects of adding excess ligand to the sample was carried 

out to determine if this would result in a more conductive environment.  The ligand TMEDA 

forms coordination complexes with metal atoms and it was surmised that this might aid in 

increasing and maintaining the concentration of dissolved Cu ions.  Figure 2.8 shows results 

of resistance measurements for samples with different amounts of TMEDA.  For the samples 

involving CTC, 400 µL was extracted from the supernatant of CTC solutions where the 

CuBr:TMEDA molar ratio was 1:1 and 1:10. 

 

 

Figure 2.8.  Resistance vs. mixture type involving excess ligand where the CuBr:TMEDA 

molar ratio for CTC is varied between 1:1 and 1:10. 

 

Samples without CuBr were also tested to determine the extent to which each 

constituent of the coordination complex contributes to decreases in resistance.  For the samples 

without CuBr i.e. the ‘73 mM TMEDA only’ and ‘730 mM TMEDA only’ solutions, the 



35 

 

 

 

 

resistance decreases when 10 times the ligand amount is added.  This does not mean that 

TMEDA is a charge carrier similar to a salt; we owe this to the molecular differences between 

DMF and TMEDA.  Samples including CuBr show a dramatically decreased resistance, 

demonstrating the larger effect of even small quantities of adding the Cu into the solution.  

Comparing the ‘CTC 1:1’ and ‘CTC 1:10’ data sets, it can be seen that an increased metal-to-

ligand molar ratio results in relatively small decreases in resistance.  In other words, adding 

more ligand is not a practical method to create an environment with low resistance. 

As mentioned previously, conductivity is a function of ion concentration and mobility.  

It follows that a greater extent of salt dissociation in solution should lead to a more conductive 

environment.  We observed limited solubility of CuBr in our stock solutions.  Considering the 

ability of water molecules to hydrate and dissociate ions, we decided to compare the resistance 

of the complex mixture in both anhydrous and wet DMF. The average resistance for ‘anh 

DMF,’ ‘wDMF,’ anh DMF with an added 400 µL from the supernatant of a 73 mM CTC stock 

solution and wDMF with 400 μL of CTC added is plotted in Figure 2.9.  
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Figure 2.9.  Resistance as a function of wet and anhydrous DMF in the absence and presence 

of the CTC. 

 

The resistance of wet DMF with no CTC present is an order of magnitude higher than the 

resistance of anhydrous DMF with no CTC present. It is unclear why anhydrous DMF exhibits 

a much lower resistance. One major difference between DMF and water are their dipole 

moments, which are 3.86 D and 1.868 D21, respectively, for isolated molecules. While it is 

suspected that this plays a role, discerning a relationship between the molecular properties of 

each solvent and their solution resistance is outside the scope of this work. However, with the 

CTC added, both the wet and the anhydrous solutions display comparable resistances.  This 

could be explained if water solvated more CuBr in the wet DMF than the anhydrous system, 

decreasing the resistance by increasing the concentration of dissolved ions.  In other words, 

the greater decrease in resistance brought about by the addition of the CTC to ‘wet DMF’ may 

testify to the fact that the presence of water and its ability to solvate charge carriers 
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allows/promotes a very conductive environment. Therefore, wet conditions favor both a 

conductive environment and can potentially promote a higher rate of cross-linking due to a 

higher concentration of Cu ions. 

Increasing the concentration of the CTC solution, as a way to decrease the resistance 

of the system, was investigated.  400 µL from the supernatant of 37, 73, and 146 mM stock 

solutions were tested in three different solutions. The molarity of the CTC stock solutions was 

halved and doubled for this study. We tested the CTC solutions of 37 and 146 mM to see if we 

were at the saturation limit of soluble copper in the supernatant.  Figure 2.10 shows resistance 

as a function of sample for different concentrations of TMEDA and the CTC.  

 

 

Figure 2.10.  Resistance of various TMEDA and CTC solutions in DMF. 

 

The two samples containing only TMEDA can be thought of as baselines.  The three data sets 

on the right show the resistance of solutions containing 400 µL from the supernatant of 37, 73, 
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or 146 mM CTC stock solutions, respectively.  The data suggest that the supernatant becomes 

saturated at (or beyond) 73 mM CTC solution.  Therefore, using stock solutions more 

concentrated than 73 mM as a way to decrease solution resistance is not warranted because the 

observed decreases in resistance are minimal at best.  The solubility of CuBr in DMF appears 

to be a limiting factor. 

The comparison of the resistances in wDMF vs. anh DMF, shown in Figure 2.9, led us 

to conduct a series of trials to measure the effect small amounts of DIW had on sample 

resistance and the results of these trials are shown in Figure 2.11.  

 

 

Figure 2.11.  Resistance as a function of varying amounts of added DIW. 

 

In this investigation, DIW was added to a baseline mixture of wDMF with 400 µL of 

supernatant from a 73 mM solution of the CTC. The total sample volume was kept at 2 mL.  

As can be seen in Figure 2.11, 5 vol% of DIW significantly decreases the resistance of the 
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solution, most likely by solvating more CuBr and/or maintaining dissociation of the salt by 

stabilizing its ionic constituents, i.e. Cu1+ and Br1-.  DIW in excess of 10 vol% does not result 

in further decreases in resistance.  Additionally, care must be taken to consider the importance 

of solvating the copolymer, especially poly(PgMA), as it is hydrophobic.22  Hopefully, adding 

small amounts of DIW will create a more ion-conductive environment without creating 

solubility issues for the subsequent solvation of our polymers, poly(PgMA) and 

poly(DMAEMA-co-PgMA).   

The possibility of DIW itself directly decreasing the resistance was also investigated 

by adding small amounts of DIW to DMF, followed by adding TMEDA.  Results are shown 

in Figure 2.12.  

 

 

Figure 2.12.  Effects of adding DIW and TMEDA to DMF on the resistance. 
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Small decreases in the average resistance were observed after water was added to DMF.  When 

TMEDA was included, a larger decrease in the resistance was observed, but contributions to 

conductivity from TMEDA were small compared to increases observed in the presence of 

CuBr (cf. Figure 2.10).  In comparison to adding salt, adding water had a small effect on 

conductivity, a result that might support the postulation that higher amounts of dissolved salts 

are the main contributors to decreased resistance when DIW is added. 

From the results described above, we concluded that, for the optimal environment to 

monitor network formation through electrical resistivity, we would use wet DMF with an 

appropriate amount of additional DIW and 400 µL from the supernatant of a 2 wt% CTC 

solution.  To further decrease the resistance of the environment, we conducted a series of trials 

where additional amounts of different salts (CuBr2, NaCl, and MgCl2) were added to our 

sample. A potential of 4 mV was used for these studies since the higher resulting currents lead 

to overloading signals in the amplifier.  However, for the sake of brevity we will show only 

the results of the salt chosen for further experiments.  It was also surmised that some of the 

salts chosen would participate in the reaction or form adducts with the ligand, so NaCl was 

selected as the additional salt.  The decrease in resistance with the inclusion of small amounts 

of sodium chloride is evident in Figure 2.13.  
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Figure 2.13.  Resistance chart demonstrating the effects of adding small amounts of NaCl. 

 

believed this was a sufficiently conductive environment to allow the onset of cross-linking to 

be observed.  These levels of resistance also approached the limits of what the lock-in amplifier 

could measure, being ~3.5 kΩ. 
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Figure 2.14.  Resistance vs. time for the polymerization/gelation of PgMA monomer. 

 

To determine if our environment was sufficiently conductive to track the viscosity 

changes expected during network formation, we carried out free-radical polymerization of 

PgMA at 75C and monitored the solution resistance. It is reasonable to suppose that if solution 

conductivity is sensitive enough to measure viscosity changes that occur during 

polymerization, then it should also be sensitive enough to measure viscosity changes during 

network formation, assuming higher viscosities occur for the latter. The reagents included 
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wDMF, (AIBN) (0.84 mM), 400 µL of DIW, 6.8 mM NaCl and 1.3 M PgMA monomer.  

Solution resistance was measured over 20 hours and results are plotted in Figure 2.14. The 

end of the polymerization yielded a gel. Measurements were recorded after heating the reaction 

mixture to 75°C, at an interval of every 30 seconds for the first hour and then every two minutes 

afterwards. The inset in Figure 2.14 shows that resistance measurements are fairly constant 

for the first ~80 minutes. Two regimes where the measured resistance increases noticeably 

appear between ~85 and 200 minutes and from ~400 to 800 minutes. After 800 minutes, no 

noticeable decreases or increases in the measured resistance were observed. We attribute the 

formation of a pPgMA gel to the fact that the PgMA monomer is bifunctional in nature. Simply 

put, by virtue of possessing both a vinyl functionality through which the monomer can be 

polymerized and a terminal alkyne, through which the monomer/polymer can be cross-linked, 

the formation of a gel is a reasonable actuality, especially if the initial monomer concentration 

is sufficiently high.  Since a gel resulted, it is suspected that the first increase in resistance was 

due to an increase in viscosity brought about, primarily, as a result of polymerization, while 

the second increase corresponded primarily with network formation through activation of the 

terminal alkyne.  Without a copper catalyst present, the terminal alkyne could still be activated 

by radical attack. Sumerlin et al observed branching and cross-linking of PgMA for 

polymerizations that attained >80% conversion. This was attributed to radical addition to the 

acetylene group.23 At any rate, this result suggests that the environment created was sufficiently 

conductive to allow resistance-based monitoring of not only gelation, but polymerization as 

well. 
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Decoupling the effects of polymerization and network formation on the measured 

resistance may prove difficult with PgMA because, as mentioned earlier, PgMA is a 

bifunctional monomer. Figure 2.14 shows resistance increases, but it remains difficult to 

distinguish between resistance increases due to polymerization and resistance increases due to 

cross-linking. Before conclusions about polymer network formation can be reached from ER 

data, a foundation for monitoring polymerization processes, specifically free-radical 

polymerization processes, must be built. Systems based on well-studied monomers that do not 

form crosslinked networks on their own, such as MMA and styrene, could offer insight before 

shifting focus to more obscure monomers like PgMA. 

MMA was chosen as a model monomer for the benchmark experiments that follow. 

These experiments are intended to investigate the effects of salt concentration, temperature, 

monomer concentration, frequency and chain connectivity on measured conductivity as a 

function of salt concentration in addition to the behavior of the initiator at the polymerization 

conditions. The solution components used in the following study include MMA monomer, 

‘wet’ DMA, NaCl, PMMA standard, AIBN, and DIW. Solution volumes were fixed at 25 mL. 
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Figure 2.15.  Solution conductivity as a function of NaCl concentration and time. 

 

Figure 2.15 plots conductivity as a function of time for various NaCl concentrations 

spanning an order of magnitude. DMF was replaced with DMA as a solvent to remove the 

possibility of solvent decomposition, known to occur with DMF at high temperatures. DMF 

decomposition produces CO2 and dimethylamine.24 Solution conductivity was calculated from 

the continuously monitored current values from the lock-in amplifier, Ohm’s law and the cell 

constant, which was measured in Dr. Henderson’s Lab (NC State University) and determined 

to be 1.11637 cm-1 several months after the first assessment. Using Equation 2.1, this allowed 

us to calculate solution conductivity (independent of length). The volumes of ‘wet’ DMA (24 
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mL) and DIW (1 mL) were held constant and the solution conductivity was monitored during 

and after NaCl from a stock solution was added to the mixture. The frequency setting was 14 

Hz. Addition of salt led to a marked increase in the measured conductivity as it was dissolved 

by residual water in addition to water from the stock solution to produce mobile charge carriers. 

Once full dissolution occurred and a constant concentration of dissolved ions was achieved, 

conductivity plateaued and did not change after 10 hours. Since a stable reading was achieved 

well before 10 hours, subsequent time trials were shortened. The majority of the foregoing 

plots will provide data that are averages of stable, time-invariant solution conductivity values 

with error bars for two-hour time trials as a function of NaCl concentration. 

 

Figure 2.16.  Conductivity as a function of NaCl concentration and vol% of added DIW. 
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Figure 2.16 shows the effect of NaCl concentration and vol% of DIW on measured 

solution conductivity. Each sample volume was 25 mL and the amount of NaCl is varied for 

each data set. In the absence of NaCl, solution conductivity is the same for all three mixtures 

of DMA and DIW. In samples including salt, an increase in NaCl concentration is correlated 

with an increase in the measured solution conductivity. The manner, in which this increase 

takes place, is not the same in every data set. The increase in solution conductivity is highest 

for the data set containing the highest DIW vol%, while the slope for the data set containing 

the lowest DIW vol% is the lowest.  Equation 2.2 demonstrates that conductivity depends 

linearly on the electrolyte concentration, so linear least square regression fits were used in 

calculating the slope of each data set. R2 values, slopes, and the volume % of water added are 

provided in Table 2.1 below. It can be seen that the increase in solution conductivity with 

added salt, Δκ/Δ [NaCl], becomes more pronounced as vol% of DIW increases. Furthermore, 

the increase in the slope of each data set correlates with the increase in DIW-doubling the vol% 

nearly doubles the slope. Given water’s far greater capacity to dissolve electrolytes compared 

to an organic solvent like DMA, it is not surprising to see higher solution conductivities in 

samples with higher concentrations of water.  
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Table 2.1.  Slopes and regression values of solution conductivities as a function of added 

DIW. 

DIW 

 (v/v%) 

Δκ/Δ [NaCl]  

(μS/cm/mM) 

R2 value of 

linear fit 

2 2.43 0.873 

4 5.09 0.897 

8 9.10 1.000 

 

While creating a highly conductive environment is desirable for following reactions using 

conductivity measurements, adding water reduces the ability of DMA to dissolve MMA 

monomer. On the other hand, if too little water is used then added NaCl may not completely 

dissolve. Therefore, an amount of 1 mL of DIW or 4 vol% was selected as a middle ground 

between the two extremes. 

 In Figure 2.17 conductivity is plotted as a function of NaCl concentration for 

MMA/DMA mixtures at room temperature and 75 °C (a typical temperature for the 

polymerization of MMA monomer). Even in the presence of MMA monomer, the relationship 

between conductivity and salt concentration appears to be approximately linear as predicted 

by Equation 2.2. This is the case at both room temperature and at 75 °C. However, we observe 

a marked increase in solution conductivity at 75 °C compared to that at room temperature. 

Solution conductivity is a function of the concentration of charge carriers as well as the 

mobility of those charge carriers, as indicated by Equation 2.2. Ionic mobility is a function of 

the charge and radius of the dissolved ion and the viscosity of the medium, as indicated by 
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Equation 2.3, and viscosity of the medium and the thermal energy of dissolved ions in motion 

is a function of temperature. With an increase in temperature, the average kinetic energy of 

ions in solution will increase and the viscosity of the fluid medium (for typical solvents) will 

decrease, resulting in decreased resistance to motion of the charge carriers. As a result, ionic 

mobility would be increased, leading to higher solution conductivities at every salt 

concentration tested. Therefore, an increase in conductivity with increasing temperature would 

be expected. 

 

Figure 2.17.  Conductivity as a function of NaCl concentration for MMA/DMA mixtures at 

75 °C and R.T. 
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The conductivities of MMA/DMA mixtures with 0.75 and 1.5 M of MMA at room 

temperature coincide almost perfectly for each NaCl concentration, suggesting that solution 

conductivity does not depend strongly on monomer concentration. Higher solution 

conductivities are observed at 75°C than at room temperature presumably due to the higher 

ionic mobility at increased temperatures, as discussed earlier. At 75°C, measured 

conductivities for MMA concentrations using 0.19, 0.75, and 1.5 M of MMA are comparable 

for each NaCl concentration, again demonstrating that the solution conductivity is not a strong 

function of monomer concentration. This would be expected because MMA is not an 

electrolyte. 
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Figure 2.18.  Solution conductivity as a function of NaCl concentration for two AC 

frequencies. 

 

Figure 2.18 shows the effects of AC frequency and NaCl concentration on measured 

solution conductivity in DIW only. Two frequencies, 7 and 14 Hz, were selected for three 

different concentrations of NaCl. The data show higher solution conductivity values for the 14 

Hz data set at low NaCl concentrations. At a NaCl concentration of 1.2 mM, there appears to 

be no difference in conductivity. It is known that the polar molecules present in our system 

possess molecular dipoles that are affected by the applied frequency of our system. At 

sufficiently high frequencies, one may expect molecules to be rapidly aligning and re-aligning 

with the alternating electromagnetic field. Rotating molecules may collide, pull, or push other 
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molecules or adjacent atoms, thus transferring electrically induced kinetic energy to these 

moieties and ultimately producing increases in temperature.  

The effect of frequency on the conductivity of ionic solutions has been investigated by 

El-Sabeh.25 He reported that the ratio of high frequency conductivity to low frequency 

conductivity was greater than one in the range of 5-10 mM KCl solutions and increases with 

frequency, but decreases with concentration. It was surmised that with increasing salt 

concentration, there are fewer water molecules per ion, leading to a lower effective dipole 

moment and reaction field. At higher frequencies, the ratio becomes larger, but approaches one 

as the concentration of electrolyte increases. He investigated frequencies from 0.05 to 100,000 

kHz25 which are far above our frequency settings so discrepancies at our settings would not be 

expected. However, his concentration ranges probed at 5-10 mM KCl solutions, which are 

barely an order of magnitude higher than the concentrations used in our study. With this 

insight, it is reasonable to assume that more water molecules surround dissolved ions at lower 

NaCl concentrations. This may increase the effective dipole moment and subsequently the 

measured conductivity for a higher frequency. Given that water dipole moment in clusters may 

be as much as 40% more than that of the isolated molecule,21 it is reasonable to suppose this. 

To be conservative, a frequency of 7 Hz was chosen in order to minimize the possibility of 

heat generation due to rotating dipoles and mitigate effects due to frequency altogether.  
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Figure 2.19.  Effect of charged impurities from PMMA standard on solution conductivity. 

 

 In Figure 2.19, we plot solution conductivity as a function of salt concentration for 

MMA monomer and PMMA standard at 75 °C. We sought to assess the impact of monomer 

connectivity, in the absence of the typical increase in viscosity that usually accompanies 

growing chains of monomers in solution, and any effect that may have on the solution 

conductivity. Equivalent masses of MMA and PMMA standard were dissolved into 25 mL 

solutions of DMA (23.5 mL), DIW (4 vol%) and NaCl. The semi-log plot of solution 

conductivity vs. NaCl concentration suggests that connecting the monomers results in an order 

of magnitude increase in the conductivity, which was unexpected. A follow up study, to 

determine if charged impurities present in the polymer standard could be responsible for this 
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unexpected increase in conductivity, was conducted. The solution conductivity of plain DIW 

was measured for 2 hours, and then PMMA standard was added to the DIW. Charged 

impurities on the polymer should dissolve in the water while PMMA would remain insoluble. 

It was assumed that the majority of any water-soluble impurities were dissolved after two 

hours. Two hours after adding the PMMA standard, the water was decanted and solution 

conductivity measured. The average solution conductivity of DIW before adding the PMMA 

standard was 1.4*10-5 + 5.27*10-7 S/cm, but after adding the PMMA standard and then 

removing it, it rose to 3.8*10-5 + 4.46*10-7 S/cm. The presence of ionic impurities resulted in 

an almost 3-fold increase in the measured solution conductivity. Until identification and 

removal of these charged impurities is achieved, probing at the effect of monomer connectivity 

using a commercial PMMA standard in the absence of an accompanying viscosity increase is 

not feasible at this time. 

 While we do expect there to be some degree of dependence on the overall conductivity 

as a function of current type, AC has been selected to minimize the potential for polarization 

or electrolysis of solution components. Ions generated from electrolysis could increase solution 

conductivity, confounding attempts to follow network formation through changes in 

conductivity due to increases in viscosity. In addition, the use of AC should eliminate the 

possibility of Joule heating, which might also affect the viscosity of the solution and thus the 

ionic mobility. Since the AC frequency being applied is quite low (7 Hz), heating due to 

rotating dipolar molecules should not be a concern. 
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 These experiments have started to illuminate the effects of various solution components 

and conditions on the conductivity. Increasing the salt concentration results in increasing the 

solution conductivity. Increasing the amount of DIW in the presence of NaCl can increase 

solution conductivity, presumably by increasing the solubility of electrolytes. Higher solution 

temperatures result in higher conductivities, presumably by increasing ionic mobility and 

decreasing solution viscosity. Solution conductivity is not a strong function of MMA 

concentration at room temperature or at 75 °C. Differences in solution conductivity due to 

frequency settings chosen are minimal for the range investigated. 
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Figure 2.20.  Solution conductivity as a function of time for 0.7 mM AIBN in DMA at 75°C. 

 

We investigated the effect of initiator decomposition on the solution conductivity. A 

sinusoidal voltage with a frequency of 7 Hz and a field strength of 1.33 V/m was applied across 

a solution containing 0.7 mM AIBN, 4 vol% DIW, 11.8 mM NaCl in 24 mL of DMA at 75 °C 

for 10 hrs. The temperature in the reaction vessel reached 71-72 °C as measured by the 

temperature probe inserted in the solution and remained constant during the experiment. 

Measured conductivity was recorded at 30-second intervals after a stable baseline was 
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achieved. In Figure 2.20, solution conductivity is plotted as a function of time. For the first 50 

minutes, a stable reading is observed (cf. Figure 2.20 left inset). The average conductivity 

value for this period is 2.7*10-4 + 7.69*10-6 S/cm. A decrease in solution conductivity is 

observed until ~400 minutes into the experiment at which it begins to plateau (cf. Figure 2.20 

right inset). After 600 minutes, recording was discontinued because the solution had reached 

a constant value. The final average conductivity was 2.4*10-4 + 7.20*10-6 S/cm.  From the plot, 

it is clear that the decomposition of AIBN interferes with the mobility or effective 

concentration of charge carriers in solution because the measured solution conductivity 

decreases from 50 to 400 min. However, this interference does not persist for the length of a 

typical polymerization (i.e., 20 hours) since the measured solution conductivity reaches a stable 

value ~400 minutes. 

We monitored the free-radical polymerization of MMA monomer using solution 

conductivity measurements. A sinusoidal voltage with a frequency of 7 Hz and a field strength 

of 1.33 V/m was applied across a solution containing 0.7 mM AIBN, 1.3 M MMA, 4 vol% 

DIW and 11.8 mM NaCl in 20 mL of DMA at 75 °C for 20 hrs. The temperature in the reaction 

vessel reached 71-72 °C as measured by the temperature probe inserted in the solution and 

remained constant during the polymerization. Measured conductivity was recorded at one-

minute intervals, beginning at the onset of heating to capture the entire progression of the 

reaction. Solution conductivity is plotted as a function of time in Figure 2.21. A rapid increase 

in solution conductivity was observed with the onset of heating in the solution. After ~20 

minutes, the conductivity plateaus for ~100 minutes (Figure 2.21 (inset)). After ~120 minutes, 
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a marked decrease in solution conductivity with time was observed until after 1000 minutes it 

was barely noticeable. While handling the final mixture the viscosity was notably higher than 

at the beginning of the experiment. 

 

Figure 2.21.  Solution conductivity as a function of time for the polymerization of MMA 

monomer at 75°C. 
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The initial increase in solution conductivity up to 60°C may be attributed primarily to 

the increase in temperature for the reasons already discussed. However, decomposition of the 

AIBN initiator, known to occur at and above 60°C,26 may play a role in the increase of solution 

conductivity observed after 60°C. Limited data do not allow us to speculate on the effects of 

uncharged radicals on solution conductivity increases during the heating phase. Yet, ongoing 

initiator decomposition would be expected during the first plateau period (20 min < t < 120 

min), however, these effects do not seem to affect significantly the measured solution 

conductivity during this time frame (i.e., conductivity remains constant). During the first 

plateau period, the solution conductivity remains stable, hovering around 2.6 *10-4 + 5.94*10-

6 S/cm, as shown in the inset in Figure 2.21, while the temperature is held constant at ~71-

72°C as measured by the temperature probe inserted in the solution. Changes in conductivity 

after this plateau are expected to be the result of changes in the viscosity during polymerization, 

albeit some effects due to the presence of the initiator may play a role. After the initial plateau, 

a decrease in the solution conductivity is observed for several hundred minutes. This marked 

decrease in the solution conductivity occurs presumably in parallel with the polymerization of 

MMA. At ~1,000 minutes, the solution conductivity reaches a constant value of ~2.0 *10-4 + 

5.34*10-6 because polymerization slows down and then halts as free monomer is depleted.  

There are a few key differences between the experiments with MMA monomer and 

AIBN only. First, the final solution conductivity value (2.0*10-4 + 5.34*10-6 S/cm) is notably 

lower than in the case for the initiator when monomer is absent (2.4*10-4 + 7.20*10-6 S/cm). 

The decrease in the solution conductivity is greater in the case of polymerization (-Δ0.6*10-6 
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S/cm) compared to AIBN only (-Δ0.3*10-6 S/cm); the change was calculated as the difference 

between the first plateau of the conductivity and the final stable solution conductivity. 

Additionally, the decrease in solution conductivity occurs over a longer timescale (120 min < 

t < 1000 min) than the decrease in solution conductivity observed for AIBN (50 min < t < 400 

min). The continued decrease in the solution conductivity beyond 400 min may be solely due 

to polymerization. While the effects of initiator cannot be ruled out at this point, the effects of 

the polymerization on the solution conductivity are notable.  

The flow of current depends on the concentration and mobility of dissolved ions in 

solution. As units of MMA are incorporated into growing polymer chains (cf. Figure 2.20), 

the overall molecular structure is no longer represented by the ‘soup’ of small, discrete 

molecules depicted in Figure 2.6a. Instead, a collection of growing polymer chains manifests 

whose degree of polymerization (xn) increases with time. A concomitant increase in the 

solution viscosity occurs as the degree of polymerization, xn, increases. In such a mixture, the 

mobility of ions may be restricted and decreases as this effect becomes more pronounced. 

Therefore, measuring solution conductivity as a function of time can be used as a method to 

monitor the process of polymerization. While monitoring network formation is still desired, 

much remains to be investigated regarding the use of solution conductivity to monitor 

polymerization and in cases regarding PgMA and DMAEMA, ought to precede studies on 

using solution conductivity to monitor gelation. 
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2.5 Conclusion 

We established a new technique in the Genzer laboratory in order to solve a technical 

issue encountered during the study of the viscoelastic properties of poly(EMA-co-PgMA) gels. 

This study was hindered due to the nature of the cross-linking reaction, which made the system 

somewhat incompatible with using the rheometer as a technique for determining the rate and 

duration of polymer network formation. In lieu of the rheometer, an in-house characterization 

tool was setup involving an SR830 Lock-In Amplifier, a laptop, LabVIEW, a conductivity cell 

and custom-made glass vials. This tool allowed us to follow the polymerization/gelation of 

PgMA and the polymerization of MMA using solution current values that were recorded 

automatically during both reactions. To the best of our knowledge, using solution conductivity 

to monitor the polymerization/gelation of PgMA monomers and the polymerization of MMA 

in the presence of an alternating electric field has not been reported previously in the literature. 

Benchmark experiments were carried out to determine the effects of various parameters on the 

solution conductivity. We confirmed that the solution resistance is a strong function of 

dissolved salts, amount of water and temperature while not a strong function of monomer 

concentration or ligand concentration. By tuning the concentration of dissolved salts and water 

we established a conductive environment where the viscosity changes associated with 

polymerization and gelation would be observable while allowing for the diffusion of oxygen.  
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3 Post-Network Modification of Multifunctional Surface-Attached 

Polymer Networks 

 

3.1 Introduction 

3.1.1 Background on surface-attached networks 

Bulk polymer networks are ubiquitous in everyday life. Some examples of bulk 

polymer networks include rubber tires, shoe soles, seals and adhesives. Bulk networks find use 

in a variety of applications and have received much attention since the inception of vulcanized 

rubber.1 However, their counterparts, polymer networks bound to a surface, whether anchored 

via physical means, i.e., such as van der Waals interactions, hydrophobic forces, coulombic 

forces, and hydrogen bonding2 or by chemical means through a covalent bond, have not been 

studied as thoroughly.3 Surface-attached polymer networks are irregular, quasi 2-dimensional 

structures that are linked chemically to a substrate and are distinct from polymer brushes or 

uncross-linked polymer films. In the case of polymer brushes, for example, each polymer chain 

is attached to the surface through (typically) one of its chain ends4, while in a polymer network 

a polymer chain may be anchored to the surface either through multiple grafting points or may 

be covalently connected to multiple chains that are grafted to the surface. In the case of polymer 

brushes, each polymer chain is distinct.  In surface-attached networks, the molecular weight of 

a polymer chain approaches infinity as the extent of cross-linking approaches unity. At any 

rate, cross-linking polymer chains on a surface, such as in the case of polymer network films, 

as opposed to having discrete polymer chains in polymer brushes, can improve potentially the 

thermal5, mechanical6 and solvent-resistant properties of polymer films.7  
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Improvement of thermal, mechanical, and solvent-resistant properties is one of the 

reasons why there is an interest in the design and characterization of surface-attached networks. 

One may also attempt to fabricate physically attached networks through the deposition of 

physically adsorbed polymer chains.  However, this approach suffers from the disadvantage of 

not having a stable connection with the surface i.e., via a covalent bond. Covalent links with 

the surface will improve polymer network stability and this becomes intuitive especially in 

circumstances where changing environmental conditions, e.g., pH8, solvent9, ionic strength10 

and temperature11 leads to significant volume phase transitions in the polymer network thereby 

exerting tension on network grafting sites. Physically adsorbed chains and polymer films do 

not have the same wear-and-tear resistance that chemically tethered polymer films possess.12 

Chemically tethering the network can improve substrate mechanical properties and discourage 

de-wetting at higher temperatures.13  

Surface-attached networks can be fabricated in a number of ways. One way involves 

blending in a cross-linker with preformed chains. Carroll et al blended in a bifunctional 

photoactive agent containing two benzophenone chromophores into polystyrene (PS) films. 

Irradiation with UV light led to cross-linking of films and inhibited film dewetting at 

temperatures as high as 170°C and in the presence of toluene vapor.14 The approach of using 

blends is not without disadvantages, however. Regarding blends, the type of cross-linker might 

be restricted due to chemical incompatibilities between the cross-linker and the class of 

polymers being cross-linked. Additionally, this method does not necessarily allow one to 

control the cross-linking density. 
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An alternative approach to making surface-attached networks would be to first 

copolymerize a monomer and a cross-linker. This approach would allow for greater control 

over the mol% cross-linker incorporated into the film. By virtue of this approach, one would 

also be able to make correlations between the mechanical properties and the cross-linker 

content. This approach has been used widely to generate surface-attached networks from 

benzophenone-containing or diazo-containing compounds in the Rühe group9,15 as well as 

others using acyl oxime or a dimethylmaleimido chromophore.16,17 The drawback of this 

approach is that the reactivity ratios of the two co-polymerizing monomers become relevant 

parameters to ascertain in that, if a random copolymer of monomer(s) and cross-linker is 

desired, they must take on a value of unity so that the cross-linking points occur randomly 

throughout the chain as opposed to having non-uniform cross-linking densities throughout the 

network. Inhomogeneous cross-linking densities lead to other complications regarding 

mechanical failure and can be detrimental to material properties overall.18 This might also 

restrict the user to a class of systems where the chemical moieties are compatible, at the 

expense of an accessible gamut of polymer network films. Suffice it to say, whether by 

blending or copolymerization, both approaches present their own limitations. 

In terms of grafting networks to a substrate, self-assembled monolayers (SAMs) with 

a reactive terminus are used frequently for chemical attachment of the network to the surface.19 

While SAMs are sound platforms for network tethering, they may not be the most practical for 

relevant applications. For example, it is quite impractical to silanize a ship hull with a SAM 

for the attachment of an anti-fouling polymer network film. Conditions required for the 
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deposition of SAMs are strict in that they require the use of anhydrous solvents, surfaces 

virtually devoid of hydrocarbon contaminants, expensive reagents and can be difficult to 

prepare.20 In Chapter 4 of this Ph.D. Dissertation, we avoid the use of SAMs altogether in favor 

of a more practical approach to binding our networks to a substrate.  

Surface-attached networks offer a pathway to making surfaces for a variety of 

applications. Generating “smart” surfaces is quite possible by means of surface-attached 

networks if they are composed of monomers or units that undergo a change due to some 

stimuli, e.g., temperature,11 pH,8 ionic strength.10 These types of monomers within the 

framework help bring about significant volume-phase transitions that are measurable. These 

materials can be employed in applications that require various devices, such as medical and 

biological sensors21, or actuators.16 Surface-anchored hydrogels constitute a particularly 

convenient platform for pharmaceutical applications involving drug, protein, or enzyme 

delivery to areas within the human body as well as on the skin that require treatment due to 

disease.22 Hydrogels attached to surfaces can also be used as platforms for making protein-

resistant coatings for applications involving medical devices and marine anti-fouling 

coatings.23,24,25 Given that surface-attached networks can potentially be used for a wide array 

of applications and may offer superior mechanical and thermal properties to brushes, by virtue 

of their cross-linked nature, they warrant greater attention and exploration. 

Interestingly, creating multifunctional surfaces using cross-linked polymers has been 

explored by a limited number of researchers even though such surfaces would conceivably be 

great platforms for some of the aforementioned applications. Making multifunctional surfaces 
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using surface-attached polymer networks does allow one to surpass a previously unmentioned 

limitation to the approaches used to make grafted polymer networks. Most methods rely on 

using polymers whose intended functionality is pre-formed or already present before cross-

linking. However, using multifunctional surfaces would allow the desired functionality to be 

imparted after cross-linking. Simply put, chemical handles, present after the cross-linking 

process is complete, can be utilized to functionalize or tailor the network for a particular 

application potentially without modifying other crucial network characteristics, such as the 

cross-linking density. Research done in Craig Hawker’s group26 created reactive and 

multifunctional surfaces by preparing polymer films made of bifunctional monomer units. 

Additional functionalities on the respective monomers contained either a terminal alkyne or an 

azido group. Both reactive groups are orthogonal to one another in that they react to form 

triazole rings via the well-known thermal alkyne-azido cycloaddition (TAAC). It is important 

to point out that the terminal alkyne is a powerful chemical handle because a variety of 

chemical modifications can be made in the form of click-reactions.27 These polymer films are 

cross-linked through heating; the heat treatment time applied regulates the cross-linking 

density as well as the density of functional groups leftover for additional modification. What 

results is a cross-linked polymer film that can undergo additional functionalization, for 

instance, through micro-contact printing.26 A couple of applications that are enabled through 

the creation of such surfaces include catalytic systems with multiple components28 and 

differential wetting.29  
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In principle, however, one should expect that potentially many more applications 

requiring this approach could be enabled provided the appropriate functionalities are available 

within the cross-linked polymer framework. One notable application arises in the area of anti-

biofouling coatings where PEG-based materials30 and zwitterionic moieties31 are incorporated 

into the coatings to render surfaces anti-fouling. Regrettably, few studies, if any, exist on the 

creation of multifunctional surfaces through the modification of cross-linked polymer films for 

anti-biofouling applications. Regarding the creation of anti-fouling coatings, the heavily 

adopted route involves carrying out post-polymerization modifications before film casting, i.e., 

endowing the materials with the desired properties prior to coating fabrication. However, using 

modified and un-modified materials to create surface-attached networks with identical network 

properties (e.g., cross-linking density) might be challenging synthetically such as in the case 

of immiscibility between available cross-linkers and zwitterionic materials. A more desirable 

approach would entail a post-network modification (PNM) reaction where functional moieties 

present at the surface of pre-made networks would allow for the desired surface properties to 

manifest while preserving other network properties such as the cross-link density. This would 

be akin to carrying out post-polymerization modification (PPM) reactions where chemical 

properties are manipulated without changing the molecular weight distribution (MWD) of the 

materials.32 Similarly, the cross-linking density may be preserved by carrying out a PNM 

reaction. However, we must delineate both approaches in that the former involves the 

modification of separate, distinct polymer chains while the latter involves modification of a 
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polymer network film whose material properties set it apart from its predecessor and addresses 

the issue of preserving cross-linking density among samples, not the MWD. 

 

3.1.2 Motivation: Bet-poly(DMAEMA-co-PgMA) as a potential anti-fouling material 

through a post-network modification (PNM) reaction  

The experimental results in this Chapter illustrate, as a proof of concept, that surface-

attached polymer networks can be modified and used for anti-fouling coating applications as 

opposed to the use of pre-modified polymeric materials. We begin with the free-radical 

synthesis of an underexplored random copolymer containing 2-dimethylaminoethyl 

methacrylate (DMAEMA) and propargyl methacrylate (PgMA) units with a DMAEMA: 

PgMA molar ratio of 3:1. The choice of this co-monomer ratio will be expounded upon in a 

later section. Each of these monomers can participate in PPM and thus, by virtue of their 

inclusion in the polymer network, should allow for the surface modification of the gel. We 

spin-coat a thin copolymer film from a 1.0 wt% solution in tetrahydrofuran (THF) onto a Si 

substrate silanized with 11-bromoundecyltrichlorosilane (11-BUTS). The reader is encouraged 

to consult Section 3.4 for other grafting strategies that were attempted, but failed to render 

network stability. Through a quaternization reaction between the DMAEMA residues of the 

copolymer and an 11-BUTS layer, we are able to generate a surface-anchored copolymer film. 

Using a solution of copolymer (1.0 wt%) and photoinitiator (0.5 wt% 2,2-dimethoxy-2-phenyl 

acetophenone (DMPA)), a copolymer film is spin-coated onto the grafted film. Upon 

irradiation of the films with UV light ( ≈ 365 nm, dose ≈ 10-1000 mJ/cm2), the DMPA 

incorporated in the layer is activated and leads to the simultaneous cross-linking and grafting 
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of the polymeric chains. The copolymer network undergoes a PNM reaction with 1,3-propane 

sultone in order to convert the DMAEMA residues to zwitterionic groups called sulfobetaine 

methacrylate (betainized-DMAEMA), thereby rendering the surface anti-fouling. We assess 

the protein repellency of these surfaces using fibrinogen (Fg). 

 

3.2 Materials 

2,2’-azobis (isobutyronitrile) (AIBN), 98%, was purchased from Sigma-Aldrich and 

recrystallized from methanol (HPLC Grade, Fisher Chemical).  2-(Dimethylamino) ethyl 

methacrylate (DMAEMA), 98%, was purchased from Aldrich and treated with inhibitor 

remover.  2,2-dimethoxy-2-phenyl acetophenone (DMPA) and 1,3-propane sultone were 

purchased from Sigma-Aldrich.  11-bromundecyltrichlorosilane, 95%, was purchased from 

Gelest, Inc and used as received. Propargyl methacrylate (PgMA), 98%, was purchased from 

Alfa Aesar and treated with inhibitor remover. P-doped silicon wafers (orientation <1,0,0>) 

were purchased from Silicon Valley Microelectronics. Tetrahydrofuran (HPLC Grade) and 

n-hexanes (95%) were purchased from Fisher Chemical.  N,N-dimethylacetamide, 99%, was 

purchased from Acros Organics.  Dichloromethane was purchased from Sigma-Aldrich.  

Fibrinogen (Fg) from Human Plasma was purchased from Sigma. Phosphate Buffered Saline 

(PBS), pH 7.4 powder was purchased from Sigma. Artificial Seawater (ASW) was purchased 

from the Ricca Chemical Company.  
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3.3 Experimental 

Copolymer synthesis. Homopolymers and copolymers used in this study were synthesized 

using free-radical polymerization (c.f. Figure 3.1).  Monomers were passed through a column 

of inhibitor remover to remove hydroquinone methyl ether inhibitor.  All polymerizations were 

carried out in a Schlenk flask containing monomer and AIBN at 75°C under nitrogen after 

performing three freeze-pump-thaw cycles. Total monomer concentration used in each reaction 

was 0.91 M (~10 g of monomer).  After 20 hours, each reaction was quenched with cold 

acetone and exposure to air.  Dimethylacetamide was removed under high vacuum (~7 mbar) 

using a rotary evaporator apparatus and a bath of water heated to 60°C.  A highly viscous 

formulation resulted in each case; the polymer was re-dissolved in dichloromethane.  

Precipitation was carried out in n-hexanes and repeated twice, which is then dried under 

vacuum for 24 hours to obtain the dry polymer weighing approximately 7 g. 

 

 

Figure 3.1.  Synthesis of poly(DMAEMA-co-PgMA) random copolymers by free-radical 

copolymerization of DMAEMA and PgMA. 

 

Fourier Transform Infrared (FT-IR) Spectroscopy characterization. The Fourier Transform 

Infrared (FT-IR) spectrum of the virgin copolymer was recorded using a Nicolet 6700 
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spectrometer in transmission mode. KBr pellet samples were prepared by mixing a solid 

sample of the virgin material with KBr powder in a ratio where the sample comprises 0.5-2 

wt% of the pellet. The mixture was crushed and grounded using a mortar and pestle. Fractions 

of the mixture were made into KBr pellets using a tabletop press. Scans at a resolution of 4 cm-

1 were acquired for the spectrum. The data were analyzed using software from Omnic. 

Elemental Analysis. We used elemental analysis (Atlantic Microlab, Inc.) to determine the 

elemental composition of the synthesized random copolymer and compared it to the molar feed 

ratios. The results are provided in section 3.4. 

Size exclusion chromatography (SEC) analysis. Size exclusion chromatography was used to 

determine the relative molecular weight distribution of the virgin copolymer. This was done 

using a range of polystyrene standards and a differential refractive index detector (Optilab 

Rex). Samples were run through three Styragel HR 4 THF columns in series. The mobile phase 

was a 2 vol% solution of HPLC-grade THF and N,N,N,N-Tetramethylethylenediamine 

(TMEDA). TMEDA was included as an additive to compete with the eluents for column 

interactions, thereby allowing our samples to elute.  

Deposition of 11-bromoundecyltrichlorosilane (11-BUTS). Cleaved Si wafers were pre-treated 

before the 11-BUTS deposition step. Si wafers were placed in vials filled with methanol and 

sonicated for 10 minutes. Following sonication, wafers were then rinsed with methanol and 

toluene before placement in a UV-Ozone chamber for 20 minutes. 

11-BUTS was deposited onto cleaved Si wafers from a 0.1 vol% anhydrous toluene solution. 

Si wafers were placed inside vials with the polished side facing the solution. These containers 
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were then placed in the freezer (-4°C) for 16-18 hrs. Afterwards, Si wafers were removed and 

rinsed copiously with toluene followed by 2-3 minutes of sonication in acetone to remove 

physisorbed layers. A stream of N2 gas was used to dry the samples. 

Deposition of n-octyltrichlorosilane (OTS). Cleaved Si wafers were pre-treated before the 

deposition step. Si wafers were placed in vials filled with methanol and sonicated for 10 

minutes. Following sonication, wafers were then rinsed with methanol and toluene before 

placement in a UV/Ozone chamber for 20 minutes. 

A vapor deposition of OTS onto cleaved Si wafers was carried out as follows. A 4:1 by volume 

solution of mineral oil and OTS was made (25 µL of OTS in 100 µL of mineral oil). A single 

cleaved Si wafer measuring 10 mm x 50 mm was secured to the cover of a circular PS dish by 

double-sided tape. A drop of the OTS solution was placed on the surface of a PS dish. The 

cover was placed on the dish and left for 75 minutes. Afterwards, the wafer was removed, 

rinsed and sonicated in toluene and then a stream of N2 gas was used to dry the sample. 

Preparation of polymer network films. Figure 3.2 shows the design steps for preparing surface-

attached polymer networks. Polymer network films were deposited onto 11-BUTS-modified 

Si wafers by spin coating. Cleaved Si wafers modified with 11-BUTS were first covered using 

either a 1.0 wt% or 0.3 wt% polymer solution in THF. Droplets of solution containing the 

copolymer were spun-coat onto the 11-BUTS layer at an acceleration rate of 1500 rpm/sec 

until a speed of 2500 rpm was achieved. The final spin coating speed of 2500 rpm was held 

for 1 min and the wafer was removed. The polymer coating was then rinsed in THF for 24 

hours to remove unbound material and annealed at 80°C. Afterwards, the polymer-coated 
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substrate was again covered using a different 1.0 wt% polymer solution which also contained 

0.5 wt% DMPA. Films were exposed to UV light at 365 nm using a Spectroline UV lamp 

(Model ENF-260C, Spectronics Corporation) with doses ranging from 10-1000 mJ/cm2 at a 

dose of 1 mW/cm2. Afterwards, the coatings were extracted in THF and annealed at 80°C.  

Modification of surface-attached polymer network films. Polymer network films were 

modified with 1,3-propane sultone to convert the DMAEMA residues within the network to 

betainized-DMAEMA residues, making them zwitterionic and thus, rendering the coatings 

more anti-fouling. Films were placed in a betainization solution comprising THF and 

1,3-propane sultone in excess of the moles of DMAEMA within the film. Betainizations were 

carried out for 24 hours at both 25 and 40°C. Afterwards, the samples were rinsed with THF 

to remove unreacted 1,3-propane sultone and deionizied water (DIW) to remove unbound 

zwitterionic chains. Afterwards, modified networks were placed in ASW for 96 hours to see if 

modifications were stable. After incubation in ASW, samples were rinsed with copious 

amounts of DIW. All samples were annealed at 105°C. 

X-Ray Photoelectron Spectroscopy (XPS) characterization. The surface chemical composition 

of our surface-attached polymer networks was assessed using a SPECS FlexMod x-ray 

photoelectron spectroscopy. An Al Kα x-ray source operating at 1486.7 eV was used and the 

take-off angle at which the analysis was conducted was normal to the surface. The x-ray 

incidence angle was ~30° from the surface and the x-ray source to analyzer was ~60° from the 

surface. The binding energies of XPS lines for all high-resolution spectra were calibrated by 

establishing the XPS signal for adventitious carbon (C1s line) at 285.0 eV. The base pressure 
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in the analysis chamber was in the range of 10-10 mbar. Survey scans were taken with steps of 

0.5 eV at a pass energy of 24 eV while high-resolution scans were taken with steps of 0.1 eV 

at a pass energy of 20 eV. 

Static water contact angle (CA). A Rame-Hart contact angle goniometer (Model 100-00) was 

used to perform contact angle experiments.  The goniometer was furnished with a CCD camera 

and the images were analyzed using ImageJ.  Deionized water was used as the probing liquid; 

droplet sizes were 6 µL.  Data points represent an average of three measurements on different 

areas of the same sample. Water contact angle measurements done at elevated temperatures 

required the use of a Peltier plate upon which the samples were placed. The temperature of the 

Peltier plate was varied by tuning the applied voltage and resulting current. The temperature 

of the heated substrate was measured by contacting a temperature probe with the substrate 

surface. 

Spectroscopic ellipsometry (SE). A Variable Angle Spectroscopic Ellipsomter (J.A. Woollam) 

controlled by WVASE32 (J.A. Woollam) was employed to determine the thicknesses of the 

resulting surface-attached polymer network films as well as any thickness changes which 

resulted from exposure to Fg during incubations.  Ψ and Δ ellipsometric angles, used to 

describe the change in polarization for a reflected beam of light, were measured and then 

predicted using a model composed of a Si substrate, SiOx layer (thickness ~1.5 nm) and a 

Cauchy layer.  The Cauchy coefficients An and Bn, along with the thickness were used as fitting 

parameters to predict the ellipsometric data. 
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Figure 3.2.  Experimental scheme for creating a surface-attached amphiphilic network. 
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3.4 Results and Discussion 

3.4.1 Copolymer Synthesis & Characterization 

 

 
Figure 3.3.  FT-IR spectrum of copolymer. 

 

An FT-IR spectrum of 3:1 pDMAEMA-co-PgMA (c.f. Figure 3.3) was collected and 

the following notable vibrations were present (cm-1): 3266 (≡C-H), 2947 (aliphatic –C-H), 

2822 (asymmetric –C-H from the dimethylamino group), 2771 (symmetric –C-H from the 

dimethylamino group), 2125 (-C≡C-), 1731 (–C=O). We used elemental analysis (Atlantic 

Microlabs, Inc.) to determine the elemental composition of the synthesized random copolymer 

and compared it to the molar feed ratios. Elemental analysis calculated values were as follows 

for the copolymer: C 62.50 %, H 8.97 % and N 7.05 %. Experimental values after analysis 

were as follows: C 61.98 %, H 8.77 % and N 6.58 %. The results provided indicate that the 

feed composition and copolymer composition are quite similar. The number-average 

molecular weight (Mn), weight-average molecular weight (MW) and polydispersity (PDI) of 
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the copolymer, as determined by GPC using PS standards was calculated to be 11,154 Da, 

23,484 Da and 2.11, respectively. A differential refractive index detector was used to determine 

the MWD of our copolymer. 

 

3.4.2 11-BUTS Deposition & Characterization 

Deposition of 11-BUTS SAMs on cleaned Si wafers was carried out as described 

above. Once completed, the wafers were rinsed with toluene, sonicated in acetone, and dried 

with a stream of N2 gas. The layer was characterized using ellipsometry, water contact angle 

and XPS in order to determine and verify the thickness, wettability, and chemical composition 

of the functionalized substrate, respectively. Thickness was used as a parameter to fit the 

ellipsometric data, resulting in a value of 3.2 + 0.31 nm. Three measurements on three distinct 

areas of the layer were carried out. A water contact angle of 79° + 1.5° was obtained after 

averaging three measurements from individual droplets placed on different areas of the sample. 

This contact angle agrees well with what is reported in the literature for an 11-BUTS SAM.33  

Other grafting strategies were explored and included the Cu-catalyzed alkyne-azido 

cycloaddition (CuCAAC), thiol-yne chemistry involving –SH terminated silanes and 

physisorption. Our previous investigations found that neither physisorption of the betainized 

coatings nor anchoring them via a thiol-yne reaction between our terminal alkyne and –SH 

terminated SAM were sufficient for grafting our functional coatings to substrates. The 

1,3-dipolar cycloaddition was effective, but relied on the use of Cu, which is toxic to marine 

organisms and thus, was removed as a strategy for chemically anchoring our networks to 

substrates.  
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Figure 3.4 displays a survey XPS spectrum of 11-BUTS chemically bonded to the 

surface. Intensity in arbitrary units is plotted as a function of binding energy (in eV). Notable 

XPS lines include the Br 3d peak at 71.06 eV, the Si 2p peak at 99.06 eV, the Si 2s peak at 

150.56 eV, the C 1s peak referenced at 285.06 eV, and the O 1s peak at 532.56 eV. Specifically, 

the C 1s and Br 3d peaks both serve as strong evidence for the chemical attachment of an 11-

BUTS layer on the silicon substrate.  

 

Figure 3.4.  Survey XPS Spectrum of 11-BUTS. 

  

Figure 3.5 plots a high-resolution XPS spectrum of C 1s and Br 3d with peak fitting 

performed using CASA XPS software for the C 1s XPS signal. The raw signal is plotted in 

black while a smoothed signal is plotted in sky blue. Peak fits with a residual standard deviation 
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(STD) below two were accepted. XPS electrons from orbitals shared between C and a more 

electro-negative atom, like Br, will produce peaks at higher energy levels. The C 1s C-C/C-H 

XPS line occurs at 285.00 eV whereas the C 1s C-Br peak is present at 286.10 eV. Percent 

areas are provided in the figure with a majority of the area attributed to C-C/C-H at 81% and 

a small fraction ascribed to C-Br at 19%. The Br 3d peak occurs at 71.06 eV. 

 

 

 

 

Figure 3.5.  High-Resolution XPS Spectrum of 11-BUTS C 1s and Br 3d. C 1s C-C/C-H 

(red), C-Br (green), and Br 3d (dark blue). 
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3.4.3 Surface-attached Networks: Grafting, Cross-linking, Modification & Testing 

As illustrated in Figure 3.2, we graft our polymer coatings using a layer of copolymer 

attached to the 11-BUTS SAM first. In Table 3.1 and Figure 3.6 we use XPS to probe at the 

chemical composition of our coatings as each step is undertaken. At the bottom, we display a 

survey XPS spectrum of 11-BUTS, in the middle we show a survey XPS spectrum of the 3:1 

priming layer and on top, we display an XPS spectrum of UV-treated 3:1. All spectra are 

plotted on the same vertical scale. We also show high-resolution scans of C 1s that are fitted, 

for untreated (c.f. Figure 3.6 (red inset)) and UV-treated copolymer films (c.f. Figure 3.6 

(blue inset)). Droplets of solution containing the copolymer are spun-coat onto the 11-BUTS 

layer as described previously. Films were rinsed with THF and the thickness and water contact 

angle were determined. For the 3:1 on 11-BUTS sample, an additional 9.4 + 0.30 nm in 

material was found to have attached onto 11-BUTS, while an average water contact angle of 

57 + 0.6° was measured. Additionally, a high-resolution XPS spectrum of C 1s was taken.  

Peaks were fitted using CASA XPS software and the appearance of multiple states is quite 

evident in Figure 3.6 (red inset). An increased film thickness, lower water contact angle, and 

the appearance of multiple bonding states in the XPS spectrum imply strongly that a grafted 

layer of our copolymer material exists on top of the deposited silane.   

Clear changes in the displayed region of the survey spectra take place as one surveys 

Figure 3.6 from the bottom to the top. Grafting of an 11-BUTS layer to the surface results in 

the appearance of multiple XPS lines including Br 3d, Si 2s and Si 2p peaks, which are 

characteristic of the brominated layer. With the advent of the 3:1 priming layer, the Br 3d peak, 

Si 2p peak, and Si 2s peak are reduced significantly, while the appearance of N 1s peak occurs 
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at 399.46 eV. Between the 3:1 priming layer and the cross-linked polymer, there is little 

difference in the survey XPS spectra. However, in the high-resolution XPS spectra of C 1s 

provided (c.f. Figure 3.6 (blue inset)), one sees the appearance of a new C 1s state due to core 

electrons from C≡C. It is currently not completely understood why this state is not present in 

the priming layer. This state may have arisen presumably due to the deposition of more 

copolymer on the surface, which would provide a higher surface concentration of PgMA. The 

atomic percentages for each survey spectrum are displayed in Table 3.1. It is clear from the 

decrease in % Br 3d as well as the increase in % N 1s, that the copolymer and cross-linked film 

have been successfully grafted onto the surface. 

 

Table 3.1.  Surface type and atomic percentages based on peak areas. 

Surface Type Atomic Percentages 

% C 1s % N 1s % O 1s % Br 3d % Si 2p 

3:1 UV 72 5 23 0 N/A 

3:1 No UV 76 4 20 0 N/A 

11-BUTS 30 0 23 2 44 
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Figure 3.6.  Survey XPS Spectra of 11-BUTS (Bottom), 3:1 (No UV) (Middle) and 3:1 (UV) 

(Top). Red Inset:  High-Resolution XPS Spectra of 3:1 (No UV) C 1s. Experimental data 

(black), smoothed data (dark blue), C 1s C-C/C-H (red), C-N (blue), C-OR (green) and C=O 

(pink). Blue Inset:  High-Resolution XPS Spectra of 3:1 (UV) C 1s. Experimental data 

(black), smoothed data (dark blue), C 1s C≡C (aqua blue), C-C/C-H (red), C-N (dark blue), 

C-OR (green) and C=O (pink). 

 

 



87 

 

 

 

 

Control experiments were performed to determine whether 11-BUTS and the tertiary 

amine played a role in the surface grafting.  The first experiment involved spin coating the 3:1 

copolymer on a UVO-treated Si wafer where the brominated silane was absent. In this instance, 

a mere 2.7 + 0.4 nm was determined by ellipsometry after the wafer was rinsed and sonicated 

in THF. This implies that the brominated silane plays a significant role in the attachment of a 

comparatively thicker copolymer layer. The second control experiment entailed spin coating a 

1.0 wt% solution of pPgMA in THF onto a layer of 11-BUTS which was 1.7 nm thick. After 

extraction with THF, a total thickness of 1.9 nm was measured, implying that ~0.2 nm of 

pPgMA adhered to the surface. In each of these control experiments, the thickness of the 

polymer layer on top of the substrate was significantly diminished when either 11-BUTS or 

the tertiary-amine containing polymer was absent. When both the tertiary amine and 

brominated silane are used, we obtain much thicker grafted layers of polymer. We infer that 

the quaternization of DMAEMA residues does lead to a significantly thicker polymer layer. 

This is represented pictorially in Figure 3.7. Minimal thicknesses are obtained except in the 

case where the tertiary amine-bearing polymer is spin-coated onto the brominated silane thus 

implying that the grafting is facilitated by the quaternization reaction. We attribute the trivial 

thicknesses attained in the control experiments to van der Waals forces. 
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Figure 3.7.  Thickness of spun-cast polymer films on 11-BUTS and silicon. 

 

We performed a control experiment to determine if the photoinitiator and UV light (365 

nm) are needed for producing cross-linked polymer films. In Figure 3.8, we show that in the 

presence of DMPA and UV light we are able to generate much thicker films, which are 

presumably cross-linked due to the production of radicals on preformed polymer chains. 

DMPA is a hydrogen-abstraction-type photoinitiator and can abstract an aliphatic hydrogen 

from its environment. The use of hydrogen-abstraction-type photoinitiators like DMPA and 

benzophenone by others to generate surface-attached networks has been done for other 

polymer systems.9 Other initiators were explored for their efficacy, using the same wt % as in 

the case of DMPA, in generating a surface-attached network using the copolymer. The results 

are listed in Table 3.1. AIBN, due to its lack of conjugation, is relatively less photosensitive 

and thus leads to poor yields. Darocur 1173 is highly effective, but its viscous nature makes it 
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cumbersome to use for blends and can lead to inaccurate weight percentages, while DMPA is 

moderately effective and easy to blend into the copolymer mixture. 

 

Table 3.2.  Retention of film using different initiators. 

Initiator % Film Thickness Retention 

AIBN 7 

Darocur 1173 86 

DMPA 69 

 

Briefly, we cover the priming layer of copolymer with a solution containing the 

copolymer and DMPA, enact the aforementioned spin coating program and extract with THF 

to remove any soluble fractions that are remaining. What remains is a much thicker layer than 

what we started with. In the absence of DMPA, but with UV light treatment, we do not see any 

further thickness increases beyond the grafted copolymer layer after extraction. We merely 

recover the quaternized copolymer layer. This demonstrates that the photoinitiator, activated 

by UV light is necessary to produce polymer network films measuring ~100 nm in thickness. 
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Figure 3.8.  Thickness of spun-cast copolymer films on 11-BUTS with and without DMPA. 

 

  

Figure 3.9.  a) Film growth as a function of dose. b) Gel content (yield) as a function of dose 

for 1.0 wt % copolymer solution. 

 

In Figure 3.9a, we plot the evolution of increasing film thickness, after extraction, as 

a function of UV dose. Film thicknesses in excess of 100 nm are achieved and the variation in 
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light reflected from the film as the thickness increases is evident ranging from not visible to 

the naked eye to a dark blue. The film thickness tapers off after a dose of 100 mJ/cm2; as the 

plot shows there are no differences in the fitted thicknesses for higher doses. 

Fractions of the original film thickness after UV irradiation and extraction were 

recorded for each corresponding dose for the 3:1 copolymer coating and are plotted in Figure 

3.9b. Generally, the fraction of the original film retained or gel content (GC) increases with 

increasing UV dose, where the GC, is defined as 𝐺𝐶 =
ℎ𝑓

ℎ0
× 100%, where hf and ho are the 

final extracted polymer network film thickness and the initial polymer network film thickness 

after dip-coating, respectively. This happens because more DMPA molecules are activated as 

the dose increases, thereby producing more polymer macro-radicals, which can lead to the 

cross-linking and retention of more material. Presumably, grafting to the copolymer-priming 

layer and cross-linking of the copolymer are facilitated by the activation of DMPA with UV 

light. Maximum gel contents of ~58% are  attained with this experimental route. 

Film thickness has been shown in previous studies to have an impact on both the anti-

fouling and foul-release property of a substrate.34,35,36 For our system, we also varied the final 

film thickness of our coatings by changing the solution concentration. In Figure 3.10, we plot 

the film thickness after extraction as a function of dose for two sets of films. One set of films 

was made from a 1.0 wt% copolymer solution while another set was made from a 0.3 wt% 

copolymer solution. For 1.0 wt%, the film thickness plateaus at ~110 nm, while for 0.3 wt%, 

the film thickness plateaus at ~30 nm. Not surprisingly, the final film thickness for the set of 

films made from the 0.3 wt% solution is ~30% of the final film thickness of the set of films 
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made from the 1.0 wt% solution. Additionally, the total dose required to achieve the final film 

thickness from either solution is ~100 mJ/cm2. Gel content as a function of dose for films made 

from the 0.3 wt% solution are plotted in Figure A3.1. A maximum gel content of ~56% was 

obtained, similar to that of the samples made from the 1.0 wt% solution. Making films of 

various thicknesses will allow us to probe at the role film thickness plays in protein repellency. 

 

   

Figure 3.10.  Film thickness as a function of dose and polymer concentration.  

 

The modification of surface-attached networks was carried out as described above 

using a betainization solution. Our aim was to convert our networks to zwitterionic networks 

in order to make highly protein-repellant surfaces. An illustration of our experimental approach 

is provided in Figure A3.2. As stated previously, zwitterions have been found to have 
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comparable levels of resistance, if not higher resistances to protein attachment when compared 

with other materials, like poly(ethylene glycol) (PEG). While the option to betainize preformed 

copolymer chains presents itself, we have attempted an alternative route to making surface-

attached zwitterionic networks, namely, through modification of copolymer chains at/near the 

surface of the network.  

Modifying copolymer chains at the surface possesses its own advantages. First, one can 

arguably conserve more betainization reagent by only having to modify the DMAEMA 

residues at the surface as opposed to a large quantity of bulk material. Simply put, small 

quantities of organic material are required. Second, the feasibility/ease of cross-linking 

unbetainized preformed chains and betainized preformed chains is not necessarily the same, 

especially when the cross-linker is blended into the formulation. The choice of cross-linker 

may be limited for very hydrophilic polymers like zwitterions if one adopts the route of 

blending reagents. Alternatively, one can randomly copolymerize a zwitterionic monomer and 

a cross-linker monomer. However, finding a compatible system where the reactivity ratios are 

relatively close to unity may be difficult as well when random copolymers are desired. 

Obviously, the use of hydrophobic cross-linkers, in cross-linking partially betainized or fully 

betainized materials in the bulk, would be restricted, whereas with unbetainized materials a 

wider range of cross-linkers may be available. Thirdly, a PNM allows us to change one aspect 

of the network, i.e., zwitteration of the network without, arguably, changing other physical 

aspects. Proposing that the cross-linking density/grafting density of our surface-attached 

network is exactly the same between betainized (betainizing preformed chains) and 
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unbetainized polymer chains may prompt firm disputation since the rate and extent of cross-

linking may be affected by the modified chemistry. However, with our approach we can assess 

our coatings before betainization, carry out the PNM and re-test our samples without changing 

the cross-linking/grafting density. In essence, by applying our post-network modification 

strategy to an unbetainized network we can avoid these concerns altogether. 

We characterized our modified surface-attached networks using XPS, SE, and CA. In 

Figure A3.3 we display a survey scan of Bet-3:1 after incubation in ASW. Intensity in arbitrary 

units is plotted as a function of binding energy (electron volts or eV). Notable XPS lines 

include the Cl 2p peak at 197.56 eV, the C 1s peak at 285.06 eV, the N 1s peak at 399.56 eV, 

and the O 1s peak at 532.06 eV. The inset figure contains a high-resolution XPS spectrum of 

C 1s for Bet-3:1. In Figure 3.11 we show fitted, high-resolution scans of the N 1s peaks for 

the grafted copolymer layer on the top, the copolymer network in the middle and the modified 

copolymer network at the bottom, all plotted on the same vertical scale. Black and pink curves 

serve as the raw signal and smoothed signal, respectively. In each scan, a peak at 399.5 eV is 

evident, indicative of the N 1s peak as well as a relatively smaller peak occurring at 401.4 eV 

for the grafted copolymer layer and 401.9 eV for the copolymer network and betainized 

copolymer network films. This peak is most likely due to a change in the electronic state of the 

nitrogen atom brought about by the quaternization and betainization of the DMAEMA 

residues. The peaks at 401.4 eV and 401.9 eV are due to the presence of quaternized 

DMAEMA in the grafted polymer layer and copolymer network. After betainization of the 

DMAEMA residues, we see a relative increase in the peak intensity. The significant increase 
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in peak intensity as well as the notable increase in peak area for C-N+ in Figure 3.11c provides 

strong evidence that the tertiary amines available at the surface were permanently modified.  

In Figure A3.3 (black inset) in the Appendix, we provide a high-resolution XPS 

spectrum of C 1s; we also provide a table listing % areas for the multiple states in Table 3.3. 

With the modification of the UV-treated 3:1 copolymer network, we see an appreciable 

decrease in the % C-N group as well as a substantial increase in the % C-C/C-H group. This 

indicates strongly that the tertiary amines nearest the surface were alkylated with 1,3-propane 

sultone. The alkylation will change the electronic state of nitrogen at the amine site as well as 

add three methylene units to the side chain of the DMAEMA residues. A noticeable drop in 

the % C≡C was also observed; this value is expected to decrease somewhat given three 

methylene units containing C-C/C-H bonds are imparted to the side-chain. Survey scans of 

Bet-3:1 in the region where sulfur is known to absorb showed little signs of the presence of 

sulfur, possibly because, the concentration/molecular cross-section was not sufficient for 

detection. This implies that the success of the modification is limited. Alternatively, the 

association of SO3
1- with Na+ from entrapped electrolytes affects our ability to verify the 

presence of sulfur within the modified network. We do note the presence of the Cl 2p peak at 

197.56 eV, presumably because of the incubation in ASW, a majority of which contains NaCl. 

The presence of bound Cl1- is to be expected considering the N atom carries a positive charge 

after the modification. 
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Figure 3.11.  High-Resolution XPS Spectra of N 1s for a) 3:1 (No UV) b) 3:1 (UV) and c) 

Bet-3:1 (UV). Experimental data (black), smoothed signal (pink), N-C (red) and N+-C (blue). 
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Table 3.3.  Surface type and atomic percentages based on peak areas for C 1s. 

Surface Type Concentration (%) 

% C≡C % C-C/C-H % C-N % C-OR % C=O 

Bet-3:1 UV 3 55 15 14 13 

3:1 UV 10 47 20 12 11 

 

Using SE, we probed at thickness changes which may occur after modification. In 

Figure 3.12a below we show the changes in thickness which occur at each stage of the process 

following the grafting of the copolymer layer. Films ~ 200 nm thick are produced by spin-

coated polymer solutions onto the substrate. Following UV treatment and extraction, we obtain 

films of increasing thickness with increasing UV dose until the extracted film thickness 

plateaus around 110 nm ± 6.1 nm after 90 mJ/cm2 of exposure. After betainization, extraction 

and annealing, we observe increases in film thickness at the highest gel contents, whereas for 

the lowest film thicknesses we observe no changes. We attribute this increase in thickness to 

the modification of the tertiary amine with 1,3-propane sultone, although the increase in 

thickness is higher than expected. Entrapped moisture may cause some swelling of the 

modified network, leading to higher than expected thickness increases. One would expect a 

corresponding decrease in the contact angle of the modified films due to the presence of highly 

hydrophilic zwitterionic groups that bind water.  However, we detect no such changes in 

Figure 3.12b. Samples were heated to a temperature of 58 °C in order to increase the mobility 

of the alkylated DMAEMA chain towards the surface. Despite this, the contact angle did not 

change significantly, as data in Figure 3.12b document.  
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Figure 3.12.  a) Film thickness as a function of dose for as-spun-coat films from a 1.0 wt% 

solution, after UV-treatment, extraction and betainization of DMAEMA residues at room 

temperature. b) Contact angles for extracted films from a 1.0 wt% solution as a function of 

dose. Measurements at room temperature (blue) and 58 °C (orange) are indicated. 

 

In order to observe a significant change in the wettability of our coatings, the 

betainization reaction was repeated at an elevated temperature (40°C). At a higher temperature, 

it was expected that the extent of betainization might be increased and thus, a corresponding 

increase in the wettability might result. In Figure 3.13a below, we plot thickness vs. dose for 

networks before and after modification. Interestingly, the increase in thickness, which we 

detected for the betainization at room temperature, does not occur. After modification, there 

are noticeable decreases in thickness, albeit at the low and intermediate doses when the full 

extent of grafting has yet to transpire. At higher doses (> 60 mJ/cm2), this does not appear to 

be the case. Betainizations at elevated temperatures may affect the stability of the network 

during the modification step to a mild degree, resulting in slight degrafting at low to 

intermediate doses. On another note, in Figure 3.13b we observe noticeable decreases in the 
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contact angle after modifications at higher temperatures. This is presumably due to a greater 

extent of alkylation of the tertiary amine at 40 °C, which would imply higher modification of 

the surface-attached network. For fully cross-linked and grafted polymer chains, betainization 

at 40 °C yields marked decreases in the water contact angle with little thickness loss. The 

increased wettability of our substrates, higher thicknesses obtained and the appearance of the 

C-N+ state all indicate strongly that the surface-attached copolymer network was indeed 

modified. 

 

 

Figure 3.13.  Betainization was carried out at 40 °C: a) Film thickness as a function of dose 

for extracted and betainized surface-attached networks b) CA as a function of dose for 

extracted and betainized surface-attached networks. 

 

A qualitative assessment of Fibrinogen (Fg) adsorption on modified network coatings 

was carried out using SE. Fg adsorption correlates with adsorption of Ulva zoospores37 and 

vice-versa so Fg is a suitable candidate for assessing the potential of our networks as anti-

fouling coatings for marine anti-fouling applications. An OTS control, along with our modified 
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network coatings, was incubated in a 0.02 mg/mL solution of Fg from Human Plasma in 10 

mM PBS buffer at a pH of 5.5 (pI≈5.5 of Fg) for 24 hours at room temperature. We conducted 

our test at the pI to minimize electrostatic repulsion experienced by neighboring protein 

moieties in solution as they adsorb to the surface, thus encouraging adsorption. The pH of the 

buffer solution had to be adjusted using HCl since the resulting pH of PBS packets dissolved 

in 1 liter of deionized water is 7.4. Afterwards, the samples were rinsed extensively in 10 mM 

PBS buffer followed by rinsing in DIW and drying with a stream of N2 gas. The thickness of 

OTS samples before and after exposure to Fg is plotted in Figure 3.14a below. Fg is known to 

adhere well to hydrophobic surfaces so it is not surprising to see an appreciable increase in 

thickness for our OTS samples. Figure 3.14b further confirms the adsorption of Fg onto our 

OTS substrates. The typical contact angle of OTS is ~109° and ours is 108 + 3.9°, which is in 

excellent agreement.38 A noticeable decrease in the contact angle to 75 + 8.8° is observed after 

exposure to Fg. This serves as additional confirmation that Fg has adsorbed onto the OTS-

coated surface. 

 

 



101 

 

 

 

 

 

Figure 3.14.  a) Film thickness of OTS substrate before and after exposure to Fg b) Contact 

Angle of OTS substrate before and after exposure to Fg. 

 

In Figure 3.15 (a-b), we show the results of our Fg test against quaternized/betainized 

surface-attached networks for both 1.0 and 0.3 wt% solutions as a function of UV dose. In 

Figure 3.15a, at the plateau thicknesses, we observe a loss in thickness from the post-

betainization step to the post-Fg step. This might indicate that the modified portions of the 

network may not be stable in buffer at the pH tested, since the post-UV, post-extraction 

thicknesses are recovered. We intended to make betainized networks, which will uptake 

significant amounts of water relative to their unmodified counterparts. However, the forces 

due to swelling, exerted on the bonds linking the modified chains to the rest of copolymer 

network, may be strong enough to remove some portions of the network that have been 

modified. In addition, decreases in pH needed for this study, prompted the addition of HCl, 

thereby raising the ionic strength of the medium. The increased ionic strength and uptake of 

water will have an impact on the swelling characteristics of the film. Self-associations between 
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neighboring side-chains of betainized DMAEMA, brought about by the presence of 

electrolytes may cause a decrease in thickness. In Chapter 4, we explore the effects of salts on 

polymer network swelling in detail. Further studies on the swelling of our modified and 

unmodified surface-attached networks in water and in the presence of various electrolytes is 

needed to understand the cause of the thickness loss. 

Interestingly, we see no differences between the post-UV, post-extraction thicknesses, 

and the post-Fg thicknesses (with the exception of the sample exposed to the UV dosage of 

180 mJ/cm2) outside the error bars in Figure 3.15a, implying that the attachment of Fg is 

discouraged on our surfaces when compared to the OTS control. Attachment of Fg would have 

resulted in thicknesses beyond that of the post-UV, post-extraction thicknesses measured, but 

we see no such increase. In Figure 3.15b, we also observe a loss in thickness from the post-

betainization step to the post-Fg step. However, the post-Fg thicknesses for half the coatings 

is beyond those thicknesses measured for the post-UV, post-extraction step. Apparently, some 

of the films made from the more dilute solution incurred some Fg attachment. This implies that 

film thickness may play a role in the level of protein repellency of a surface. From the literature, 

we know that both hydration and Fg-resistance of hydrophilic, anti-fouling coatings is a 

function of thickness and the relationship between them relies on more than just the amount of 

material. Polymer films of poly (HEMA-co-PEG10MA) brushes were made with thicknesses 

ranging from 5 nm to 100 nm. Swelling % as a function of dry polymer thickness exhibited an 

increase in swelling % from 5 to 30 nm, followed by a decrease for films with higher 

thicknesses. This decrease in swelling % for films thicker than 30 nm was attributed to a change 
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in the local structure of the polymer chains where hydrogen-bond forming moieties were most 

available at thicknesses around 30 nm. However, incorporating more polymer led to chain 

entanglement, resulting in a higher density of polymer chains overall and the subsequent 

reduction in the availability of hydrogen-bonding functional groups. For low thicknesses 

(10~20 nm) it was inferred that the surface hydration was too low to demonstrate good anti-

fouling character.36 The uptake of water/binding of water and swelling in general does play a 

role in protein repellency. As in the previous study, we suspect that at higher film thicknesses, 

surface hydration is sufficient to promote good anti-fouling character whereas at the lower film 

thicknesses it is less sufficient. In order to correlate Fg-resistance of our thicker coatings and 

film hydration, swelling studies must be undertaken. In Chapter 4 of this Dissertation, we 

investigate the swelling behavior of surface-attached functional networks in a variety of media 

since it plays a role in the long-term stability of our coatings in aqueous environments. 

 

 

Figure 3.15.  Film thickness as a function of dose for extracted, betainized surface-attached 

networks and after incubation in fibrinogen (post-Fg) from a) 1.0 wt% copolymer solution 

and b) 0.3 wt% copolymer solution. 
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The approach involving 11-BUTS is not without its limitations. For one, it is not 

industrially practical to silanize the hull of a ship with a moisture sensitive silane before 

attaching a functional coating to modify the properties of the hull surface. Successful 

approaches will involve painting or spray coating a formulation that will perform its function 

once applied. Second, the grafting of our functional coating relies on the presence of the tertiary 

amine. This potentially bounds the upper limit of PgMA composition used in the feed for 

synthesizing our preformed polymers. While PgMA is hydrophobic, its incorporation into the 

chain is important, as it endows the material with amphiphilicity, a potential contributor to the 

anti-fouling potential of a surface,39 and allows for further modifications with moieties that 

will render our materials more ‘foul-release.’ We can functionalize our network further with a 

silane/siloxane functionality, which would increase the foul-release potential of our surfaces. 

One potential reagent would be mercaptopropyl trimethoxysiloxane. A simple, UV-initiated 

thiol-yne reaction between the terminal alkyne and the siloxane would allow us to endow our 

materials with foul-release potential. Silane and siloxane-based moieties are known to exhibit 

foul-release characteristics and are heavily used to reduce the negative effects due to marine 

foulant accumulation.40 Ultimately, a combination of anti-fouling properties and foul-release 

properties will lead to the minimization of biofouling on synthetic surfaces. 

There are other limitations associated with the strategy overall. While generating a 

protein-repellant surface through post-network modification is a clever alternative, the extent 

of reaction may be limited. This limits the applicability of our approach to applications that 

only require moieties near the surface to be modified, while the bulk of the film can remain 
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relatively unchanged. In addition, our low gel contents result in a loss of almost half of the 

deposited material. This is most likely due to the cross-linking route involving DMPA. Low 

gel contents in this case warrant the investigation of other ways of cross-linking our films. 

 

3.5 Conclusion 

We have shown that we can create a reactive, multifunctional, surface-attached photo-

cross-linked network and have demonstrated that carrying out a simple post-network 

modification offers a potential route to acquiring multifunctional coatings with resistance to 

Fg attachment. Other research groups typically first convert preformed chains to zwitterions 

and then incorporate them into networks.  But if surface-attached networks are to be used and 

maintaining cross-linking density/grafting density is crucial for making comparisons, our 

approach is more optimal. We used a quaternization reaction between 11-BUTS and 

poly(DMAEMA-co-PgMA) random copolymer to create a covalently immobilized priming 

layer. This was followed by a cross-linking step involving a blend of the copolymer and DMPA 

(activated with UV light), to yield a surface-anchored polymer gel with multiple functionalities 

present at the surface for chemical tailoring i.e. tertiary amine and terminal alkyne. Thicknesses 

of our multifunctional coatings were controlled by tuning the applied UV dose and the solution 

concentration. Coating thicknesses were varied over an order of magnitude from ~15 nm to 

more than 100 nm. Coatings featuring copolymer networks were modified using a betainization 

reagent and tested against Fg, a protein whose adsorption correlates with the adsorption of 

Ulva.37 While we observed Fg attachment on the OTS control and on thinner, multifunctional 
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coatings, the thicker coatings performed much more favorably illustrating that coating 

thickness can contribute to the anti-fouling characteristics of a surface. 
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4 Surface-Attached Amphiphilic and Zwitterionic Networks for Marine 

Antifouling Applications 

 

4.1 Introduction 

Bioadhesion is governed by attractive interactions between a biological agent such as 

proteins or bacteria and either a synthetic surface or a biologically derived substance such as 

bark or bone.1 While there are instances where biological adhesion is deemed beneficial (e.g. 

blood clotting), there are also occasions where it can result in deleterious effects on synthetic 

surfaces.  It follows that all man-made surfaces undergo some degree of biological fouling and 

surfaces exposed to the marine environment are no exception.2  Our focus is on biological 

adhesion as it applies to naval vessels or marine biofouling, which involves the settlement of 

aquatic micro- and macro organisms on the hulls of ships. The undesired adhesion of marine 

organisms occurs on biologically non-toxic surfaces submerged in seawater. Some of these 

organisms include bacteria, diatoms, protozoans, algae and invertebrates.1 Typically, a 

conditioning film usually precedes the irreversible attachment of a majority of the more than 

4000 species of marine life seeking a suitable area to live and reproduce.  The manifestation 

of this conditioning film involves the physisorption of a variety of glycoproteins, 

polysaccharides and proteins. This conditioning film can facilitate surface colonization by 

bacteria and eventually lead to the adsorption of macrofoulants.3 The presence of these 

organisms on ship hulls ultimately results in surface corrosion, increased fuel consumption and 

the transplantation of a variety of aquatic species into non-native environments.3  

Consequently, numerous attempts to minimize marine biofouling have been undertaken over 

the last few decades.3,4 
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Early approaches to combating biofouling relied primarily on using tributyltin (TBT) 

and copper-based biocides.5  While effective in inhibiting the settlement of aquatic life over a 

broad spectrum on the time scale of years, studies have demonstrated that upon release, these 

substances can persist in high enough concentrations to be toxic.  The adverse effects of these 

biocides on marine organisms are well documented.4, 5  As a result of new regulations and 

subsequent bans on the aforementioned biocides, research efforts have focused on designing 

anti-fouling (AF) and foul-release (FR) surfaces by attempting to control a variety of surface 

properties. Environmental factors that influence the attachment of biological foulants on 

surfaces include: seawater salinity, pH (8.0-8.3), temperature and the intensity of solar 

radiation.3, 6 Salinity remains relatively fixed within the range of 3.3-3.8 wt % away from 

sources of fresh water and areas where evaporation is high, whereas seawater temperature can 

vary seasonally depending on locations around the globe.3 What we can control are substrate 

properties.  The following substrate characteristics can be controlled to influence marine 

biofouling: chemical composition,7-10   surface topography,11, 12  stiffness/cross-linking 

density13 and film thickness.14 

Polymer brushes are widely used as platforms for making antifouling coatings, but they 

are not the only viable solution.  Results from a few literature studies substantiate a case for 

why crosslinked structures may fare better on surfaces for anti-biofouling applications as 

opposed to separate polymer chains.15-17 Gunkel et. al., investigated the effect of polymer brush 

architecture on protein resistance by comparing the amount of protein adsorption on surfaces 

with linear chains, bottle brushes and dendritic side chains.15 Their study demonstrated that the 
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bottlebrush and dendritic architecture conferred better antifouling properties as opposed to 

regular brushes. 15 Eshet et. al., showed that network swelling imparted its own antifouling 

contribution to inhibiting bacterial deposition by decoupling effects from the chemical and 

physical properties of three different hydrogels.16 Yang et. al., studied the effects of using a 

weakly crosslinked poly (carboxybetaine methacrylate) (PCBMA) hydrogel coating on the 

performance of sensors in whole blood (complex media comprising a host of proteins). 

PCBMA hydrogels with the smallest amount of cross-linker used (0.1 wt %) possessed the 

highest equilibrium water content, exhibited the least amount of protein adsorption and 

correspondingly outperformed other coatings within the study concerning sensitivity and long-

term stability.18 

With so many substrate properties bearing their own significance concerning the 

creation of an AF/FR surface, one should contemplate ways in which many of these properties 

can be brought to fruition. One avenue by which this may be accomplished is through the use 

of polymer network coatings.  Polymer network coatings, in principle, can accommodate many 

of the aforementioned substrate characteristics that influence marine biofouling. However, 

they offer their own advantage by their ability to exclude invasive moieties whose size exceeds 

the network pore dimensions. This size exclusion effect may give polymer network coatings a 

distinct advantage over polymer brushes in some cases.  

Polymer network coatings comprising primarily hydrophobic or hydrophilic moieties 

alone will most likely not be effective against the plethora of marine organisms in the aquatic 

environment. Numerous studies have been published on the advantages of using amphiphilic 
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coatings.8, 19-24 Amphiphilic surfaces contain both hydrophilic and hydrophobic functional 

groups. This is not surprising since some marine foulants adhere favorably on hydrophobic 

surfaces (e.g., Ulva), while others attach preferably on hydrophilic surfaces (e.g., Navicula).25  

Experimental insights suggest that nanoscale heterogeneities in the surface chemistry, 

mechanical properties and topography, all present in amphiphilic materials, can render protein 

adsorption thermodynamically unfavorable.22 Further investigation of amphiphilic materials 

may provide greater substantiation of this mechanism. Currently, an approach to making anti-

fouling and foul-release surfaces warrants the incorporation of amphiphilic materials. 

However, it must be noted that zwitterions have a high resistance to non-specific protein 

adsorption as well.9 More importantly, they do not share the same vulnerability to oxidative 

and hydrolytic degradation that polyether materials exhibit.20, 21 While both zwitterions and 

polyethers exhibit this resistance due to the presence of a tightly-bound hydration layer, it is 

brought about primarily through hydrogen bonding in the case of polyethers and 

electrostatic/coulombic interactions as well as hydrogen bonding in the case of zwitterions.23 

Thus, an approach to making anti-fouling and foul-release surfaces with amphiphilic and 

zwitterionic moieties is highly desirable. 

In this Chapter, we investigate the antifouling potential of novel amphiphilic, 

zwitterionic surface-attached networks generated via a photo-crosslinking mechanism. Using 

2-dimethylaminoethyl methacrylate (DMAEMA), propargyl methacrylate (PgMA) and 

benzophenone (BP), we synthesized and characterized the properties of a series of polymer 

network coatings. Both monomers lend themselves to post-polymerization modification 
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reactions, which would allow for many possibilities in terms of tuning and controlling the 

antifouling and foul-release potential of a surface. The copolymers were synthesized by free 

radical copolymerization of DMAEMA and PgMA using AIBN as a radical initiator.  

Amphipilicity of the copolymers are tuned by varying the composition of monomers (i.e., 

DMAEMA to PgMA ratio as 1:1 and 3:1) and subsequently the DMAEMA units of the 

copolymers are reacted with 1, 3-propane sultone to obtain the zwitterionic materials. Surface-

attached networks are formed by depositing a thin film of copolymer (~26 mg/mL) containing 

2.2 wt% of benzophenone (UV-active cross linker) onto a flat, silicon substrate that is pre-

coated with a polystyrene layer (~25 nm). Upon irradiation of films with UV light ( ≈ 365 

nm, dose ≈ 0.005-10.8 J/cm2), the BP incorporated in the layer is activated and leads to the 

crosslinking of the polymeric chains as well reacts with the PS layer via proton abstraction/C-

H insertion mechanism. This platform allows for the provision of coatings, which may be 

promising candidates for marine anti-biofouling coatings.  

 

4.2 Materials 

2,2’-Azobis (isobutyronitrile) (AIBN), 98%, was purchased from Sigma-Aldrich and 

recrystallized from methanol (HPLC Grade, Fisher Chemical).  2-(Dimethylamino) ethyl 

methacrylate (DMAEMA), 98%, was purchased from Aldrich and treated with inhibitor 

remover.  Benzophenone (BP) and 1, 3-Propane sultone were purchased from Sigma-Aldrich.  

Propargyl methacrylate (PgMA), 98%, was purchased from Alfa Aesar and treated with 

inhibitor remover.  Polystyrene Standard, 70 kDa, with a polydispersity index (PDI) of 1.02 
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was purchased from Fluka. P-doped silicon wafers [100] were purchased from Silicon Valley 

Microelectronics. Tetrahydrofuran (HPLC Grade) and n-hexanes (95%) were purchased from 

Fisher Chemical.  N, N-Dimethylacetamide, 99%, pure was purchased from Acros Organics.  

Dichloromethane was purchased from Sigma-Aldrich.  2,2,2-Trifluoroethanol was purchased 

from Sigma. Fluorescein isothiocyanate-bovine serum albumin (FITC-BSA) was purchased 

from Sigma.  TRIS Buffered saline (pH 8.0) was purchased from Sigma. Fibrinogen (Fg) from 

Human Plasma was purchased from Sigma.  Phosphate Buffered Saline (PBS), pH 7.4 powder 

was purchased from Sigma.  Sodium chloride, NaCl (certified for biological work), was 

purchased from Fisher Chemical.  Anhydrous magnesium chloride (MgCl2) was purchased 

from Sigma. Anhydrous sodium sulfate (Na2SO4) was purchased from The Lab Depot, Inc.  

Artificial Seawater (ASW) was purchased from Ricca Chemical Company. Unless specified 

otherwise, reagents were used as received. 

 

4.3 Experimental 

Fourier Transform Infrared (FT-IR) Characterization. FT-IR spectra of the virgin polymers, 

copolymers and betainized copolymers were recorded using a Nicolet 6700 spectrometer in 

the transmission mode. KBr pellet samples were prepared by mixing a solid sample of each 

material with KBr powder in a ratio where the sample comprises 0.5-2 wt% of the pellet. The 

mixture was crushed and grounded using a mortar and pestle. Fractions of each mixture were 

pressed into KBr pellets using a table top press. Scans at a resolution of 4 cm-1 were acquired 

for each spectrum. The data were analyzed using software from Omnic. The (FTIR) spectra 
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for polymer network films (PNFs) were recorded using a Nicolet 6700 Fourier transform 

infrared spectrometer equipped with crystalline Ge in attenuated total reflection (ATR) mode 

under continuous nitrogen gas purging.  The MCT detector was cooled with liquid nitrogen.  

The physically-bound polymer network, whose platform was a Si wafer measuring 

approximately 0.7 cm x 0.7 cm, was pressed against the Ge crystal.  The FTIR spectra were 

recorded by performing 512 scans with a resolution of 4 cm-1 using software from Omnic.  

Size-exclusion Chromatography (SEC) Analysis. Size-exclusion chromatography was used to 

determine the relative molecular weight distribution of the materials used in this study info  

(c.f. Table 4.1). This was done using a range of polystyrene standards and a differential 

refractive index detector. Samples were run through three Styragel HR 4 THF columns in 

series. The mobile phase was a 2 vol% solution of HPLC-grade THF and 

tetramethylethylenediamine (TMEDA). TMEDA was included as an additive to compete with 

the eluents for column interactions, thereby allowing our samples to elute. 

Static Water Contact Angle. A Rame-Hart contact angle goniometer (Model 100-00) was used 

to perform contact angle experiments.  The goniometer was furnished with a CCD camera and 

the images were analyzed using Image J.  Deionized water was used as the probing liquid and 

droplet sizes of 6 µL were used.  Data points represent an average of three measurements on 

different areas of the same sample. 

Spectroscopic Ellipsometry. A Variable Angle Spectroscopic Ellipsomter (J.A. Woollam) 

controlled by WVASE32 (J.A. Woollam) was used to determine the thickness of the resulting 

surface-attached polymer network films as well as any thickness changes which resulted from 
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exposure to Fg during incubations. An and Bn, along with the thickness were used as fitting 

parameters to predict the ellipsometric data. 

Fluorescence Microscopy. A qualitative assessment of protein adsorption on fabricated 

network coatings was carried out using an optical microscope (Olympus BX61) equipped with 

a 100 W mercury lamp, a FITC (Fluorescein isothiocyanate) filter and an Olympus DP70 

digital camera.  Three fluorescence microscopic images were captured for every sample under 

10x magnification using the same exposure time.  Untested coatings exhibited background 

illumination/auto-fluorescence; this was removed using ImageJ prior to relative comparisons 

made with a polystyrene control. 

Synthesis of homopolymers and copolymers. Homopolymers and copolymers used in this study 

were synthesized using free-radical polymerization (c.f. Figure 4.1).  Monomers were passed 

through a column of inhibitor remover to remove hydroquinone methyl ether inhibitor.  All 

polymerizations were carried out in a schlenk flask containing monomer and AIBN at 75°C 

under nitrogen after performing three freeze-pump-thaw cycles. Total monomer concentration 

used in each reaction was 0.91 M.  After 20 hours, each reaction was quenched with cold 

acetone and exposure to air.  Dimethylacetamide was removed under high vacuum (~7 mbar) 

using a rotary evaporator apparatus and a bath of water heated to 60 °C.  A highly viscous 

formulation resulted in each case and was re-dissolved in an appropriate amount of 

dichloromethane.  Precipitation was carried out in n-hexanes and repeated twice, which is then 

dried under vacuum for overnight to obtain the dry polymer weighing approximately 7 g. 
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Figure 4.1.  Synthesis of (a-b) homopolymers & (c) copolymers. 

 

Betainization. The betainization of the copolymers is performed as reported in the literature 

(c.f. Figure 4.2).26  Briefly, the copolymer (4 g, 0.31 mmol) was dissolved in THF (30 mL, 

0.01 M) and approximately 10 mole % excess of 1, 3-propane sultone in THF was added drop 

wise to the copolymer solution.  The reaction mixture is then allowed to stir for about 48 hours. 

Upon completion of the reaction a solid gel results. The product was recovered by crushing the 

solid gel (or by precipitating in n-hexanes if necessary) and dried under vacuum overnight, 

which yields the betainized product weighing approximately 6 g.  
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Figure 4.2.  Betainization of copolymers. 

 

Polystyrene Network Films.  Polystyrene networks were prepared as an underlying layer for 

the surface coatings. Our procedure for binding cross-linked PS films to Si substrates was 

based on a previously published protocol.27 Si wafers (~40 mm x 7 mm) were sonicated in 

methanol and then rinsed with acetone.  Afterwards, Si wafers were dipped using a KSV NIMA 

Dip coater (Biolin Scientific, Stockholm, Sweden) into a filtered 25.7 mg/mL solution 

containing a polystyrene standard (70 kDa) in THF.  Wafers were dip-casted at 10 mm/min to 

a fixed depth selected arbitrarily, held for 10 seconds in a stationary position and then 

withdrawn at 100 mm/min.  After dip-coating, the wafers were placed in the UVO chamber 

(Jelight Company, Inc., Model 42) and treated at 185-190 nm for 10 minutes at an intensity of 

8.2 mW/cm2. Samples were removed from the chamber, rinsed with THF and annealed at 80C 

to remove residual THF in the film.  Spectroscopic ellipsometry was used to determine the 

thickness of the remaining cross-linked polystyrene film. 



121 

 

 

 

 

Surface-attached functional networks.  A silicon wafer pre-coated with PS was dipped into a 

filtered solution containing 26 mg/mL of polymer (or copolymer) and 2.2 wt% BP at 10 

mm/min to a fixed depth selected arbitrarily, held for 10 seconds in a stationary position and 

then withdrawn at 100 mm/min. BP has been used as an additive in blends for making photo-

cross-linked polymer films.28 Spectroscopic ellipsometry was used to determine the initial 

thickness of the films after dip-coating.  Afterwards, the wafer was cut into approximately 7 

mm x 7 mm pieces and UV-treated at 365 nm with an intensity of 1 mW for doses of 0.005, 

0.05, 0.5, 1, 9 and 10.8 J/cm2.  Subsequently, the layers were extracted to remove uncross-

linked material and annealed at 80 °C for films cast from THF and 100 °C for samples cast 

from 2,2,2-trifluoroethanol. Film thickness of the layers were determined using SE to derive 

the gel fraction of the networks.  

 

4.4 Results & Discussion 

4.4.1 Homopolymer, copolymer and betainized copolymer characterization 

We employed elemental analysis (Atlantic Microlab, Inc.) to determine the elemental 

composition of the synthesized random copolymers and compared it to the molar feed ratios 

as well as estimate the extent of betainization of the DMAEMA residues within the Bet-3:1 

copolymer. The results are provided in Table 4.2. 
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Table 4.1.  Number-average molecular weight (Mn), weight-average molecular (MW) and 

polydispersity (PDI) of homopolymers, copolymers and betainized copolymers. 

Polymer Mn (g/mol) Mw (g/mol) PDI 

p(DMAEMA) 20268 50125 2.47 

p(PgMA) 14495 39696 2.74 

1:1 11075 24606 2.22 

3:1 11154 23484 2.11 

Bet-1:1 15877* 35247* 2.22* 

Bet-3:1 18006* 37993* 2.11* 

*Based on elemental analysis, each DMAEMA residue was assumed to have undergone 

modification to a bet-DMAEMA residue whose MW would be 279.21 g/mol. It is assumed 

that the betainization reaction does not significantly impact the chain length distribution. 

 

Table 4.2.  Mass % of C, H, N and S found in copolymers. 

Polymer Mass of C, % Mass of H, % Mass of N, % Mass of S, % 

 Calc. Found Calc. Found Calc. Found Calc. Found 

1:1 64.04 63.3 8.24 8.17 4.98 4.88 N/A N/A 

3:1 62.50 61.98 8.97 8.77 7.05 6.58 N/A N/A 

Bet-3:1 49.93 45.98 7.44 7.74 4.37 3.72 10.00 8.96 

 

A comparison between the theoretical values and experimental values indicates that the feed 

composition and final copolymer composition are quite similar. Additionally, an approximate 

molar ratio of 1:1 of nitrogen to sulfur calculated from EA implies that the extent of 

betainization is virtually quantitative.  While a detailed study of the reactivity ratios is 

necessary in order to establish a close correlation between the composition of the feed and that 

of the polymer, our results provide preliminary indication that the overall chemical 

composition of the copolymer is closely related to the monomer feed ratios in the reaction 

vessel. 
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Figure 4.3.  FT-IR spectra of precursor polymers. 

 

Table 4.3.  FT-IR Stretches for precursor polymers. 

IR stretching 

frequency 
Wavenumber (cm-1) 

pPgMA pDMAEMA 1:1 3:1 Bet-1:1 Bet-3:1 

-OH     3444 3449 

≡C-H 3294  3271 3266   

aliphatic –C-H 2995, 

2956 

2947 2952 2952 2952 2957 

asymmetric –C-

H 
 2822 2823 2825 2825 2826 

symmetric –C-H  2771 2773 2771 2775 2777 

-C≡C- 2130  2127 2125 2123 2123 

–C=O 1734 1728 1732 1731 1731 1731 

H2O deformation 

band 
    1647 1647 

S=O     1040 1042 
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IR spectra of each bulk material were collected to obtain functional group information and 

probe at chemical changes brought about through copolymerization of the monomers and the 

betainization of our copolymers. Each spectrum was normalized using the –C=O stretch to 

allow for fairer comparisons across all spectra. Notable stretches are provided in Table 4.3. 

From the IR spectra in Figure 4.3, there are distinct differences between the virgin polymers 

pDMAEMA and pPgMA, most notably the -C≡C- and alkynyl ≡C-H stretch in pPgMA and 

the symmetric and asymmetric –C-H stretches on the tertiary amine within the pDMAEMA 

side-chain. As the feed composition is modified to 50/50 DMAEMA/PgMA and 75/25 

DMAEMA/PgMA, the relative intensities of the -C≡C- and alkynyl ≡C-H stretches are 

reduced as the 1:1 p(DMAEMA-co-PgMA) and 3:1 p(DMAEMA-co-PgMA) copolymer 

spectra indicate. Betainization of each of the copolymers with 1,3-propane sultone results in 

the appearance of broad –OH stretches for each betaine, a reduction in the symmetric and 

asymmetric –C-H stretches adjacent the tertiary amine, the appearance of a H2O deformation 

band adjacent to the –C=O stretch and a strong –S=O stretch. Given that betaines have a strong 

affinity for water, the presence of an –OH stretch is expected.  
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4.4.2 Characterization of PS Films 

 

Figure 4.4.  a) PS Thickness vs. Time b) FT-IR spectra of Polystyrene coating. From bottom 

to top: Unextracted Polystyrene film, PS film after UVO treatment, PS film extracted and 

subtracted spectrum. 

 

As mentioned previously, PS films (MW 70 kDa, PDI 1.02) were made by dip-coating 

a cleaned Si wafer in a 20 mg/mL solution of PS in THF. Initial film thicknesses were typically 

100 nm possessing a water contact angle of 96.2° + 1.00°. The samples were placed in a UVO 

chamber and treated for 10 minutes with UV light at a dosage of 8.2 mW/cm2. Afterwards, 

films were extracted in THF for two hours. Two hours was a sufficient time to remove the PS 

not bound to the Si wafer. A final thickness of  approximately 25.4 + 0.19 nm was achieved 

and the final water contact angle was 74.6° + 2.50°. This is clearly seen in Figure 4.4a where 

we plot PS film thickness as a function of time spent in the extraction solvent. After 

approximately two hours, we do not observe further loss of the film to any significant degree. 

In Figure 4.4b we plot four IR spectra to probe at the chemical composition of the film during 

the various treatment steps. The unextracted PS film is plotted at the bottom in black and 
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contains the following notable stretches in cm-1: 3059, 3025 alkenyl =C-H, 2921, 2849 alkyl –

C-H, 1941, 1870, 1801, 1739 overtones, 1599-C=C- (aromatic). Upon treatment with UV light 

we see the following notable stretches in cm-1 present in the red IR spectrum: 3058, 3024 

alkenyl =C-H, 2922, 2850 alkyl –C-H, 1942, 1875, 1812, overtones, 1599 -C=C- (aromatic). 

The IR spectrum of the extracted PS film (plotted in brown) contains the same notable 

stretches. The appearance of a broad peak at 1721 cm-1 in both the UVO-treated and extracted 

UVO-treated PS spectra indicates the presence of carbonyl-containing derivatives of PS. This 

is to be expected when PS films are exposed to UVO for the dose used in the procedure. We 

plot the subtracted spectrum at the top in brown to emphasize what stretches are introduced 

and it confirms what we see in the extracted spectrum, namely, that at 1721 cm-1 the broad 

peak which appears is evident that carbonyl-containing derivatives of PS are produced after 

treatment. This does not seem to interfere with our ability to graft our functional polymer 

network films. 
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4.4.3 Functional surface-attached network design, characterization & testing 

 

 

Figure 4.5.  Experimental scheme for producing functional surface-attached polymer 

network coatings. 
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Figure 4.6.  FT-IR spectra of a) pPgMA coatings and b) pDMAEMA coatings. From bottom 

to top: Un-extracted coatings (lower five), Extracted coatings (middle two) and the difference 

between the extracted spectra and homopolymer spectra (top two). 

 
 As mentioned previously we design our functional surface-attached networks via a simple dip-

coating procedure. The schematic is provided in Figure 4.5. IR spectra were collected for each film 

after various UV radiation doses both before and after extraction.  In Figures 4.6-4.8 we plot 

the IR spectra collected for pPGMA, pDMAEMA, p(DMAEMA-co-PgMA) (1:1 and 3:1 molar 

feed), and betainized p(DMAEMA-co-PgMA) coatings, (Bet-1:1 and Bet-3:1).  All spectra 

have been normalized using the -C=O stretch to allow for more rigorous comparisons of IR 
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spectra between various chemical steps.  Each spectrum features data collected from specimens 

after different doses of UV irradiation: before extraction (bottom set), after extraction (middle 

set) and the difference spectra, i.e., the difference between the after extraction and the 

homopolymer spectrum (top set).   

The IR spectrum of the pPgMA film (Figure 4.6a) bears the presence of the alkynyl 

≡C-H stretch at 3289 cm-1, the alkyl –C-H stretch at 2924 cm-1, the -C≡C- stretch at 2129 cm-

1 and the -C=O stretch at 1732 cm-1. The incorporation of benzophenone (BP) into the 

homopolymer film results in the appearance of aromatic -C=C- stretches at 1655 cm-1 and 1597 

cm-1. Increasing amounts of UV-treatment lead to a slight reduction in the relative intensity of 

the alkyl -C-H stretches while the alkynyl -C-H stretching vibration appears unaffected. One 

also sees the emergence of a small -OH peak at 3454 cm-1. 

pPgMA network films were extracted overnight in THF while undergoing mild 

agitation. IR spectra of the extracted films receiving the highest couple of doses are presented 

in Figure 4.6a. They bear the presence of the aromatic –C=C- stretches at 1655 cm-1 and 1597 

cm-1 which implies that BP is incorporated into the pPgMA network film.  The alkyl -C-H 

stretch is significantly reduced in relative intensity compared to the same stretches in the 

untreated homopolymer, while the alkynyl ≡C-H stretch experiences a mild reduction in 

relative intensity.  This indicates that while the well-known hydrogen abstraction process29, 30 

may occur both along the backbone and on the side-chain, the former phenomenon is more 

prevalent. 
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The positive peaks in the difference IR spectra serve as an indication of functional 

groups that are gained within the film and negative peaks serve as an indication of functional 

groups that are lost.  One can see a prominent negative peak in the region where the alkyl -C-

H stretches are known to absorb while only a small negative peak is observed in the region 

where the alkynyl ≡C-H stretch is expected to absorb, indicating that the hydrogen-abstraction 

process known to occur once BP is activated with UV preferentially happens along the polymer 

chain backbone.  Positive peaks are prominent in the region where aromatic -C=C- stretches 

were observed, thus indicating that BP is incorporated into the network. These positive peaks 

where -C=C- stretches are observed are present in the remainder of the films. 

The IR spectra of pDMAEMA films (Figure 4.6b) indicate the presence of the alkyl -

C-H stretch at 2939 cm-1, the asymmetric and symmetric -C-H stretches from the dimethyl 

amino group at 2819 cm-1 and 2767 cm-1, respectively, and the -C=O stretch at 1725 cm-1. The 

incorporation of BP into the pDMAEMA film results in the appearance of aromatic -C=C- 

stretches at 1655 cm-1 and 1598 cm-1. Following increasing amounts of UV-treatment of 

pDMAEMA films containing BP one sees a significant reduction in the intensities of the 

asymmetric and symmetric -C-H stretches from the dimethylamino group and only a slight 

reduction in the relative intensity of the alkyl -C-H stretch.  

The 1:1 p(DMAEMA-co-PgMA) copolymer film IR spectra in Figure 4.7a reveals the 

presence of the alkynyl ≡C-H stretch at 3265 cm-1, alkyl -C-H stretch at 2927 cm-1, the 

asymmetric and symmetric -C-H stretches from the dimethyl amino group at 2826 cm-1 and 

2774 cm-1, respectively, the -C≡C- stretch at 2124 cm-1 and the -C=O stretch at 1730 cm-1. 
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Following increasing amounts of UV-treatment of 1:1 p(DMAEMA-co-PgMA)  copolymer 

films containing BP one sees a slight reduction in the relative intensities of the asymmetric and 

symmetric -C-H stretches from the dimethyl amino group and a moderate reduction in the 

relative intensity of the alkyl -C-H stretch. Additionally, the appearance of aromatic -C=C- 

stretches at 1659 cm-1 and 1601 cm-1 is also noted. 

1:1 p(DMAEMA-co-PgMA) network films were extracted overnight in THF while 

undergoing mild agitation. The IR spectrum of the extracted film receiving the highest dose 

bears the presence of aromatic -C=C- stretches at 1659 cm-1 and 1601 cm-1 implying that BP 

is incorporated into the 1:1 p(DMAEMA-co-PgMA)  copolymer network film. The moderate 

reduction in the relative intensity of the alkyl -C-H stretch and asymmetric and symmetric -C-

H stretches may be indicative of the hydrogen abstraction process occurring once BP is 

activated. Viewing the subtracted IR spectrum yields clear insight into how the activation of 

BP affects the copolymer-it is incorporated into the copolymer network and facilitates the 

cross-linking both along the backbone and side-chain via hydrogen abstractions, but preferably 

along the backbone.  

The IR spectra of the 3:1 p(DMAEMA-co-PgMA)  copolymer film Figure 4.7b reveal 

the presence of the alkyl -C-H stretch at 2937 cm-1, the asymmetric and symmetric -C-H 

stretches from the dimethyl amino group at 2820 cm-1 and 2768 cm-1 , respectively, and the -

C=O stretch at 1727 cm-1. The incorporation of benzophenone (BP) into the copolymer film 

results in the appearance of aromatic -C=C- stretches at 1658 cm-1 and 1600 cm-1. Following 

increasing amounts of UV-treatment of 3:1 p(DMAEMA-co-PgMA)  copolymer films 
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containing BP one sees a significant reduction in the in the relative intensities of the 

asymmetric and symmetric -C-H stretches from the dimethyl amino group and only a slight 

reduction in the relative intensity of the alkyl -C-H stretch. 

3:1 p(DMAEMA-co-PgMA) network films were extracted overnight in THF while 

undergoing mild agitation. IR spectra of the extracted films bear the presence of aromatic -

C=C- stretches at 1658 cm-1 and 1600 cm-1 implying that BP is incorporated into the 3:1 

p(DMAEMA-co-PgMA) copolymer network film. Following increasing amounts of UV-

treatment of 3:1 p(DMAEMA-co-PgMA) copolymer network films containing BP one sees a 

moderate reduction in the intensity of alkyl -C-H stretches and at most a slight reduction in the 

intensity of the asymmetric and symmetric -C-H stretches from the dimethyl amino group. 

These reductions may be indicative of the hydrogen abstraction process occurring once BP is 

activated. -C-H stretches from the dimethyl amino group may be less affected in the copolymer 

vs. homopolymer pDMAEMA because of the ~25% reduction in DMAEMA monomer. From 

the difference IR spectra it is evident that the hydrogen abstraction process takes place mainly 

along the copolymer backbone in 3:1 as opposed to pure homopolymer DMAEMA where the 

hydrogen-abstraction process happens along the backbone and along the side-chain. This is 

indicated by the negative peak occurring in the region where you would expect the alkyl -C-H 

absorption band. 
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Figure 4.7.  FT-IR spectra of p(DMAEMA-co-PgMA). a) (1:1 Molar Feed) and b) (3:1 

Molar Feed) coatings. From bottom to top: Un-extracted p(DMAEMA-co-PgMA) coatings 

(lower four), Extracted p(DMAEMA-co-PgMA) coatings (middle two) and the difference 

between the extracted spectra and copolymer spectra (top two). 

 

The IR spectra of the Bet-1:1 PNFs  in Figure 4.8a indicate the presence of the -OH 

stretch at 3440 cm-1, the alkynyl ≡C-H  stretch at 3265 cm-1,the alkyl -C-H stretch at 2932 cm-

1, the -C≡C- stretch at 2123 cm-1, the -C=O stretch at 1728 cm-1 and the S=O stretch at 1038 

cm-1. The incorporation of benzophenone (BP) into the copolymer film typically results in the 

appearance of aromatic -C=C- stretches, but in this case, they are obscured/convoluted by the 
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H2O deformation band at 1650 cm-1. Betainized 1:1 p(DMAEMA-co-PgMA) network films 

were extracted overnight in DI H2O while undergoing mild agitation. It is known that 

betainized materials are water-soluble so this extraction step should remove uncross-linked 

material. From IR we are not able to clearly monitor the cross-linking reaction since 

betainization of the copolymer already results in the reduction of the intensities of the backbone 

and tertiary amine -C-H stretches in the bulk material (Figure 4.3). It does seem apparent that 

alkyl -C-H stretches from the underlying PS film appear in the IR spectra of betainized films 

made at intermediate doses (i.e., 1 J/cm2). 

The IR spectra of the Bet-3:1 PNFs (Figure 4.8b) indicate the presence of the -OH 

stretch at 3435 cm-1 the alkyl -C-H stretch at 2933 cm-1, the -C=O stretch at 1726 cm-1, the 

H2O deformation band at 1650 cm-1 and the S=O stretch at 1039 cm-1. The incorporation of 

benzophenone (BP) into the copolymer film typically results in the appearance of aromatic -

C=C- stretches, but in this case, they are obscured/convoluted by the H2O deformation band. 

Betainized 3:1 p (DMAEMA-co-PgMA) network films were extracted overnight in DI H2O 

while undergoing mild agitation. Betainized materials are water-soluble so this extraction step 

should remove uncross-linked material. A dose of 10.8 J/cm2 in addition to 9 J/cm2 was used 

in this case since the thickness of the extracted betainized layer in a film receiving only 1 J/cm2 

is not sufficient to yield a characteristic spectrum of a cross-linked betainized-3:1 film. As with 

Bet-1:1, from IR we are not able to clearly monitor the cross-linking reaction since 

betainization of the copolymer already results in the reduction of the intensities of the backbone 

and tertiary amine -C-H stretches in the bulk material (Figure 4.3). It does seem apparent that 
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alkyl -C-H stretches from the underlying PS film appear in the IR spectra of betainized films 

made at the highest doses. Lower gel fractions are obtained for the Bet-3:1 films, resulting in 

lower film thicknesses for the betainized top-coat. 

 

 

Figure 4.8.  FT-IR spectra of Bet-p (DMAEMA-co-PgMA). a) (1:1 Molar Feed) and b) (3:1 

Molar Feed) coatings. From bottom to top: Un-extracted Bet-p (DMAEMA-co-PgMA) 

coatings (lower five), Extracted Bet-p(DMAEMA-co-PgMA) coatings (middle two) and the 

difference between the extracted spectra and Bet-copolymer spectrum (top two). 
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With the IR spectra provided, in combination with previously developed insights from 

the literature,29-31 one can propose a pre-liminary photo-crosslinking reaction scheme (Figure 

4.9). UV light activates BP, converting it to a biradical, which abstracts aliphatic hydrogen 

from its environment leading to a BP-centered radical and the presence of another radical 

nearby. BP can become incorporated into the network structure once a BP-centered radical and 

a polymer macro-radical terminate. Based on insights yielded from the IR spectra, we postulate 

that radicals are generated both along the polymer backbone and side-chain. The termination 

of two polymer chain macro-radicals can lead to cross-linking. 
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Figure 4.9.  Possible photo-cross-linking scheme. 

 

Fractions of the original film thickness after various doses of UV irradiation and 

extraction were recorded for each surface material and are plotted in Figure 4.10. Generally, 

the fraction of the original film retained increases with increasing UV dose. This happens 

because, more BP molecules are activated as the dose increases, thereby producing more 

polymer macro-radicals, which can lead to cross-linking of the material. Coincidentally, 

increasing the dose may also be facilitating more covalent attachments between the underlying 
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PS layer and the forming polymer network. Interestingly, the simultaneous cross-linking and 

grafting of the polymer leading to higher film retentions does not lead to identical results at all 

doses for all materials. Essentially, the materials exhibit different responses regarding the 

fraction of the original film retained as the dose increases. As it pertains to the un-betainized 

samples, surface coatings containing significant amounts of un-betainized DMAEMA within 

the polymer chain possess higher film retention fractions than pPgMA surface coatings at 

intermediate doses. This difference in the response to UV dose is attributed to the difference 

in the side-chain functional groups on the individual monomer residues. 

 

 

Figure 4.10.  Gel fraction of the surface-attached networks as a function of UV dose. 

 

The use of amines as co-initiators and their effectiveness in both facilitating photo-

polymerizations and photo-induced cross-linking is not a new phenomenon.30, 32 Considering 
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that DMAEMA contains a tertiary amine while PgMA contains a terminal alkyne, the photo-

cross-linking may be enhanced in the presence of tertiary amines initially. The IR spectra 

reveal that pDMAEMA crosslinks along the backbone and side-chain (see Figure 4.6b) 

whereas in pPgMA, crosslinking occurs mainly along the backbone. Regarding the betainized 

samples, we observe a stark difference in the response to UV dose for the Bet-1:1 and Bet-3:1 

surface coatings. The Bet-1:1 surface coating exhibits higher retention fractions than Bet-3:1 

at all UV doses.  If we first compare Bet-3:1 to un-betainized 3:1 we see much lower retention 

fractions. This might be attributed to the modified DMAEMA residues in the betainized 

sample. The alkylation of the tertiary amine by 1,3-propane sultone may inhibit the side-chain 

cross-linking. However, a 25% reduction in the molar ratio of bet-DMAEMA to PgMA allows 

for higher retention fractions presumably because backbone cross-linking by PgMA may be 

more efficacious than side-chain cross-linking of bet-DMAEMA. A comparison of Bet-1:1 and 

Bet-3:1 seems to indicate this. While the cross-linking reaction mechanism is not completely 

elucidated, it is evident that side-chain chemistry plays a role in how the cross-linking unfolds 

and as a result may give rise to different cross-linking densities for some networks.  
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Figure 4.11.  Static water contact angles for polymer network coatings. 

 

The wettability of the extracted networks was analyzed by contact angle measurements 

using DI H2O as the probing liquid. Figure 4.11 plots the static water contact angle (SWCA) 

vs. polymer network coatings for 6 surface coatings: pPgMA homopolymer, 1:1 p(DMAEMA-

co-PgMA), 3:1 p(DMAEMA-co-PgMA), Bet-1:1, Bet-3:1 and pDMAEMA homopolymer.  

We also plotted the static water contact angle as a function of dose in Figure 4.12 to see if 

wettability, a physicochemical property being a function of the physical and chemical 

characteristics of the substrate was affected by the UV dose applied. For most materials it does 

not appear to be a strong function of dose, while for pDMAEMA and Bet-3:1, it increases with 

dose. The act of cross-linking and the incorporation of BP into the network is expected to affect 

the wettability to some degree. Further experiments are required to properly establish the 

relationship between the wettability of polymer network films and the extent of cross-linking.  
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Figure 4.12.  SWCA of surface-attached polymer networks as a function of dose. 

 

Water contact angles for pDMAEMA at the lowest two doses could not be determined using 

water, presumably due to a combination of insufficient grafting linkages to the PS layer and 

low cross-linking density throughout the functional coating.  The inability to determine the 

water contact angle of virgin, uncross-linked pDMAEMA films has been reported.33  The 

SWCA for all materials at the highest doses are plotted in Figure 4.11. Additionally, water 

contact angles for each of the copolymers has been predicted using the Cassie-Baxter equation 

and are tabulated in Table 4.4. Polymer chain composition/modification allows for tuning the 

wettability of the resulting coating. pPgMA exhibits the highest water contact angle due to its 

relatively hydrophobic nature. As the content of DMAEMA increases within the polymer 

chain, the hydrophilicity increases. The experimental water contact angles of the unbetainized 

copolymers are also in close agreement with the predicted values listed in Table 4.4.  
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Table 4.4.  Experimental and predicted water contact angles for polymer network coatings. 

Polymer Network Coating Experimental CA (°) Predicted CA (°) 

pPgMA 86 + 1.2 N/A 

1:1 77 + 1.2 77 

3:1 70 + 1.2 72 

pDMAEMA 67 + 1.8 N/A 

Bet-1:1 57 + 7.7 N/A 

Bet-3:1 36 + 1.4 N/A 

Predicted CA values for the copolymers were determined using the Cassie-Baxter equation 

where x is the mole fraction of DMAEMA within the polymer chain: cos 𝜃𝑐𝑜𝑝𝑜𝑙𝑦𝑚𝑒𝑟 = 𝑥 ∗

𝑐𝑜𝑠𝜃𝑝𝐷𝑀𝐴𝐸𝑀𝐴 + (1 − 𝑥) ∗ 𝑐𝑜𝑠𝜃𝑝𝑃𝑔𝑀𝐴 

 

Betainized counterparts of 1:1 and 3:1 exhibit higher degrees of wetting than their unbetainized 

analogues. This is due to the presence of cationic and anionic charges on the DMAEMA 

residues. More specifically, the presence of charge-dipole interactions present at the Bet-

1:1/water interface and Bet-3:1/water interface play a role in the increased wetting of the 

material whereas hydrogen-bonding and dipole-dipole interactions are present at the 1:1/water 

and 3:1/water interfaces. The Bet-3:1 copolymer surface coating experiences the highest 

degree of wetting due to a higher bet-DMAEMA composition within the polymer chain. 

Higher degrees of wetting for surface coatings typically bode well concerning coatings for 

antifouling/foul-release applications. 
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Figure 4.13.  a) Swelling factor of polymer network coatings in DIW and ASW. b) Swelling 

factor of polymer network films in TRIS buffer and PBS buffer. 

  

Swelling factors were computed as a ratio of the swollen film thickness (excluding PS 

underlayer) to ambient thickness (excluding PS under layer); the latter measured in an 

environment where the relative humidity ranged from 12.5 to 15.1%. Thicknesses of deposited 

PS films (determined by SE) in the ambient and in DIW are plotted in Figure A4.1, revealing 

that swelling does not occur. Ambient film thicknesses of our functional coatings were 

determined using spectroscopic ellipsometry in a liquid cell in the presence of pure KOH 

pellets that helped to regulate the relative humidity in the chamber (monitored by a relative 

humidity RH-temperature probe (Omega Engineering) during a dynamic scan every 5 minutes 

until the change in relative humidity was ~ 0.1% per measurement). Swollen thicknesses were 

determined using spectroscopic ellipsometry in a liquid cell that was filled with the appropriate 

medium. After a few minutes of incubation the ellipsometric angles Ψ and Δ were measured 

and then fitted using a model composed of a Si substrate, SiOx (1.5 nm) layer, a Cauchy layer 
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and a “H2O pribil temperature” layer. The top layer in this model was declared as ambient in 

the software and is used to account for the presence of water above the polymer film. The data 

were fitted using the thickness and Cauchy coefficients An and Bn. Percent roughness was 

accounted for in the model, but not strictly used as a fitting parameter.  

Figure 4.13a plots the swelling factors of the networks as a function of coating type 

for polymer networks receiving the maximum dose. The swelling behavior of surface coatings 

was probed in DI H2O and artificial seawater (ASW). Considering the interest in fabricating 

marine biofouling coatings, investigating the swelling behavior in seawater is well-warranted.  

Here, one must be careful when comparing swelling factors across materials given we do not 

know if the cross-linking density is the same for each. Our gel fraction data in conjunction with 

our IR data seem to indicate that the cross-linking reaction extent and mechanism can vary 

across our films. The swelling factor of polymer network films depends on the 

chemistry/functional groups present, the cross-linking density, the amount of material as well 

as the relative humidity of the ambient conditions. However, we should be able to compare 

swelling factors for a given material across different environments as long as the BP content 

and UV dose are the same. With this in mind, the swelling factors of the individual, un-

betainized materials in both DIW and ASW do not differ dramatically as compared to the stark 

differences in the swelling factors observed for each of the betainized coatings in DIW and 

ASW. Interestingly, the introduction of electrolytes found in seawater results in two distinct 

responses between the betainized films. The Bet-1:1 films experience a greater degree of 

swelling when immersed in seawater whereas the Bet-3:1 films experience a contraction. In 
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order to cultivate a deeper understanding of the swelling behavior in the presence of 

electrolytes, we studied the effect that single electrolyte solutions would have on the swelling 

response of our betainized polymer films.  

We investigated the swelling of our surface-attached polymer network coatings in TRIS 

buffer (0.01 M, pH 8.0) at the conditions used for our FITC-BSA test. The results are plotted 

in Figure 4.13b. The trend is as expected in that incorporation of the hydrophilic monomer, 

DMAEMA, does result in higher degrees of swelling with the homopolymer pDMAEMA 

exhibiting the highest swelling factor of the neutral materials. Betainization of the DMAEMA 

residues with 1,3-propane sultone converts the copolymers to zwitterionic copolymers, 

boosting the swelling factors of 1:1 and 3:1 from approximately 1.5 and 2.1 to values of 4.0 

and 6.5, respectively. These higher degrees of swelling are to be expected, as zwitterions have 

been shown to bind water more strongly due to the presence of charges in their side chains. 

Additionally, the presence of charges will also incur the diffusion of dissolved electrolytes and 

hydrophilic moieties such as TRIS into the network, which can also lead to greater swelling. 

We also investigated the swelling of surface-attached polymer network coatings in PBS 

buffer (0.01 M, pH 5.5) at the conditions used for our fibrinogen (Fg) test. The results are 

plotted in Figure 4.13b. Incorporation of the hydrophilic monomer, DMAEMA, does result in 

higher degrees of swelling, albeit, 1:1 and 3:1 behave quite similarly. Homopolymer 

pDMAEMA swells more than either of the copolymers, to a factor beyond 2.2. Betainization 

of the DMAEMA residues with 1,3-propane sultone converts the copolymers to zwitterionic 

copolymers, boosting the swelling factors of 1:1 and 3:1 from approximately 1.3 to values of 
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3.2 and 4.1, respectively. These higher degrees of swelling are to be expected, as zwitterions 

have been shown to bind water more strongly due to the presence of charges in their side 

chains. Additionally, the presence of charges will also incur the diffusion of dissolved 

electrolytes into the network, which can also lead to greater swelling.  

Figure 4.14a depicts the swelling behavior of the Bet-1:1 film in three different 

electrolyte solutions as a function of ionic strength. NaCl, MgCl2 and Na2SO4 were chosen 

because they comprise a majority of the salt components in seawater. The following equation 

was used to compute the ionic strength of each electrolyte solution used in our study: (1/2) ∗

∑ 𝐶𝑖 ∗ 𝑧𝑖
2

𝑖  where Ci denotes the bulk concentration of the ion i and zi denotes the charge on ion 

i. The Bet-1:1 network vertically expands in salt-free water due to osmotic pressure from 

solvent molecules that have diffused into the film. This is not surprising because the betaine 

unit is very hydrophilic.  As the ionic strength increases, regardless of the electrolyte tested, 

ions diffuse into the zwitterionic network leading to a further expansion until the swelling 

behavior plateaus. Additionally, the condensation of ions along the polymer backbone might 

also render the betaine more hydrophilic and this can also lead to greater swelling.34 From the 

plot it is clear that the behavior exhibited by the betainized network film is not the same for all 

electrolytes tested. At the highest ionic strength, the swelling factors for the Bet-1:1 film in 

NaCl and MgCl2 are similar whereas in Na2SO4, the swelling factor is noticeably lower. We 

see no effects due to a valency change of the cation between MgCl2 and NaCl; the swelling 

factors are somewhat similar. 
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Figure 4.14.  Swelling factor of a) Bet-1:1 network coatings and b) Bet-3:1 network coatings 

in salt solutions as a function of ionic strength. 

 

However, we observed a lower swelling factor at the same ionic strength for Na2SO4 

compared to NaCl. The valency of SO4
2-, in addition to the size of the polyatomic ion, may 

contribute to a lower swelling factor by forming an electrostatic bridge between quaternary 

ammonium groups. Tangentially related studies by Trotsenko35 and Roiter34 probed at the 

conformation of polyelectrolytes (chains with one type of charge) in the presence of 

monovalent and multivalent salts. Multivalent salts have a tendency to form more compact and 

stable complexes with charged monomeric units in polyelectrolytes than monovalent salts at 

the same ionic strength. This is attributed to a stronger screening effect and stronger 

correlations of counterions brought about by higher valencies and greater charge densities. 

 



148 

 

 

 

 

 

 

Figure 4.15.  Swelling behavior of grafted and cross-linked Bet-1:1 in various media (top 

four) and expected side-chain conformation (bottom two). 

 

Interestingly, this electrostatic bridging is not seen in our data for MgCl2, which may 

result from a combination of what follows. The size of Mg2+ is too small to form a sufficiently 

long electrostatic bridge between -SO3
1- groups and/or the bet-DMAEMA residues in Bet-1:1 

do not occur close enough together throughout the chain to form bridges with Mg2+. There is 

also the increased mobility (relative to the quaternary ammonium groups residing closer to the 
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polymer backbone) of the sulfonate (-SO3
1-) groups at the end of the side-chain, which may 

also decrease the likelihood of electrostatic bridges forming between Mg2+ and the –SO3
1- 

groups. Coincidentally, the salts used in this study also reside in the Hofmeister series. While 

it is not fully understood why salts in the Hofmeister series have the observed effects on protein 

solubility in aqueous solutions,36 their behavior is consistent with what we see in our system. 

SO4
2- is known to behave in protein solutions in such a way as to reduce the surface area 

between the protein and water. It acts to promote protein assembly/folding whereas Cl1-, 

relative to SO4
2-, acts to promote protein solubility or unfolding. In our data, the 1:1 betaine 

exhibits a lower swelling factor in the presence of Na2SO4 compared to NaCl and this is in 

harmony with the observed behavior of Hofmeister salts in solutions containing biological 

betaines. The swelling behavior of Bet-1:1 is depicted as an illustration in Figure 4.15 to aid 

in the understanding of this phenomenon. 

Figure 4.14b shows the swelling behavior of Bet-3:1 in three different electrolyte 

solutions as a function of ionic strength. The Bet-3:1 network exhibits greater vertical 

expansion than Bet-1:1 in salt-free water. It is unknown at this time whether this is entirely 

determined by the polymer chain composition or a combination of polymer chain composition 

and variations in cross-linking density between the betaines. At any rate, the significant vertical 

expansion of this material in water is not surprising because the betaine is very hydrophilic due 

to a high zwitterion content. Out of all the coatings characterized, based on the water contact 

angle, this material has the strongest affinity for water. 
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Figure 4.16.  Swelling behavior of grafted and cross-linked Bet-3:1 in various media (top 

four) and expected side-chain conformation (bottom two). 

 

As we add salt, regardless of the electrolyte tested, we see a reduction in this vertical 

expansion instead of a further expansion as previously observed in the case of Bet-1:1. In the 

case of Bet-3:1, the zwitterion content occurs much more frequently throughout the polymer 

chain. In Bet-1:1 approximately 50% of the chain is composed of betainized DMAEMA 
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whereas with Bet-3:1, approximately 75% of the chain is composed of betainized DMAEMA. 

The diffusion of electrolytes into the network may lead to the partial expulsion of some solvent 

molecules-in other words, a replacement of solvent molecules with electrolytes to some degree. 

It is within reason to suspect that associations between oppositely charged moieties and 

electrostatic screening of like-charged moieties (both phenomena facilitated) by the presence 

of dissolved electrolytes can lead to de-swelling or a vertical contraction of the Bet-3:1 network 

from its previous swollen state in DIW. This is not to say that the same associations do not 

form in Bet-1:1 network films to some degree because it is suspected that they do, but just 

fewer of them to the extent that it does not lead to any shrinking or contraction of the film. The 

lower swelling factor is observed in all three salt solutions tested and the behavior observed in 

both NaCl and MgCl2 is similar. The change in the cation valency does not seem to have an 

appreciable effect on the swelling behavior of Bet-3:1. As mentioned previously, the mobility 

of the -SO3
1- groups due to their location at the end of the side-chain may lower the likelihood 

of any electrostatic bridging occurring between these anions and the Mg2+ cation. However, in 

the case of Na2SO4, we do see an effect of changing the anion valency; we see an even greater 

reduction in the swelling factor for this electrolyte. A further reduction in the swelling factor 

may be due to electrostatic bridging between the polyatomic ion, SO4
2-, and the quaternary 

ammonium groups present in the betainized DMAEMA residues. At this juncture, we would 

appeal to the aforementioned arguments for Bet-1:1 regarding why a lower swelling factor is 

observed in a solution of Na2SO4. The difference in the swelling behavior of Bet-3:1 for 

Na2SO4 is also consistent with the observed behavior of Hofmeister salts in solutions 
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containing proteins. The swelling behavior of Bet-3:1 is depicted as an illustration in Figure 

4.16 to aid in the understanding of this phenomenon. 

 

 

Figure 4.17.  Relative intensity due to adsorbed FITC-BSA on different functional network 

coatings. Background illumination was subtracted before normalizing to Polystyrene. 

 

A qualitative assessment of protein adsorption on our network coatings was carried out 

using fluorescence microscopy. A polystyrene (PS) control, along with our functional network 

coatings, was incubated in a 0.01 mg/mL solution of Fluorescein isothiocyanate (FITC)-bovine 

serum albumin (BSA) in 10 mM TRIS buffer at a pH of 8 (while the pI of BSA is 4.7, this 

condition is acidic enough to bleach the product) for 24 hours at room temperature in the dark. 

Afterwards, the samples were rinsed extensively in 10 mM TRIS buffer followed by rinsing in 

DIW and drying with a stream of N2 gas.  
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Three fluorescence microscopic images were captured for every sample under 10x 

magnification using an exposure time of 20 seconds. Untested coatings exhibit background 

illumination/auto-fluorescence; this was removed using Image J prior to relative comparisons 

made with a PS control. ImageJ was employed to determine the mean gray value of every 

microscopic image. Mean gray values and standard deviations for each unique sample were 

determined from an average of three images and then normalized by PS to produce a relative 

indicator of the antifouling property for our polymer network coatings. The results are plotted 

in Figure 4.17; sample fluorescence microscopic images are exhibited in Figure 4.18. While 

this evaluation is not quantitative of the total amount of adsorbed protein, it does provide 

insight into the antifouling potential of these materials. The fluorescent intensity of FITC-BSA 

on a pPgMA network is significantly higher than the rest of the functional coatings. This is not 

surprising considering that pPgMA is more hydrophobic than the other films and will incur 

adsorption of significant amounts of protein through hydrophobic interactions between 

polymer and proteins. pDMAEMA has a much lower fluorescent intensity than pPgMA, 

because it is relatively more hydrophilic than pPgMA.  
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Figure 4.18.  Fluorescence microscopic images of FITC-BSA adsorbed onto surface-grafted 

polymer network surfaces. Top row, left to right: PS, pPgMA, 1:1, 3:1. Bottom row, left to 

right: Bet-1:1, Bet-3:1, pDMAEMA. 

 

The copolymer network coatings containing both hydrophilic and hydrophobic 

monomers exhibit lower fluorescent intensities than either of their homopolymer counterparts. 

An experimental finding such as this seems to corroborate a developing body of work 

exhibiting the potential that amphiphilic materials hold as antifouling surfaces.19-23 The 

betainized, amphiphilic coatings perform just as well, and in the case of Bet-1:1, even better 

for this particular crosslinker content. This is not surprising considering that betainized 

surfaces have also been shown to hold much promise for the next generation of antifouling 

coatings.9, 10  

Regarding the performance of the copolymers and bet-copolymers against FITC-BSA, 

one should factor in how the materials swell in TRIS buffer. The betaines swell the most due 
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to the incorporation of water and dissolved electrolytes. As we have mentioned before, based 

on prior work done in the area, the presence of a tightly bound water layer does contribute to 

the level of protein-repellency exhibited by betaines. The free energy of dehydration for 

zwitterionic surfaces is quite high due to the presence of cationic and anionic charges along 

the side-chain.9, 10 The self-association or ion pairing between the cationic and anionic portions 

of the zwitterionic side-chains are also a contributing factor, albeit in the presence of dissolved 

electrolytes, this manifests to a lesser extent, so the interaction with dissolved counter-ions 

plays a role.  

While our zwitterionic network coatings are expected to display anti-fouling 

characteristics they are not the only coatings tested which exhibit anti-fouling potential. The 

unbetainized coatings are clearly promising, since as Figure 4.17 shows 1:1 and 3:1 perform 

better than pDMAEMA. Figure 4.13b shows that the copolymers have a higher swelling factor 

in TRIS buffer than pPgMA, which is attributed to the increased DMAEMA molar content 

throughout the chain, but a lower swelling factor than either pDMAEMA or the zwitterionic 

copolymers. For these copolymers, uptake of water does occur and some polymer chain 

reorganization is expected, albeit to a limited extent due to crosslinking. The backbone and 

PgMA residues may retreat into the network and form hydrophobic pockets, while the 

DMAEMA residues can orient themselves towards the surface. Due to the relatively low 

swelling factors exhibited by the unbetainized copolymer network coatings, the repulsion of 

protein may occur by a different mechanism other than the presence of a tightly bound 

hydration layer since they swell more than pPgMA, but are not as hydrophilic as the betainized 
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samples. In this case, the proteins might be excluded from the network due to their size. As 

they seek to penetrate the mesh, should the size of the network pores be on the order of the 

protein’s size or less, the chain stretching required to accommodate the protein’s inclusion into 

the network would be forbidden, from a thermodynamic point of view. Size exclusion effects 

have been postulated as a mechanism by which protein adsorption is discouraged by Worz and 

co-workers37 and has been demonstrated experimentally by Pandiyarajan and co-workers.38  In 

order to confirm whether this proposed mechanism is in effect, one would have to calculate 

the individual mesh size for each polymer network coating and compare it to the Rg of the 

protein. The development of a model for our system is currently underway and once complete, 

will shed more light on the validity of our hypothesis. Ultimately, Bet-1:1 seems to offer this 

balance of binding water tightly due to its hydrophilicity, strong interaction with dissolved 

electrolytes brought about by the presence of cationic and anionic groups along the side-chain, 

while offering a significant degree of amphiphilicity due to the chemical heterogeneity present 

throughout the chain. 
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Figure 4.19.  Change in film thickness due to Fg as a function of surface type. 

 

A qualitative assessment of fibrinogen (Fg) adsorption on fabricated network coatings 

was carried out using spectroscopic ellipsometry. A polystyrene control, along with our 

functional network coatings, was incubated in a 1 mg/mL solution of fibrinogen from human 

plasma in 10 mM PBS buffer at a pH of 5.5 (pI≈5.5) for 20 hours at room temperature. We 

conducted our test at the pI so as to minimize electrostatic repulsion experienced by 

neighboring protein moieties as they adsorb to the surface. The pH of the buffer solution had 

to be adjusted using HCl since the resulting pH of PBS packets dissolved in 1 liter of deionized 

water is 7.4. Afterwards, the samples were rinsed extensively in 10 mM PBS buffer followed 

by rinsing in deionized water and drying with a stream of nitrogen gas.  

The change in thickness due to Fg as a function of surface type is plotted in Figure 

4.19. A dashed horizontal line has been drawn to indicate the approximate thickness change of 
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a successfully adsorbed layer of Fg (~5-7 nm). This thickness change does correspond to the 

length scale of the protein in the dry state.39  Fg is known to adhere well to hydrophobic 

surfaces so it is not surprising to see the greatest statistical change in thickness for our PS 

coatings. It is evident that multilayers of Fg have adsorbed onto the surface. An appreciable 

change in thickness due to Fg adsorption also occurs for the pPgMA coating. Considering 

pPgMA is also hydrophobic, we should expect a comparable increase in thickness due to Fg 

adsorption. However, as we increase the DMAEMA content of the polymer chain, we observe 

a decrease in the thickness change, presumably due to lower settlement of Fg. As more 

DMAEMA is incorporated into the chain, the hydrophilicity of the surface increases, as our 

swca confirms. In turn, this renders the interactions between the coating and Fg relatively less 

favorable. There was some loss in thickness, apparently, for the pDMAEMA film. Here, we 

would remind the reader that pDMAEMA has a pKb of approximately 7.5 and is expected to 

be a weak polyelectrolyte at a pH of 5.5. Increased swelling due to charge repulsion between 

the side-chains is expected in this instance and such swelling may exert significant forces on 

the bonds, which tether the network to the PS under layer. Even though the films were 

incubated in 10 mM PBS buffer (pH 5.5) before carrying out the protein test, this 3-4 nm loss 

still occurred. It is possible that the pDMAEMA network may not exhibit long-term stability. 

Despite this, the loss is almost negligible considering the error and we would further remind 

the reader that the pH of the marine environment ranges from 8.0-8.3, where we would expect 

pDMAEMA networks to be virtually uncharged. The Bet-1:1 coating was observed to 

experience some Fg adsorption, albeit the change is not statistically significant. The authors 
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contend that the performance of Bet-1:1 against Fg also shows promise for marine foulant 

testing as do 3:1 and pDMAEMA. The Bet-3:1 coating does not perform quite as well as the 

Bet-1:1 coating. This might be due to a higher mesh size indicated by the swelling factor in 

TRIS buffer. Even though the material is quite hydrophilic and binds water tightly, the 

presence of PgMA within the polymer network may give rise to domains along the Bet-

3:1/water interface where water is not as tightly bound. This may allow for limited penetration 

of Fg through the network pores. In contrast, the swelling factor and ability to bind water tightly 

is lower for Bet-1:1. So, even though Fg may approach the Bet-1:1/water interface more easily 

in comparison to Bet-3:1, it may not penetrate because a smaller mesh size is expected 

Additionally, the size of the error bars for the betainized coating data sets indicates that the 

films are not smooth. AFM images of all functional coatings have been taken for each design 

step, prior to and after exposure to both buffers and proteins and are available in the appendix 

section. These images confirm that the betainized samples are much rougher than the 

unmodified coatings. Rough surfaces have been known to incur greater adhesion of proteins 

when compared with smoother surfaces.40 Therefore, it is more difficult to tell if there are 

changes in thickness due to Fg attachment. At any rate, out of the coatings tested there are 

promising candidates for marine fouling studies, especially considering the fact that Fg 

adsorption correlates with adsorption of Ulva and vice-versa.20  

 

4.5 Conclusions  

In this Chapter we have reported on the design, characterization and testing of novel 

amphiphilic coatings featuring zwitterionic surface-attached photo-cross-linked polymer 
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network films.  These coatings were formed by crosslinking random copolymers featuring 

DMAEMA and PgMA units with BP and UV light.  Our functional coatings are grafted to a 

polystyrene layer, which helps to prevent detachment of our networks while present in 

environments that cause them to undergo swelling. Based on the results from our protein 

studies, our amphiphilic and zwitterionic coatings show promise for non-fouling applications 

in a marine environment. 

Based on the IR spectra and thicknesses provided from our ellipsometric modeling we 

have mechanistic insights into the cross-linking of surface-attached network coatings. The 

well-known hydrogen-abstraction process facilitated by the formation of BP radicals and di-

radicals leads to the incorporation of BP and the cross-linking as well as grafting of polymer 

chains, respectively, to the PS surface. The side-chain of the individual monomeric units does 

play a role in the efficacy of the cross-linking reaction. While pPgMA seems to cross-link 

primarily through the backbone, pDMAEMA and 3:1 cross-link through both the backbone 

and the side-chain, in some instances leading to enhanced retention of our networks at certain 

doses. The betainization of the DMAEMA residues, however, seems to limit this efficacy, 

which is clear from the thickness data and warrants slightly higher doses to boost film retention 

in the case of cross-linking zwitterion coatings. 

Surface characteristics, which can have an impact on the anti-fouling potential of a 

surface, such as thickness, wettability and swelling can be adjusted by controlling the UV dose, 

polymer composition and converting the DMAEMA residues to bet-DMAEMA. Studies on 

film retention, wettability and swelling demonstrate the general versatility of this system. 
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Increasing the UV dose increases the film thickness and likely network density. Incorporating 

DMAEMA into the polymer chain increases the hydrophilicity of the film and betainizing the 

DMAEMA residues further increases the wettability. The swelling factor of our films also 

increases from pPgMA (most hydrophobic) to Bet-3:1 (most hydrophilic). With the ability to 

tune coating properties, we can moderate the anti-fouling character judiciously so as to inhibit 

or encourage the adsorption of various proteins for applications beyond resisting biofouling. 

We have contributed new insight concerning the swelling behavior of different types 

of betaines in environments with different electrolytes found in seawater. Not every betaine 

behaves the same in the same environment. Our Bet-1:1 and Bet-3:1 coatings exhibit very 

different responses when placed in the same electrolyte solutions. Bet-1:1 displays increased 

swelling behavior, whereas Bet-3:1 exhibits decreased swelling behavior upon introduction of 

electrolytes. The type of electrolyte, specifically the size and valency can also impact the 

swelling behavior of our zwitterionic films.  Limited data do not allow us to fully comprehend 

the phenomenon of further collapse in the presence of SO4
2-, but it is within reason to suspect 

that electrostatic bridging might be playing a role. What is more intriguing is that our 

observations are consistent with what is observed in studies pertaining to Hofmeister salts and 

biological betaines like proteins. While the phenomenon regarding the Hofmeister salts and 

protein solubility is not fully understood, our zwitterionic materials can serve as a platform for 

garnering more understanding in this area by mimicking the behavior of biological betaines in 

electrolyte solutions. 
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We have assessed the anti-fouling potential of our surfaces with two relevant proteins; 

BSA is a small, tough fouler and Fg-a protein whose adsorption correlates with that of Ulva, a 

marine organism. The amphiphilicity of a film is a predictor of much anti-fouling potential. 

Our Bet-1:1 and Bet-3:1 films, which are amphiphilic in nature, prove their robustness by 

outperforming the hydrophobic controls and pDMAEMA in resisting BSA attachment. Their 

performance is even comparable to the Bet-3:1 film. Regarding Fg attachment, Bet- 3:1, 

pDMAEMA and arguably Bet-1:1 perform favorably against Fg adsorption. This might also 

be attributed to the amphiphilicity of our films, the pDMAEMA performance notwithstanding, 

since it may have discouraged adsorption ablatively. 
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5 Outlook 

 

5.1 Solution conductivity 

In Chapter 2 of this Ph.D. Dissertation, we established and tested a new technique in 

the Genzer laboratory in order to solve an oxygen diffusion issue encountered during the study 

of the viscoelastic properties of poly(EMA-co-PgMA) gels. This issue made it difficult to 

determine the rate of cross-linking, onset of gelation, and mechanical properties of these gels. 

Knowing a priori that we would use a variant of poly(EMA-co-PgMA) in poly(DMAEMA-

co-PgMA), we developed a tool that would allow the delivery of oxygen to all catalyst sites 

uniformly during the cross-linking reaction. In lieu of the rheometer, an in-house 

characterization method was setup involving an SR830 Lock-In Amplifier, a laptop, 

LabVIEW, a conductivity cell and custom-made glass vials. This setup allowed us to follow 

the polymerization of PgMA and MMA and gelation of pPgMA by monitoring current in 

solution that was recorded during both reactions. We carried out benchmark experiments to 

determine the effects of various parameters on the solution conductivity. To that end, we 

confirmed that the solution resistance is a strong function of dissolved salts, amount of water 

and temperature while not a strong function of ligand or monomer concentration. We tuned 

the concentration of dissolved salts and water and succeeded in establishing a conductive 

environment where the viscosity changes associated with polymerization and gelation would 

be observable while allowing the ability to deliver oxygen to regenerate the complex.  

Moving forward, we desire to investigate the effects of temperature and MMA 

concentration on the rate and extent of polymerization from conductivity measurements. Based 
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on previous work done in this area, extraction of relevant kinetic parameters (i.e. thermal 

conductivity, k, and activation energy, EA) is plausible. The same set of experiments could be 

performed for PgMA and DMAEMA systems. Dilute conditions may be required to prevent 

gelation of PgMA, in order to isolate the effects of the polymerization of PgMA monomer on 

viscosity from the effects of cross-linking. By extension, reaction kinetic parameters for 

copolymerizations of DMAEMA and PgMA, i.e., rate constants and activation energies, 

should also be determined.  

Afterwards, we will use the technique to determine the rate and duration of polymer 

network formation in the bulk. The effects of varying the PgMA content, CTC concentration, 

O2 flow rate and temperature on the rate and duration of cross-linking in-situ can also be 

investigated using this technique. Investigating the use of various organic salts, such as sodium 

perchlorate, as a method to avoid the use of water altogether is also of interest. Results from 

such studies would not allow calculation of polymer network mechanical properties (e.g., G’, 

G”, etc.), but could provide kinetic information unattainable through conventional rheological 

studies. Qualitatively, one could determine the time scale for a particular polymer gelation and 

distinguish between networks with varying extents of crosslinking based on relative viscosity.  

This technique could conceivably be extended beyond Hay coupling systems to 

investigate cross-linking methodologies that do not depend on a copper catalyst or the presence 

of O2. The gel formation using UV light in the presence of a photoactive agent should be 

observable using this technique. A rheometer can be used to follow the evolution of 

viscoelastic properties during polymer network formation when network formation proceeds 
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through mechanisms that do not require O2. Rheometer-based measurements coupled with 

conductivity-based studies of the same systems would allow comparisons of the methods and 

identification of any correlations between the data (i.e., benchmarking).  

In Chapter 3, we explored the use of photoactive additives and UV light to generate 

surface-attached networks. Using solution conductivity to monitor polymer network formation 

on surfaces could provide relevant kinetic information for this system. The authors would be 

remiss if they did not mention the possibility of monitoring growth of surface-grafted polymer 

assemblies or polymer brushes using solution conductivity. While only in its infancy, this tool 

could offer an alternative method to determine the rate and extent of polymer brush growth in 

real-time. Figure 5.1 shows one possible route to accomplish this task. In this example, 

lithography is used to create an interdigitated array of Au electrodes on the substrate. UVO 

with a mask is then employed to create –OH groups on select areas of the array. Then a silane-

based initiator deposition is carried out to attach initiator to the pattern created from the UVO 

treatment. Connecting a lock-in amplifier with the electrodes on the array would allow 

application of voltage and subsequent measurement of the resulting current. A shallow solution 

of monomer, solvent and initiator can be poured onto the surface and surface-grafted polymer 

assemblies can be thermally initiated. The resulting polymer chains could be cross-linked with 

the CTC. In-situ monitoring of polymer brush growth, and the rate and extent of the subsequent 

cross-linking reactions can be followed with conductivity measurements. 
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Figure 5.1.  Using solution conductivity to monitor the growth of polymer brushes and 

subsequent cross-linking. 

 

5.2 Post-network modification 

In Chapter 3, we demonstrated that we could design a reactive, multifunctional, 

surface-attached network and carry out a simple post-network modification, delivering 

multifunctional coatings with resistance to Fg adsorption. Our approach is unconventional in 

that we did not modify preformed chains beforehand. This study thus provides an avenue where 

one might eliminate network density as a dependent parameter when making comparisons 

across coatings based on changes in chemistry alone. We used a quaternization reaction 

between 11-BUTS and poly(DMAEMA-co-PgMA) to create a covalently immobilized primer 

layer. This was followed by a cross-linking step involving a blend of the copolymer and DMPA 
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(activated with UV light), to yield a surface-anchored polymer gel with multiple functionalities 

present at the surface for chemical tailoring, i.e., tertiary amine and terminal alkyne. 

Thicknesses of our multifunctional coatings were controlled by tuning the applied UV dose 

and the solution concentration. Coating thicknesses ranged from ~15 to ~110 nm. The 

copolymer network coatings were modified using a betainization reagent and tested against 

Fg, a protein whose adsorption correlates with the adsorption of Ulva.1 Fg attachment on the 

OTS control and on thinner, multifunctional coatings was observed, but the thicker coatings 

performed much more favorably illustrating that coating thickness can contribute to the 

antifouling characteristics of a surface. 

The antifouling potential of network coatings before and after betainization should be 

studied in detail. Carrying out the post-network modification (PNM) reaction will convert the 

DMAEMA residues into sulfobetaine methacrylate, presumably without modifying the cross-

linking density. This procedure will then allow for a fair assessment of Fg resistance as only 

one property will have changed, i.e. the chemistry of the polymer network. The network 

density might be modified by adjusting the DMPA concentration in solution; however, this 

may potentially change the chemistry across different polymer: photoinitiator ratios, as it is 

unknown at this time if DMPA is incorporated into the network framework. 

While our approach holds promise as an alternative route to the generation of surface-

attached networks with antifouling potential many questions remain unanswered. More 

investigation is needed to understand how betainized polymer chains within the network 

behave in the presence of salts and how their swelling behavior in a variety of aqueous media 



173 

 

 

 

 

can change. The observed decrease in film thickness of the modified network after incubation 

in a buffer and protein solution may be due to the presence of entrapped electrolytes. After all, 

the results in Chapter 4 illustrate that the thickness of the Bet-3:1 (where preformed chains 

were fully betainized) network does decrease when electrolytes are present. Investigating the 

swelling behavior of betainized networks made from a PNM reaction in deionized water, ASW, 

buffer solutions and solutions of varying ionic strength and pH is warranted. This should 

confirm that the decrease in thickness is not due to loss of material, but most likely due to the 

formation of cationic and anionic associations facilitated by the incorporation of salt.  

On another note, the grafting of the surface-attached network can be rendered more 

practical. While the use of silanes chemically bonded to a surface is convenient and a facile 

approach by virtue of the variety of SAMs that can be employed, this approach is not pragmatic 

or industrially relevant as it pertains to the application of marine anti-biofouling coatings. 

Currently, coatings are painted or spray-coated onto the surfaces of large vessels. Another 

bonding layer requiring less stringent grafting conditions is needed to make our approach more 

industrially friendly. We would propose casting a layer of PS (or another neutral primer layer) 

onto the substrate surface and then cross-linking it with UV treatment, akin to what was 

accomplished in Chapter 4. In marine environments, grafting the functional coatings to a 

hydrophobic under layer, like PS, may render added stability, in addition to being readily more 

applicable as opposed to depositing a SAM. 

Our surfaces can also be endowed with foul-release potential by modifying the network 

with polysilicones in addition to betainizing the DMAEMA residues. Poly(dimethylsiloxane) 
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(PDMS) and other low-surface energy materials are excellent candidates for generating foul-

release surfaces and are integral in the over-arching goal of minimizing marine biofouling. 

When one contemplates the plethora of marine organisms in the aquatic environment and the 

various mechanisms of adhesion it becomes apparent that an environmentally benign anti-

fouling surface that can resist all bioadhesion is unrealizable. This necessitates the presence of 

a foul-release component in the coating. The terminal alkyne on the PgMA residue is a 

potential reaction center for PNMs that will make our surface-attached polymer films more 

foul-release via an alkyne-hydothiolation reaction using mercaptopropyl trimethoxysiloxane 

(MPTMS). Additionally, one may also want to conduct a systematic investigation on the foul-

release properties of the network after activating the terminal alkyne only, before proceeding 

to do both. One must acknowledge that while the foul-release potential would be increased 

with a siloxane functionalization, this may compromise some of the antifouling potential of 

our surface. Future experiments will reveal what ratio of betainized-DMAEMA to silicone-

modified-PgMA will yield an optimal antifouling/foul-release coating. 

Our strategy of modifying surface-attached networks has still led to the design of 

coatings that exhibit anti-fouling potential. The assessment of our coatings Fg-resistance 

warrants the design of copolymer coatings where the DMAEMA:PgMA molar ratio is tuned, 

followed by a PNM involving either the betainization of the DMAEMA residues and/or the 

functionalization of the network with a siloxane moiety using the PgMA residues. In principle, 

we can tune both the antifouling potential and the foul-release potential by tuning the 

copolymer composition. A series of coatings can be tested against Fg and promising candidates 
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will be selected for tests against marine foulants. Our collaborators at the University of 

Newcastle in the U.K. will carry out further testing against cyprids. 

 

5.3 Future experiments & applications of amphiphilic and zwitterionic surface-

attached networks 

In Chapter 4, we reported on the design, characterization, and testing of novel 

amphiphilic coatings and zwitterionic surface-attached photo-crosslinked polymer network 

films against proteins.  These coatings were formed by crosslinking random copolymers 

featuring DMAEMA and PgMA units with benzophenone (BP) and UV light. Based on the IR 

spectra and thicknesses provided from our ellipsometric modeling we have a mechanistic 

understanding of the crosslinking and grafting of our surface-attached network coatings. The 

well-known hydrogen-abstraction process facilitated by the formation of BP radicals and di-

radicals leads to the incorporation of BP and the cross-linking as well as grafting of polymer 

chains to the PS surface. The side-chain of the individual monomeric units may play a role in 

the efficacy of the crosslinking reaction. In the case of pPgMA, hydrogen abstraction occurs 

predominantly along the backbone, but in the case of pDMAEMA, hydrogen abstraction 

occurs both along the backbone and on the -CH3 groups bonded to the tertiary amine within 

the side-chain. Betainizing the DMAEMA residues within the copolymer chain decreases the 

efficacy of the reaction, possibly due to steric hindrance and other effects. Based on the results 

from our protein adsorption studies, our amphiphilic and zwitterionic coatings show promise 

for non-fouling applications in a marine environment. 
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Our results for adhesion tests of substrates against Fg and FITC-BSA indicate that our 

amphiphilic and zwitterionic coatings possess antifouling potential. Their performance against 

these proteins warrants that we carry out marine biofouling testing. We are currently in the 

process of carrying out studies on anchoring our functional coatings to both commercial PS 

and PS-functionalized glass slides. Once accomplished, we will test our coatings against 

adsorption of cyprids (i.e., “baby-barnacles”), which are known to comprise a significant 

fraction of the fouling found on the hulls of ships. Repelling the adsorption of cyprids should 

lead to a dramatic increase in fuel efficiency. 

Since our ultimate objective is to develop a coating with both antifouling and foul-

release potential, further functionalization of polymeric coatings is required. The terminal 

alkyne is an available chemical handle that will allow us to execute this step. Silane and 

silicone-based moieties are known to exhibit foul-release characteristics and are used heavily 

to reduce the negative effects due to marine foulant accumulation.2 One possible reagent would 

be MPTMS. A simple, UV-initiated thiol-yne reaction between the terminal alkyne and 

MPTMS would allow us to endow our materials with foul-release potential. Following this, all 

new coatings would undergo complete characterization, as have the currently designed 

functional coatings to investigate how this modification would affect wettability, swelling in 

various aqueous media, and protein-repellency. We expect that the binding of water molecules 

may be non-trivially reduced in the case of zwitterionic coatings once this modification is 

carried out. Endowing a surface with foul-release potential in this manner may come at the 

expense of some antifouling potential. Balancing the antifouling and the foul-release potential 
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of a surface may prove challenging as they seem to rely on platforms with contrasting chemical 

characteristics. 

Another route, by which we can endow our surfaces with foul-release potential, 

involves adding topographical corrugations to the substrate. Uniaxially- and biaxially- 

hierarchically-wrinkled surface topographies have been developed within our research group 

in the past.3 These surface topographies span various length scales, which are comparable with 

the sizes of various marine organisms with the goal to minimize the number of attachment 

points a marine foulant uses to attach and remain anchored on the surface. If further 

functionalization of our materials with silanes/silicones leads to a heavy compromise of the 

antifouling potential of our surfaces, grafting to buckled substrates may be another route by 

which we may acquire an AF/FR surface. 

The effect of varying crosslinking density on protein-repellency of our functional 

coatings has not been investigated in detail. The size-exclusion effect proposed above for the 

unbetainized copolymer coatings can potentially be modulated by tuning the crosslinking 

density. Generally, a higher crosslinking density will result in a smaller mesh size and this will 

affect a protein molecule’s ability to penetrate the network. For our system, this would 

constitute modifying the BP wt% content. Using the swelling factor, we can distinguish 

between surface-attached networks with changing crosslinking density since highly cross-

linked networks will imbibe less water. A relationship between cross-linker content and the 

swelling factor can be discerned leading to the precise control of the crosslinking density. 

Alternatively, we can synthesize a copolymer containing DMAEMA and BP, which would 
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allow us to better control the BP content incorporated within the network and presumably 

discern a relationship between the amount of cross-linker incorporated into the chain, swelling 

factor, and the mesh size and ultimately the degree of protein-repellency. Additionally, 

incorporation of BP into the polymer chain will affect material properties, such as wettability 

and stiffness.  Because both properties do have bearing on the antifouling potential of a surface, 

it warrants adopting a method by which to control them. In the case of a blend, this is less 

feasible. 
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6 Appendices 

 

6.1 Chapter 3 Appendix 

 

Figure A3.1.  Gel content (yield) as a function of dose (0.3 wt %). 
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Figure A3.2.  Experimental Scheme for Post-Network Modification. 

 

 

Figure A3.3.  Survey XPS Spectra of Bet-3:1. Black Inset:  High-Resolution XPS Spectra of 

Bet-3:1 (UV) C 1s. Experimental data (black), smoothed data (dark blue), C 1s C≡C (aqua 

blue), C-C/C-H (red), C-N (dark blue), C-OR (green), and C=O (pink). 
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6.2 Chapter 4 Appendix 

 

Figure A4.1.  Thickness of polystyrene layer in air and deionized water (DIW). 
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Figure A4.2.  a) FT-IR spectra of Polystyrene coating. From bottom to top: BP, Polystyrene 

film, PS film after UVO treatment -extracted, 3:1 copolymer and 3:1 with BP b) PS film 

thickness vs. treatment doses used for grafting our functional polymer coatings. 

 

In Figure A4.2 we plot five IR spectra in order to verify that grafting our functional 

polymer coatings to PS does not interfere with our ability to follow the cross-linking reaction 

with IR. We know the -C-H insertion reaction affects alkyl -C-H stretches and want to ensure 

that those groups within the polymer are actually being affected. At the bottom in black we 

plot the IR spectrum of benzophenone, the photo-activable moiety blended into our functional 

coatings. Notable stretches include (cm-1): 3090, 3056, 3003 alkenyl =C-H, 1984, 1925, 1806, 

1717 overtones, 1661, 1597-C=C- (aromatic). We plot the IR spectrum of a PS film deposited 

on a Si wafer (in brown). After treatment, an IR spectrum of PS is plotted (in dark orange). 

The -C-H stretches remain largely unchanged. The IR spectra of the 3:1 p(DMAEMA-co-

PgMA)  copolymer film (in blue) and its counterpart (‘with BP’) contains the following notable 

stretches: the alkyl -C-H stretch at 2937 cm-1, the asymmetric and symmetric -C-H stretches 

from the dimethyl amino group at 2820 cm-1 and 2768 cm-1, respectively, and the -C=O stretch 
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at 1727 cm-1. The incorporation of benzophenone (BP) into the copolymer film results in the 

appearance of aromatic -C=C- stretches at 1658 cm-1 and 1600 cm-1. None of these IR spectra 

give any indication that grafting the functional coatings to PS interferes with our ability to 

follow the cross-linking of our films. -C-H stretches along the back-bone and side-chain are 

still quite evident. In Figure A4.2b, we plot the effects of UV treatment at 365 nm on the PS 

layer to ensure that it is not being significantly degraded while the functional coating sitting 

on top is being cross-linked. We plot thicknesses for the four highest doses used and do not 

see significant losses in the film thickness. 

 

6.2.1 Atomic Force Microscopy (AFM) analysis.  

The morphology of our surface-attached networks was probed using atomic force 

microscopy (AFM) with an Asylum MFP-3D system (Asylum Research). AFM micrographs 

were collected in AC (tapping) mode at a scan rate of 1.95 Hz with a points and lines resolution 

of 512. A silicon tip (AC160TS-R3) with a spring constant of 26 N/m and a resonance 

frequency of 300 kHz was used. 5 µm x 5 µm images of the height retrace were cropped from 

a larger scan size of 10 µm x 10 µm. The range for each false color ruler was selected based 

on the height variations of each surface type since there are vast differences in the morphology 

across all functional coatings. The software Gwyddion 2.41 was used to determine the Ra 

values reported. 

In Figure A4.3, we compare the morphologies of our four as-dip-casted virgin coatings 

on a PS substrate. Independent of the underlying substrate, we clearly see the effects of 

incorporating a co-monomer into the virgin functional coating. At the far left, the AFM 
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micrograph of pDMAEMA presents a continuous and smooth morphology. Going across from 

left to right, increasing the PgMA content leads to an increase in the appearance of lower lying 

depressions or domains. These domains are much larger in 1:1 as compared to 3:1 and might 

be due to annealing the films prematurely without removing entrapped solvent through drying. 

As solvent exits the film quickly, depressions or small holes and defects may form. At the far 

right, the AFM micrograph of pPgMA, like pDMAEMA, presents a much more continuous 

morphology relative to the 1:1 copolymer. 

 

 

Figure A4.3.  AFM images (5 µm x 5 µm) of dip-casted functional coatings from left to right 

as follows:  pDMAEMA, 3:1, 1:1 and pPgMA. False color ruler range is 30 nm. 

 

In Figures A4.4-A4.5 we display AFM micrographs of our surface-attached networks dip-

casted on Si and PS. In each image set, the left panel is our dip-casted coating on silicon and 

on the right is our dip-casted coating on PS, which in turn, is physically bound to a silicon 

substrate. 

In Figure A4.4, an AFM micrograph of pPgMA on Si (c.f. Figure A4.4 top left) and 

PS (c.f. Figure A4.4 top right) is shown. There does not appear to be any significant changes 

in the morphology or surface topography of the coating between dip-casting it on Si as opposed 
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to PS. It is clear that raising the coating by placing it on top of PS produces a relatively brighter 

image according to the height scale. The roughness of the coating does increase slightly as the 

semi-log plot of Ra vs. surface type in Figure A4.6 confirms. 

 

 

Figure A4.4.  AFM images of pPgMA (top), 1:1 copolymer (middle) and 3:1 copolymer 

(bottom) coatings (5 µm x 5 µm) dip-casted on Si (left) and PS (right) . 

 

In Figure A4.4 (middle row), an AFM micrograph of 1:1 copolymer on Si (left) and PS (right) 

is shown. The appearance of many lower-lying depressions or valleys is quite evident in both 
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micrographs and they appear in different shapes and sizes. As stated above, annealing 

prematurely may cause entrapped solvent to quickly leave the film, generating depressions and 

holes behind. There is an increase in the roughness according to Figure A4.6 that is distinct 

from the rest of the films deposited on PS. Figure A4.4 (bottom row) shows an AFM 

micrograph of 3:1 copolymer on Si (left) and PS (right) is shown. The placement of the 

copolymer on top of PS results in a relatively brighter afm micrograph, but the morphology 

remains largely unchanged. While the appearance of nanometer-scale, lower-lying depressions 

appear in both, they appear to occur with a higher frequency in the film placed on PS. As with 

pPgMA and the 1:1 copolymer, Ra of the coating does increase slightly, but the as-dip-casted 

film on PS still remains quite smooth (c.f. Figure A4.6). 

Figure A4.5 (top row) displays an AFM micrograph of pDMAEMA on Si (left) and 

PS (right) is shown. The placement of the homopolymer on top of PS appears to have produced 

no significant changes in the surface topography of the homopolymer film. As with the other 

coatings discussed thus far, the roughness of the coating does increase slightly as the semi-log 

plot of Ra vs. surface type in Figures A4.6 confirms. 
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Figure A4.5.  AFM images of pDMAEMA (top), Bet-1:1 copolymer (middle) and Bet-3:1 

copolymer (bottom) coatings (5 µm x 5 µm) dip-casted on Si (left) and PS (right). 

 

Figure A4.5 (middle row) shows an AFM micrograph of Bet-1:1 copolymer on Si 

(left) and PS (right). No significant morphological changes appear between dip-casting it on 

Si as opposed to PS. There is a decrease in the roughness according to Figure A4.6. It is unclear 

why the smoothness of the coating would improve with the deposition on PS. In both panels 

significant dewetting is apparent as is evident by the appearance of holes in the film. We 

attribute this to the mismatch in chemistry between the PgMA monomer and the bet-
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DMAEMA residues. The holes occur in different sizes and the periphery of many of these 

features is not perfectly circular, which might also be indicative of many local heterogeneities. 

Figure A4.5 (bottom row) displays an AFM micrograph of Bet-3:1 copolymer on Si (left) and 

PS (right) is shown. We detect dewetting in the case where the film is placed directly on the Si 

substrate, but the holes are smaller and shallower relative to the dewetting evident in the panel 

on the right (PS).The placement of the betainized copolymer on top of PS results in 

significantly more dewetting and this is most likely due to chemical mismatch between the PS 

film which is hydrophobic and the betainzed copolymer, which is quite hydrophilic.  

Conversely, there is less of a chemical mismatch when the betainized copolymer is placed 

directly on a cleaned Si which might contain hydrophilic groups to begin with before dip-

casting. Unsurprisingly, the roughness increases dramatically when the underlying substrate is 

changed from Si to PS (Figures A4.6). 
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Figure A4.6.  Ra as a function of polymer network coatings on Si (black squares) vs. PS 

physically bound to Si (red squares). 

 

The morphology of the PS film was assessed before and after UVO treatment in Figure 

A4.7. As dip-casted PS film is quite smooth, but after cross-linking and extraction, the Ra 

increases by an order of magnitude and holes appear in the resulting morphology. It is possible 

that some of these cavities are due to instabilities in the PS film as uncross-linked material is 

removed. As stated before, the purpose is to produce a permanent, hydrophobic coating that 

will render all the coatings stable in the environments tested. 
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Figure A4.7.  AFM images (5 µm x 5 µm) of virgin PS, Ra-0.325 + 0.001 (left) and extracted 

PS, Ra-1.57 + 0.113 (right). 

 

The morphology across various phases of the coating design process was also 

investigated for each functional coating. In Figures A4.8-A4.9 three AFM images of each 

coating are cascaded from left to right as follows: dip-casted film (far left), UV-treated film 

(middle) and extracted film (far right) with false color rulers selected to account for height 

variations at each phase. Average roughness values, Ra, are averages taken from three 5 µm x 

5 µm images of the height retrace from three different spots for each phase of the coating 

design process for each functional coating. Ra as a function of surface type is plotted in Figure 

A4.10 for dip-casted, un-treated and extracted films. Ra values were determined using 

Gwyddion 2.41 software. 

In Figure A4.8 (top left), AFM images of pPgMA films reveal that the as-dip-cast film 

is quite smooth. Treatment with UV, while producing what appears to be minor depressions, 

does not lead to a significant change in the height variations across the surface. However, AFM 

images of the extracted film show a significant change in roughness. The removal of uncross-

linked portions of the film leads to visible morphological changes in the form of what appears 

to be creases. It is unclear why this is the case with pPgMA considering the components within 
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the coating would all be considered relatively hydrophobic moieties by virtue of their water 

contact angles. One reason for this may be due to a slight mismatch between the hydrophobicity 

of the pPgMA coating on top and the PS underlayer, which has been rendered slightly 

hydrophilic due to ozone treatment. Another reason why this increase in roughness is observed 

may be the result of a mismatch between the modulus of the cross-linked PS layer and the 

modulus of the cross-linked pPgMA coating on top. 

 

 

Figure A4.8.  AFM images of pPgMA, 1:1 copolymer (middle) and 3:1 copolymer (bottom) 

coatings (5 µm x 5 µm) as dip-casted (left), UV-treated (middle) and extracted (right). 
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In Figure A4.8 (middle row), AFM images of 1:1 films reveal that the as-dip-cast film 

presents a discontinuous morphology across the substrate, which might be due to residual 

solvent leaving the film quickly during the annealing step. UV treatment seems to result in a 

relatively higher degree of uniformity across the film’s features evident by the lower contrast 

in the AFM image. Upon extraction, we see the emergence of wrinkling, which might be due 

to a mismatch in mechanical properties (i.e. the cross-linking density of the functional coating 

on top of the PS substrate and the cross-linking density of the PS layer itself may not be the 

same). In Figure A4.8 (bottom row), AFM images of 3:1 films reveal a somewhat smooth 

morphology with the presence of very small domains, possibly due quick escape of solvent. 

After UV treatment, we see the growth of some of these domains. It is unclear as to why height 

variations throughout the morphology become more apparent upon cross-linking. All images 

for this coating have similar roughness values and the morphologies across all stages do not 

vary as significantly as has been observed for the other functional coatings discussed thus far. 

In Figure A4.9 (top row), AFM images present a smooth, homogenous morphology across all 

stages for pDMAEMA. UV treatment seems to result in a relatively higher degree of 

uniformity across the film’s features i.e., a more flat morphology. After extraction, the film’s 

morphology does not appear to significantly roughen as was the case in pPgMA or 1:1. 
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Figure A4.9.  AFM images of pDMAEMA (top) coatings, Bet-1:1 copolymer (middle) and 

Bet-3:1 copolymer (bottom) coatings (5 µm x 5 µm) as dip-casted (left), UV-treated (middle) 

and extracted (right). 

 

 

In Figure A4.9 (middle row and bottom row), AFM images exhibit micro-phase 

separation/dewetting of the film for the betainized copolymer netwock coatings. The presence 

of cavities or valleys across the film as well as the various sizes in which they manifest makes 

this evident. Upon cross-linking and extraction, this morphology persists and is most 

reasonably explained by a severe mismatch in chemistry between the betainized DMAEMA 
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residues and the constituents of the film which are more hydrophobic. This micro-phase 

separation/dewetting of the film is exacerbated when the bet-DMAEMA content is increased 

from ~50% in Bet-1:1 to ~75% in Bet-3:1, leading to wider and deeper cavities. These large 

increases in roughness that occur (c.f. Figure A4.10) when the copolymers are betainized will 

limit the utility of AFM as a characterization tool for assessing roughness increases due to Fg 

adsorption on betainized coatings-more so Bet-3:1 than Bet-1:1. 

Average roughness values, Ra, are averages taken from three 5 µm x 5 µm images of 

the height retrace from three different spots for each phase of the coating design process for 

each functional coating. Ra as a function of surface type is plotted in Figure A4.10 for dip-

casted, UV-treated and extracted films. Ra values were determined using Gwyddion 2.41 

software. Ra values for the dip-casted homopolymers indicate a smooth coating is deposited 

onto the PS layer successfully. For the 3:1 copolymer, this is still largely the case, but for the 

1:1 copolymer a coating that is deposited is relatively rougher. We have not done an in-depth 

investigation on how the deposition conditions impact the coating morphology for this 

material. Undoubtedly, the choice of solvent as well as the casting technique will play a role 

in the resulting casted film quality. UV treatment, for some coatings, has the effect of imparting 

some degree of uniformity across the surface features, as is evident from the decrease in 

roughness values for pPgMA, 1:1 and pDMAEMA. Extractions lead to an increase in 

roughness for the most hydrophobic coatings pPgMA and 1:1. In the case of pPgMA, a 

mismatch in the modulus may explain this roughness increase, while in the case of 1:1, 

instabilities during the casting step may explain why the roughness increases. Film instabilities 
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that are present before cross-linking may lead to cross-linking heterogeneities and thus greater 

height variations across the film. Recall that DMAEMA cross-links more efficiently 

throughout UV exposure, whereas for pPgMA, the cross-linking reaction needs a higher dose 

to achieve high gel content (c.f. Figure 4.10). Mismatch in the chemistry after betainization of 

each of the copolymers would explain why the morphologies of Bet-1:1 and Bet-3:1 have much 

higher roughness values at all coating stages relative to the copolymer analogs. 

 

 

Figure A4.10.  Ra vs. polymer network coatings after dip-casting, uv-treatment and 

extraction. 

 

Figures A4.11-A4.12 probe at the effects PBS buffer incubation has on film 

morphology. After extraction, films were placed in 10 mM PBS Buffer at a pH of 5.5 for 

approximately 20 hours, removed and then rinsed with DIW. These conditions mirror the 

parameters of our Fg test. The effects of buffer must first be elucidated before conducting AFM 
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on samples after exposure to protein. Figure A4.13a is a plot of Ra values for the various 

samples before PBS Buffer incubation (black squares) and after PBS Buffer incubation (cyan 

squares). 

In Figure A4.11 (top row), AFM micrographs of the pPgMA network film before 

buffer presents a morphology containing what appear to be creases. The reader is advised to 

read our aforementioned reasoning on why these features are observed. Placement of the film 

in buffer results in a relatively flatter or smoother morphology (consult the height scale) as 

well as Figure A4.13a for Ra values. Even though the creases remain, a more flat morphology 

might indicate that the film attempts to collapse in an effort to minimize contact area with 

water in the environment. Considering that pPgMA is quite hydrophobic, this is unsurprising. 

In Figures A4.11 (middle and bottom row)-A4.12 (top row), we also observe a contrast in 

the surface morphology of the films after buffer incubation, but this occurs in the opposite 

direction as compared to pPgMA. From 1:1 to pDMAEMA, we see greater height variations, 

with 1:1 exhibiting the most subtle change while pDMAEMA features the most prominent 

change in morphology. This increase in height variation can be attributed to increasing the 

DMAEMA content as one transitions from a polymer chain comprised of ~50 mol% 

DMAEMA to a polymer chain that is entirely composed of DMAEMA. The protonation of the 

tertiary amine groups in these conditions is quite likely considering the pKb of pDMAEMA is 

approximately 7.5. As these groups are charged, some rearrangement of the polymer chains 

nearest the surface is to be expected to the extent that electrostatic repulsion from neighboring 

protonated tertiary amines is minimized and contact between water and the quaternary 
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ammonium group is maximized. This effect seems to intensify as one transitions from 1:1, 3:1 

and finally pDMAEMA. The increase in roughness values is consistent with this trend in 

morphology that we observe. The difference in Ra values brought about by buffer incubation 

is better elucidated when Ra of the post-incubated films is normalized by the Ra value of the 

pre-incubation film. These values are plotted as a function of surface type in Figure A4.13b. 

 

 

Figure A4.11.  AFM images of pPgMA (top), 1:1 copolymer (middle) and 3:1 copolymer 

(bottom) coatings (5 µm x 5 µm) before (left) and after (right) PBS incubation. 
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Figure A4.12.  AFM images of pDMAEMA (top), Bet-1:1 copolymer (middle) and Bet-3:1 

copolymer (bottom) coatings (5 µm x 5 µm) before (left) and after (right) PBS incubation. 

 

In Figure A4.12 (middle row), we see a noticeable change in the morphology of Bet-

1:1. The post-incubation micrograph exhibits an increase in the height of the features relative 

to the pre-incubated micrograph.  Our previous studies investigating the effects of salt on the 

swelling of our Bet-1:1 film showed that a vertical expansion of the film occurs due to a desired 

interaction with water and the intake of dissolved ions by the polymer network. This might 

lead to permanent morphological changes in the film as well as an increased roughness (Figure 
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A4.13a). In Figure A4.12 (bottom row), we do not detect a noticeable change in the 

morphology of Bet-3:1 nor do we see a difference in the roughness calculated outside of the 

margin of error. Our previous studies investigating the effects of salt on the swelling of our 

Bet-3:1 films showed that a vertical expansion of the film occurs due to a desired interaction 

with water, but the presence of dissolved ions results in a collapse of the film presumably due 

to a screening effect. Since one effect (the swelling of the film by water) is offset to some 

degree by the other (collapse of the film by salt), this might explain why changes in the 

morphology or roughness for Bet-3:1 are much less pronounced as compared to Bet-1:1.  

 

 

Figure A4.13.  a) Ra vs. Polymer Network Coatings before incubation and after incubation in 

10 mM PBS Buffer (pH 5.5). b) Normalized Ra vs. Polymer Network Coatings . Ra after PBS 

incubation has been normalized by Ra before PBS incubation. 

 

In Figures A4.14-A4.16, we probe at the morphology of our coatings after exposure to 

Fg from human plasma. All of our functional coatings were tested against a 1mg/mL solution 

of Fg in 10 mM PBS buffer at a pH of 5.5, which coincides approximately with the pI of Fg. 
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This should minimize electrostatic repulsion between proteins during the adsorption process. 

The test was carried out for 20 hours, after which the coatings were rinsed extensively with the 

same buffer, followed by DIW. All micrographs were taken at the aforementioned settings 

described above. In Figure A4.14, AFM micrographs of PS before exposure to Fg (left) and 

after exposure to Fg (right) are displayed. We observe significant changes in the morphology 

of the substrate and a noticeable increase in the roughness according to Figure A4.17, which 

presumably corresponds with adsorption of Fg on the surface. On the left, the PS substrate 

exhibits a smooth, uniform morphology, but on the right, the presence of small 

spherical/circular-like aggregates is evident. Based on results from ellipsometry where we 

observed a thickness change of ~7-8 nm after exposure to Fg in conjunction with the AFM 

micrographs displayed here, we may conclude that the hydrophobic PS substrate is most likely 

fouled with Fg.  

 

 

Figure A4.14.  AFM images of PS coatings (5 µm x 5 µm). Bare PS before (left) and after 

(right) incubation in 1 mg/mL Fg in 10 mM PBS Buffer (pH 5.5). 

 

In Figure A4.15 (top row), AFM micrographs of our pPgMA network coatings before 

and after Fg exposure are provided. We detect no significant changes in the morphology of 
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pPgMA network coatings after Fg exposure, height differences notwithstanding. However, the 

roughness increases well outside the standard deviation based on Figure A4.17 and coupled 

with the fact that we see a ~4-5 nm change in thickness after Fg exposure, this suggests that 

Fg adsorbed onto the substrate to an appreciable extent. In Figures A4.15 (middle and bottom 

row) and A4.16 (top row), we provide AFM micrographs of the copolymers (1:1 and 3:1) and 

homopolymer pDMAEMA before and after Fg exposure. We observe no significant changes 

in the morphology for 1:1 or pDMAEMA nor do we observe changes in the roughness values 

for these coatings outside the margin of error. Regarding 3:1, there seem to be some mild 

morphological changes, almost resembling what we observed on the PS substrate, but to a 

much lesser extent. At this point, it is important to point out that in order to detect signs of 

protein adsorption using AFM, the protein must adsorb in some appreciable quantity and we 

must have a smooth coating to begin with, but this 2nd criterion is not the case with our 

functional coatings. Due to the nature of our system (choice of monomers, cross-linker and 

film deposition technique), the fabrication of incredibly smooth coatings is still a challenge.  



203 

 

 

 

 

 

 

Figure A4.15.  AFM images of pPgMA (top), 1:1 copolymer (middle) and 3:1 copolymer 

(bottom) coatings (5 µm x 5 µm) before (left) and after (right) Fg exposure. 

 

Therefore, the use of AFM as a characterization technique to probe at the effects of protein 

adsorption on our functional coatings may not be suitable. At any rate, we cannot conclude 

that protein settlement has occurred on the 1:1 copolymer substrate from these results and 

coincidentally, the ellipsometry results do not indicate that full coverage of Fg on the substrate 

occurs unequivocally. The case is similar with 3:1 and pDMAEMA in that we do not observe 
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any compelling evidence that significant Fg attachment has occurred, either from AFM or 

ellipsometry. In Figure A4.16 (middle and bottom row), we provide AFM micrographs of 

the betainized copolymers-Bet-1:1 and Bet-3:1 before and after Fg exposure. We observe no 

significant changes in the morphology for either of these functional coatings after Fg exposure. 

The roughness for both of these coatings is quite apparent before Fg exposure. As stated earlier, 

due to the extreme roughness, AFM as a characterization tool, is limited in terms of assessing 

protein adsorption. In the cases of Bet-1:1 and Bet-3:1, it is likely that a combination of extreme 

roughness as well as the protein repellant nature of the coatings themselves, demonstrated 

elsewhere in this manuscript, explains why we see no changes morphologically or increases in 

the roughness that might indicate Fg settlement. 
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Figure A4.16.  AFM images of pDMAEMA (top), Bet-1:1 copolymer (middle) and Bet-3:1 

copolymer (bottom) coatings (5 µm x 5 µm) before (left) and after (right) Fg exposure. 
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Figure A4.17.  Ra vs. polymer network coatings after Fg adsorption. 

 

Figures A4.18-A4.19 probe at the effects TRIS buffer incubation has on film morphology. 

After extraction, films were placed in 10 mM TRIS Buffer at a pH of 8 for approximately 24 

hours, removed and then rinsed with DIW. These conditions mirror the parameters of our 

FITC-BSA test, but without protein. The effects of buffer must first be elucidated before 

conducting AFM on samples after exposure to protein. Figure A4.20 is a plot of Ra values 

before TRIS Buffer incubation (black squares) and after TRIS Buffer incubation (red squares). 

A comparison of the surface topographies of the coatings before and after buffer treatment 

shows that significant changes in the morphologies have not occurred. Based on these studies, 

incubation in TRIS buffer has little impact on the film surface. Roughness values remain the 

same within error for a majority of the coatings, with the exception of Bet-1:1. However, even 

this deviation is not significant considering that the increase in Ra is an order of magnitude 
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below the actual Ra calculated for both films or approximately a 10% increase in the roughness 

from before incubation to after incubation. 

 

 

Figure A4.18.  AFM images of pPgMA (top), 1:1 copolymer (middle) and 3:1 copolymer 

(bottom) coatings (5 µm x 5 µm) before (left) and after (right) TRIS incubation. 
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Figure A4.19.  AFM images of pDMAEMA (top), Bet-1:1 copolymer (middle) and Bet-3:1 

copolymer (bottom) coatings (5 µm x 5 µm) before (left) and after (right) TRIS incubation. 
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Figure A4.20.  Ra vs. polymer network coatings before (black squares) and after (red 

squares) incubation in 10 mM TRIS Buffer (pH 8). 

 

In Figures A4.21-A4.23, we probe at the morphology of our coatings after exposure to 

FITC-BSA. All of our functional coatings were tested against a 0.01mg/mL solution of FITC-

BSA in 10 mM TRIS buffer at a pH of 8.0. The test was carried out for 24 hours, after which 

the coatings were rinsed extensively with the same buffer, followed by DIW. All micrographs 

were taken at the aforementioned settings described above. In Figure A4.21, AFM 

micrographs of PS before exposure to FITC-BSA (left) and after exposure to FITC-BSA (right) 

are displayed. We observe some changes in the morphology of the substrate and a noticeable 

increase in the roughness according to Figure A4.24, which presumably corresponds to 

adsorption of FITC-BSA on the surface. On the left, the PS substrate exhibits a smooth, 

uniform morphology, but on the right, the appearances of structures/features, which do not 

appear in the virgin sample, arise. Evidence of FITC-BSA adsorption on hydrophobic 
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substrates using AFM in the literature is scant. However, morphological changes, an increase 

in roughness and results from fluorescence microscopy where we observed some fluorescent 

intensity after subtraction of background illumination, seem to imply that the hydrophobic PS 

substrate is most likely fouled with FITC-BSA. 

 

 

Figure A4.21.  AFM images of PS coatings (5 µm x 5 µm). Bare PS before (left) and after 

(right) incubation in 0.01 mg/mL FITC-BSA in 10 mM TRIS Buffer (pH 8). 

 



211 

 

 

 

 

 

Figure A4.22.  AFM images of pPgMA (top), 1:1 copolymer (middle) and 3:1 copolymer 

(bottom) coatings (5 µm x 5 µm) before (left) and after (right) FITC-BSA exposure.  

 

Figure A4.22 (top row) shows AFM micrographs of our pPgMA network coatings 

before and after FITC-BSA exposure are provided. We see no significant changes in the 

morphology of these network coatings after FITC-BSA exposure, height differences 

notwithstanding. However, the roughness increase is well outside the standard deviation based 

on Figure A4.24 and coupled with the fact that we see a relatively intense fluorescent signal 

after FITC-BSA exposure, suggests that FITC-BSA adsorbed onto the substrate to an 
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appreciable extent. In Figures A4.22 (middle and bottom row)-S4.23 (top row), we provide 

AFM micrographs of the copolymers (1:1 and 3:1) and homopolymer pDMAEMA before and 

after Fg exposure. We observe no significant changes in the morphology for 1:1, 3:1 or 

pDMAEMA and we do not observe changes in the roughness values for these coatings outside 

the margin of error, with the exception of 3:1 even though the Ra value post-protein is just 

barely outside the pre-protein value. As stated before, due to the roughness of our coatings and 

the error bars associated with them, AFM as a characterization tool is limited in terms of 

assessing protein adsorption.  

In Figures A4.23 (middle and bottom row), we provide AFM micrographs of the 

betainized copolymers-Bet-1:1 and Bet-3:1 before and after FITC-BSA exposure. We observe 

no significant changes in the morphology for either of these functional coatings after FITC-

BSA exposure. The roughness for both of these coatings is quite apparent in the ‘before’ 

images. As stated earlier, due to the extreme roughness, AFM as a characterization tool is 

limited in terms of assessing protein adsorption. In the cases of Bet-1:1 and Bet-3:1, it is likely 

that a combination of extreme roughness as well as the protein repellant nature of the coatings 

themselves, demonstrated elsewhere in this manuscript, explains why we see no changes 

morphologically or increases in the roughness that might indicate FITC-BSA settlement. 
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Figure A4.23.  AFM images of pDMAEMA (top), Bet-1:1 copolymer (middle) and Bet-3:1 

copolymer (bottom) coatings (5 µm x 5 µm) before (left) and after (right) FITC-BSA 

exposure. 

 



214 

 

 

 

 

 

Figure A4.24.  Ra vs. polymer network coatings after FITC-BSA adsorption. 

 

6.2.2 Effects of UV light using Size exclusion Chromatography (SEC) Analysis.  

The effects of UV light on our materials in the absence of photoinitiator is assessed 

below in Table A4.1 and Table A4.2 for the two highest doses used for polymer film cross-

linking. 

 

Table A6.1.  Molecular weights of each polymer material from as-spun-coated films as 

determined by GPC, before and after UV treatement (10.8 J/cm2). 

 

Polymer 

Mn (g/mol) Mw (g/mol) Mp (g/mol) PDI 

(Mw/Mn) 

Before 

UV 

After 

UV 

Before 

UV 

After 

UV 

Before 

UV 

After 

UV 

Before 

UV 

After 

UV 

pPgMA 24,581 19,115 57,956 52,923 40,715 35,390 2.36 2.77 

1:1 18,218 16,748 34,878 37,873 26,437 28,954 1.91 2.26 

3:1 21,643 18,374 42014 39,358 32,809 28,518 1.94 2.14 

pDMAEMA 22,158 17,424 33,308 32,711 30,414 26,840 1.50 1.88 

 

Films of each material were spun-cast onto 2 cm x 2 cm Si wafers from 1 wt% solutions 

of the virgin polymers without BP. Spin-coating parameters were as follows: ramp speed was 
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200 rpm/sec until 2500 rpm was reached and held for 40 seconds. Films were treated with UV 

light and then rinsed into a jar with THF buffered with 2 vol% TMEDA. Excess solvent was 

removed using a rotary evaporator column until 1-2 mL remained. Both UV treated and 

untreated samples were analyzed using SEC in order to determine the MWD of all materials. 

This was done using a range of polystyrene standards and a differential refractive index 

detector (Optilab Rex). Samples were run through three Styragel HR 4 THF columns in series. 

The mobile phase was a 2 vol% solution of HPLC-grade THF and tetramethylethylenediamine 

(TMEDA). TMEDA was included as an additive to compete with the eluents for column 

interactions, thereby allowing our samples to elute. 

UV-Treated films received the maximum dose of 10.8 J/cm2 to assess, in the absence 

of photoinitiator, the effects of UV (365 nm) light on the MWD of each polymer material. With 

the exception of the 1:1 copolymer, a reduction in all molecular weights determined is observed 

for each material, which implies the occurrence of some main chain scission. The MWD also 

broadens in every case, evident by the increase in the PDI after UV-treatment. In some cases, 

the breadth of the distribution extends to higher molecular weights, which might be indicative 

of minimal cross-linking. MWD of each material, before and after UV, is plotted in Figure 

A4.25. Based on these findings, it would appear that both main chain scission and cross-linking 

can occur during treatment. Since the substrate silicon upon which the coatings are made 

absorbs UV, and which can lead to heating of the substrate, some of the degradation can be 

brought about thermally. At any rate, whether UV is directly or indirectly (through heating of 

the substrate) causing main chain scission in this benchmark, it is ultimately the promoter. 
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Figure A4.25.  Wi vs. log (Mi), determined by GPC, for pPgMA (top left), 1:1 (top right), 

3:1 (bottom left) and pDMAEMA (bottom right) for a dose of 10.8 J/cm2. 
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Table A6.2.  Molecular weights of each polymer material from as-spun-coated films as 

determined by GPC, before and after UV treatement (1 J/cm2). 

 

Polymer 

Mn (g/mol) Mw (g/mol) Mp (g/mol) PDI 

(Mw/Mn) 

Before 

UV 

After 

UV 

Before 

UV 

After 

UV 

Before 

UV 

After 

UV 

Before 

UV 

After 

UV 

pPgMA 22,176 18,849 54,189 52,040 37,470 36,214 2.44 2.76 

1:1 16,658 15,695 37,609 35,358 28,524 25,751 2.26 2.25 

3:1 19,640 18,922 40,649 40,325 27,989 31,597 2.07 2.13 

pDMAEMA 18,699 17,725 31,473 31,359 24,145 24,982 1.68 1.77 

 

 UV-Treated films received a dose of 1 J/cm2 to assess, in the absence of 

photoinitiator, the effects of UV (365 nm) light on the MWD of each polymer material. A 

slight reduction in all molecular weights determined is observed for each material. The MWD 

also broadens slightly in every case with the exception of 1:1, evident by the increase in the 

PDI after UV-treatment. In some cases, the breadth of the distribution extends to higher 

molecular weights, which might be indicative of minimal cross-linking. MWD of each 

material, before and after UV, is plotted in Figure A4.26. Based on these findings, it would 

appear that the effects of UV-light (whereas those effects may be main-chain scission, cross-

linking or both) are diminished when the dose is lowered from 10.8 to 1 J/cm2. Since the 

substrate silicon upon which the coatings are made absorbs UV, which can lead to heating of 

the substrate, some of the degradation can be brought about thermally. At any rate, whether 

UV is directly or indirectly (through heating of the substrate) causing main chain scission in 

this benchmark, it is ultimately the promoter. 
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Figure A4.26.  Wi vs. log (Mi), determined by GPC, for pPgMA (top left), 1:1 (top right), 

3:1 (bottom left) and pDMAEMA (bottom right) for a dose of 1 J/cm2. 
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Table A4.3.  Changes in each molecular weight parameter are recorded for doses used to 

assess the effect of UV light on the molecular weight distribution. 

 

Polymer 

ΔMn (g/mol) ΔMw (g/mol) ΔMp (g/mol) 

10.8 J/cm2 1 J/cm2 10.8 J/cm2 1 J/cm2 10.8 J/cm2 1 J/cm2 

pPgMA -5,466 -3,327 -5,033 -2,149 -5,325 -1,256 

1:1 -1,470 -963 2,995 -2,251 2,517 -2,773 

3:1 -3,269 -718 -2,656 -324 -4,291 3,608 

pDMAEMA -4,734 -974 -597 -114 -3,574 837 

 

 Based on these findings, it would appear that the effects of UV-light (whereas those 

effects may be main-chain scission, cross-linking or both) are diminished when the dose is 

lessened from 10.8 to 1 J/cm2. This is clearly illustrated in Figure A4.27. Since the substrate 

silicon upon which the coatings are made absorbs UV, which can lead to heating of the 

substrate, some of the degradation can be brought about thermally. At any rate, whether UV is 

directly or indirectly (through heating of the substrate) causing main chain scission in this 

benchmark, it is ultimately the promoter.  

 

Figure A4.27.  ΔMn vs. polymer, determined by GPC, for doses of 10.8 and 1 J/cm2. 


