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Chapter I 

INTRODUCTION 

 Materials have defined epochs: Stone Age, Bronze Age, Iron Age, … the Age of Plastic1,2. New 

materials enable revolutionary technology, altering the face of our planet and the history of human 

civilization. In our post-industrial society, the paradigm for the development of materials shifted to 

purposeful design: researchers focus on creating materials with a set of characteristics determined by the 

desired end use. From this approach emerged a class of advanced polymers with molecular building blocks 

chosen and arranged based on the required function3,4. 

Functional polymers are macromolecules with unique properties and applications that depend on 

the presence of specific chemical moieties within their structure5. Such polymer chains can have useful 

intrinsic properties (e.g. electron6–8 and proton8,9 conductivity, specific wettability10,11, self-healing12,13, 

low refractive index14, selective binding of particular species15,16, etc.), respond to external stimuli17,18 

(e.g. shifts in temperature19–21, pH conditions22–24, concentrations of molecules and ions25, and 

electric/magnetic fields26), and self-assemble into supramolecular structures27–29.  

Thin films of functional polymers are produced for a myriad of applications, including 

membranes30,31, sorption media and scaffolds32,33, sensors34,35, organic electronics36–41, packaging42, 

barrier43,44, dielectric45,46, bio-active47, non-fouling48, lubricative49 or antireflective50 coatings over 

substrates and devices, etc. Techniques for preparation of polymer thin films fall into three broad 

categories: 1) physical deposition methods, such as drop casting40, dip coating51, electrospinning47,52,53, 

doctor blading40, printing54,55, micromolding56–58, and spin coating59,60; 2) self-assembly, e.g., 

Langmuir−Blodgett process61, layer-by-layer assembly62,63; 3) chemical bonding methods, comprising 

“grafting-to”64 and “grafting-from”65 approaches.  
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The majority of the film fabrication techniques introduced above are used routinely in the 

Jennings’ laboratory at Vanderbilt University, where the author has had the privilege to work.  

Drop casting is one of the simplest methods for obtaining a polymer film. A polymer is dissolved 

in an appropriate solvent, the liquid is dispensed onto a substrate and allowed to dry. The films of wide 

range of thicknesses can be obtained without any special equipment; however, precise control over the 

thickness and uniformity of the films is challenging40. Often, a “coffee ring” effect is observed upon 

drying66. In addition, to avoid crystallization and precipitation of the polymer during the solvent 

evaporation, good solubility of the polymer in a chosen solvent is required40, which places constraints on 

the polymer composition and/or quality of the resulting film. 

Dip (or immersion) coating51 is another well-established technique for polymer film preparation. 

Batch dip coating is applied for rigid substrates that cannot be conveniently linked into a continuous line, 

while long flexible substrates or fibers can be coated in a continuous process51. Dip coating consists of 

three principal stages67: 1) immersion and dwell time, 2) deposition and drainage, 3) solvent evaporation 

and drying. The thickness and uniformity of the films prepared by dip coating is determined by the 

interplay of many factors, including surface tension, viscous force, speed of substrate withdrawal, solvent 

volatility, and flow conditions of the liquid bath and ambient air51. Such complexity makes theoretical 

prediction, optimization, and control of the process performance difficult, but a number of semi-

experimental equations published to date67 predict the critical withdrawal speed and minimum thickness 

for a given deposition solution reasonably well. 

Spin coating is extensively employed in academia and industry due to its ability to quickly yield 

structurally uniform films over moderately large areas (≥ 30 cm in diameter) with high reproducibility60. 

In a typical spin coating process, a polymer solution in a volatile solvent  is deposited on a substrate, which 

is either already rotating or is immediately accelerated to the desired velocity (usually chosen within the 
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range of 400 – 8000 rpm), so the fluid spreads evenly under the centrifugal force68,69. While spin coating 

is mainly used for planar substrates60, the technique is also adaptable to substrates with complex geometry, 

such as foams70 and topographically patterned surfaces71–73. Spin coating can be broadly divided into four 

key stages51,74,75: 1) deposition, 2) spin-up (outward flow of the solution driven by centrifugal force), 3) 

spin-off (outward flow and ejection of excess polymer solution), and 4) solvent evaporation. The 

morphology of the resulting polymer films depends on the characteristics of the polymer solution and the 

substrate, as well as the process parameters76,77.  

Over the years, spin coating was modeled with various degrees of complexity. Emslie et. al78 

offered the first theoretical description of the process for Newtonian fluids, where the thinning rate is 

defined as: 

                                                             
𝑑ℎ

𝑑𝑡
=  −2

𝜌𝜔2

3𝜂
ℎ3                                                              (1) 

where h is the films thickness, t is time, ρ is the fluid density, ω is the rotation rate in radians per second 

and η is the viscosity in poise.  

To accurately describe the latter stages of spin coating, the effects of solvent evaporation must be 

taken into account. Thus, Meyerhofer79 introduced an evaporation rate term (e, [ml s−1 cm−2]) into the 

equation (1): 

                                                           
𝑑ℎ

𝑑𝑡
=  −2

𝜌𝜔2

3𝜂
ℎ3 − 𝑒                                                           (2) 

Equation (2) can be solved by assuming that the loss of the film thickness due to evaporation was 

negligible until the thinning due to the radial flow decreased to the level of evaporation rate69. Later, a 

number of computational models69,80,81  with various refinements were proposed; however, these models 

still rely on the basic principles described above74. 
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The term “self-assembly” defines spontaneous organization of molecules into stable aggregates 

joined by noncovalent, intermolecular forces (e.g., electrostatic interactions, hydrogen bonding, van der 

Waals forces) and weak covalent (coordination) bonds28. The concept was pioneered by a Noble Laureate 

Jean-Marie Lehn within the field of supramolecular chemistry82. In the 1990s, Whitesides’ research group 

developed self-assembly of nanoscale structures83, while Stupp and coworkers extended the concept to 

functional bulk materials and polymers27,84. The principles of self-assembly continue to enable innovations 

in materials and technology development today. 

Self-assembled monolayers (SAMs) are two-dimensional organic structures, most commonly 

formed by adsorption of molecules from solution or gas phase onto solid substrates85–87. The molecules 

that form SAMs have a distinct structure, consisting of a “head group” with specific affinity to a substrate, 

a hydrocarbon “spacer”, and an “end” group of particular functionality85. Examples of adsorbate/substrate 

combinations include88: 1) sulfur-containing molecules on gold89, silver90,91, copper92, indium-tin oxide, 

gallium arsenide93, and indium phosphate; 2) alkylsilane derivatives on hydroxylated surfaces87; 

3) carboxylic acids on aluminum oxide and silver88; 4) alcohols, amines, and isonitriles on platinum88. 

SAMs provide a convenient way to tailor the interfacial properties of numerous bulk materials and are 

extensively employed in surface patterning and bottom-up nanofabrication techniques94.  

Layer-by-layer assembly63,95 implies alternating deposition of materials into multilayer structures 

based on complementary electrostatic96, hydrogen bonding62, and host-guest97 interactions. The technique 

established an easy, efficient, and versatile route for fabrication of thin films and nanostructures from 

diverse materials, including polymers, proteins, nanoparticles, dyes, surfactants, etc., over any type of 

substrate98 or in a freestanding format99.  

Covalent attachment of molecules and polymers to substrates is required for obtaining modified 

surfaces with enhanced physiochemical stability and durability. For polymers, two distinct strategies have 
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emerged: “grafting-to”64 and “grafting-from”65 a substrate. “Grafting-to” is accomplished by reacting 

functionalized polymers (in solution or melt) with a complementary chemical moiety on the surface of a 

substrate. The ability to thoroughly characterize the polymers prior to the attachment is a significant 

advantage of this method64. However, the thicknesses of the films prepared by “grafting-to” are typically 

much below 100 nm (the efficiency of immobilization reaction drops dramatically for polymers with high 

molecular weight) and the grafting density is limited due to steric hindrance64,65,100.   

“Grafting-from” involves in situ polymerization from an initiator immobilized onto a surface 

(usually via a monolayer), which yields tethered polymer films101,102. Hence, the alternative name for the 

technique is surface-initiated polymerization (SIP). The SIP methods103 1) negate the need for the 

preparation of bulk polymers, their subsequent purification and dissolution (ensuring economical use of 

materials and ease of product separation); 2) provide improved stability of the grafted polymer chains; 3) 

enable more precise control over film composition, architecture, and thickness; 4) allow for uniform film 

coverage and patterning on substrates of various compositions and complex geometries. The main SIP 

approaches are based on well-known polymerization techniques, such as atom transfer radical 

polymerization (ATRP)104–106 and ring opening metathesis polymerization (ROMP)36,43,44,107. 

This dissertation encompasses synthesis and characterization of functional polymer films designed 

for their target applications. In Chapter II, relevant polymerization strategies are reviewed, and specific 

functional groups are highlighted. Chapter III describes synthesis of polymer films containing catechol 

moieties via surface-initiated (Si-) ATRP and post-polymerization modification. Chapter IV presents a 

new method (in-situ ROMP during spin-coating) for synthesizing tethered and freestanding films, with 

emphasis on the properties of polynorbornene films containing hydroxamic acid functional groups. 

Chapter V reports cure monitoring and characterization of epoxy/amine networks, modified with 1-butyl-

3-methylimidazolium tetrafluoroborate ionic liquid. Additionally, layer-by-layer assembly and 
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characterization of surfactant-intercalated polyelectrolyte thin films used as separation layers in loose 

nanofiltration membranes is presented in the Appendix.  



7 

 

Chapter II 

BACKGROUND 

Polymerization methods 

 A polymer (from Greek “poly-” – many and “-mer” – part) is a substance of high molecular mass 

consisting of multiple covalently linked repeating subunits (monomers). In general, a polymerization 

process involves a recuring reaction in which a monomer is converted into a polymer segment108. Now, 

chemists have an arsenal of polymerization methods to choose from, enabling the synthesis of polymers 

with specific properties and functions. However, each method has a unique set of benefits and constraints: 

for instance, special reaction conditions, high-purity reagents, and protection of certain functional groups 

of the monomers are often required. 

 Step-growth109 polymerization is based on the individual reactions between the functional groups 

present in the monomers. The buildup of the polymer chain proceeds slowly in a random manner, 

continuing whenever molecules with appropriate functional groups, geometry, and sufficient activation 

energy collide and react110. The moieties at the end of the growing polymer chain and monomers have the 

same reactivity. Thus, species with a broad distribution of molecular weights exist throughout the course 

of polymerization. Linear polymers with high molecular weight can be obtained from difunctional 

monomers, but the following conditions109 are critical: perfect stochiometric balance between the reagents, 

high degree of reagent purity, absence of side reactions, and high yield from the polymerization reaction 

itself. Although most of the polymers found in nature are step-growth polymers, only a fraction of 

commercially available synthetic polymers is currently produced by this method, because few reactions 

meet the above-mentioned requirements at feasible costs. Notably, epoxide resins111 ubiquitous in 
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consumer and industrial applications are produced though polycondensation between oxirane-containing 

molecules and amines (as they were prepared in Chapter VI of this thesis). 

Chain-growth polymerization110 rapidly yields high molecular weight species via addition of 

monomers to a growing polymer chain end by one unit at a time. Polymerization proceeds through distinct 

stages, including initiation, propagation, chain transfer, and termination, all of which have different rates 

and mechanisms (Fig. 2.1)112. During propagation, monomers (M) react exclusively with the active 

species (M*) at the end of the growing polymer chain. By limiting or, ideally, eliminating the chain 

transfer and termination, “living” polymerizations can be achieved112, which offer enhanced control over 

polymer architectures and chain functionalities113.  

 

Figure 2.1. General schematics of key stages of chain-growth polymerization112, where I is 

initiator, M – monomer, M* – active center, A – reagent, P – inactive polymer chain, and ki, kp, ktr, kt 

are the corresponding rate constants. 

 

During the initiation step, the growth of a polymer chain can be started by a cation, anion, free 

radical initiator or a coordination catalyst110. Consequently, the major chain polymerization techniques 

derive their names from the type of initiation. 
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Ionic polymerization methods 

Cationic and anionic polymerizations involve formation and propagation of ionic species 

(carbocations and carbanions) as active centers, and require monomers that have electron-donating (e.g., 

phenyl, vinyl) and electron-withdrawing (e.g., carboxyl, halide) groups, respectively110. Examples of 

initiators for cationic polymerization include sulfuric acid, perchloric acid, and pure Lewis acids, such as 

AlCl3, BF3, with a co-catalyst (e.g., water)110. Anionic polymerizations are typically initiated by strong 

nucleophiles, such as alkyllithium compounds114. To obtain high molecular weight products though ionic 

polymerizations, the stability of delicate active species must be preserved during the propagation stage, 

which imposes stringent reaction conditions112: strictly anhydrous and deoxygenated medium, high purity 

reagents, exclusion of polar solvents. However, ionic polymerizations yield more linear polymers with 

narrower molecular weight distribution, compared to radical polymerization, and are suitable for 

preparation of well-defined block copolymers112. 

Coordination polymerization methods 

Polymerization using coordination catalysts was pioneered by Giulio Natta and Karl Ziegler in the 

1950s for production of polymers with high degree of crystallinity (isotactic polypropylene and high-

density polyethylene)110, discovery of which made a tremendous economic impact115. The Zeigler-Natta 

catalysts are a combination of transition metal compound from groups IV – VIII of the periodic table (e.g., 

TiCl4), referred to as the “catalyst”, and a metal cation from groups I – III (e.g., Al(C2H5)) – the 

“cocatalyst”. The main distinction of the polymerization technique is that the growing chain is bound to 

the metal atom of the catalyst and the monomers are incorporated into the propagating chain through their 

coordination with the metal116. Coordination polymerization can be terminated by introduction of water, 

hydrogen, aromatic alcohol, and certain metals into the reaction medium116. The first generation of 

catalysts produced stereoregular polymers but at a low yield. Subsequently, catalyst systems were 
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improved to enable high yields and better stereoselectivity, while being less sensitive to contamination115. 

In the 1980s metallocene catalysts were developed116, which typically consist of a transition metal, M, 

from group IV of the periodic table (Zr, Ti, Hf), cyclopentadienyl ligand, Cp, and a halogen, X, (Cl or Br), 

e.g., Cp2MX2. These catalyst systems provide an avenue to obtain extremely uniform polymers with 

narrow molecular weight distribution, and can produce more polymer per quantity of catalyst used, 

compared to Zeigler-Natta systems116.  

Olefin metathesis is a catalytically induced reaction, entailing scission and redistribution of 

carbon-carbon double bonds110, which was discovered accidentally through studies on Zeigler-Natta 

polymerizations and initially used similar catalyst systems – a transition metal compound with an 

organometallic alkylating agent117. Nowadays, olefin metathesis catalysts usually contain chlorides, 

oxides, and other readily accessible compounds of Mo, Ru, Re, or W118. The most important olefin 

metathesis subtypes are cross metathesis, ring closing metathesis, and ring opening metathesis 

reactions119. Ring opening metathesis polymerization (ROMP) enables synthesis of a wide range of 

functional polymers with specific architectures. The technique was utilized in Chapter V of this thesis. 

Ring-opening metathesis polymerization (ROMP) 

ROMP is a chain-growth polymerization method utilizing cyclic olefins to produce monodisperse 

stereoregular polymers with unsaturated backbones120,121. The driving force of ROMP is relief of the ring 

strain, which has to overcome the entropic penalties associated with polymerization120, therefore 

monomers with high strain energy, such as norbornenes (E = 100 kJ/mol), react the most efficiently122. As 

ROMP is an equilibrium-controlled reaction, the highest monomer concentration and the lowest 

temperature are favored. The technique achieved its current popularity after Robert Grubbs developed Ru-

based catalysts123, which are selective toward olefins over any other functional group and tolerate ambient 
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oxygen and moisture124. Many catalysts enable living ROMP; thus ROMP has become one of the most 

versatile living polymerization techniques in terms of functional group tolerance120.  

The general mechanism of ROMP, first elucidated by Chauvin125, is presented in Figure 2.3120. 

The polymerization is initiated by coordination of a transition metal alkylidene complex to a cyclic olefin 

and subsequent cycloaddition that, through formation of a four-membered metallacyclobutane 

intermediate, establishes the active site for the growth of the polymer chain120. Despite the increased size, 

the reactivity of the active species toward cyclic olefins is similar to that of the initiator120. So, the 

propagation proceeds in the analogous manner until the monomer is consumed, the reaction equilibrium 

is attained, or the reaction is terminated (often through introduction of a terminating agent, which replaces 

the metal with a specific functional group)120. In addition, intra- and intermolecular chain transfer reactions 

may occur, which are undesirable in ROMP but useful for synthesis of cyclic oligomers120. 

 

 

Figure 2.2. General schematics of a typical ROMP process120. 
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To execute surface-initiated ROMP (Si-ROMP)36,44,126,127, the catalyst is first bound onto a desired 

substrate, typically through a thiol85,86 (on Au) or silane86,87 (on Si/SiO2) self-assembled monolayer 

(SAM). After immobilization of the catalyst, the substrate is immersed into a monomer solution to yield 

a polymer film attached to the surface. The thickness of the films obtained by Si-ROMP can be controlled 

by varying the concentration of the monomer127 and the duration of polymerization44. 

Radical polymerization methods 

Radical polymerization128 (RP) proceeds though in situ generation of organic free radicals by 

homolytic cleavage of covalent bonds using heat, light, or high-energy radiation112. In contrast to 

carbocations and carbanions, radicals are comparatively stable active species, and can be further stabilized 

by resonance and, to a lesser extent, polar effects129. Hence, RP is tolerant to impurities and monomer 

stabilizers, compatible with water, protic solvents, and wide range of functional monomers128,130. Quite 

predictably, at least 50% of all commercialized polymers, including low density polyethylene, poly(vinyl 

alcohol), polyacrylates, polystyrene, and fluorinated polymers, are currently produced by RP129. The major 

disadvantage of RP is limited control over polymer molecular weight distribution and architecture: the 

propagating radicals are susceptible to bimolecular termination, transfer, and other side reactions130.  

Controlled radical polymerization (CRP) emerged from the efforts to mitigate the drawbacks of 

RP while preserving its flexibility. The key difference of the CRP mechanism is the presence of dormant 

species and intermittent reversible activation, which alleviate the chain breaking reactions and extend the 

lifetime of propagating chains (by at least 60 times compared to RP) to over 1 h129. Superior control over 

chain architecture is attainable, as in most types of CRP systems initiation is very fast and almost 

instantaneous growth of all chains can be realized129. The three most renowned types of CRP processes 

are nitroxide‐mediated polymerization (NMP)131, atom transfer radical polymerization (ATRP)132, and 

reversible addition fragmentation chain transfer (RAFT)133 polymerization. RAFT features a degenerative 
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transfer mechanism with either alkyl iodides or dithioesters as transfer agents113. NMP and ATRP are 

based on spontaneous or catalyzed persistent radical effect, respectively, and involve reversible 

activation/deactivation of the radical species113. As a variant of ATRP is utilized in research included in 

this dissertation (Chapter IV), the method is reviewed in more detail below. 

Atom transfer radical polymerization (ATRP) 

ATRP is a transition-metal mediated controlled radical polymerization method based on reversible 

redox activation of an organic radical on a polymer chain terminated with an alkyl-halide (dormant 

species) by a halogen transfer to a transition metal complex134 (Fig. 2.3.). Complexes of Cu with N-based 

polydentate ligands (e.g., pentamethyl diethylenetriamine (PMDETA)) are commonly employed as 

catalysts in ATRP129. The ligand is chosen to ensure good solubility of the metal halide in the reaction 

medium and to adjust the redox potential of the metal, which affects the activation/deactivation kinetics 

of the polymer chains during the reaction134. ATRP is suitable for a wide variety of functional monomers 

and provides an improved control over polymer architecture and polydispersity. However, the propagating 

radicals can be rapidly trapped by O2, so the reaction mixture for ATRP must be rigorously deoxygenated. 

To simplify the synthesis routine and reduce the amount of catalyst needed down to ppm level, 

activator regenerated by electron transfer (ARGET) ATRP135 was developed as an alternative process that 

is tolerant to limited amounts of O2. Oxidatively-stable CuII species (e.g. CuBr2) are added to the reaction 

solution, and after mixing and partial deoxygenation by N2 bubbling, a reducing agent (e.g. ascorbic acid 

(AsAc)136) is introduced to generate CuI species which activate the polymerization (Fig. 2.3.). As in 

conventional ATRP, in ARGET ATRP the reaction equilibrium is strongly shifted toward dormant species 

(KATRP = kact/kdeact, kact<<< kdeact)
134. Occurrence of termination reactions decreases steadily with the 

increase in polymer chain length, as long chains undergo cross-termination with initiating radicals and 

newly generated short chains much faster than with other polymer chains of high molecular weight134. 
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The reducing agent compensates for any loss of active species due to biradical termination134, but one 

must ensure that the acid produced during the regeneration step does not induce dissociation of the 

metal/ligand complex137. Excess ligand or reducing agent (acting as a base) is usually required to trap the 

acid137. 

 

Figure 2.3. Schematic representation of ATRP and ARGET ATRP reactions138, where Mt
n is a transition 

metal, Ln is a complexing ligand, X and HX are a halogen (Br or Cl) and the corresponding acid, M is a 

monomer, Pn- and Pn
● designate a dormant and propagating polymer chain, respectively, and kact, kdeact, 

kp, kt are the rate constants of activation, deactivation, propagation, and termination respectively. 

 

For Si-ARGET ATRP104, initiator molecules, for example, containing an alkyl halide101, from 

which a stable radical can be generated via homolytic cleavage, are immobilized onto a surface. Next, the 

substrate is placed into a vessel, and after purging with N2, the deoxygenated solution containing a 

monomer, catalyst, ligand, and reducing agent is added. The substrates are kept in the sealed containers 

for a desired duration, then the polymerization is terminated by breaking the seal and exposing the solution 

to air104. The kinetics of polymerization can be fine-tuned by changing the ratios of solution components 

(e.g. Cu : ligand, CuI : CuII), types of ligand, initiator, or solvent134. 
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Post-polymerization modification 

 Despite ongoing progress in coordination polymerization and CRP methods toward functional 

group tolerance, a multitude of side-chain functionalities still cannot be obtained by direct polymerization 

using any of the available techniques129,139. Some functional groups may either completely impede the 

polymerization process or participate in side reactions that render the polymerization reaction poorly 

controllable139. In such cases, polymerization of protected monomers presents a solution, but subsequent 

deprotection step may not proceed to completion and may also disrupt the integrity of the polymer 

structure139.  In addition, due to elaborate synthesis and purification strategies and small yields, the cost 

of monomers with complex functional groups is prohibitive for certain applications140. To circumvent 

these issues, a two-stage process is employed, involving direct polymerization of monomers containing 

moieties that are inert toward polymerization conditions but can be quantitatively converted to a desired 

functionality in the subsequent step – “post-polymerization modification” (PPM)33,139,141. Moreover, PPM 

is a convenient method for systematic studies of structure-property relationships of functional polymers, 

as polymers bearing diverse pendant groups can be obtained from the same base polymer33,139,141. 

 In this thesis, PPM was used in conjunction with SIP methods. For polymer films attached to 

substrates a high degree of conversion can be challenging due to the limitations in physiochemical stability 

of polymer-substrate bonds and mass transport of the reagents, steric hindrance effects, entropic 

constraints, etc140. Therefore, the monomers containing oxirane (glycidyl methacrylate (GMA)) and acid 

chloride (norbornene diacyl chloride (NBDAC)) moieties were chosen for polymerization via Si-ARGET 

ATRP (Chapter IV) and Si-ROMP (Chapter V), respectively. Both acid chlorides32,33,142 and oxiranes139,141 

can react with numerous functional groups in mild conditions in a single-step and with high yield, thus 

presenting versatile platforms for preparation of functional polymer films through post-modification. 
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Functional groups in polymers 

 A functional group is an atom or a group of atoms that has similar characteristic reactivity and 

properties, regardless of its position and the rest of the chemical composition in any molecule or compound 

which contain it143. Functional groups determine the distinctive chemical and physical properties of 

families of organic compounds143. Functional polymers include functional groups in the main or side 

chains, and their type and concentration largely dictate the utility of these materials.  

Metal-chelating functionalities 

 The introduction of specific functional groups into polymer chains makes them capable of forming 

chelate complexes with metal ions under certain favorable conditions16. All metals complex with 

molecules containing electron-rich centers, called “ligands” (e.g., H2O, –NH2 and –CO2
−), which donate 

electrons to metal cations144. Chelation involves formation of two or more separate coordinate bonds 

between a polydentate ligand (multiple donor atoms) and a single metal ion145. Metal chelates, 

significantly more thermodynamically stable compared to analogous complexes containing monodentate 

ligands145, are strong yet reversible, which is required for many applications. Chelating ligands most 

commonly include oxygen, nitrogen, and sulphur donor atoms16,144.  

 Ligand selectivity toward specific metal ions is a key parameter in designing chelating polymers. 

As a starting point, Pearson’s Hard and Soft Acids and Bases (HSAB) classification146 is a useful 

qualitative tool for selection of donor atoms for chelating ligands. The term “hard” applies to species with 

small size, high charge states, which are weakly polarizable; in contrast “soft” species are big, have low 

charge states and are strongly polarizable146,147. According to the HSAB principle, hard Lewis acids bind 

preferentially with hard bases, whereas soft Lewis acids react faster and form more stable complexes with 

soft bases, all other factors being equal147,148. The examples of hard, soft, and borderline acids and bases 
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as originally classified by Pearson are given in the Table 2.1146. The table presents a useful starting point 

for ligand selection; however, a more sophisticated framework, e.g., considering steric efficiency of a 

ligand toward specific metal ions, is required for optimal ligand design149.  

 

Table 2.1. Classification of Lewis acids and bases according to Pearson’s HSAB principle146. 

Type Acids Bases 

Hard 

H+, Li+, Na+, K+ Be2+, Mg2+, Ca2+, Sr2+, Ba2+, 

Al3+, Sc3+, Ga3+, In3+, La3+ Gd3+, Lu3+, Cr3+, 

Co3+, Fe3+, As3+, Si4+, Ti4+, Zr4+, Hf4+, Th4+, U4+, 

Pu4+, Ce4+, Wo4+, Sn4+, UO2+, VO2+, MoO3+ 

H2O, OH-, F-, CH3CO2
-, PO4

3- SO4
2-, 

Cl-, CO3
2-, CIO4

-, NO3
-, ROH-, RO-, 

R2O, NH3, RNH2, NH2NH2 

Soft 
Cu+, Ag+, Au+, Ti+, Hg+ Pd2+, Cd2+, Pt2+ Hg2+, 

CH3
+Hg, Co(CN)5

2-, Pt4+, Te4+, Br+, I+ 

R2S, RSH, RS-, I-, SCN S2O3
2-, R3P, 

R3As, (RO)3P, CN-, RNC, CO, C2H4, 

H-, R- 

Borderline 
Fe2+, Co2+, Ni2+, Cu2+, Zn2+, Pb2+, Sn2+, Sb3+, 

Bi3+, Rh3+, Ir3+, B(CH3)3 

C6H5NH2, C5H5N, N3
-, Br-, NO2-, N2, 

SO3
2- 

 

Catechol functional groups 

 Catechol (1,2-dihydroxybenzene) ligands can form stable complexes with various di- and, most 

efficiently, trivalent metal ions150. Catechols are recognized as the best bidentate chelators for Fe3+ with 

stability constants ranging from logK1 = 20.01 for mono- to logβ = 43.76 for triscatecholate complexes151 



18 

 

(Fig. 2.4). However, the affinity of catechols toward other trivalent ions is comparably high. For instance, 

the stability constants for mono-, bis-, and triscatecholate complexes with Al3+ are 16.3, 29.3 and 37, 

respectively151. The coordination mode (mono-, bis-, or tris-) of catechol ligands depends on the pH, as 

they exhibit high affinity to protons with pKa of the most acidic hydroxyl group ranging between ~6 – 10 

depending on the electronic nature of the other substituents on the benzene ring152–156. Nonetheless, 

catechols are easily deprotonated in the presence of metal ions even in acidic conditions154,156. In addition 

to the pH, the stoichiometry of catechol complexes with metal cations is also controlled by the 

concentration of both the ion and the ligand154,156.  

 

 

Figure 2.4. Schematic structure of tris-, bis-, and monocatecholate complexes with metal cations157. 

 

Besides metal chelation, incorporation of catechol moieties into polymers endows them with a 

broad range of functions158–160. Catechol-functionalized polymers can: 1) undergo reversible redox161 in 

buffered/unbuffered aqueous media, and in aprotic solvents; 2) participate in various non-covalent 

interactions (hydrogen-bonding, π-π interactions, cation-π interactions)158; 3) oxidize to quinones and 

subsequently form covalent cross-links via phenol-radical coupling or tautomerization162.  
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Chapter IV of this thesis describes a route for introduction of catechol functionality into pGMA 

films via PPM. Dopamine, which consists of a catechol group and an amine attached to it through an ethyl 

chain, was chosen as a modifying molecule due to its commercial availability at low cost in a form of 

shelf-stable hydrochloride salt. 

Hydroxamic acid functional groups 

 Hydroxamic acid (HA) groups, bidentate ligands with two oxygen atoms as donors, have a lower 

affinity for metal ions than catechols, but also favor trivalent ions over divalent144,163. The major 

advantages of HAs over catechols is their stability to oxidation and lower sensitivity to pH of the 

medium164. The pKa values for HAs are in the range of 7 – 9165. Therefore, compared to catechols, the 

oxygen atom in HAs is more deprotonated at neutral pH and the predominant type of complexes in solution 

is tris (HA : metal = 3 : 1)144. Naturally, HAs chelate metal cations more efficiently with increasing pH; 

though complexation can occur at pH values as low as 2163. HA ligands and metal cations form 5-

membered chelate rings, which are ~7 orders of magnitude more stable compared to analogous 4-

membered rings formed by carboxylic acids (Fig. 2.5)164. 

 

 

Figure 2.5. Schematic structure of metal ion complexes with bidentate HA (left) and 

carboxylic acid (right) ligands164. 
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 To date, the majority the polymers bearing HA functional groups reported in literature have been 

prepared using PPM with hydroxylamine from poly(methyl methacrylate)s and poly(acrylamide)s164,166. 

The degree of conversion to HA groups through these routs is moderate at best, and the harsh reaction 

conditions are incompatible with many applications (especially biomedical)165. Direct radical 

polymerization of monomers with unprotected HA groups was inhibited due to radical transfer to the HA 

moieties164. Recently, Johann et. al165 reported synthesis of dioxazole-protected HAs containing hydroxyl 

moieties, and subsequent end-group functionalization of poly(ethylene glycol) chains using these 

molecules. The deprotection step involved treatment of the polymers with 0.1 HCl, which resulted in 

quantitative cleavage of dioxazole groups. These acidic conditions lead to degradation of the dioxazole 

structure, thus liberating the free hydroxamic functional PEG in quantitative yields. The same paper 

provides procedures for preparation of epoxide and methacrylate monomers from the synthesized 

hydroxyl functional dioxazole-protected HAs, but not yet their polymerization. 

 In Chapter V of this thesis, free-standing and tethered polymer films with two HA groups per 

repeat unit were prepared by ROMP of NBDAC and subsequent PPM with hydroxylamine in water at 

room temperature, which resulted in complete conversion of acid chlorides to hydroxamic acid 

within 20 h. 
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Chapter III 

EXPERIMENTAL PROCEDURES AND CHARACTERIZATION METHODS 

Experimental Procedures 

Materials 

Silicon (100) wafers were purchased from WRS Materials. Deionized (DI) water (≥ 5.0 MΩ) was 

purified using a Millipore Elix filtration system. Gold shot (99.99 %) and chromium-coated tungsten rods 

were obtained from J&J Materials and R.D. Mathis, respectively. 

The following materials were purchased from Sigma-Aldrich and used as received: activated basic 

Brockmann I, aluminum oxide (alumina), N,N,N′,N′′,N′′-Pentamethyldiethylenetriamine (99%) 

(PMDETA), copper (II) bromide (99%), 5-norbornene-2-methanol (NBOH) (98%, mixture of endo and 

exo), hydroquinone (99%), dicyclopentadiene (DCPD) (containing BHT as stabilizer), 

thylenediaminetetraacetic acid disodium salt dihydrate (EDTA), 2,2,2-trifluoroethylamine hydrochloride 

(98%), 1-butyl-3-methyl-imidizolium-tetrafluoroborate ([BMIM]BF4), N,N-Dimethylformamide 

(anhydrous, 99.8%), toluene (anhydrous, 99.8%), triethylamine (anhydrous, ≥ 99.5%), DCM (anhydrous). 

[(5-Bicyclo[2.2.1]hept-2-enyl)ethyl]trichlorosilane (NbSiCl3) and L-ascorbic acid were purchased from 

Tokyo Chemical Industry and used as received.  

Glycidyl methacrylate (97%, containing 100 ppm of monomethyl ether hydroquinone inhibitor) 

was obtained from Sigma-Aldrich, and used immediately after removing the inhibitor by passing the 

monomer through a ~5cm-long activated alumina column.  

Trans-3,6-endomethylene-1,2,3,6-tetrahydrophthaloyl chloride (97%) (NBDAC) was obtained 

from Sigma-Aldrich and purified via distillation at reduced pressure. Grubb’s second-generation catalyst 
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[(H2IMes)(PCy3)(Cl)2Ru=CHPh] and 3-bromopyridine were used as received from Sigma-Aldrich to 

synthesize Grubb’s third generation catalyst as described by Love et. al167. 

Bisphenol A/F based Super Sap CCR epoxy resin and the corresponding CCF fast hardener 

(polyoxypropylenediamine) were purchased from Entropy Resins and used as received. 

The following chemicals were obtained from Fisher Scientific and used as received: 

dichloromethane (DCM), ethanol (200 Proof), toluene, sulfuric acid (95%), hydrogen peroxide (30%), 

(chloromethyl)phenyl trichlorosilane, (97%), dopamine hydrochloride (99%), hydroxylamine 

hydrochloride, iron (III) chloride (anhydrous, 98%), aluminum (III) chloride (anhydrous, 99%), zinc (II) 

chloride (anhydrous, 98%+), 1H,1H,2H-perfluoro-1-octene (99%), isopropylamine (99%), N,N-

diethylethylenediamine (98+%), pyrrolidine (99%) (Alfa Aesar), copper foil (0.025 mm thick). 

Silica-coated sensors QSX303 (quartz, 4.95 MHz, 14 mm diameter, polished, AT-cut with gold 

electrodes) for QCM-D studies were obtained from Nanoscience Instruments, Inc.  

(Perfluorohexyl)norbornene (NBC6F13) monomer (used in Chapter V) was synthesized via a Diels-

Alder reaction described by Perez et al168: a Parr Instrument high pressure reaction vessel was charged 

with molar ratios of 1H,1H,2H-perfluoro-1-octene : DCPD : hydroquinone (quenching agent) = 1 : 0.5 : 

0.03. The reaction was held at 170 °C for 72 h. WARNING: the contents of the reactor will be under high 

pressure – wait until the vessel cools down to room temperature before opening it to remove the products, 

handle with caution! Next, the contents of the reaction vessel were distilled under reduced pressure and 

NBC6F13 was collected as a clear liquid (~50% yield). The chemical structure and composition of the 

obtained monomer was confirmed by 1H, 13C, and 19F NMR spectra collected in deuterated chloroform as 

a solvent, and the spectra are consistent with those reported by Faulkner et al.127: 1HNMR(CDCl3): δ 6.2 

(m) (1H), 6.0 (m) (1H), 3.2 (s) (1H), 2.9 (m) (1H), 2.8 (m) (1H), 2.0 (m) (1H), 1.5 (m) (1H), and 1.3 (m) 
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(2H); 19F NMR (CDCl3): δ -81.0 (s) (3F), -111.4 to 116.2 (m) (2F), -121.3 to -123.8 (m) (6F), -125.35 to 

-127.1 (m) (2F); 13C NMR (CDCl3) shifts for exo- end endo isomers are provided in the Table 3.1. 

 

Table 3.1. 13C NMR (CDCl3) shifts for NBC6F13. 

 

Isomer 
13C NMR δ (ppm) 

C1 C2
 C3

 C4
 C5

 C6
 C7

 

exo 41.9 138.1 136.2 42.3 40.6 26.6 46.3 

endo 41.1 137.1 131.6 43.5 40.7 27.4 49.5 

 

Preparation of Si/SiO2 substrates 

Silicon wafers were cut into 2 cm × 1 cm substrates, rinsed with ethanol, water, and ethanol, dried 

in the stream of nitrogen, and soaked in 1:1, v/v mixture of ethanol and water for >16 h. The substrates 

were sonicated in the ethanol and water mixture for 30 min to displace any remaining contaminants, rinsed 

with ethanol and water, dried in the stream of nitrogen and immersed into a piranha solution (H2SO4/H2O2 

=7:3, v/v) for 30 min (WARNING: the mixture reacts violently with organic matter – should be handled 

with extreme caution!) The substrates taken out of the piranha solution were washed thrice by submersion 

into di-water, rinsed with di-water, submersed into ethanol, then into toluene, rinsed with toluene, and 

dried in the stream of nitrogen.  

Preparation of (chloromethyl)phenyl trichlorosilane monolayers on Si/SiO2 

Immidiately after piranha cleaning, the substrates were placed into 3mM solution of 

(chloromethyl)phenyl trichlorosilane initiator in anhydrous toluene for 2 h at room temperature to yield 
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surface-tethered monolayers. The substrates were then sonicated in toluene to remove any unbound 

material and baked at 100 °C for 5 h under vacuum. 

Preparation of NbSiCl3 monolayers on Si/SiO2 

Immediately after piranha cleaning, the substrates were placed into 5 mM solution NbSiCl3 in 

anhydrous toluene for 1 h at room temperature to yield surface-tethered films. The substrates were then 

sonicated in toluene to remove any unbound material, and stored in a sealed container until further use. 

Characterization Methods 

Attenuated Total Reflectance–Fourier Transform Infra-Red (ATR–FTIR) Spectroscopy 

IR (or vibrational) spectroscopy is a technique used to identify and study chemical substances 

based on absorption of electromagnetic radiation characteristic of their molecular structure169,170. The mid-

IR region between wavenumbers of 4000 and 400 cm‐1 is of primary interest for analysis of organic 

materials. An IR spectrum is represented in a graph of absorbance (or transmittance) in arbitrary units on 

the vertical axis vs. frequency in wavenumbers on the horizontal axis. The absorbance spectrum for the 

sample is calculated as follows171: 

                                                                           A = log(I0/I)                                                                      (3.1) 

where A is absorbance, I0 and I are intensity of the incident light and that transmitted by the sample, 

respectively. Absorption bands in the spectrum result from energy differences between vibrational states 

of the sample molecules relative to the background. The amplitudes of fundamental molecular vibrations 

increase upon absorption of IR radiation (as a result of change in the molecular dipole moment), so the 

intensity of the IR beam at the corresponding wavelength is decreased after interaction with the sample. 

The position of a particular absorption band depends on bond strength and the masses of the involved 
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atoms, and the corresponding absorbance is directly proportional to the number of bonds in the sample 

molecules responsible for that absorption169.  

FTIR spectroscopy allows collection of data at all frequencies simultaneously, improving both the 

speed of acquisition and signal-to-noise ratio171. The technique is based on the interference of two initially 

identical beams, one reflected from a fixed mirror and another from a moving mirror. The resulting 

interferogram is then converted from space domain into the frequency domain by applying a fast Fourier 

transform algorithm (automatically performed by the instrument’s software). 

In ATR-FTIR172,173, the IR beam is passed through a crystal of an IR-transparent material with 

high refractive index (e.g. diamond, Ge, ZnSe) that is pressed against an optically less dense sample (Fig. 

3.1). The incident angle, θ, (typically 45°) is greater than the critical angle (θc = sin-1 n12, where n12 is the 

relative index of refraction of the crystal and the sample media), which leads to total internal reflection of 

the beam at the crystal to sample interface174. As the refractive index of the sample is lower than that of 

the crystal, a portion of the beam extends beyond the crystal's boundaries and penetrates the sample in a 

form of an evanescent wave. The depth of penetration, dp, typically ranges between 0.5 and 5 µm, 

depending on the wavelength, n12, and θ. For IR radiation wavelengths at which the sample absorbs, the 

reflected evanescent wave is attenuated. The reflected IR beam exits the crystal and is passed to the 

detector, as shown in Figure 3.1. 

ATR-FTIR was employed to determine the composition of the various polymer films obtained in 

this work (Chapter IV, V), using Thermo Nicolet 6700 FT-IR Spectrometer equipped with a liquid-

nitrogen cooled mercury-cadmium-telluride (MCT) detector and Smart iTR™ ATR attachment with a 

diamond crystal plate. The spectra were collected in the region of 4000 – 700 cm-1 over ~ 4 min (256 

scans) at 2 cm-1 resolution and processed using OMNIC™ software. 
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Figure 3.1. Schematic representation of the principle of ATR IR spectroscopy. 

Contact Angle Goniometry 

A contact angle is a quantitative measure of wetting of a solid by a liquid, defined as the angle 

between the solid surface horizontal under the liquid drop and the tangent to the liquid–vapor interface as 

it approaches the solid surface at the three-phase contact line (Fig. 3.2)175. The contact angle between 

liquid and an ideal (i.e., atomically smooth, homogeneous, non-reactive, and rigid) solid surface, resulting 

from the thermodynamic equilibrium of the drop under the action of the solid-vapor (γsv), solid-liquid (γsl), 

and liquid-vapor (γlv) interfacial free energies, is described by the Young equation:  

                                                                   cos 𝜃𝑌𝑜𝑢𝑛𝑔 =
𝛾𝑠𝑣−𝛾𝑠𝑙

𝛾𝑙𝑣
                                                            (3.2) 

 

 

Figure 3.2. A drop of liquid on an ideal solid surface, illustrating the definition of the Young contact 

angle (θYoung). 
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 While the Young equation predicts a single equilibrium contact angle, experimentally a range of 

stable contact angles may be observed for a given solid surface176. The highest, “advancing”, and the 

lowest, “receding”, apparent contact angles can be measured by increasing and decreasing, respectively, 

the volume of the droplet, as shown in Figure 3.3. The difference between the advancing and receding 

contact angles (θa – θr), termed hysteresis (H), is primarily affected by surface roughness and/or chemical 

heterogenity176, but can also result from absorbed impurities and rearrangement of the solid surface 

induced by the solvent. 

 

Figure 3.3. Schematics of advancing and receding contact angle measurement175. 

 In this work, contact angle goniometry using deionized water as a liquid was employed to confirm 

the surface modifications by thiol and silane SAMs and to characterize the wetting properties of the 

synthesized polymer films (Chapter IV, V). Advancing and receding contact angles of ~ 5 μL water drops 

on the surfaces were measured at room temperature and ambient humidity using a Ramé-Hart manual 

goniometer with a microliter syringe. The tip of the syringe needle remained inside the probe droplets 

during measurements. The reported values and ranges represent the averages and standard deviations from 

at least three independently prepared samples. No fewer than three measurements per sample were 
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acquired, and the position of each measurement was varied to estimate the homogeneity of the sample and 

provide an average contact angle value representative of the whole surface. 

Stylus Profilometry 

Stylus profilometry177 traces the topography of surfaces by physically moving a probe (a fine cone-

shaped diamond stylus) laterally across the surface. The stylus is applied at a small load (less then mN), 

and the feedback loop is set to monitor the force from the sample features pushing up against the stylus as 

it scans. The change in the stylus height is detected by a displacement sensor as a function of position. 

The vertical resolution of the instrument is down to 10 nm, while the horizontal resolution is controlled 

by the scan speed and length. 

In this thesis, profilometry was used to measure the thickness and roughness of films prepared by 

ROMP and spin-coating (Chapter V). The measurements were performed by Veeco Dektak 150 contact 

stylus profilometer with the stylus tip radius of 12.5 µm and applied force of 29.4 µN in the hills and 

valleys detection mode. The thicknesses of the films were estimated from three 1000-µm-long scans per 

sample across scratches manually introduced to establish baselines for uncoated substrates. The thickness 

was determined as the mean height variation for the polymer film from the bare substrate baseline, and 

the roughness of the polymer films was represented as the mean deviation of roughness profile (Ra). The 

scan results were plane fitted using the instrument’s software. Reported values represent the averages and 

standard deviations of at least three independently prepared films. 

Ellipsometry 

Ellipsometry178 is used to characterize thickness and optical constants of surfaces and thin films 

by measuring the change in polarization (amplitude ratio, Ψ, and the phase difference, Δ) of light reflected 
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or transmitted from them. The thickness of sub-nm- to a few-µm-thick films can be determined by 

interference between light reflected from the film surface and light transmitted through the film. 

The main components of an ellipsometer include a light source, polarizer, polarization analyzer, 

sample stage, and detector (Fig. 3.4).  

 

 

Figure 3.4. Schematic representation of a basic ellipsometry setup. 

 

The unpolarized light generated by the source is sent through a polarizer, which allows light of a 

preferred electric field orientation to pass, resulting in the linearly polarized light incident on the sample 

surface179. The light reflected/transmitted from the sample becomes elliptically polarized and travels 

through another polarizer (acting as polarization state detector, i.e., analyzer), which permits variable 

amounts of light to pass onto the detector depending on the orientation of the polarizer relative to the 

electric field of the incoming beam. The detector converts the light into an electronic signal to determine 

the output polarization, which is compared to the known input polarization to determine the change in 

polarization resulting from the interaction of the light with the sample179. 
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In this work, a J.A. Woollam M-2000VI variable angle spectroscopic ellipsometer was used to 

determine thicknesses of as-synthesized and modified pGMA films (Chapter IV). Thicknesses and 

refractive indices were obtained from fits to data taken at 60° and 70° angles of incidence. Optical 

constants and thicknesses of the underlying substrates with transparent thin films (Si wafers with a native 

oxide layer modified with silane SAMs or silica coated QCM crystals QSX303) were determined prior to 

the film growth and used in the subsequent data analysis. The thicknesses and optical parameters were 

obtained by regression analysis using an appropriate theoretical model for transparent or partially 

absorbent films. The best fit corresponds to the lowest root mean square error value between the measured 

data and the model. 

The thicknesses of pGMA films deposited on silicon substrates were also determined using a 

Gaertner LSE ellipsometer (632.8 nm, incident angle = 70°). Data were processed using the Gaertner 

Ellipsometer Measurement Program. Relative thicknesses were calculated assuming an average refractive 

index of 1.5 for the multilayered films. Thicknesses were determined in at least three different 

standardized locations on each substrate and are presented as an average (with standard deviation) for 

each film, the thickness of native silicon oxide of 1.6 nm is subtracted from the values. 

Electrochemical Impedance Spectroscopy (EIS) 

EIS180 enables investigation of ion transport through polymer films bound to electrodes and at the 

interfaces of the system. EIS is based on the perturbation of a system at equilibrium by a small alternating 

voltage (5 mV) applied over a range of frequencies (0.1 to 105 Hz), which allows one to examine different 

time scales within a single experiment181. The response (current at the same frequency but shifted in phase) 

is recorded. An expression analogous to Ohm’s Law describes the complex impedance of the system180: 

                                                  𝑍 =  
𝑉(𝑡)

𝐼(𝑡)
=

𝑉𝐴sin (𝜔𝑡)

𝐼𝐴 sin(𝜔𝑡+𝜑)
= 𝑍𝐴

sin (𝜔𝑡)

sin(𝜔𝑡+𝜑)
 ,                                     (3.2) 
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where V(t) is the applied potential at time t, I(t) is the corresponding response current signal, VA and IA are 

the amplitudes of the sinusoidal potential and current, respectively, 𝜔 is the radial frequency (𝜔 =2𝜋𝑓, 

where 𝑓is the frequency in Hz), φ is the phase angle, and ZA is the magnitude of the impedance.  

Complex impedance (Z*) is expressed as180: 

                                                               𝑍∗(𝜔) =  𝑍′ − 𝑗𝑍′′                                                            (3.3) 

where Z′ is the real component and Z″ is the imaginary component. The impedance may also be expressed 

in an alternative form through its magnitude, |Z|, and phase angle, φ: 

                                                                      𝑍∗(𝜔) = |𝑍|𝑒𝑗𝜑                                                               (3.4) 

The EIS data representation as Bode plane (a plot of the phase angle and the logarithm of the 

impedance magnitude as a function of the logarithm of frequency) is convenient for analysis of polymer 

films: the impedance response at high frequencies is dominated by the electrolyte solution, the low 

frequencies correspond to the electrode/film interface, while the response at intermediate frequencies is 

often defined by resistive and capacitive effects of the polymer film itself.  

In this work, EIS was employed for cure monitoring of epoxy/ionic liquid systems (Chapter VI), 

using the two-electrode setup depicted in Figure 3.5. All EIS measurements were performed on an a 

Gamry Instruments CMS300 electrochemical workstation at room temperature. During the testing 

procedure, the cell was placed in a Faraday cage in order to minimize Coulombic fields. EIS was 

conducted under sinusoidal 5 mV AC voltage over a frequency range of 10−1 to 105 Hz, with ten points 

per decade recorded. For quantitative data analysis, chemical and physical properties of a given system 

were reproduced with analogous electrical equivalent circuits (EEC) containing an appropriate 

combination of elements, using Gamry Echem Analyst software. 
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Quartz Crystal Microbalance with Dissipation (QCM-D) 

QCM-D182 is an ultrasensitive technique that can provide insight into molecular surface 

interactions in gaseous/liquid environments by monitoring the changes in resonant frequency (Δf) and 

energy dissipation (damping) (ΔD) of a freely oscillating piezoelectric quartz single crystal183. The QCM-

D sensor crystal consists of a round, AT-cut piezoelectric quartz crystal with gold electrodes deposited 

onto the top and bottom surface of the quartz disc by evaporation182. 

During the measurement, an AC voltage is applied across the electrodes to induce the oscillations 

of the crystal at its resonant frequency. The driving voltage is periodically switched off, and the decay of 

the oscillation is monitored. Frequency and dissipation factor are determined by performing a fit (shown 

in red) to the decay (shown in blue) of the oscillatory amplitude over time (Fig. 3.6 a). If a viscoelastic 

film is applied to the surface of the crystal (Fig. 3.6 b), the frequency of the crystal’s oscillation is reduced 

due to the added mass, but not in a linear fashion described by the Sauerbrey184 equation. The accurate 

calculation of the viscoelastic mass requires measurement of both, the frequency and dissipation 

responses, which depend on the film properties, such as density, thickness, viscosity, and shear 

modulus182.  

 

Figure 3.5. Schematics of QCM-D operation of a crystal: a) blank and b) with a viscoelastic coating. 

a) b) 
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The surface of quartz crystal electrodes can be modified with functional polymer films to obtain 

efficient sensors for a range of applications, including detection of metal ions34,185 (Fig. 3.6 c). Real-time 

ion sensing is based on changes in mass and structural properties (e.g., cross-linking, swelling) of the 

polymer films upon exposure to the analyte. The mass of the absorbed ions as well as film properties are 

determined by applying a viscoelastic model186 to the data. 

 

 

Figure 3.6. Illustration of polymer-coated QCM-D ion sensor. 

 

In this thesis, dopamine-modified pGMA films (Chapter IV) were covalently immobilized onto QCM 

crystals and the measurements were obtained with Biolin Scientific Q-Sense E4 equipped with an Ismatec 

IPC peristaltic pump. Two types of experiments were performed:  

1) Ex-situ characterization in air. A baseline for a blank crystal was established, and then, the response 

of the same polymer-coated crystal was measured to determine the thickness and viscoelastic 

properties of the deposited film in the dry state. 

2) Real-time continuous measurements in aqueous media. The baseline signal for the films in flowing di-

water was obtained, followed by monitoring the flow of measured media containing metal ions. 
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Initially, solutions with a single type of metal ion in concentrations ranging from 10-8 to 0.1 M were 

flowed until the response of the sensors reached a steady state. From these experiments, the response time, 

detection limit, and the trends in ion selectivity were established. The reversibility and reproducibility of 

the sensor response through at least 3 consecutive sorption/washing cycles was also studied. The ion-

binding behavior of the films was modeled with appropriate sorption isotherms. Afterwards, a competitive 

ion sorption scenario using a mixture of metal ions commonly present in the target media was examined. 

Differential Scanning Calorimetry (DSC) 

DSC allows investigation of materials’ phase transitions with temperature187. The technique 

measures the difference of heat absorption or release by a sample with respect to an inert reference as a 

function of time at constant temperature (isothermal mode) or as the temperature is increased/decreased 

at a certain rate (linear programmed mode)188. Based on measuring the enthalpy of exothermal cure 

reactions, DSC has become an industry standard for analysis of cure kinetics of epoxy resins188,189.  

In this thesis, measurements to characterize the cure kinetics of bisphenol A/F based epoxy -

poly(oxypropylenediamine) hardener systems (Chapter VI) were performed with a TA Instruments Q200 

DSC. Prior to each DSC test, a small amount of uncured epoxy (20 ± 3mg) was placed into a hermetic 

aluminum DSC pan and sealed with a lid. The sample was placed opposite to an empty reference pan in 

the DSC cell at a standby temperature of 25°C. The DSC cell was subsequently heated at a constant rate 

of 2, 5, 15, and 20 °C/min over a temperature range of 25 to 250 °C. The experiments were carried out 

under the constant flow of nitrogen at 50 mL/min. Measurements of the heat flow during the cure cycle 

were acquired and exported for further analysis.  
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Thermogravimetric Analysis (TGA) 

TGA involves monitoring of the mass of a sample versus temperature or time in controlled inert 

(N2) or oxidative (O2, air) atmosphere190. The technique can provide information about phase transitions, 

oxidation, and thermal decomposition of the tested substance as well content of moisture, volatile and 

inorganic components in the sample. The key components of the thermogravimetric analyzer include a 

highly sensitive balance, which can measure the mass of samples of up to 1 g with 0.1 µg accuracy, 

microfurnace, heating chamber, temperature controller, gas feeding system, and data analyzer. 

In this thesis, an Instrument Specialists TGA 1000 was used to characterize the thermal stability 

of free-standing polymer films described in the Chapter V. For each measurement, a sample was placed 

into a platinum heating pan and the mass of the sample was recorded prior to heating. Next, the 

temperature was increased from 25 °C to 900 °C at a constant rate of 10 °C/min and the % change in the 

sample mass were recorded. The measurements were conducted under the flow of nitrogen or air of 

100 mL/min. In addition to the obtained mass change vs. temperature curves, the derivatives of the mass 

change 
𝑑𝑚

𝑑𝑡
 vs. temperature were also calculated, which allows the point where weight loss is the most 

apparent as well as any overlapping thermal decomposition steps to be identified more clearly. 

Ultraviolet–visible spectroscopy (UV-vis) Spectroscopy 

UV-vis spectroscopy can be used for identification of compounds containing chromophores (i.e., 

molecules with valence electrons of low excitation energy) which absorb specific wavelengths of 

ultraviolet or visible light169. The absorption peaks in the UV-vis spectra correspond to the electronic 

transitions within the sample. The main components of a UV-vis spectrophotometer include a light source, 

a monochromator, and a detector. The monochromator houses an entrance slit (to narrow a beam of 

incoming light to a usable size), a dispersion device (usually a diffraction grating or prism that separates 
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polychromatic white light into bands of monochromatic light of a single wavelength), and an exit slit (to 

select the desired monochromatic wavelength).The instrument measures the amount of light transmitted 

through (or reflected from) a sample by ratioing the intensity of the incident light (I0) to the intensity of 

the transmitted light (I), and the absorbance spectra are calculated as shown in equation 3.1 above. Using 

the Beer-Lambert law, the generated absorption spectra can be related directly to the concentration of the 

sample: 

                                                                    A = log (I0/I) = ε·c·l                                                          (3.5) 

where A is the measured absorbance (in arbitrary units (AU)), I0 is the intensity of the incident light at a 

given wavelength, I is the transmitted intensity, l (in cm) the path length of the beam of light through the 

sample, and c the concentration of the absorbing species. For each species and wavelength, ε (in 

L/(mol·cm)) is a constant for a particular compound at a certain wavelength known as the molar 

absorptivity or extinction coefficient. 

In this work, UV-vis spectroscopy using Varian Cary 5000 UV-VIS-NIR spectrophotometer was 

performed for determination of transition metal ions chelated by free-standing polymer films described in 

Chapter V.  

Scanning Electron Microscopy with Energy-dispersive X-ray spectroscopy (SEM/EDS) 

SEM allows for high-resolution (down to 1 – 20 nm) imaging of a sample by rastering a focused 

electron beam across the surface and detecting secondary or backscattered electron signal191. An EDS 

system integrated into an SEM instrument provides elemental identification and quantitative 

compositional information based on characteristic X-rays emitted by a sample upon excitation under the 

electron beam192. EDS detectors collect the photons as a function of their energy, and the photon intensity 

is analyzed to determine the chemical composition of the region of the sample under investigation. The 
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energy resolution of a typical commercial EDS system is limited to ~125 eV, which can result in overlap 

of the characteristic peaks in the X-ray signal generated by different chemical constituents in the sample191. 

In this work, SEM/EDS was employed for morphological and elemental analyses of epoxy-amine 

networks modified with 5, 10, 20, and 40 wt.% of [BMIM]BF4 ionic liquid (Chapter VI). Prior to the 

analyses, the samples were sputter coated with Au to eliminate charging issues. SEM images were taken 

with a Zeiss Merlin Scanning Electron Microscope using an accelerating voltage of 10 kV, a working 

distance of 8.5 mm, and the HE-SE2 secondary electron detector. EDS spectra were collected using 

Oxford Instruments Silicon Drift Detector at the conditions specified above, and the data were analyzed 

using Aztec software. 
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Chapter IV 

SURFACE-INITIATED, CATECHOL-CONTAINING POLYMER FILMS FOR EFFECTIVE 

CHELATION OF ALUMINUM IONS 

Introduction 

Molecules containing catechol (1,2-dihydroxybenzene) moieties are ubiquitous in nature. Catechol 

derivatives serve as essential neurotransmitters193 and antioxidants194, impart superior underwater 

adhesion properties to mussel byssus195–197, and enable living organisms (e.g. bacteria) to scavenge iron 

from the surrounding environment198, to name a few examples. Inspired by the utility and versatility of 

catechols observed in nature, researchers seek to incorporate catechol functional groups into synthetic 

polymers158–160 to obtain advanced stimuli-responsive materials199,200, adhesives201, antimicrobial202 and 

antifouling coatings203,204, and metal-binding ligands152.  

Due to their outstanding metal complexing properties, polymers containing catechol groups have 

been applied for preconcentration and separation of metal ions205–209 (including Fe3+, Cr6+, Cr3+, Ni2+, 

Zn2+, Cu2+, Cu+, Cd2+, Mn2+ and Pb2+, lanthanides210,211), radionuclides212,213, and germanium214. 

Aluminum is the third most abundant element found in earth’s crust, and occurs naturally in the air, water, 

and soil as a persistent contaminant that cannot be fully biodegraded215. During the first half of the 

twentieth century, Al emerged as a crucial material in the transportation, aeronautics, electrical, 

construction, and other industries. Moreover, Al became ubiquitous in food products, medicine, animal 

feed, and consumer goods from packaging to cosmetics216,217. Mining and processing of Al increasingly 

contributes to the excess release of this metal into the environment, while recent investigations into its 

toxicity revealed that overabundance of Al presents a grave threat for the health of humans217, animals215, 

and plants218. Thus, catechol-containing polymers are of interest for enhancing removal, preconcentration, 

and detection of Al3+ ions. 



39 

 

In addition, sensing of metal ions using catechol ligands (for analyte binding) tethered to the 

surface of membranes219 and carbon nanotubes220 has been reported. Chelates of catechol-containing 

polymers with various metal ions account for an array of materials with unique properties, which can be 

employed, for instance, as self-healing, pH-responsive hydrogels221–223, toughening elastomers224, and 

hydrogel actuators225.  

The key strategies for obtaining catechol-functionalized polymers include attachment of catechol 

derivatives to existing polymer chains though reaction between complementary functional groups in the 

molecule and polymer (i.e. post-polymerization modification) and direct polymerization of catechol 

monomers158. In both cases, proper protection of catechol groups is often required226. The protecting 

groups must be stable under the reaction conditions and their subsequent removal (deprotection) should 

proceed to quantitative yields and have no adverse effect on the properties of the resulting polymer226. 

In this chapter, the author reports the introduction of catechol functionality into surface-grafted 

poly(glycidyl methacrylate) (pGMA) films, prepared by activator regenerated by electron transfer atom 

transfer radical polymerization (ARGET ATRP), through post-polymerization modification. I chose 

dopamine, which consists of a catechol group and an amine attached to it through an ethyl chain, as a 

modifying molecule due to its commercial availability at low cost in the form of shelf-stable hydrochloride 

salt. Currently, the predominant strategies to covalently bind dopamine to polymers or other surfaces 

involve protection and deprotection steps for the catechol group in dopamine and/or standard carbodiimide 

coupling of the amine to a carboxylic acid group on the surface202,219. We demonstrate high degree of 

functionalization of pGMA films with dopamine in a single step, with a tunable percent of modification 

depending on the duration of the reaction. In addition, we investigate the affinity of the resulting films to 

Al3+ and Zn2+ ions using quartz crystal microbalance with dissipation (QCM-D)34. 
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Experimental Methods 

Preparation of substrates functionalized with ATRP initiator 

 Silicon wafers were prepared and, subsequently, the initiator SAMs were deposited according to 

the procedure described in Chapter III. 

QCM-D sensors (and Si substrates used as controls for the subsequent pGMA growth on the 

sensors) were placed into UV/ozone cleaner (Jelight M42) for 10 min, rinsed with water, ethanol, and 

toluene, dried in the stream of nitrogen, and placed into the silane initiator solution in anhydrous toluene 

for 2 h at room temperature. Next, the substrates were sonicated in toluene to remove any physically 

adsorbed material. 

Preparation of pGMA Films by Si-ARGET ATRP 

The reaction was performed in a solution containing purified GMA monomer, CuBr2 catalyst, 

PMDETA ligand, and reducing agent (ascorbic acid) with molar ratios of 5000:1:10:20, respectively, in 

an ethanol/water (4:1 v/v) mixture as a solvent. The substrates functionalized with initiator SAMs were 

placed into glass vials and sealed with rubber septa. A sealed round bottom flask, containing GMA and 

ascorbic acid in ethanol/water, and the vials with samples were purged with N2 for at least 30 min to 

displace oxygen. The ethanoic solution of CuBr2 and PMDETA was then added to the reaction mixture 

via syringe and allowed to purge for an additional 5 min. Next, ~5 mL of solution was transferred into 

each vial via syringe. The vials were sonicated for ~10 s to displace any gas bubbles from the surfaces of 

the substrates and placed in the dark for the desired duration (1– 24 h) at room temperature. Then, the 

polymerization was terminated by breaking the seal and exposing the solution to air227. The substrates 

were rinsed with ethanol and water, and sonicated in the ethanol/water mixture for 15 min to remove any 

physically adsorbed polymer. For control, pGMA films were also grown on Si/SiO2 substrates with the 

initiator SAMs prepared by the simplified procedure used for QCM-D sensors. These films were of 
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comparable quality and thickness to the films obtained using piranha-cleaned substrates functionalized 

with thermally annealed SAMs. 

Post-polymerization modification of pGMA with dopamine 

After characterization, the obtained pGMA films on silicon were rinsed with water, ethanol, and 

DMF, dried in the stream of N2, and placed into two-neck round bottom flasks equipped with water-cooled 

condensers and a nitrogen bubbler. The solutions of 0.1 M dopamine hydrochloride and triethylamine in 

anhydrous DMF were prepared, and the containers sealed with rubber septa. The vessels with the reaction 

solutions and the pGMA-coated substrates were purged with N2 for 30 min. Then, the dopamine 

hydrochloride solution was injected into the flasks containing the substrates, and the triethylamine solution 

(1.5 molar equivalent of triethylamine to dopamine hydrochloride) was added to each flask, using a 

separate syringe. The flasks were capped with glass stoppers, immersed into a pre-heated oil bath, and 

maintained at 53 ± 3 °C for up to 190 h under nitrogen atmosphere. The samples were removed from the 

flasks at predetermined time intervals for characterization. 

 

 

Figure 4.1. Preparation and post-polymerization modification of pGMA films. 

 

Characterization 

The thicknesses of the initiator SAMs, pGMA, and dopamine-modified pGMA films on silicon 

substrates were determined using a Gaertner LSE ellipsometer according to the procedure described in 
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Chapter III. A J.A. Woollam M-2000VI variable angle spectroscopic ellipsometer was used to determine 

the thickness of the films deposited on QCM-D sensors. Thicknesses and refractive indices were obtained 

from fits to data taken at 60° and 70° angles of incidence. The optical properties of blank QCM-D sensors 

were determined prior to the film growth and used in the subsequent data analysis228. The film thicknesses 

and optical parameters were obtained by regression analysis (CompleteEase software) by applying 

appropriate theoretical models. The best fit corresponds to the lowest root mean square error value 

between the measured data and the model. The optical properties of the blank QCM-D (QSX303) sensors 

(Fig. 4.2) were parametrized: quartz substrate, ~10-nm-thick chromium adhesion layer, ~100-nm-thick 

gold layer, and ~10-nm-thick titanium layer were modelled with B-splines, and a ~50-nm-thick silica top 

coating was modelled by Cauchy dispersion n(λ) = A + B/λ2 + C/ λ4, where A = 1.451, B =0.049, C = -

0.0001. The thickness of the deposited polymer films was determined by regression analysis using the 

data obtained for the blank sensor substrates (as fixed values) and a Cauchy model for a transparent film 

(n(λ) = A + B/λ2, where A = 1.5 and B = 0.01).  

 

 

 

 

Figure 4.2. Layers of the standard QSX303 QCM-D sensor. 
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Water contact angle goniometry was conducted according the procedure provided in the 

Chapter III to confirm the surface modifications by the initiator SAMs (Table 4.1) and to characterize the 

wetting properties of the polymer films (discussed below). 

The chemical composition of pGMA and dopamine-modified pGMA films was analyzed by 

attenuated total reflectance Fourier transform infrared spectroscopy (ATR-FTIR) using Thermo Nicolet 

6700 FT-IR Spectrometer (see Chapter III for details). 

The QCM-D measurements were obtained with Biolin Scientific Q-Sense E4 equipped with an 

Ismatec IPC peristaltic pump. Two types of experiments were performed. First, for ex-situ characterization 

in air, a baseline for a blank crystal was established, and then, the shifts in resonant frequency and 

dissipation of the same crystal after deposition of pGMA films and after their modification with dopamine 

were measured to determine the thickness and viscoelastic properties of the films in the dry state. Second, 

for real-time continuous measurements in aqueous media, the baseline signal for the films in flowing di-

water was obtained, followed by measurements during the flow of solutions containing metal ions. To 

determine the thicknesses of the films before and after the modification (in air), as well as the mass of ions 

absorbed into the films (in aqueous solutions), shifts in frequency and dissipation of the odd overtones 

(j = 3,5,7,9,11) were modeled using the QTools™ software. The Voigt‐Voinova model for one 

homogeneous viscoelastic layer with a fixed density of 1.25 g/cm3 was applied, and the tabulated values 

for fluid viscosity and density of the appropriate medium (air or water) at 23 °C were inputted as fixed 

parameters. 

Ion sorption isotherm data modeling 

The pseudo-equilibrium values for mass of ions retained within the dopamine-pGMA films during 

QCM-D experiments were calculated by the Voigt-Voinova model for ion concentrations of 10-4 – 0.1 M. 
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The data were fitted to the Freundlich equilibrium model using Curve Fitting Toolbox™ in MATLAB 

software. 

Results and Discussion 

 For each experiment, before proceeding to the polymer film synthesis, the quality of the deposited 

initiator monolayers was evaluated (Table 4.1). The procedure used in this work yielded consistent results: 

the thickness of the monolayers was slightly higher than the theoretical estimate based on the average C–

C bond length of 0.142 nm, likely due to the silane undergoing vertical polymerization. The samples 

typically exhibited low water contact angle hysteresis values (< 25°), which is indicative of largely 

uniform surface coverage with the monolayers. 

 

Table 4.1. Properties of the (chloromethyl)phenyl trichlorosilane-modified Si substrates. 

Ellipsometric thickness, nm 
Water contact angle, ° 

Advancing (θA) Receding (θR) 

2.0 ± 0.6 86 ± 4 61 ± 7 

 

Polymer Film Growth  

Si-ARGET ATRP of GMA yielded uniform, smooth polymer films with thicknesses reaching 

~200 nm after 24 h of polymerization (Fig. 4.3). Although the pGMA films are transparent (n = 1.5), the 

substrates showed characteristic colors, depending on the thickness of the deposited film, due to the 

interference effect229. During the initial 4 h, polymerization appears to be well controlled, as evident from 

a nearly linear increase of the thickness with time230 until the asymptotic thickness is reached. The 

decrease in polymerization rate observed for longer durations is likely caused by chain transfer into the 

solution231, which became more viscous and opaque.  
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The chemical composition of pGMA films was confirmed by ATR-FTIR (Fig. 4.4). The spectrum 

shows characteristic absorption bands due to υs-C=O of the ester (1727 cm-1), symmetric (863 cm ̵ 1) and 

asymmetric (908 cm-1) deformation of the oxirane ring, υs-C−H (2995 cm-1) and υas-C−H (3058 cm-1) of 

the oxirane232. 

 

Figure 4.3. Thickness of pGMA films at different times of polymerization.  

Data points and error bars represent the average and standard deviation, respectively, from 5 or 

more independent experiments. Photos of pGMA films on Si/SiO2, film thicknesses (bottom to top):  

~100 nm, ~155 nm, ~200 nm 

 

Post-polymerization modification 

The reaction of pGMA with dopamine results in the opening of the oxirane ring to yield the 

attached dopamine group, which is evidenced by the appearance of a broad band (3100 – 3600 cm ̵ 1) in 

the FTIR spectra of modified films indicative of O-H and N-H stretching (Fig. 4.4). The intensity of the 

oxirane absorbance peak at 908 cm-1 diminishes, corresponding to the extent of post-polymerization 
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conversion, while the peak due to the ester carbonyl at 1727 cm-1 should remain unaffected (however 

slight broadening of the peak is observed with the progression of modification due to increased propensity 

for inter- and intrachain hydrogen bonding233 upon ring opening of the oxirane groups and introduction of 

the catechol moieties). The area under the OH and NH stretching peaks increased with the increased 

duration of modification. To rule out conversion of oxirane due to hydrolysis, control samples were 

analyzed: pGMA films were unreactive in similar conditions (in the solution of triethylamine in DMF at 

~50 °C for > 100 h) when no dopamine was added, as evidenced by the identical ATR-FTIR spectra before 

and after the reaction and unaltered film thickness (Fig. 4.5). No broadening of the carbonyl peak was 

observed in control samples. 

 

 

Figure 4.4. ATR-FTIR spectra of ~190-nm-thick pGMA film and the same film after 24 and 113 h of 

exposure to the post-modification reaction solution. 
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The wetting properties of pGMA films were examined before and after the modification. The 

measured advancing (θA) and receding (θR) water contact angles for as-synthesized pGMA, 60°±3 and 

42°±3, respectively, are consistent with previously reported values234. No change in the θA values was 

observed after the reaction with dopamine, which is not unexpected as the reported values for dopamine-

modified surfaces235,236 are similar. The θR, however, decreased to <5°. Such a dramatic increase in contact 

angle hysteresis is likely a result of increased chemical heterogeneity after the modification and/or water 

intrusion into the film. Fox example, the water droplet dispensed for the θA measurement could saturate 

the modified film (due to its enhanced propensity for hydrogen bonding), and, subsequently, when the θR 

is measured, the three-phase contact line recedes to the position of water-saturated polymer, resulting in 

low observed θR values. 

 

Figure 4.5. Normalized ATR-FTIR spectra of a 224-nm-thick pGMA film before and after 103-h-long 

exposure to the DMF and triethylamine reaction solution with no dopamine added. No change in the 

spectra and sample thickness was observed. 

To estimate the extent of oxirane group conversion, the area under the oxirane peak relative to the 

area under the carbonyl peak was compared before and after the reaction234 (see Fig. 4.4). The extent of 

oxirane group conversion was calculated by234: 
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                                                % 𝐶𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 = 100 − (
𝐴908,𝑡

𝐴1727,𝑡
/

𝐴908,𝑡0

𝐴1727,𝑡0

)                                   (4.1) 

where A908,0 and A908,t are the areas under the oxirane peak at 908 cm-1, A1727,0 and A1727,t are the areas 

under the carbonyl peak at 1727 cm-1 observed in unmodified films and the films after the t h of 

modification, respectively. 

 Figure 4.6 shows the kinetics of modification of pGMA films, in which the extent of modification 

was determined using Eq (1). The modification of up to 100-nm-thick films proceeded to completion, 

while ~10 – 20% of oxirane groups in ~200-nm-thick films remained unmodified even after increasing 

the duration of the reaction to more than a week. This result suggests that the reaction of dopamine with 

the oxirane groups becomes limited by diffusional access of the dopamine molecules to oxirane sites well 

below the outer surface of the film. 

 

 

Figure 4.6. Kinetics of pGMA modification with dopamine. Datapoints and error bars represent average 

values and standard deviations from at least 3 independently prepared films. 
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Assuming that 80% of the oxiranes reacted with dopamine (Figure 4.6) and the increase in film 

thickness is proportional to the molecular volume of the repeat unit (determined using 

molinspiration.com), an increase in thickness of ~66% would be expected for the 80% conversion. 

However, the average increase of ellipsometric thickness was only 31(± 6) % for ~200-nm-thick pGMA 

films modified to 80 (± 4) % conversion (average and standard deviations based on 26 samples). As a 

possible explanation of the lower-than-expected thickness increase, some amines may have reacted with 

more than one oxirane group, resulting in tertiary amine intra-and interchain cross-links231. The increased 

steric hindrance could prevent the access of new dopamine molecules to unreacted oxirane groups at the 

later stages of modification, while the close proximity of the neighboring oxiranes within the dense pGMA 

films would facilitate cross-linking.  

We also analyzed the thickness and viscoelastic properties of the pGMA and dopamine-modified 

pGMA films using the QCM-D technique. The deposition of pGMA and subsequent modification of the 

films with dopamine were performed ex-situ, and the shifts in resonant frequency and dissipation of the 

modified QCM crystals were recorded in air after each step (Fig. 4.7). From these data, the thicknesses of 

the pGMA and dopamine-pGMA films were determined using the Voigt viscoelastic model. In addition, 

the thicknesses of the films on QCM crystals were determined by spectroscopic ellipsometry. The values 

obtained for the film thicknesses and percent increase in thickness upon modification, as well as the degree 

of modification estimated from FTIR spectra (Fig. 4.8) using eq. 1 above, are presented in Table 4.2. 

Based on eight independently prepared QCM sensors with an average degree of modification of 94 ± 2% 

as determined by FTIR, the average increase in film thickness after modification by QCM-D is 22 ± 4 %, 

which is in good agreement with that obtained from ellipsometry at 24 ± 5 % for the same sensors. 
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Figure 4.7. Changes in frequency and dissipation (3rd – 13th overtones) of a QCM-D sensor upon 

deposition of a pGMA film and its subsequent modification with dopamine (measured in air). The 

decrease in frequency upon film deposition and modification is due to the added mass. The spread in the 

frequency and dissipation shifts for different overtones are indicative of non-rigid character of the films. 

As di-water is flowed into the QCM-chamber, the increase in frequency and dissipation is observed due 

to swelling of the film. 
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Figure 4.8. Normalized ATR-FTIR spectra of a 207-nm-thick pGMA film on a QCM-D sensor before 

and after 96-h-long exposure to the modification reaction solution. The degree of modification 

calculated using eq. 1 is 95%. 

 

Table 4.2. Thickness of the films deposited onto QCM-D sensors as measured by ellipsometry and 

determined from QCM-D data modeling (Voigt viscoelastic model). 

Sample 

% 

modification 

(from FTIR) 

Ellipsometric thickness, nm 
QCM-D thickness, nm 

(from Voigt model) 

pGMA 
Dopamine-

pGMA 

% 

increase 
pGMA 

Dopamine-

pGMA 

% 

increase 

1 95 193 231 20 213 246 15 

2 95 184 235 28 202 252 25 

3 95 207 245 18 222 268 21 

4 95 211 254 20 221 261 18 

5 98 200 246 23 209 264 26 

6 91 227 297 31 231 287 24 

7 92 234 298 27 237 280 18 

8 94 239 294 23 233 289 24 
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Chelation Studies  

We evaluated the sorption of Al3+ and Zn2+ ions by the dopamine-modified pGMA films via 

continuous flow QCM-D measurements. Figure 4.9 demonstrates an example of the shifts in resonant 

frequency and dissipation typically observed for sensors coated with dopamine-pGMA films when the  

10-4 – 0.1 M aqueous solutions of AlCl3 were flowed into the QCM-D cell. With increasing concentration 

of AlCl3, the resonance frequency decreases and the dissipation increases. The observed response is 

primarily a mass loading effect, as the changes in resonant frequency (Δf) are substantial, while the shifts 

in dissipation per Δf are low34. Notably, simply by flowing di water though the cell, the desorption of ions 

was achieved, which is advantageous for regeneration of the films and recovery of sorbed metal ions. To 

ascertain that the ion uptake was enhanced by modification of pGMA with dopamine, we simultaneously 

measured the response of a sensor coated with an unmodified pGMA film (Fig. 4.10). In response to 0.1 M 

AlCl3, a shift in resonant frequency of only ~20 Hz was observed. However, the shifts in dissipation were 

quite similar to the sensors coated with dopamine-pGMA, which indicates that the dissipation 

measurement was primarily affected by the properties of the solution flowed through the chamber as the 

viscosity of the ion solution increases with an increase in solute concentration (this is termed “bulk 

effect”237). 
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Figure 4.9. Typical response (changes in frequency and dissipation (5th – 13th overtones)) of a QCM-D 

sensor coated with a 297-nm-thick dopamine-pGMA film to various concentrations of AlCl3. The sensor 

was equilibrated in di water (pH 5.5) prior to the flow of the Al ion solutions. 
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Figure 4.10. Response (changes in frequency and dissipation (5th – 13th overtones)) of a QCM-D sensor 

coated with a pGMA film without dopamine modification (ellipsometric thickness 222 nm) to various 

concentrations of AlCl3 (pH of the solutions (pH 4.2 ± 0.2). The sensor was equilibrated in di water 

(pH 5.5) prior to the flow of the Al ion solutions. 

 

Next, we alternated the flow of 10-2 M AlCl3 and deionized water to estimate the reversibility and 

reproducibility of the response of dopamine-pGMA-coated sensors over multiple measurement cycles 

(Fig. 4.11). The shifts in the resonant frequency of ~60 Hz were observed upon exposure of the sensor to 

the ion solution for each cycle. Additionally, to estimate the effect of changes in solution pH on the 

response, we performed the same experiment using di water of pH 4 (adjusted by HCl). In this case, a 

similar response was observed but the shifts in frequency decreased to ~47 Hz (Fig. 4.12). As shown in 

the literature145,156,238, coordination of metal ions by catechol ligands depends on the pH of the 
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environment. This phenomenon is attributed, in part, to the more facile deprotonation of hydroxyl groups 

with increasing alkalinity and interference from protons that compete with cations for binding to catechols 

in acidic conditions239. 

 

 

Figure 4.11. Response (changes in frequency and dissipation (5th – 13th overtones)) of a QCM-D 

sensor coated with a dopamine-pGMA film (ellipsometric thickness 297 nm) upon cycling between 

deionized water and a 10-2 M AlCl3 solution.  
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Figure 4.12. Response (changes in frequency and dissipation (5th – 13th overtones)) of a QCM-D crystal 

coated with a dopamine-pGMA film (ellipsometric thickness 297 nm) upon cycling between deionized 

water (pH 4.0, adjusted by adding HCl) and a 10-2 M AlCl3 solution (pH 4.0).  
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To assess the selectivity of QCM sensors coated with dopamine-pGMA in the presence of an 

interfering lower affinity ion, we conducted experiments in which various concentrations of AlCl3 were 

added to the solution containing a high concentration (10 mM) of ZnCl2 (Fig. 4.13). 

 

 

Figure 4.13. Response (changes in frequency and dissipation (5th – 13th overtones)) of a QCM-D 

sensor coated with a dopamine-pGMA film (ellipsometric thickness 298 nm) upon exposure to 10 mM 

aqueous solution of ZnCl2 and the same solution with the addition of increasing concentrations of AlCl3. 

The sensor was equilibrated in di water prior to introducing the ion solutions into the QCM-D cell. 
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The mass of the ions retained by the film can be derived from QCM-D data using the Sauerbrey 

equation240 or by applying the Voight-Voinova model186. The Sauerbrey equation is valid for rigid films, 

but tends to underestimate the mass loading when shifts in dissipation are non-negligible241,242. Therefore, 

we determined the ion uptake by modeling: 1.6 ± 0.2 mmol/g (or 43 ± 4 mg) of Al3+ per g of film was 

retained from 10-2 M solutions (based on two independent measurements using dopamine-pGMA films 

with ellipsometric thickness of 297 and 294 nm). In contrast, a 298-nm-thick dopamine-pGMA film (Fig. 

7) retained only ~0.4 mmol/g (~ 25 mg/g) of Zn2+ from a 10 mM solution of ZnCl2.  

 

Figure 4.14. Response (changes in frequency and dissipation (5th – 13th overtones)) of a QCM-D sensor 

coated with a dopamine-pGMA film (ellipsometric thickness 294 nm) upon exposure to AlCl3 solutions 

of various concentrations followed by di water washes. The data were for each concentration were 

recorded separately and stitched using QTools software. 
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Additionally, for equilibrium modeling of the ion uptake, we performed the measurements where 

the sensors were consecutively equilibrated in 10-4 – 0.1 M AlCl3 solutions, followed by di-water rinses 

(Fig. 4.11). To fit the experimental data, we chose the Freundlich model243,244 suitable for non-ideal and 

reversible sorption (eq. 2), which assumes an energetically heterogeneous surface with simultaneous 

sorption from multiple active sights well beyond a monolayer, when the stronger binding sites are 

occupied first and the enthalpies of sorption of the active sites decrease exponentially upon completion of 

the process245: 

                                                                  𝑞𝑒 = 𝐾𝐹𝐶1/𝑛                                                                (4.2) 

 

where qe (mol/g) is the concentration of ions retained within the film at equilibrium with a solution of a 

certain ion concentration C (mol/L), KF in (mol/g)·(L/mol)1/n is a constant indicative of sorption capacity, 

n is a constant characterizing the energetic heterogeneity of the surface in the sorption process (1/n value 

ranges between 0 and 1; the more heterogeneous surface, the closer the value is to 0)246. 

As several papers reported issues with the linearization of eq. 4.2 that may result in violation of 

the theories behind the isotherm245, we performed non-linear fitting. Figure 4.15 presents the data obtained 

empirically and modelled by the Freundlich sorption isotherm. The values of the Freundlich isotherm 

constants (KF and n) determined as fitting parameters with 95 % confidence bounds are presented in 

Table 4.3.  

Based on the ellipsometric thickness of the film used in the experiment (294 nm) and the film 

conversion estimated from ATR FTIR as 94%, assuming that each catechol group chelates one Al3+, the 

maximum Al loading of 77.2 mg/g (or ~2.86 mmol/g) would be expected. This result is in a close 

agreement with the value of 77.6 mg/g (or ~2.88 mmol/g) for the Al3+ retained by equilibration with 0.1 M 
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AlCl3 solution in the QCM-D experiment. The chelation data supports the high % modification of pGMA 

films obtained from FTIR spectra. 

 

Figure 4.15. Sorption of Al3+ by a dopamine-pGMA film (ellipsometric thickness 294 nm, 

% modification via ATR-FTIR 94%). Points on the plot are experimental values (obtained from QCM-

D) and the line represents the Freundlich model fitted to the data (R2 = 0.9937, Sum of Squares Due to 

Error (SSE) = 3.606·10-8). 

 

Table 4.3. Values for the Freundlich model constants (for Al3+).  

The Freundlich Model Parameter Value 95 % confidence interval 

KF, (mmol/g)·(L/mol)1/n 5.122 (4.274, 5.970) 

n 4.076 (3.343, 4.809) 
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Conclusions 

In this chapter, I have presented a new route for obtaining surface-tethered polymer films 

containing pendant catechol functional groups via ARGET ATRP of GMA and post-polymerization 

modification of pGMA with dopamine. The concentration of the catechol groups within the film can be 

adjusted based on the reaction conditions for post-polymerization modification.  

I synthesized the dopamine-pGMA films on the surfaces of QCM-D sensors, which subsequently 

showed concentration-dependent response to Al3+ and Zn2+ ions. The ions could be desorbed from the 

films by rinsing them with pure di-water, resulting in regeneration of the sensors’ surfaces. The response 

of the dopamine-pGMA coated QCM-D sensors to the same concentration of Al3+ ions was reproducible 

over multiple measurement/rinse cycles. Based on the QCM-D measurements, the dopamine-pGMA films 

were 4 times more selective to Al3+ over Zn2+ (i.e., sorbed 4 times more moles of Al3+ than Zn2+ from a 

10 mM aqueous solution of the corresponding ion). 

The Al3+ mass loading from a 0.1 M aqueous AlCl3 solution obtained from QCM-D experiments 

is consistent with the theoretical calculations based on the assumption of monocatecholate complexes 

within the film, and supports the high % conversion of oxirane groups in pGMA with dopamine as 

determined based on ATR-FTIR spectroscopy. 
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Chapter V 

FUNCTIONAL FREE-STANDING POLYMER FILMS AND COATINGS PREPARED BY SPIN 

COATING AND SURFACE-INITIATED ROMP 

Introduction 

Surface-initiated polymerization (SIP) techniques (also known as “grafting from”) enable 

preparation of polymer films covalently attached to a substrate, while controlling the thickness, grafting 

density, and chemical functionality of the films with almost molecular level accuracy65,101. SIP involves 

in situ polymerization from an initiator immobilized onto a surface (usually via a self-assembled 

monolayer (SAM)). The main SIP approaches are based on well-known polymerization techniques, 

including ring-opening metathesis polymerization (ROMP)120,126,247.  

I have developed a fabrication method based on the combination of spin-coating and surface-

initiated ROMP (Si-ROMP) techniques, which, depending on the surface functionalization prior to spin 

coating, can yield polymer films that are either robustly attached to the surface or free-standing. The 

advantages of the method over Si-ROMP alone are as follows: 1) the films can be made much thicker in 

a faster process; 2) the film may be removed from the substrate if desired; 3) for liquid monomers, no 

dissolution is required, which reduces use of organic solvents. 

The advantages over spin coating alone include: 1) the coatings produced are chemically anchored 

to the substrate (if desired); 2) the polymer synthesis occurs during the deposition process, negating the 

need for bulk polymer synthesis and subsequent dissolution; 3) coatings with unique properties that are 

not obtainable by traditional spin coating can be prepared (e.g. solvent resistant coatings, precise polymer 

architectures); 4) post-polymerization modification of the coatings is significantly facilitated (separation 

of reaction byproducts is based on simple rinsing of the film). 
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In this chapter, I showcase the capabilities of the spin coating/Si-ROMP method to produce a range 

of functional polymer films with a focus on obtaining reactive scaffolds from poly(norbornene diacyl 

chloride) (pNBDAC). As our group has shown, the acid chloride pendant groups in pNBDAC films can 

be quantitatively modified to a virtually limitless number of functionalities248 simply by dipping the 

substrates into a solution containing alcohols, amines, or thiols. This approach presents an advantage over 

traditional synthesis/modification of polymers in solution, as it eliminates the need for separation and 

purification of the desired product from the byproducts of the reaction. 

The Jennings’ research group has demonstrated synthesis of pNBDAC films via Si-ROMP249, 

which were further modified to yield metal-chelating249 and pH-responsive23 polymer films. The initial 

goal for the development of the alternative process to Si-ROMP was to scale up the thickness of pNBDAC 

films: we had previously obtained ~500-nm-thick pNBDAC films (with the average roughness of 11 ± 6 

nm) after 30-min-long Si-ROMP in 0.5 mol/L solution of NBDAC (unpublished data). In comparison, 

spin-coating/ROMP of NBDAC yields much thicker films (up to ~20 µm with roughness of < 50 nm), and 

the volume of the monomer required to obtain such films is more than 40% lower than that used in the Si-

ROMP process for substrates of the same size.  

In the previous work249, we have shown that pNBDAC films modified to contain hydroxamic acid 

functional groups (HA-pNBDAC) can chelate a variety of divalent metal ions, including Fe2+. This chapter 

highlights the capability of free-standing HA-pNBDAC films, the fabrication of which has been enabled 

by this new process, for chelation of Fe3+ in acidic (pH = ~2.5) environments, unveiling new possibilities 

for metal ion separation and detection.  
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Experimental section 

Preparation of polymer films 

Free-standing polymer films and coatings were prepared by the procedure depicted in Figure 5.1. 

A Si/SO2 substrate (cleaned and optionally modified with the norbornene-terminated silane monolayer) 

was placed onto the vacuum chuck of the spin-coater, and 200 μL of 5 mM solution of Grubb’s 3rd 

generation catalyst in DCM was dispersed by a micropipette into the center of the substrate, while rotating 

at 1000 rpm, and spun for 30 s. Then, to obtain a polymer coating of a desired thickness, a selected volume 

of a neat liquid monomer or monomer solution was dispensed into the center of the substrate rotating at a 

certain speed from 1300 – 6000 rpm, and spun for 60 s. The resulting polymer films were dried in vacuo 

at room temperature for at least 2 h prior to their characterization. The polymer films synthesized for this 

work are as follows: 1) pNBDAC from 100 or 200 µL of neat NBDAC monomer; 2) pNBOH films from 

200 µL of neat NBOH monomer; 3) pNBC6F13 from of neat NBC6F13 monomer; 4) pDCPD from 200 µL 

of 4 M solution of DCPD in DCM; 5) pDCPD-co-pNBDAC from 200 µL of solution containing 4 M 

DCPD and 3.5 M of NBDAC. Except for pNBDAC, all other films were synthesized with a spin speed of 

3000 rpm. 
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Figure 5.1. Schematics of the fabrication process for pNBDAC coatings and films. The same process 

was applied using other monomers. 

 

Post-polymerization modification of pNBDAC films 

pNBDAC films were immersed into a pure solvent (methanol, ethanol, or water) overnight to 

achieve full conversion of the acid chloride groups to ester or carboxylic acid. The full modification of 

pNBDAC films with amines (isopropylamine, diethylethylenediamine, and tetrahydropyrrole) was 

achieved after 3 h in 1M solution of the corresponding amine in DCM. The modification of pNBDAC 

with trifluoroethylamine hydrochloride was performed by immersion of the films into 1M solution of the 

compound in water containing a molar equivalent of triethylamine, and the full conversion of acid chloride 

groups was achieved in 1 h. To fully convert acid chlorides of pNBDAC to hydroxamic acid functional 

groups, the pNBDAC films were incubated for 20 h in 1M hydroxylamine hydrochloride in water. The 
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pH of the solution was adjusted to 6.2 by adding triethylamine. Regardless of the type of modification, all 

the films were extensively rinsed with the corresponding solvent, dried in the stream of N2, and dried in 

vacuo at room temperature for at least 2 h prior to characterization. 

Characterization 

Sessile drop water contact angle measurements, ellipsometry of NbSiCl3-modified substrates 

(Table 5.1), ATR–FTIR spectroscopy, and profilometry were performed according to the procedures 

described in Chapter III.  

 

Table 5.1. Properties of the NBSiCl3 monolayers deposited onto Si/SiO2 (the average values for thickness 

and water contact angles with standard deviations from more than 5 independently prepared samples). 

Ellipsometric thickness, nm 
Water contact angle, ° 

Advancing (θA) Receding (θR) 

0.8 ± 0.2 90 ± 4 75 ± 3 

 

 

Ultraviolet–visible spectroscopy (UV-vis) using a Varian Cary 5000 UV-vis-NIR 

spectrophotometer was performed to record the changes in the light absorption properties of free-standing 

HA-pNBDAC films upon chelation of metal ions. The films were immersed into 10 mM aqueous solutions 

of FeCl3 and ZnCl2 or di-water (for reference) for 2 h, rinsed with di water, dried in vacuum at room 

temperature for 30 min, and analyzed via UV-vis absorption for the wavelengths of 300 – 800 nm. Next, 

the films were incubated in 0.1M EDTA aqueous solution for 2 h to remove the ions, rinsed with di water, 

and dried in vacuum at room temperature for 30 min prior to acquiring the UV-vis absorption spectra. 

An Instrument Specialists TGA 1000 was used to characterize the thermal stability of free-standing 

HA-pNBDAC films. For each measurement, a sample was placed into a platinum heating pan, and the 
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mass of the sample was recorded prior to heating. Next, the temperature was increased from 25 °C to 900 

°C at a constant rate of 10 °C/min and the % change in the sample mass was recorded. The measurements 

were conducted under the flow of nitrogen or air of 100 mL/min. In addition to the obtained mass change 

vs. temperature curves, the derivatives of the mass change 
𝑑𝑚

𝑑𝑡
 vs. temperature were also calculated, which 

allows the point where weight loss is the most apparent, as well as any overlapping thermal decomposition 

steps, to be identified more clearly.  

 

Results and Discussion 

The developed polymer film fabrication process consists of the following steps (Figure 5.1): 

1) substrate preparation (cleaning and deposition of a monolayer, if an attached film is desired); 2) spin 

coating of the ROMP catalyst solution; 3) spin coating of a cyclic olefin monomer. The polymerization of 

the monomer/catalyst combinations tested to date proceeded “in situ,” and a smooth solid film was 

obtained after 60 s of spinning. Although the films did not require drying, they were placed into a vacuum 

chamber and kept at room temperature for 2 h before characterization to remove any lingering volatile 

components before further handling outside of a fume hood.  

The thickness and other properties of the polymer films (e.g., polydispersity, molecular weight of 

the polymer chains) can be controlled by varying the process parameters, such as the relative amounts of 

catalyst and monomer dispensed onto the substrate, speed and duration of spinning, choice of the catalyst, 

solvents, and surface modification of the substrate. In this paper, for the synthesis of pNBDAC films, we 

have varied the monomer volume and spin speed, while the type and amount of catalyst and the time of 

spinning were kept constant for all the experiments. To ascertain that our process is applicable to a range 

of functional monomers, we synthesized films from two other liquid norbornene monomers (NBOH and 
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NBC6F13) and from a concentrated (4 M) solution of DCPD, which is a solid at room temperature. 

Additionally, as a proof of concept, we prepared a copolymer film from a solution containing 4 M DCPD 

and 3.5 M of NBDAC. The photos of the samples and the schematics of the chemical structures of their 

repeat units are given in Figure 5.2, and the values of the average film thickness and roughness are given 

in Tables 5.2 and 5.3. The chemical composition of the films was confirmed by ATR-FTIR (Fig. 5.3). 

 

Figure 5.2. Photographs and schematic chemical structures of a) ~20µm-thick pNBDAC,  

b) ~8-µm-thick pNBOH, c) ~9-µm-thick pNBC6F13, d) ~ 6-µm-thick pDCPD, and e) ~14-µm-thick 

random copolymer pDCPD-co-pNBDAC films on Si/SiO2. All the films were obtained using 200 µL of 

the corresponding neat monomer or monomer solution in DCM and spin speed of 3000 rpm. 

 

Table 5.2. The average thickness and roughness (Ra) (with standard deviations) of polymer films obtained 

by spin coating/ROMP*. 

 

Type of polymer Number of samples Thickness, µm Ra, nm 

pNBOH 3 8.9 ± 1.2 20 ± 9 

pNBC6F13 3 5.7 ± 3.1 15 ± 9 

pDCPD 2 6.0 ± 1.5 45 ± 13 

pDCPD-co-pNBDAC 1 14.3 140 
* prepared from 200 µL of neat monomer of monomer solution, 3000 rpm spin speed 
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Table 5.3. The average thickness and roughness (with standard deviations) of pNBDAC films prepared 

by spin coating/ROMP (dispensed monomer volume (VNBDAC) 100 or 200 µL). 

 

Spin speed, rpm 
VNBDAC = 100 µL VNBDAC = 200 µL 

Thickness, µm Ra, nm Thickness, µm Ra, nm 

1300 17.4 ± 2.8 19 ± 17 18.3 ± 1.4 28 ± 14 

2000 13.1 ± 2.4 28 ± 17 16.3 ± 1.9 13 ± 6 

3000 9.9 ± 2.2 14 ± 7 12.6 ± 0.8 17 ± 15 

4000 9.3 ± 1.9 22 ± 20 12.4 ± 2.2 27 ± 11 

5000 4.4 ± 1.5 10 ± 4 10.9 ± 1.9 55 ± 42 

6000 3.3 ± 0.7 10 ± 11 8.9 ± 1.1 53 ± 28 

 

 

 

Figure 5.3. ATR-FTIR spectra of pNBDAC, pDCPD, pDCPD-co-pNBDAC, pNBOH, and pNBC6F13. 

 

Next, I will briefly discuss results for each type of polymer film mentioned above, and then address 

preparation, post-polymerization modification, and potential applications of pNBDAC films in more 

detail. 
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pNBC6F13 

Fluorinated polymers represent a unique class of materials that combine multiple valuable 

properties, such as outstanding chemical and thermal stability along with low critical surface energy, water 

absorptivity, and dielectric constant43,50. Fluoropolymers are utilized in many fields of industry as 

barrier106, dielectric, antifogging and antifriction coatings250, membranes251, and biomaterials252.  

Our group has previously43 synthesized an assortment of poly 5-(perfluoro-n-alkyl) norbornene 

films, including pNBC6F13, on gold-coated Si substrates via Si-ROMP. The thickness of the films ranged 

from tens of nm to ~1.5 µm, depending on the monomer concentration in the polymerization solution. The 

method described in this paper can yield much thicker films (~5.7 ± 3.1 µm with the roughness of 

15 ± 9 nm) (Table S4), and is adaptable to a variety of substrates. Moreover, pNBC6F13 is insoluble in 

organic solvents or water. Thus, direct spin coating of the pNBC6F13 would present a challenge, as high 

solubility of the polymer in the solvent used for spin coating is a must for obtaining quality films51,60. 

As expected for perfluorinated compounds232, the IR spectra of pNBC6F13 films (Fig. 5.3) 

exhibited a series of absorbance peaks associated with the C6F13 pendant group: CF stretching and 

deformation of CF3–CF2– at 1367 cm-1 and 734 cm-1, respectively; CF2–  asymmetric stretching253 at 1235 

and 1204 cm-1; CF2– asymmetric stretching253 at 1145 cm-1; CF stretching of –CF3 at 1168 and 1052 cm-

1. Additionally, we observed a number of bands characteristic for ROMP-type norbornene polymers44: the 

peak at 968 cm-1corresponds to trans C=CH out of plane bending of the olefin functionality along the 

backbone254, the doublet at 1451/1463 cm-1 is due to CH2 scissoring deformation, the peaks at 2955 and 

2879 cm-1 are due to stretching of cyclic CH2, stretching of acyclic CH2 corresponds to the peak at 2862 cm-

1, and a shoulder at 2913 cm-1 is due to CH stretching. 
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We utilized contact angle goniometry to evaluate the wetting properties of pNBC6F13 films 

(Table 5.4). As evidenced by the dynamic contact angle values for water and hexadecane, pNBC6F13 films 

are omniphobic, i.e., repel both water and oil, due to perfluorohexyl groups that dominate the surface of 

the film. This is most evident when comparing the values for hexadecane contact angle of pNBC6F13 with 

that of polynorbornene (θA < 15°, θR <15°)44 and poly(hexyl-norbornene) (pNBC6H13) (θA= 23 ± 5, 

θR <15°)44. 

 

Table 5.4. Wetting properties of polymer films (average and standard deviation values for three 

independently prepared samples). 

Polymer 
Contact Angle Water, ° Contact Angle Hexadecane, ° 

Advancing, θA Receding, θR Advancing, θA Receding, θR 

pNBC6F13 115 ± 3 85 ± 3 63 ± 3 38 ± 3 

pNBOH 73 ± 2 30 ± 3 < 10 < 5 

pDCPDa 86 ± 3 45 ± 3 12 ± 3 < 5 

pDCPD-co-pNBDACb 86 ± 1 < 10 14 ± 2 < 5 

a 2 samples; b 1 sample 

 

pNBOH 

pNBOH films are of interest because they possess hydroxyl functional groups that can be modified 

via multiple routes following the film preparation, and unlike pNBDAC, pNBOH films are stable at 

ambient conditions for prolonged periods of time. Notably, to obtain uniform substrate coverage with 

pNBOH films, the monomer had to be dispensed statically (to cover most of the wafer) followed 

immediately by spinning. The values for the film thickness of 8.9 ± 1.2 µm and roughness of 20 ± 9 nm 

were observed based on 3 independently prepared films. 
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The ATR-FTIR spectra of pNBOH (Fig.5.3) show a strong absorbance band at 3000 – 3500 cm-1 

due to the hydroxyl functionality, and the broadness of the peak indicates the presence of intermolecular 

hydrogen bonding232. The peaks at 2864 and 2938 cm-1 are attributed to cyclic and acyclic CH2 stretching 

of the backbone, respectively. The two small shoulders at 2846 and 2997 cm-1 are due to symmetric and 

asymmetric CH2 stretching, respectively, of the pendant group. In the fingerprint region of the IR 

spectrum, the prominent peaks are located at: 968 cm-1 (CH2 twisting), 1010 and 1058 cm-1 (C–O 

stretching), and 1031 cm-1 (C–C–O stretching) of the pendant (R1R2CHCH2OH) group232. 

pDCPD  

pDCPD is one of the most commercially important polymers prepared by ROMP to date. It is 

synthesized from a low-cost readily available DCPD monomer – a byproduct from the production of 

ethylene255. ROMP of DCPD results in a cross-linked polymer characterized by high temperature and 

chemical resistance and excellent mechanical properties (e.g., high impact strengths)255,256.  

Our group demonstrated synthesis of pDCPD polymer films via Si-ROMP from vaporized neat 

monomer with thicknesses of up to ~400 nm257 (and roughness ranging from ~10 – 50 nm)  achieved after 

1 min of polymerization. The films possessed high stiffness and good barrier properties257. In this work, 

we prepared pDCPD films with thickness of ~6.0 ± 1.5 µm (roughness of 45 ± 13 nm) by spin 

coating/ROMP of a 4 M DCPD solution in DCM as solvent (Fig. 5.2). 

In agreement with the previous report257, the ATR-FTIR spectrum of pDCPD (Fig. 5.3) shows the 

characteristic peaks at 1620 cm-1 due to C=C stretching, 1450 cm-1 due to a Csp3−H scissoring (δsCH2), 

1409 cm−1 due to a Csp2−H scissoring (δs=CH2); multiple Csp3−H wagging and twisting (ω,τCH2) in the 

region 1356 −1150 cm−1, multiple Csp2−H out-of-plane bending vibration absorption bands between 

1000 – 650 cm−1 and a band at 727 cm−1 due to Csp3−H rocking (δsCH2). The peaks in the hydrocarbon 
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stretching region of the FTIR spectrum correspond to the Csp2−H stretching at 3003 and 3046cm−1, the 

Csp3−H asymmetric stretching (νasCH2) at 2849, 2894, and 2926 cm−1. 

pDCPD-co-pNBDAC 

Copolymerization of DCPD with other functional monomers allows tailoring of mechanical, 

thermal, and rheological properties of the resulting material255. Here, we demonstrate synthesis of a 

random copolymer from solution of DCPD and NBDAC monomers in DCM. This monomer configuration 

is particularly interesting for enabling the adjustment of the amount of modifiable acid chloride groups 

within the films.  

The ATR-FTIR spectrum of the film (Fig. 1) indicates successful copolymerization, as evidenced 

by the presence of peaks characteristic for both pDCPD and pNBDAC. Interestingly, the roughness of this 

14.3-µm-thick pDCPD-co-pNBDAC film was much higher (140 nm) than that of the homopolymer films 

of either pDCPD or pNBDAC of comparable thickness (Tables 5.2 and 5.3), but still roughness was less 

than 1 % of the film thickness. 

pNBDAC 

pNBDAC is a highly reactive polymer, and is unstable in ambient conditions for prolonged periods 

of time due to hydrolysis of the acyl chlorides by water vapor. The process of preparing pNBDAC by 

conventional spin coating would require synthesis of the polymer and its purification under inert 

atmosphere (to prevent loss of the acid chloride functionality). To prepare functional polymer films using 

pNBDAC as a scaffold, pNBDAC would have to first be modified with desired functional groups in bulk 

solution, purified, and then spin coated using a suitable solvent. The method described in this paper allows 

preparing pNBDAC films as an intermediate product, which can be stored in vacuum or under inert 

atmosphere until further modification is desired. When pNBDAC films are robustly attached to the 
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substrate, the modification procedure is substantially simplified and accelerated.  This base pNBDAC film 

can then be used to prepare a countless number of polymer film compositions based on simple 

modification of the acyl chlorides in amines, alcohols, thiols, or water. 

The main feature of ATR-FTIR spectra of pNBDAC films (Fig. 5.3) in the fingerprint region is 

the absorption band at 1784 cm-1 due to C=O stretching of acid chloride. The bands in the hydrocarbon 

stretching region of the spectrum include: the Csp3−H asymmetric stretching at 2872 cm-1, the Csp3−H 

asymmetric stretching at 2949 and 2996 cm-1, and the Csp2−H stretching at 3070 cm-1. 

To estimate the impact of the spin speed and volume of the monomer on the properties of the 

resulting pNBDAC films, we spin coated either 100 or 200 µL of NBDAC at spin speeds ranging from 

1300 to 6000 rpm (Fig. 5.4). As seen in Figure 2, illustrating the film thickness vs spin speed, the error 

bars for the samples obtained from 100 and 200 µL of the monomer at spin speeds of 1300 – 4000 rpm 

largely overlap. The 3rd generation Grubbs’ catalyst we used in this process is known for its remarkably 

fast initiation rate (kinit (at 5 °C) > 4 s−1). Likely, at low spin speeds, the monomer is polymerized into a 

stable film before its shear thinning and spin off of larger volume of the monomer can occur. The values 

for the film thicknesses for the two types of samples differ substantially at higher rpm: the films obtained 

from 100 µL of NBDAC are, on average, ~2.5 and 3 times thinner (for 5000 and 6000 rpm, respectively) 

than those obtained from 200 µL (Table 5.3), suggesting that the rate of spin off is more balanced with 

the polymerization reaction rate than that at slower spin speeds.  
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Figure 5.4. Thickness (measured by profilometry) of pNBDAC films on Si/SiO2 obtained by spin 

coating either 100 or 200 µL of NBDAC monomer at various spinning rates. The data points and error 

bars represent the average and standard deviation values measured from at least three independently 

prepared samples (see Table 5.3 for the values). 

 

Post-polymerization modification of pNBDAC   

To illustrate the capabilities of the post-polymerization modification process for pNBDAC films 

with thicknesses of up to 20 µm, we performed a number of modifications by immersing the substrates 

coated with pNBDAC into the corresponding solutions.  

Figure 5.5 presents the ATR-IR spectra of ~20 µm-thick pNBDAC films modified in alcohol or 

di-water to obtain carboxylic acid and ester functionalities, respectively. The full conversion of the acid 

chloride groups was achieved after an overnight (~ 16 h-long) reaction, as evidenced by the loss of the 
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peak corresponding to the carbonyl stretching in acid chloride at ~1784 cm-1 and emergence of C=O 

stretching peaks corresponding to the ester (1724 and 1726 cm-1) and carboxylic acid (1693 cm-1). The 

broad band seen at 3200 – 3600 cm-1 in the samples modified to contain carboxylic acid groups is due to 

the hydrogen bonding of OH groups, the bands at ~1409 and 1290 cm-1 correspond to CO stretching 

coupled with OH in-plane bending258, and absorbance at 2700 − 2500 cm-1 is caused by the overtones and 

combinations of bands near ~1409 and 1290 cm-1 enhanced by Fermi resonance with the broad OH 

stretching peak258. 

 

 

Figure 5.5. ATR-FTIR spectra of pNBDAC films modified to contain carboxylic acid or ester pendant 

groups by immersion into water, methanol, and ethanol overnight. 

 

Next, we demonstrated quantitative modification of pNBDAC films with various free amines 

(Fig. 4) to obtain potentially temperature-responsive films. Recently, Zhao et. al20 have synthesized 
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polymers with the same chemical structures by ROMP in solution by another route: template polymers 

with two pentafluorophenyl ester side groups were prepared and subsequently modified with various 

amines. The polymers demonstrated thermal response with lower critical solution temperature (LCST) 

(i.e., switching of their solubility in water from soluble to insoluble) depending on the type of the pendant 

group. For example, polymers modified with isopropylamine were insoluble in water in the tested 

temperature range (0 – 99 °C), polymers with diethylaminoethylamine had a cloud point of Tcp = 24.4 °C, 

and those modified with tetrahydropyrrole showed Tcp = 31.1 °C. 

In this work, the full conversion of acid chloride groups in pNBDAC films to amides was achieved 

after 3 h in 1 M amine solution in DCM (other amine concentrations and shorter exposure times have not 

yet been tested). The peaks at 1630, 1641, and 1647 cm-1 correspond to amide I and those at 1547 and 

1550 cm-1 to amide II stretching vibrations. 

 

 

Figure 5.6. ATR-FTIR spectra of pNBDAC films modified with 1M solution of tetrahydropyrrole, 

isopropyl amine, and diethylaminoethylamine in DCM.  
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To realize hydrophobic/oleophobic functionality, pNBDAC films were modified to contain 

trifluorocarbon groups. The coated substrates were immersed into 1M aqueous solution of 

trifluoroethylamine hydrochloride salt containing a molar equivalent of triethylamine (to deprotonate the 

amine), and the full conversion of acid chloride groups was achieved in 1 h. Even though we used water 

as a solvent, no carboxylic acid side product was observed in the FTIR spectra (Fig. 5.7) of the films, as 

the amine reacts with acid chloride >107 times faster than water does259.  

 

 

Figure 5.7. ATR-FTIR spectra of pNBDAC films modified with 1M solution of trifluoroethylamine 

hydrochloride in water. The peaks correspond to the following bands: 1668 cm-1 and 1550 cm-1 are due 

to amide I and amide II, respectively; 1263 and 1162 cm-1 correspond to CF3 stretching. 

 

The wetting properties of the F3CNH-pNBDAC films are presented in Table 5.5.  
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Table 5.5. Wetting properties of F3CNH-pNBDAC (average values and standard deviations based on 

three independently prepared samples). 

Contact Angle Water, ° Contact Angle Hexadecane, ° 

Advancing, θA Receding, θR Advancing, θA Receding, θR 

75 ± 1 43 ± 2 39 ± 1 33 ± 2 

 

 

To obtain metal-complexing249 hydroxamic acid functionality, pNBDAC-coated substrates were 

immersed into a 1M solution of hydroxylamine hydrochloride in water (pH adjusted to 6.2259 by adding 

triethylamine). Although the complete conversion of acid chlorides in ~20 µm-thick films was evident 

from their FTIR spectra after 1 h of reaction, initially about 1/3 of the acid chlorides were modified to O-

acylhydroxylamine (an ester side product), which could only be fully converted to hydroxamic acid groups 

after a 20-h reaction (a small peak at 1740 cm-1 can still be seen after 3 h) (Fig. 6).  

In 1958, Jencks259 reported that reaction of hydroxylamine with acid halides or anhydrides 

proceeds in two stages:  

 

first, in addition to hydroxamic acid (“N-acylhydroxylamine”) (1b) an unstable O-acylhydroxylamine is 

largely formed (1a) (up to 92%, increasing with the increasing electron-donating character of the leaving 

group260). O-acylhydroxylamine, in turn, reacts more slowly with hydroxylamine to from hydroxamic 
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acid (2). The author identified that the second reaction achieves its optimum kinetics at pH 6.2, which was 

corroborated by our experiments. 

 

 

Figure 5.8. ATR-FTIR spectra of a pNBDAC film after 3 h (top) and 20 h (bottom) of immersion into 

1M solution of hydroxylamine hydrochloride in water.  

 

Reversible metal chelation with free-standing HA-pNBDAC films  

Free-standing HA-pNBDAC films, which are inherently transparent, demonstrated visible color 

change (red hue) upon chelation with metal ions (Fig. 5.9a). Figure 5.10 presents the UV-vis spectra of 

HA-pNBDAC films after chelation in 10 mM unbuffered aqueous solutions of FeCl3 and ZnCl2, compared 

to the sample that was incubated in pure di water. The films incubated in the ion solutions demonstrate 

absorption peaks at ~450 nm, which is consistent with the values found in the literature261. The ions could 

be completely removed from the films by immersion into a 0.1 M EDTA solution for 2 h (Fig.5.9b), as 

evidenced by the UV-vis spectra measured afterwards (Fig. 5.11).  
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Figure 5.9. Photographs of: a) HA-pNBDAC films after immersion into the corresponding ion solutions 

or deionized (DI) water (for reference); b) the same HA-pNBDAC films after immersion into 0.1M 

EDTA solution for 2 h: as the ions were removed from the films, the films became transparent; a 

reference sample (only exposed to di water) is included for comparison. 

 

Figure 5.10. UV-vis absorbance of the HA-pNBDAC films after immersion into the ion solutions vs the 

control sample (incubated in DI water). 



82 

 

 

Figure 5.11. UV-vis spectra of the HA-pNBDAC films after immersion into the ion solutions and 

EDTA, showing the disappearance of the peaks upon removal of the ions from the films. 

 

To characterize the thermal stability of as-synthesized and chelated HA-pNBDAC films, we 

conducted TGA analysis in air (Fig. 12). At the onset of the measurement, a weight loss of ~10% is 

observed due to the release of moisture bound within the films. The thermograms indicate that the polymer 

undergoes degradation in two stages. The first, between ~170 and 280 °C (corresponding to the weight 

loss of ~22 %), was the degradation of the pendant hydroxamic acid groups. This is supported by the 

ATR-FTIR spectrum obtained for a sample that had been previously heated to 270 °C within the TGA 

instrument’s furnace (Fig. 13), which shows loss of the amide peak (initially located at ~1640 cm-1). 

Similar temperatures of decomposition have been reported for HA functional groups in other polymers262–

264. The polymer backbone decomposed between ~450 and 550 °C, proceeding to full pyrolysis by ~ 

590 °C (practically no residue was left behind).  
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Figure 5.12. Thermogram of a free-standing HA-pNBDAC film depicting the % loss of the total 

mass of the sample as a function of temperature (measured in air). 

 

Figure 5.13. Normalized ATR-FTIR spectra for a free-standing HA-pNBDAC film acquired 

before and after heating to 270 °C.  
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Next, we chelated a HA-pNBDAC film in 10 mM FeCl3 solution for 2h, then separated a portion 

of the chelated film and immersed it into 0.1 M EDTA solution to remove the ions. Subsequently, we used 

both samples for TGA analysis (Fig. 5.14). The thermal decomposition curve of the sample containing 

metal ions showed a similar two-stage process to the one described above, but did not culminate in full 

pyrolysis: the inorganic residue (likely Fe2O3) after the decomposition of this sample amounted to ~65% 

of the total sample mass. Assuming that each HA group in the film chelated one Fe3+ ion, from which the 

Fe2O3 residue was ultimately formed, the mass of the residue was estimated to be ~50%. The sample that 

was incubated in 0.1 aqueous EDTA solution after chelation to remove the ions demonstrated the thermal 

decomposition profile similar to the one of the as-synthesized film (Fig. 12). 

 

 

Figure 5.14. Thermograms (recorded in air) of a free-standing HA-pNBDAC after chelation of Fe3+ and 

after chelation of Fe3+ and subsequent removal of the ions by immersion into 0.1 M EDTA for 2h.  
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Conclusions 

We developed a new method for fabrication of ROMP-type polymer films and demonstrated its 

capabilities for preparation of surface-bound and free-standing films with thicknesses of up to ~20 µm 

and various functionalities, including perfluorinated side chains, pDCPD, reactive pNBOH and pNBDAC 

scaffolds for further modification, and a random copolymer of pDCPD and pNBDAC. 

We illustrated a number of post-polymerization modification procedures for pNBDAC to obtain 

polymers of practical importance, focusing on the synthesis of metal-chelating hydroxamic acid functional 

groups by reaction of pNBDAC with hydroxylamine. Inherently transparent free-standing HA-pNBDAC 

films exhibited a visible color change upon chelation with Fe3+ and Zn2+, and the peaks corresponding to 

the HA complexes with these ions could be detected via UV-vis spectroscopy. The ion complexation could 

be reversed by incubation of the films in 0.1 M EDTA solution. The HA groups attached to the cyclic 

olefin backbone decomposed at ~200 °C, which is in agreement with the reports on thermal decomposition 

of HA moieties within other polymers. Based on the TGA of HA-pNBDAC films chelated with Fe3+, the 

maximum ion loading is estimated as two ions per the repeat unit of the polymer (i.e., each HA group can 

chelate one Fe3+). 
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Chapter VI 

CURE MONITORING AND CHARACTERIZATION OF EPOXY/AMINE NETWORKS, MODIFIED 

WITH 1-BUTYL-3-METHYLIMIDAZOLIUM TETRAFLUOROBORATE IONIC LIQUID 

Introduction 

ILs possess multiple attractive properties such as thermochemical stability, low volatility, 

nonflammability, high ionic conductivity, catalytic activity, and recyclability265–267. A wide range of 

anions and cations can be combined to synthesize potentially at least a million different binary and 1018 

ternary ILs267. This means that the properties of ILs are very versatile and can be tuned for specific 

purposes, which makes them remarkable as functional additives for modification of polymers. 

Epoxy/IL systems are desired in various capacities for industrial applications. ILs can be used as 

curing agents for epoxies268–270, while the addition of only a few wt. % of IL to epoxy resins can modify 

the resulting morphologies and enhance thermomechanical behavior271, ionic conductivity269,272,273, and 

scratch resistance274. Epoxy/IL compositions have also demonstrated remarkable potential for developing 

structural electrolytes275–277 due to their improved mechanical performance combined with high thermal 

and chemical stability. In order to facilitate the practical applications of epoxy/IL systems, researchers 

need to better understand the interactions of different epoxies and ILs and their effect on cure kinetics, 

and mechanical and electrical properties of the resulting materials. 

The morphology and properties of resulting epoxy/IL compositions are largely determined by the 

preparation process parameters. Curing is a crucial step in fabrication of epoxy-based products. By varying 

curing conditions, significant versatility for preparation of epoxy/IL networks can be achieved272,278,279, 

while inadequate curing will result in inferior product properties. The curing reactions are complex 

processes evidenced by changes in viscosity280–282, conductivity283, and dielectric properties282,284 of epoxy 
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networks. Cure monitoring is necessary for selection of appropriate curing conditions and optimization of 

the materials’ performance. 

Miscellaneous analytical methods have been developed for cure reaction characterization and cure 

monitoring. The differential scanning calorimetry (DSC) technique, based on measuring the enthalpy of 

exothermal cure reactions, has become an industry standard for analysis of cure kinetics188,189. Reaction 

kinetics are characterized based on the assumption that the heat of reaction is directly proportional to the 

extent of the reaction. This assumption is reasonable for simple reactions but not obviously valid for the 

complex crosslinking reactions that occur as epoxies polymerize188. Despite the significance of DSC, 

difficulty in distinguishing between cure reactions and other heat-related phenomena is an inherent 

drawback of the method. The usage of DSC is confined to laboratories for analyzing small samples under 

ideal conditions. 

Spectroscopy methods, such as Raman189,285 and infrared (IR)285,286, can be suitable for in situ cure 

monitoring. Both qualitative and quantitative information can be obtained by these techniques, although 

their use in epoxy systems is quite restricted because the location and intensity of the spectral peaks are 

influenced by refractive index, color, and fluorescence characteristics of a sample, and ambient conditions. 

Peak attribution can also be challenging as some phenomena do not correspond exclusively to 

perturbations in epoxy networks286. Data interpretation gets even more complicated with addition of an IL 

due to possible overlapping of the IL cation peak and the epoxy peak. 

Dielectric analysis (DEA) is one of the most convenient methods for in situ cure monitoring of 

thermosets developed to date. Numerous dielectric studies of epoxy-amine systems have been 

published189,282. The change in dielectric properties during cure is attributed to the following processes: 

(1) decrease of ionic conductivity as a result of diminishing ion mobility in the medium due to increasing 

viscosity; (2) orientation and oscillation of permanent dipoles in the electric field; and (3) decrease of 
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dipolar moment per unit volume due to the increase of chain length, the increase of crosslink density, and 

the replacement of dipolar moments of amine and epoxy groups by those of new OH dipoles emerging 

during the reaction284,287. Complex dielectric permittivity (ε*) is determined by applying an AC potential 

at a variable frequency (ω) and measuring output current through the sample. From the amplitude change 

and phase shift, the dielectric properties of permittivity, ε′, and loss factor, ε″, can be obtained, and ε∗ can 

be calculated189: 

                                                                 𝜀∗(𝜔) =  𝜀′ − 𝑗𝜀′′                                                                    (1) 

The expression (2)189 was proposed to relate the dielectric properties of the material to its degree 

of cure (α) and is based on the assumption is that the conductivity should always decrease due to the 

changes in viscoelastic properties as the curing progresses.  

                                                        𝛼(𝑡) =
log(𝜀0

′′)−log (𝜀𝑡
′′)

log(𝜀0
′′)−log (𝜀∞

′′ )
                                                                (2) 

where ε∞″, εt″, and ε0″ correspond to the dielectric loss factors of a sample at infinity, time t, and at the 

beginning, respectively. 

This prevalent assumption can be erroneous. In some cases288,289, the interplay between the 

extrinsic and intrinsic charge carrier contributions can reverse the expected trend. However, the reports of 

such phenomena are rare. In general, viscosity is considered to be the key factor influencing conductivity, 

especially in cross-linking polymers. Kranbuehl et al.290 have established that under isothermal conditions, 

the logarithm of conductivity followed the progress of the curing reaction closely, whereas the dependence 

of the estimated degree of cure on the viscosity was strong up to the gelation of the resin. Hence, DEA is 

regarded as a more sensitive method for cure monitoring than other common techniques189. 
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Fundamentally, electrochemical impedance spectroscopy (EIS) and DEA are conducted following 

the same operational principles and can be referred to as subsets of a universal broadband electrochemical 

impedance spectroscopy (UBEIS)180. The same data can be converted between the dielectric and 

impedance domains using expressions based on Maxwell equations. However, historically, the “dielectric" 

and "impedance" spectroscopies are distinguished from one another and have different resolving 

capabilities180,291. DEA uses higher AC voltage amplitudes and often operates at frequencies above 1 kHz, 

while EIS utilizes low AC voltage (≤ 10 mV) to maintain linearity of signal response, and its operating 

frequencies range from MHz to μΗz. The main advantage of DEA over EIS is its ability to resolve the 

relaxation processes at a microscopic level. For heterogeneous dielectric medium, EIS should be the 

method of choice as conductance and capacitance contributions from different elements in a 

nonhomogeneous medium or from different physicochemical processes are hardly ever resolved by 

DEA291.  

Similar to complex permittivity, complex impedance (Z*) is expressed as: 

                                                                   𝑍∗(𝜔) =  𝑍′ − 𝑗𝑍′′                                                               (3) 

where Z′ is the real component and Z″ is the imaginary component. The impedance may also be expressed 

in an alternative form through its magnitude, |Z|, and phase angle, φ: 

                                                                      𝑍∗(𝜔) = |𝑍|𝑒𝑗𝜑                                                                 (4) 

Equations (3) and (4) form the basis of the two common methods of impedance data 

representation, Nyquist diagram (Z″ versus Z′) and Bode plane (log |Z| versus log(ω)). Both 

representations are used as they display different features of the data292. 

http://www.sciencedirect.com.proxy.library.vanderbilt.edu/science/article/pii/S0013468605007991#eq2
http://www.sciencedirect.com.proxy.library.vanderbilt.edu/science/article/pii/S0013468605007991#eq3


90 

 

Electrical equivalent circuits (EEC) are the most widely used tool for EIS data integration. These 

circuits are analogs rather than models as they do not pretend to describe the physio-electrochemical 

properties of the system, but simply reproduce the properties292. By adding a sufficient number of elements 

in the appropriate combination, EEC can be made to closely fit any impedance locus, which represents 

both the great convenience and the great interpretational danger of equivalent circuit analysis. EEC should 

be selected on the basis of the chemical and physical properties of the system and should not contain 

arbitrarily chosen circuit elements180. 

EIS may allow the determination of kinetic constants of diffusive, electrochemical, and chemical 

processes, and has proven to be extremely valuable for investigations of corrosion phenomena293,  catalytic 

reaction kinetics294, charge carrier-transport processes, and structure-property relationships in solid 

polymeric electrolytes295,296. Compared to DEA, researchers employ impedance formalism in the studies 

of cure reactions much less frequently. In my opinion, EIS merits a closer look for applications in cure 

monitoring, especially in case of nonhomogeneous systems, such as composites or polymer electrolytes. 

Several research groups have reported studies on cure kinetics of epoxy/amine systems using EIS 288,297–

299. To the best of my knowledge, no reports on cure monitoring of IL modified epoxy/amine networks by 

EIS, had been published when this work was in progress. 

In this chapter, I report an EIS method for cure monitoring of bisphenol A/F based epoxy resin-

polyoxypropylenediamine hardener systems modified with various concentrations of 1-butyl-3-

methylimidazolium tetrafluoroborate ([BMIM]BF4). The systems were found to phase-separate during 

network formation. The main objective was to observe the curing in ‘real-time’ and study the different 

processes that occur, such as cross-linking, evolution of conductivity, IL confinement in the epoxy/amine 

network, and phase separation. The cure kinetics of the epoxy resin were characterized by differential 

scanning calorimetry (DSC) and the data were used to create a model for comparison with the EIS results. 
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A phenomenological model was employed to describe the cure kinetics based on EIS data. Mechanical 

compression testing revealed the impact of IL loading on load bearing properties of the resulting 

composites. SEM/EDS analyses provided additional insights concerning morphology and phase 

separation of epoxy/IL systems. 

Experimental Methods 

Sample preparation 

Commercially obtained bisphenol A/F based Super Sap CCR epoxy resin was mixed with the 

corresponding CCF fast hardener (polyoxypropylenediamine) in the manufacturer’s recommended 

volume ratios (2:1). For epoxy/IL samples, a certain quantity of 1-butyl-3-methyl-imidizolium-

tetrafluoroborate ([BMIM]BF4) was added (5, 10, 20, 40 or 50 wt.%). The samples were mixed for 5 min 

at 2000 rpm and degassed in a planetary mixer (Thinky mixer, ARE250). The combination of Super Sap 

CCR/CCS epoxy resin system and [BMIM]BF4 has been previously utilized in preparation of water-

resistant electrolytes for composite structural supercapacitors277 as [BMIM]BF4 was observed to yield the 

best isotropic mixtures with the resin. 

Cure monitoring via EIS  

EIS was employed to investigate the curing processes of epoxy and epoxy/IL systems at room 

temperature (23 °C). EIS measurements were performed using two electrode electrochemical cells, as 

described in Chapter III. The cells were composed of two parallel copper plates (50×20×1mm in 

dimensions) placed on glass slides and separated by a 50µm layer of insulating Kapton (polyimide) tape 

(DuPont), called the working electrode (WE) and the counter electrode (CE), respectively. A drop of 

uncured sample was filled into the 0.28 cm2 opening punched in the tape (Fig. 6.1). The reference 

measurement was performed on a cell composed of two electrodes and spacer only and the cell 
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demonstrated purely capacitive behavior, as expected. The EIS spectra for the samples were measured at 

different curing times, and at least two samples of each kind were tested. 

 

Figure 6.1. The two-electrode cell setup used in EIS experiments. 

 

Cure kinetics characterization by DSC 

Measurements to characterize the resin cure kinetics were performed as described in Chapter III. 

Briefly, the aluminum DSC pan containing 20 ± 3mg sample was placed opposite to an empty reference 

pan in the DSC cell at a standby temperature of 25°C. The DSC cell was then heated at a constant rate of 

2, 5, 15, and 20 °C/min over a temperature range of 25 to 250 °C. The experiments were carried out under 

the constant flow of nitrogen at 50 mL/min. Measurements of the heat flow during the cure cycle were 

acquired and exported for further analysis. 

Characterization of sample morphology by SEM/EDS 

Morphological and elemental analyses of epoxy-amine networks modified with 5, 10, 20, and 40 

wt.% of [BMIM]BF4 ionic liquid were performed as described in Chapter III. Prior to imaging, the samples 

were mechanically polished in multiple steps, using 240, 320, 400, 600 grit silicon carbide papers, and 5 

µm and 1 µm aluminum oxide slurries.  
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Mechanical Compression Testing 

The tests to determine compression strength of epoxy/ionic liquid compositions were conducted 

on an MTS 810 Test System using the procedure described in ASTM D695 standard300. The specimens of 

pure epoxy, and epoxy with 5, 10, 20, 40, and 50 wt.% of ionic liquid loading were prepared by casting. 

The samples were poured into molds, cured at room temperature for 24 hours, and subsequently post-

cured at 50 °C for 2 hours. After demolding, the samples were deburred and cut to the standard dimensions 

(right cylinders with diameter of 12.74 ± 2.46 mm and length of 25.61 ± 0.34 or 50.78 ± 0.17 mm). The 

samples modified with 50 wt.% of ionic liquid did not maintain their structural integrity and, therefore, 

could not be tested. Four specimens of each composition (5 – 40 wt.%), two longer and two shorter, were 

tested. The samples were loaded incrementally until the point of fracture, and the maximum load carried 

by each specimen during the test was recorded.  

Results and Discussion 

DSC Analysis 

Dynamic DSC measurements capture the kinetics at the beginning and the end of the reaction 

better than isothermal DSC. Complex reaction mechanisms can be more easily interpreted by comparing 

measurements at different heating rates. The kinetic parameters obtained from the modeling with dynamic 

DSC data can be further used to describe the isothermal curing processes301.  

The curing of epoxy resin is represented by broad exothermic peaks in dynamic DSC heat flow 

data, the magnitudes of which increase with increasing heating rate. The baseline adjusted data used to 

characterize the cure kinetics are presented in Figure 6.2. The baseline offset was determined by fitting a 

line to the sections before and after the exothermal peaks. The total enthalpy of the reaction (HT) 

corresponds to the area under the exothermic curves. For each heating rate, total enthalpy was calculated 
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by trapezoidal numerical integration of the heat flow over the entire exothermic peak. The HT values of 

278, 285, 288, and 323.55 J/g were found for the heating rates of 2, 5, 15, and 20 °C/min, respectively. 

 

 

Figure 6.2. Dynamic DSC data selected for analysis after adjustment for the baseline. 

 

The Prout-Tompkins autocatalytic model189 with four kinetic parameters was found to be in good 

agreement with the cure behavior of the studied epoxy resin. The differential equation relating the degree 

of cure to these parameters is as follows: 

                                                                  
𝑑𝛼

𝑑𝑡
= 𝐴𝑒

−𝐸𝛼
𝑅𝑇 𝛼𝑚(1 − 𝛼)𝑛                                                         (5) 

where α is the degree of cure of the sample at a given moment of time (t), A is the pre-exponential factor, 

Eα is the activation energy, R is the gas constant, T is the absolute temperature, m and n are the reaction 

orders. 
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The parameters of the model (1) were found by linear least-squares analysis. To optimize the 

parameters for adequate description of the epoxy cure kinetics at any curing conditions, the DSC data for 

various heating rates, 2, 5, 15, and 20 °C/min, were used. The R2 value for fitting to the four datasets was 

0.8233. The obtained kinetic parameters (Table 6.1.) were subsequently utilized to predict the cure 

behavior of the epoxy resin under isothermal conditions at room temperature. 

Table 6.1. Kinetic parameters for Super SAP CCR epoxy resin. 

Eα, kJ/mol A, s-1 n m 

44.200 8.3977 1.1556 - 0.0069 

 

EIS Analysis 

The examples of evolution of EIS spectra as a function of curing time for epoxy and epoxy/IL 

samples in the form of Bode plots are presented in Figure 6.3 and 6.4, respectively. The most prominent 

features of all plots of the type shown below are the systematic variation of characteristic parameters and 

a good reproducibility of the measured data.  

The magnitude of the impedance shows a clear trend of a steady increase with the increasing 

duration of curing. Such a trend is consistent with most observations of epoxy resins’ curing189,282 and can 

be explained by diminishing mobility of intrinsic and extrinsic charge carriers as the cross-linking 

progresses. Therefore, the degree of curing of the samples can be calculated from an empirical relation 

analogous to (2), which was first reported by Keinle302 and Race, and later successfully employed by other 

researchers298,303: 

                                                                    𝛼(𝑡) =
log(𝜌𝑡)−log (𝜌0)

log(𝜌∞)−log (𝜌0)
                                                                        (6) 
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where ρ∞, ρt, ρ0 correspond to the electrical resistivity of a sample at infinity, time t, and at the beginning, 

respectively. 

 

 

   Figure 6.3. Bode plots of unmodified epoxy/amine as a function of curing time. 

100m 1 10 100 1k 10k 100k
1k

10k

100k

1M

10M

100m 1 10 100 1k 10k 100k

10k

100k

1M

10M

100M

1G

100m 1 10 100 1k 10k 100k

-80

-60

-40

-20

0

100m 1 10 100 1k 10k 100k

-80

-60

-40

-20

0

 10 min

 0.5 h

 1 h

 2 h

 7 h

N
o

rm
 |

Z
| 

(
*c

m
2
)

10 h

19 h

 24 h

 49 h

 71 h

P
h

a
s

e

Frequency (Hz) Frequency (Hz)



97 

 

 

F
ig

u
re

 6
.4

. 
B

o
d
e 

p
lo

ts
 o

f 
ep

o
x
y
/[

B
M

IM
]B

F
4
 I

L
 c

o
m

p
o
si

ti
o
n
s 

as
 a

 f
u
n
ct

io
n
 o

f 
cu

ri
n
g
 t
im

e:
 a

) 
5
 w

t.
%

 I
L

, 
b
) 

1
0
 w

t.
%

 I
L

, 
c)

 2
0
 w

t.
%

 I
L

, 
 

d
) 

4
0
 w

t.
%

 I
L

. 



98 

 

Impedance spectra of IL modified epoxy/amine samples displayed high frequency plateau regions 

of low impedance, indicative of ion migration, which gradually shifted to higher values and lower 

frequencies as the curing progressed. The value of impedance modulus of the plateau regions, as expected, 

was inversely proportional to the wt.% of IL loading at initial stages of curing. As the cross-linking 

increased, the effect of added amount of IL on conductivity of the samples drastically diminished. This 

can be explained by IL confinement in the epoxy/amine network and formation of bicontinuous structures 

via polymerization induced phase separation275,276,279,304. There is no simple method to predict the phase 

behavior. The interplay of multiple factors, such as solubility, type, molecular weight, and the amount of 

the additive, as well as the epoxy/amine ratio and the curing temperature, must all be considered275. The 

studies of dual-phase structures of epoxy/ILs275,276,304 have demonstrated that ionic conductivity, 

mechanical strength, and morphology of the materials strongly depend on the IL content. The epoxy 

studied in the present work was unable to confine 50 wt.% [BMIM]BF4 loading, as was also reported for 

a different type of IL and epoxy resin mixture304. The absence of IL confinement in the epoxy network is 

evidenced on Bode plots for this sample (Fig. 6.5) by the presence of two relaxations305, which are clearly 

pronounced on the phase angle plots. 



99 

 

100m 1 10 100 1k 10k 100k

10

100

1k

10k

100k

100m 1 10 100 1k 10k 100k

1k

10k

100k

1M

10M

100M

100m 1 10 100 1k 10k 100k

-80

-60

-40

-20

0

100m 1 10 100 1k 10k 100k

-80

-60

-40

-20

0

 10 min

 0.5 h

 1 h

 2 h

 4 h

 8 h

N
o

rm
|Z

| 
(

*c
m

2
)

 12 h

 24 h

 36 h

 48 h

 72 h

 91 h

P
h

a
s

e

Frequency (Hz) Frequency (Hz)
 

   Figure 6.5. Bode plots of epoxy/amine modified with 50 wt.% of IL as a function of curing time. 

 

The changes in impedance spectra with curing in Figures 6.3 – 6.5 represent the evolution of local 

conduction processes in the sample media, which can be quantitatively described by a suitable, analogous 

EEC. The EEC shown in Figure 6.6 serves as a good initial model for the systems studied in this work. A 

sequence of two parallel resistance-capacitance loads represents both bulk and interfacial processes and 

also accounts for the existence of conductive and insulating phases in heterogeneous materials. The 

interfacial kinetics, dominating the circuit at low frequencies, is simplified as a parallel combination of 

Faradaic interfacial resistance Rint and a constant phase element CPEdl. Rint represents combined effects 

of charge transfer, adsorption, and diffusion-related resistances, while nonideal double-layer capacitive 

charging effects are modeled by CPEdl
180. The impedances of contacts and cables to the electrochemical 
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cell were found to be negligible in my experiments. The total impedance of the analogous EEC is the sum 

of bulk and interfacial impedances, the expressions for which are given in Lvovich180. 

 

 

   Figure 6.6. EEC model used for EIS data analysis. 

In neat epoxy/amine samples (Fig. 6.3) at high frequencies, the dielectric-material resistance 

rejects the current flow, and the current is almost entirely capacitive, which is reflected by Cbulk with a 

corresponding -90° phase angle. Early in the curing process (10 min–2 h, Fig. 6.3), the samples exhibit a 

region at medium frequencies separating the bulk media and the interfacial impedance segments. Here, 

the current flow is dominated by the resistor Rbulk the phase angle changes to low absolute values 

approaching 0°. This region shifts to lower frequencies as the samples cure and become more insulating. 

At medium to low frequencies the double-layer contribution to the impedance through CPEdl is apparent, 

with a corresponding increase in the absolute value of the phase angle. At the lowest frequencies, the finite 

charge-transfer resistor Rint becomes pronounced where the phase angle again starts approaching 0°. The 

magnitude of impedance modulus on Bode plots at low frequencies is the sum of the bulk resistance and 

the interfacial resistance Rbulk+Rint
180. At the latest stages of curing, the epoxy/amine samples become 

highly insulating, the current flow is dominated by Cbulk at a wide frequency range with a single low-

frequency relaxation and high values of the measured impedance.  
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In IL-modilied samples (Fig. 6.4), initially the ionic migration process controls the bulk-media 

conduction, and the bulk resistance exceeds the bulk capacitive impedance at high frequencies, where the 

impedance response is represented solely by small Rbulk.. Later in the curing process, the capacitive current 

flow, Cbulk, dominates increasingly wider frequency ranges, and at the final stages of cure, similar to 

unmodified samples, only a single low-frequency relaxation is present. For the samples with 50 wt.% of 

IL (Fig. 6.5), for which the phase separation takes place, the unconfined liquid phase allows for residual 

bulk ion conductivity, which results in movement of charges through the bulk and their accumulation at 

the interface and the formation of the double-layer capacitance CPEdl. At frequencies below 1 Hz, Rint 

becomes pronounced. 

To determine values of the circuit element parameters, the EEC in Fig. 6.6 was fitted to the 

obtained impedance spectra using the Simplex algorithm. The analogous EEC had a much better fit (chi-

square values on the order of 10-4) for the unmodified epoxy amine system. For ILs the goodness of fit 

was on the order of 10-3 and for a few sampling times 10-2. The inferior fit for the IL-modified system 

reflected on the quality of modeling of the degree of cure. 

Once Rbulk values had been determined, the conductivity and resistivity of the bulk material were 

calculated from the following equation: 

                                                                 𝜎 =
1

𝜌
= 𝐿/𝑅𝑏𝑢𝑙𝑘𝐴                                                                   (7)      

where A is the working area of the electrodes in cm2, L is the spacing between the electrodes in cm, σ is 

conductivity in S/cm, and ρ is resistivity in Ω cm. Model estimated and calculated parameters for the samples 

at selected cure durations are presented in Table 6.2. The values of uncertainty in estimations are listed with 

each corresponding parameter, and for the calculated data, the values of the propagating errors resulting from 

the uncertainties are given. 
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Using the calculated electrical resistivity at different time points of the curing process, the degree 

of cure was estimated from the equation (6). The comparison between the degree of cure determined using 

EIS and DSC is shown in Figure 6.7. While DSC predicts much faster curing during the initial period, 

both techniques are in better agreement at the later stages of cure, indicating the degree of cure of 0.98 

(DSC) and 0.92 (EIS) at 20 h and 0.99 and at 24 h. Interestingly, the model-estimated bulk resistance of 

epoxy/amine samples dropped after 24 h. This phenomenon requires further investigation. 

 

 

 

Figure 6.7. Degree of cure under isothermal curing of epoxy/amine system at room temperature 

(25°C) estimated from EIS and modeled based on DSC data. 
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Table 6.2. EEC parameters estimated by model fitting and calculated properties of epoxy/amine 

networks 
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The cure kinetics estimated for IL-modified samples based on the EIS data (Fig. 6.8) indicates that 

the samples with 5 – 40 wt.% IL loadings cured slower compared to unmodified epoxy, which is explained 

by the plasticizing effect of IL. The samples achieved the maximum cross-linking at 72 h after mixing. A 

significant dependence of the curing rate on the amount of added IL was not detected as the data points 

for the samples containing 5, 10, 20, and 40 wt.% practically fall on the same curve. The cure kinetics 

estimated for the sample with 50 wt.% IL loading was much different from that of the other samples. 

While according to the model this sample also reaches its fully cured state at 72 h, the degree of cure at 

12 h is estimated at 0.9. There are several possible reasons for such a result. First, equation (6) has 

questionable validity for the estimation of the curing degree of the 50 wt.% IL-modified samples because 

there is no straightforward dependence of the ionic conductivity on the material’s viscosity due to the 

insufficient confinement of IL. Second, the modeling precision with the simplified EEC was lower for 

these samples (10% error) due to their more complex dielectric response. However, there is a strong 

possibility that the samples containing 50wt.% of IL had a limited ability for cross-linking that resulted 

from the failure to confine the IL, and these samples approached their maximum network density much 

earlier in the process.  

Overall, given that no attempt to control the ambient room temperature and humidity during the 

EIS measurements was made, the performance of the technique in cure monitoring is impressive, which 

underlines the applications of this method for in situ cure monitoring. 
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Figure 6.8. Degree of cure of samples modified with various wt.% of IL estimated from EIS data. 

 

IL-loading dependent conductivity and compression strength 

The dependence of bulk conductivity and compression strength of the fully cured samples on the 

amount of IL loading is presented in Figure 6.9. The casted 50 wt.% IL-modified samples for compression 

testing did not achieve structural integrity during curing, and therefore, the data point for these samples 

could not be obtained. The compression strength of the epoxy/amine decreased with the increasing wt.% 

of added IL. The amount of IL loading had a slightly unexpected effect on the ionic conductivity of 

epoxy/amine networks. The addition of 5 wt.% of [BMIM]BF4 resulted in an order-of-magnitude increase 

in the ionic conductivity of the epoxy/amine (from 10-12 to 10-11 S/m), while 10 – 40 wt.% IL loadings 

yielded less conductive products.  
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Figure 6.9. The conductivity (black) and compression strength (blue) of the fully cured samples as a 

function of IL content. 

 

This seemingly abnormal behavior could be explained by the limited miscibility of [BMIM]BF4 

with the selected epoxy. While 5 wt.% of IL could form a more evenly distributed percolating network, 

the larger IL loadings could result in phase separation and accumulation of IL into clusters separated by 

epoxy/amine network, which would in turn decrease the overall materials’ ability for ion conduction. 

SEM/EDS studies of the samples’ morphology were conducted to gain more insight into this phenomenon. 

IL-loading dependent morphology of cured epoxy/IL blends  

Figure 6.10 demonstrates SEM images for unmodified epoxy and epoxy/IL systems containing 

various wt.% of IL. The addition of IL significantly affects the morphology of the epoxy/amine network: 

phase separation is taking place, resulting in microstructures that contain IL droplets dispersed in the bulk 

epoxy phase. All the IL-modified samples have closed pore structures, and the density and size of the 

pores demonstrate a steady increase with the increasing content of IL. The pore diameter reaches ~ 0.6 µm, 
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~ 1-1.3 µm, and ~ 1.5 µm for the samples containing 5 wt.%, 10 wt.%, and 20 wt.% of IL, respectively. 

With the addition of 40 wt.% of IL the diameter of the pores increases dramatically up to ~ 65 µm.  

Using EDS elemental analysis, the IL domains can be distinguished by the fluorine (F) signature, 

F is present only in samples modified with [BMIM]BF4. The full elemental maps are presented in 

Figure 6.11. Notably, Al is present in the samples with pores 1 µm in diameter or larger due to the alumina 

slurry particles that were entrapped in the pores during polishing. In epoxy networks containing 5wt.% of 

[BMIM]BF4, the IL is well-distributed, and no IL agglomeration is observed. The samples with 10wt.%, 

20wt.%, and 40 wt.% of [BMIM]BF4 demonstrate some dispersion of the IL through the bulk of the epoxy, 

but spherical clusters of the IL can be clearly distinguished by the F signature.  

The revealed morphology provides an explanation for the loss of the mechanical properties from 

the microstructural point of view. The size and density of the pores increases with the increasing content 

of IL, which in turn causes the observed decrease in compressional strength. 
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Figure 6.10. SEM micrographs of: a) unmodified epoxy and epoxy modified with various amounts of 

[BMIM]BF4 IL b) 5 wt.%, c) 10 wt.%, d) 20 wt.%, e) 40 wt.%.
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Figure 6.11. Complete EDS elemental maps of epoxy modified with various amounts of [BMIM]BF4: 

a) 5 wt.%, b) 10 wt.%, c) 20 wt.%, d) 40 wt.%. 
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Conclusions 

Epoxy/amine networks containing various amounts of [BMIM]BF4 were prepared by curing 

epoxy/amine in the presence of the IL. The studied epoxy system was able to confine up to 40 wt.% of the 

IL. The samples with 50 wt.% of [BMIM]BF4 could not develop sufficient cross-link density for the IL 

confinement and did not fully solidify.  

The loading of 5 wt.% of the IL improved the ionic conductivity of epoxy/amine by an order of 

magnitude, while reducing its compression strength only by 2.5%. A seemingly abnormal trend in 

conductivity was observed: the conductivity of the samples with 5 wt.% of [BMIM]BF4 was higher than 

that of other samples with 10, 20, and 40 wt.% of the IL. The investigations into the samples’ morphology 

provided explanation for this phenomenon: in the sample containing 5 wt.% of [BMIM]BF4, the IL was 

randomly dispersed throughout the bulk, providing small conductive grains with relatively low grain 

boundary resistance. The conductivity of the 10 wt.% [BMIM]BF4-modified sample approaches that of 

the pure epoxy. The conductivity of the epoxy with 20 wt.% [BMIM]BF4 sample drops below the pure 

epoxy value due to the increased sizes of pores as well as the increase in size and density of IL 

agglomerates. The large clusters result in higher grain boundary resistance: here, the current has to travel 

across the larger insulating grain boundaries, while a larger quantity of small IL clusters provides a 

somewhat “shortened” path for the current. So, even the 40 wt.% [BMIM]BF4-modified sample 

conductivity, while better than that of 10 wt.% [BMIM]BF4/epoxy sample, does not surpass that of the 

sample containing only 5 wt.% of the IL. The significant increase in conductivity is observed only for 50 

wt.% [BMIM]BF4/epoxy, where a continuous conductive path is established, as epoxy/amine networks 

failed to confine the IL and from a cross-linked 3D network. 

DSC and EIS techniques were employed for characterization of epoxy/amine cure kinetics and 

cure monitoring. While DSC predicted higher curing rates during the initial curing stage, the two 
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techniques exhibited a good correlation later in the process. EIS is a versatile tool for real time monitoring 

of reactive processes and dielectric measurements and can also provide valuable information for 

optimization of materials formulations. At the moment, the nature of estimated cure kinetics remains 

phenomenological, and the development of fundamental scientific correlations between dielectric and 

chemo-rheological phenomena is required to realize the full potential of the technique in cure monitoring. 

The utilization of EIS for complex systems can be hindered by a lack of understanding and ability to 

differentiate between the multiple molecular-level dielectric phenomena occurring in such systems. 

Therefore, it is highly recommended to gain some insight into the properties of the studied materials with 

other complementary techniques prior to EIS analysis. 
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Chapter VII 

SUMMARY AND FUTURE WORK 

Summary 

 The year 2020 marks a century since Hermann Staudinger first published306 his concept of 

polymers as long chains of covalently linked molecules307. Staudinger's revolutionary insights engendered 

the era of rational development of functional polymeric materials308, which have become essential in 

modern civilization. Through human creativity, synthetic polymers attained performance characteristics 

far superior to their natural counterparts: we can design polymers on the molecular level, tailoring their 

chemical structure, chain topology, architecture, and tacticity to achieve the desired thermal, mechanical, 

electrical, barrier, and stimuli-responsive properties for advanced applications4. 

 A crucial task of finding new techniques for obtaining functional polymers and improving the 

simplicity, efficiency, environmental safety, and commercial applicability of the existing methods stands 

for the foreseeable future. The current technological and societal challenges persistently call for polymeric 

materials with enhanced properties and functions. My hope is that this work has made a useful, even if 

tiny, contribution to the magnificent field of functional polymers. 

 Most immediately, the facile methods proposed in this work contribute to the pool of techniques 

that can be utilized in a commercial setting for preparation of functional polymer films with tunable 

properties.  

 In Chapter IV, I have described the synthesis of catechol-functionalized methacrylate-type 

polymer films (dopamine-pGMA) directly from the silicon surfaces. The advantages of the presented route 

include simplified synthesis procedure (due to elimination of product separations and catechol 

protection/deprotection steps) and ability to adjust the concentration of the functional groups via post-
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polymerization reaction conditions. I also showed a proof-of-concept application of the films for metal 

ion sorption and sensing.  

 In Chapter V, I have presented a new method for obtaining a wide range of functional 

poly(norbornene)-type films, including polymers with omniphobic wetting properties and reactive 

scaffolds for further modification. I have emphasized the method’s capability for facile preparation of 

both free-standing polymer films and coatings that are robustly bound to the substrates. I showcased a 

number of post-polymerization modification reactions with polynorbornene containing acid chloride 

functional groups (pNBDAC), focusing on preparation of hydroxamic acid functionalized free-standing 

films and their application for chelation of Fe3+.  

 The Pint’s research group had previously utilized the blends of Super Sap CCR/CCS epoxy resin 

system and 30 – 60 % [BMIM]BF4 ionic liquid (IL) as water-resistant electrolytes for composite structural 

supercapacitors277. In Chapter VI, I have examined the cure kinetics of the epoxy resin containing 5 – 

50 wt. % of [BMIM]BF4 and established the trends for electrical conductivity and compression strength 

versus IL content. Investigations into the morphology of the cured samples helped corroborate the results. 

Contrary to the initial expectations, the conductivity did not increase linearly with the increasing wt.% of 

IL, as IL formed separate domains within the bulk epoxy resin upon curing. Among the studied samples, 

epoxy containing 5 wt.% of IL exhibited the optimum combination of properties.  

Future work 

 The results demonstrating selective sorption of Al3+ over Zn2+ with dopamine- pGMA (Chapter 

IV) beg further experiments with an extended range of metal ions and pH conditions. The efficacy of this 

polymer for selective ion sorption from complex mixtures, e.g., ocean water, would be of interest, 

especially if the polymer film were grown from porous substrates (with high surface area). I illustrated 
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the feasibility of the films for ion sensing using the QCM-D technique. Integrating the films into a device 

with an alternative (to QCM) signal transducer (e.g., microcantilevers, transistors, optical fibers) may 

result in higher sensitivity and detection limit for the analyte binding.  

 The advanced goal of this project is to implement a sensor based on the chelating polymer films 

for early detection of corrosion inside cooling water pipes at nuclear power plants. Such a sensor is feasible 

with further refinement of the presented technology, and would help extend the lifecycle of the plants, 

reduce the cost of maintenance, and lower the risk of accidents, which, in turn, could alter the unfavorable 

public perception of nuclear energy. 

In addition, dopamine-pGMA films are potentially useful for applications in energy devices309–311,  

and, when chelated with metal ions, could serve as self-healing coatings221,312 and biopolymers (e.g. 

antibacterial313,  antimicrobial202, and antifouling204 coatings, bio adhesives201). 

The method for polymer film preparation via spin coating and ROMP presented in Chapter V has 

prospective applications in an array of industries. However, the mechanisms underlying the process 

require further elucidation and may provide valuable insights for controlling the properties of the resulting 

polymer films. The potential capability of the process for obtaining high-quality block copolymer films is 

exciting and needs to be investigated. Additionally, the environmental impact of the chemical synthesis 

has not been considered as seriously as it is now. Thus, the ability to regenerate and reuse the excess 

organometallic ROMP catalyst solution is of crucial importance, as is the ability to prepare biodegradable 

polymers by this method.  

I synthesized polymer films with potentially thermally switchable wetting properties (Chapter V) 

(based on the report describing polymers with the same structure synthesized in solution by an alternative 

route20), and it would be interesting to characterize their behavior across a broad range of temperatures. 



115 

 

Such thermoresponsive coatings could be useful as smart biomaterials314, e.g., for controlling cell 

adhesion19, in nanomedicine and disease therapy315. 

Free-standing HA-pNBDAC films (Chapter V) demonstrated potential for colorimetric ion sensing 

applications; therefore, a quantitative analysis of ion chelation through spectroscopy and optical sensing 

would be beneficial for the further development of this technology. The characterization of ion sorption 

by HA-pNBDAC polymers is necessary to assess their potential for applications in environmental 

remediation and analytical application (i.e., ion preconcentration for quantitative determination). 

Moreover, other binding (e.g., for specific biomolecule recognition) and signaling moieties (e.g., 

fluorescent functional groups) could be incorporated into pNBOH and pNBDAC films (Chapter V) via 

post-polymerization modification, which would expand the scope of sensing applications.  

Currently, the development of “smart” polymer films is trending toward multifunctionality17,316, 

i.e. independent and simultaneous response to diverse stimuli, for example, temperature and pH21. 

Polymer films discussed in Chapters IV and V excite scientific curiosity as complex multifunctional 

materials with remarkable physio-chemical versatility imparted by pendant moieties.  

Outlook 

 The future without polymers is unimaginable. What comes to mind when thinking about the 

polymers of the future? Environmental sustainability317 is one of the main challenges facing polymer 

science: obtaining polymers from renewable resources with performance and costs competitive with the 

current commodity polymers, expansion of green synthesis and processing techniques (consuming less 

energy and fewer organic solvents), improvements in polymer waste management and recycling 

procedures (e.g., digital passports for polymer recycling analogous to the one Oak Ridge scientists recently 

proposed for lithium-ion batteries318) will be important. 
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Integration of multiple stimuli-responsive functions into a single polymer system could ultimately 

lead to autonomous sensing robots combining energy generation, harvesting, and storage, along with 

sensory and signal transduction functions. The multifunctionality of such polymers can eventually begin 

to mimic the wide-spectrum bioresponsiveness of many organic tissues like skin or cellular membranes. 

Applied in the field of robotics, such materials can begin to expand the overall industrial and social 

functions of automated systems. The computational applied abilities of robotic systems will be enhanced 

by a much wider array of input data sourced from smart polymers that can adapt to multiple scenarios and 

environments rather than relying on a dedicated sensor for each limited function. 

Polymers also have a place in the rapidly expanding realm of space exploration. The extreme 

environments and incredible possibilities of that seemingly limitless frontier dictate an entirely new, multi-

functional, and robust family of polymer materials. High vacuum, high radiation, and extreme temperature 

variance are all major considerations for any material that leaves Earth’s atmosphere. This is where self-

healing and “rad-hard” materials could extend the operational lifespan of deep space probes and orbital 

satellite systems. Polymer films with varied sensing capabilities can miniaturize life-sustaining equipment 

on manned craft, reducing overall mass and growing payload capacity. Alien worlds, once the provenance 

of science fiction, are now within reach. Analyzing new and hostile environments on other planets will be 

critical to the development of life sustaining systems for eventual human settlement. 

A more down to Earth application of advanced polymers is in healthcare. The global population is 

growing, and one of the fastest growing demographics is the elderly. Lifespans are longer, due in part to 

improvements in medical technology. With an aging population, adaptable polymers can create new 

solutions for blood filtration, selective delivery of pharmaceuticals, respiratory treatments, and other 

medical innovations. Air quality is of primary concern during times of widespread airborne pathogens. 
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Polymer sensors can be applied in high-risk environments like nursing homes, schools, and hospitals to 

clearly display the level of contamination in a particular space. 

In the service of research itself, tunable polymers can create huge advantages in laboratory 

applications. New, miniaturized, multi-sensor instruments, scaffolds for fast throughput reagent screening 

could make research more streamlined, efficient, and affordable for academia and the private sector. This 

could have one of the most beneficial effects, shortening the distance between theory and the realization 

of tomorrow’s most impactful concepts. 
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APPENDIX 

SELF-ASSEMBLY AND CHARACTERIZATION OF SURFACTANT-INTERCALATED 

POLYELECTROLYTE THIN FILMS USED AS ACTIVE LAYERS IN LOOSE NANOFILTRATION 

MEMBRANES 

Introduction 

Loose nanofiltration (LNF) membranes with pore sizes of ~ 5 – 10 nm are desirable in applications 

requiring removal of natural organic matter319, pharmaceuticals320, hormones321, and pesticides322. While 

more effective than ultrafiltration (UF) membranes in separation of small organic molecules323, LNF 

membranes have significantly higher permeability, and, therefore, operate at lower pressure gradients than 

tight nanofiltration (NF) membranes324.  

Compared to conventional methods for preparing active layers of nanofiltration (NF) membranes, 

layer-be-layer assembly of polyelectrolytes has numerous advantages, including high water 

permeability325, low fouling propensity326, and chlorine resistance327 of the resulting thin films, as well as 

elimination of toxic organic solvents from the fabrication process. Integration of an anionic surfactant, 

sodium dodecyl sulfate (SDS), into the polyethylenimine (PEI)/polystyrenesulfonate (PSS) active layer of 

LNF membranes was shown328 to enhance water permeability by more than 5-fold and increase humic 

acid rejection from 93% to 98%, compared to the reference LNF membranes containing PEI/PSS active 

layers prepared without SDS. The SDS-intercalated LNF membranes also demonstrated superior 

permselectivity vs. other membranes that have been used for humic acid removal to date328. 

To gain molecular level insight and possibly find an explanation for the drastically enhanced 

performance of surfactant-intercalated polyelectrolyte active layers, multilayers of PEI/PSS and 



119 

 

PEI/SDS/PSS were prepared on model Au/Si surfaces for analysis via polarization modulation-infrared 

reflection absorption spectroscopy (PM-IRRAS). 

Experimental Methods 

Preparation of polyelectrolyte multilayers on model surfaces 

Au/Si substrates were prepared and cleaned as described in Chapter III. The substrates were 

immersed into 1mM ethanoic solution of mercaptoacetic acid for 14 hours to yield negatively-charged 

SAMs on the surfaces for the subsequent deposition of PEI through electrostatic interactions. The 

deposition of the SAMs was confirmed by advancing water contact angle measurement (5°±3 for all 

samples). The attempts have been made to determine the thickness of the SAMs with ellipsometry, 

however the values were close to the sensitivity limit of the instrument. 

Layer-by-layer deposition of polyelectrolytes and surfactants was conducted using aqueous 

solutions of neutral pH. The SAM/Au/Si substrates were submerged into a 1.5 g/L solution of PEI for 

30 min, then rinsed with DI water. The following layers were assembled by immersion into SDS solution 

(3.5 g/L) or PSS solution (1.5 g/L) for 30 min with subsequent DI water rinses. The procedure was 

repeated until the desired number of layers was obtained. 

Characterization of polyelectrolyte/surfactant layers 

Contact angle goniometry and spectroscopic ellipsometry were performed according to the 

procedures described in Chapter III.  

The measurement of the thickness of the polyelectrolyte films on SAM/Au substrates was 

conducted using JA Woollam M2000VI Spectroscopic Ellipsometer. Cauchy model for a transparent film 

(with fixed refractive index of 1.45) on gold was applied to determine the value of the film thickness. 
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PM-IRRAS was performed using a Bruker Tensor 27 FTIR spectrometer with a PEM-90 

photoelastic modulator (Hinds Instruments) and a mercury-cadmium-telluride (MCT) detector with a non-

dichroic BaF2 window. The source beam employed a half-wavelength retardation modulated at a 

frequency of 50 kHz and set at 80° incident angle to the sample surface. Spectra were acquired over 10 min 

at a resolution of 2 cm−1. 

Results and Discussion 

 The thicknesses of various polyelectrolyte/surfactant multilayers are shown in Table A.1 below. 

As expected, the intercalation of SDS leads to increase in thickness, compared to the similar films 

comprised of two PEI/PSS bilayers. The deposition of another PEI layer results in decrease in thickness, 

possibly due to the effect of strong electrostatic interactions between the polyelectrolytes as PEI penetrates 

within the PSS layer. 

Table A.1. Ellipsometric thickness of polyelectrolyte/surfactant multilayers. 

Sample Average thickness, nm Standard deviation, nm 

PEI+SDS+PSS+PEI+SDS 5.2 0.3 

PEI+SDS+PSS+PEI+SDS+PSS 7.5 0.3 

PEI+PSS+PEI+PSS 6.8 0.3 

PEI+PSS+PEI+PSS+PEI 5.7 0.1 

 

As interaction of the samples with water is primarily determined by the composition of the surface, 

contact angle goniometry was performed after deposition of each polyelectrolyte or surfactant layer. 

Interestingly, no difference between the contact angles of the terminal PSS layer absorbed on PEI or SDS 

was noticed. In both cases, the advancing water contact angles of 34 °± 3 were measured. The values of 
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advancing water contact angle systematically and quite reproducibly alternated with deposition of 

polyelectrolyte (34° ± 3) and SDS (88° ± 3) layers, except when SDS was absorbed on a single PEI layer 

(possibly due to the substrate effects, as reported in other studies329).  Such an increase in contact angle 

suggests that hydrophobic tails of SDS molecules are exposed to the surface, while the anionic headgroups 

penetrate into the PEI layer329, as depicted on Fig. A.1. 

 

Figure A.1. Schematics of the inferred structure of the terminal SDS layer: hydrocarbon tails of 

SDS molecules are predominantly aligned towards the surface, while the headgroups penetrate into the 

PEI layer. 

The “fingerprint” portion of the PM-IRRAS spectra of polyelectrolyte/surfactant films is presented 

in Figure A.2. The signals attributed to PEI are not visible in the acquired IR spectra, possibly because 

PEI has lower extinction coefficient than PSS and SDS. The interpretation of the IRRA spectra in the 

polar group region is complicated due to the highly nonlinear baseline in this region330, as well as a number 

of overlapping peaks. For example, PEI C-N stretching peak (expected331 at 1129 cm−1) would overlap 

with sulfonate SO3
- anion peak332 at 1125 cm−1. However, the successful deposition of PEI is imperative 

for the subsequent absorbance of SDS and PSS layers, as electrostatic and hydrophobic (between the 

polymer backbone and the surfactant's alkyl tail) interactions stabilize the system333,334. 
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Figure A.2. PM-IRRAS spectra showing sulfonate and sulfate stretching of polyelectrolyte/surfactant 

films. 

 The peak at 1061 cm−1 (due to sulfate symmetric stretching), indicative of micellar SDS335, is 

clearly distinguishable only when SDS is the terminal layer. The peak at 1085 – 1086 cm−1 can be 

attributed to symmetrical vibrations of sulfate and sulfonate moieties interacting with counterions330,335. 
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The position of this peak at ~ 1087 cm−1 was observed for SDS sulfate groups oriented toward the 

substrate336. When SDS is the terminal layer, the broad asymmetric OSO3
- stretching doublet is observed 

at 1215 cm−1 and 1257 cm−1. From the separation between the two peaks the conformational structure of 

SDS can be inferred335. While the separations of 32 – 33 cm−1 are predicted for liquid crystals, the 

separation of 42 cm−1 observed in this study is consistent with the values for the bulk SDS (39 – 

48 cm−1)335.  

Below, Figure A.3., which depicts the C-H stretching region of the PM-IRRAS spectra of 

polyelectrolyte/surfactant films, shows a clear evidence of SDS retention: the symmetric CH3 stretching 

peak169 at ~2960 cm−1 is observed only for the films containing SDS, which indicates that SDS adsorbed 

on PEI is not displaced by rinsing and subsequent deposition of PSS. The asymmetric CH3 stretching peak, 

expected335 at ~ 2873 cm−1, is not visible (similar results for CH3 stretching bands were obtained via 

reflection absorption spectroscopy of absorbed SDS monolayers330). The presence of primary CH3 

stretching band indicates considerable degree of alignment of SDS alkyl chains336. 

The conformational order of hydrocarbon chains in polyelectrolyte- and polyelectrolyte/surfactant 

layers is also evident in Figure A.4. The location of asymmetric CH2 and symmetric CH2 stretching 

peaks169 at 2916 – 2917 cm-1 and 2848 cm-1, respectively, suggests high degree of crystallinity (all-trans 

CH2) in the PEI/PSS and PEI/SDS/PSS layers330,335. The samples containing SDS demonstrate increase in 

the bandwidth of both peaks, possibly indicative of the reduced crystallinity (increased number of gauche 

CH2) within the films330. When SDS is the top layer, both asymmetric CH2 and symmetric CH2 stretching 

vibrational frequencies shift toward higher values that are characteristic for micelles and liquid 

crystals335,337. The shoulders at ~ 2858 cm−1 and ~ 2922 cm−1 indicate possible coexistence of non-

crystallized SDS and hydrated crystalline SDS335. 
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Figure A.3.  PM-IRRAS spectra showing hydrocarbon stretching of polyelectrolyte/surfactant films. 

 

Conclusions 

Although the characteristic PEI peaks were not distinguishable in the obtained PM-IRRAS spectra, 

PEI must have been adsorbed on the negatively charged SAM and polyelectrolyte layers, as evidenced by 
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subsequent deposition of SDS and PSS. The spectra corroborate the retention of the SDS molecules 

adsorbed onto PEI, confirming that SDS is not displaced by rinsing and subsequent deposition of PSS.  

Overall, the addition of SDS into the PEI/PSS films introduces regions of reduced crystallinity 

(therefore, a slight increase in the free volume within the films), which could contribute to the increased 

water permeation through PEI/SDS/PSS- vs. PEI/PSS-modified-PAN membranes328. 
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