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ABSTRACT 

 This work aims to deepen the understanding of zwitterionic copolymer coatings and the 

necessary optimization to achieve anti-fog and abrasion resistant properties in high performance 

eyewear. A zwitterionic copolymer, 2-methacryloyloxyethyl phosphorylcholine-co-butyl 

methacrylate-co-benzophenone (BPMPC), was photochemically grafted to available hydrogens 

via the benzophenone (BP) moiety to produce a robust crosslinked network. It was established 

that monomer purity in solution was imperative for abrasion resistance, and BPMPC functional 

coatings are limited by the type of substrate they can photocrosslink to. Substrates containing C-

H bonds that undergo BP hydrogen abstraction at slower rates than that of the polymer chain, 

will not create robustly crosslinked networks resulting in loss of abrasion resistant. Finally, it 

was determined that kinetics of crosslinking are affected by wavelength of irradiation and that 

photobleaching and oxidation of benzophenone occurred in an oxygenated atmosphere. The 

findings from this research have led to a greater understanding of the BPMPC polymer system. 
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CHAPTER 1 

INTRODUCTION AND LITERATURE REVIEW 

Industrial Application of Functional Coatings 

 Product manufacturing is continuously evolving in a competitive marketplace to increase 

assets such as product quality, delivery speed, manufacturing cost, and excellent customer 

service.1 Manufacturing processes can consist of a multitude of steps, each with opportunities for 

advancement. For example, night vision goggles, an advanced piece of military equipment, have 

ten major processes for manufacturing: generation of curvature, blocking, grinding, polishing, 

frozen separation, ultrasonic cleaning, inspecting, centering, vacuum coating, and cementing.1 

High performance eye wear, because of its laborious manufacturing process, is a particularly 

important area of research both for improving the quality of the product and for streamlining 

production methods. One such possibility for eyewear improvement comes in the form of 

functional polymer coatings, which can offer decoration, protection, and special functionality 

such as antifogging or self-cleaning.2 These specialty coatings are not made through traditional 

synthesis methods or formulation techniques, but can be actualized through the use of functional 

polymers. Collaboration and integration of scientific research in commercial manufacturing is 

necessary for product development. The challenge for researchers is integrating new 

technologies in a way that conforms to preexisting production methodologies, such as industry 

substrate preferences, manufacture line coating, and irradiation capabilities.  
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Anti-Fog Polymer Coatings 

Functional coatings are useful for many applications and offer specific desirable qualities, 

such as wettability, barrier properties, adhesion, and bonding ability. One application of specific 

interest is anti-fog surface modifications. Formation of fog due to water vapor condensation 

resulting from change in temperature or humidity leads to problems in practical application. 

Anti-fog coatings are not limited to high performance eyewear, they are also used in windshields, 

optical instrumentation, and mirrors.3-7 There are many different ways to create antifogging films 

with surface modification such as deposition of hydrophilic nanoparticles or textured films, but a 

promising candidate, due to low cost and simplicity, are hydrophilic polymer coatings. 

Hydrophilic surfaces allow water droplets to spread uniformly and form a thin water film, 

reducing light scattering.8 For instance, Chevallier, et al. developed a polymer anti-fog coating 

by spin coating poly(ethylene-maleic anhydride) (PEMA) and poly(vinyl alcohol) (PVA) that 

delayed fog formation and decreased the rate of light transmission decay. Yeh, et al. silanated a 

zwitterionic sulfobetaine silane (SBSi) onto an oxidized surface to create a hydrophilic surface 

with significant anti-fog and self-cleaning properties. A very promising candidate for a facile and 

economical functional coating is a zwitterionic copolymer that exhibits excellent antifogging 

properties.9  

The copolymer (BPMPC) consists of a zwitterionic monomer (2-methacryloyloxyethyl 

phosphorylcholine (MPC)) that provides high hydrophilicity, and a benzophenone moiety to 

produce a densely crosslinked network.9 It is easily synthesized, and demonstrates excellent 

antifogging (Figure 1.1) and self-cleaning capabilities. Its ability to solvate in ethanol makes it 

compatible for use with plastic eyewear and environmentally friendly. In addition, chemical and 

mechanical resistance was exhibited by the crosslinked coating. BPMPC is a prime candidate for 
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commercial manufacturing of high-performance antifogging eyewear. However, there are 

potential limitations that must be overcome, such as scaling synthesis and optimization of 

coating methods.  

 

Figure 1.1 Photographs of (A) polycarbonate safety glasses and (B) eyeglasses on hot boiling 

water (left sides with BPMPC coating).23 

 

Benzophenone as a Photo-Crosslinker 

Biradical Triplet Formation 

Photoreactive reagents are widely used for polymer functionalization of surfaces, 

including diazirines10, aryl azides11, 12, nitrobenzils13, 14, cyclic disulfides15, 16, and benzophenone 

(BP).9, 17, 18 BP possesses unique photochemical properties, is a versatile crosslinker, and is 

commercially available, making it one of the most widely used photo-crosslinkers in 

biochemistry, organic chemistry, and material science.19-21 Upon UV irradiation , two possible 

excited singlet (S1, S2) and triplet states (T1, T2) can be achieved (Figure 1.2).22 A 𝜋 electron from 

the bonding orbital can be excited to the lowest-energy unoccupied orbital, 𝜋	∗, making the 𝜋 −
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𝜋	∗ transition. The nonbonded n electrons, found on the carbonyl oxygen, can also be excited to 

the 𝜋	∗ orbital, making what is known as the 𝑛 − 𝜋	∗ transition. It is important to note that these 

transitions are the excitation from ground state (S0) to singlet states (S1 and S2). As shown in 

Figure 1.2, intersystem crossing (ISC) from the singlet state (S1) to triplet state (T1 and T2) can 

occur upon the electron spin configuration changing from a multiplicity of 1 to 3. A direct 

transition from S0 to T1 is spin forbidden by El-Sayed rules.23 Transition between S2 and T2 is not 

energetically favorable, however rapid ISC can take place between the S1 and T2 since they have 

been shown to be isoenergetic.24  

 

Figure 1.2 Jablonski diagram of Benzophenone excited states.22 

 

The T1 state is known to be a diradical responsible for abstraction of aliphatic hydrogens 

with high reactivity, whereas the T2 excited state creates a radical in the aromatic conjugated pi 

system (Figure 1.3).19 There are conflicting reports regarding T2 state and if T2 acts as an 

intermediary step between S1 and T1
19, or if the electrons can also remain in the excited T2 state 

and react directly from that configuration.25 The 𝑛 − 𝜋	∗	triplet is the most reactive of the excited 

state species in BP, while 𝜋 − 𝜋	∗ is the least reactive.22 The lifetime of the triplet state can vary 
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based on the reactivity of the media26 and the substitution pattern on the aryl ring.27 Most 

important to the benzophenone crosslinking chemistry is the 𝑛 − 𝜋	∗ transition because hydrogen 

abstraction occurs from this electron configuration. It is important to note that 𝜋 − 𝜋	∗ transitions 

are likely to occur at a greater rate due to the spatial proximity of the n and 𝜋 electrons to the 

excited 𝜋	∗ state.  

 

 

Figure 1.3 Triplet states of BP with resonance structures.22 

 

Hydrogen Abstraction and Crosslinking of Benzophenone 

The hydrogen abstraction mechanism of benzophenone allows for the crosslinking of the 

BP moiety to an available C-H bond upon irradiation. The 𝑛 − 𝜋	∗ biradicaloid triplet state can 

abstract a hydrogen atom from accessible C-H bonds, allowing for the subsequent radicals to 

recombine and create stable, covalent C-C bonds (Figure 1.4). This photo-reaction allows for 

various approaches to surface modification in polymer and material science. However, hydrogen 

abstraction by benzophenone is dependent on the reactivity, density, and location of the 
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abstractable hydrogens.28 Radical stability is the primary kinetic driver for hydrogen abstraction 

with reactivity decreasing as radical stability decreases.29 Aliphatic hydrogens located alpha to 

heteroatoms such as nitrogen display increased reactivity due to charge transfer interactions 

between the BP triplet and electrons in the heteroatom prior to abstraction.28 Radical stability 

generally increases with increasing substitution, therefore kinetics for abstraction increase in the 

order of primary, secondary, and tertiary hydrogens. Aromatic hydrogens are among the least 

reactive, with a rate constant two orders of magnitude lower than primary hydrogens.30  

 

 

Figure 1.4 Scheme of benzophenone (BP) hydrogen abstraction and crosslinking. 

 

Oxidation and Photobleaching 

 Photoinduced degradation (photobleaching) and oxidation remain an important factor for 

chromophores that undergo UV irradiation. One of the main components of oxidation31 and 

photobleaching32-36 is the formation of reactive oxygen species (ROS), which is a collective term 

for singlet oxygen, superoxide radicals, and any other oxidizing species formed subsequently.37 

Molecular oxygen can react with BP in the biradical triplet state to form ROS and subsequently 

degrade chromophores.37-39  
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 Hou et al. studied ROS production under UV light exposure in a photoactive 

benzophenone derivative for the creation of antimicrobial cellulose textile. 3,3’,4,4’-

Benzophenone tetracarboxylic acid (BPTCA) was reacted with the hydroxyl groups on cellulose 

to form ester bonds, and the photochemical reactive mechanism was investigated (Figure 1.5). 

The triplet state of benzophenone is achieved through UV irradiation, after intersystem crossing 

(ISC) from the excited singlet state. The benzophenone intermediate triplet state can be readily 

quenched by oxygen to the ground state with the production of singlet oxygen (1O2), or it can 

abstract a hydrogen atom from another molecule, generating a benzophenone radical and carbon 

radical, which then may undergo crosslinking via an alternative pathway previously discussed 

(Figure 1.5, reactions 1-3).40, 41 Under continuous light exposure, the benzophenone radical can 

react with oxygen to produce ROS, such as hydroxyl radicals (HO∙), superoxide (O∙), and 

hydrogen peroxide (H2O2) (Figure 1.5, reactions 4-7). ROS concentrations, specifically hydrogen 

peroxide) were shown to increase with increasing irradiation exposure, but were not effect by 

temperature during irradiation.  
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Figure 1.5 Scheme of Benzophenone Photoactive Reaction42 
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Thesis Objectives   

 The objective of this thesis is to further the understanding of the BPMPC polymer system 

and its potential limitations as a commercially viable functional coating. This was completed by 

rigorous fog and abrasion testing to determine optimal properties necessary for high-performance 

eyewear. The effects of residual monomer on these properties necessitated the addition of a 

secondary precipitation step during synthesis to enable a densely crosslinked network. In 

addition, substrates containing abstractable hydrogens with different radical stability were 

evaluated to define the ability of BPMPC to crosslink to commercially utilized substrates. Lastly, 

kinetics of reaction were investigated by UV-Visible spectroscopy (UV-Vis) and Fourier 

transform infrared spectroscopy (FTIR), where it was determined photobleaching and oxidation 

interference had occurred.  
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CHAPTER 2 

EVALUATION OF ANTI-FOG PROPERTIES, ABRASION RESISTANCE, AND KINETICS 

OF REACTION FOR A ZWITTERIONIC FUNCTINAL COATING1 
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Abstract 

 In this work, we investigated a zwitterionic copolymer as a viable and commercially 

scalable option for use as anti-fog coatings for high performance eyewear. The polymer coatings 

were photochemically grafted to available abstractable hydrogens on substrates via a 

benzophenone moiety to produce a robust crosslinked network. Evaluation of the applicability 

and performance of this polymer were imperative, so a series of experiments investigating the 

anti-fogging properties, abrasion resistance, and kinetics of crosslinking were performed. It was 

determined that crosslinking was affected by monomer impurity, leading to an additional 

purification step for larger scale synthesis. It was determined that substrates possessing 

hydrogens that are abstracted at rates slower than those within the polymer chain are not viable 

for creation of high-performance eyewear. Additionally, the kinetics of crosslinking were found 

to be affected by the wavelength of irradiation. Photobleaching and oxidation of the 

benzophenone occurred during irradiation in the presence of an oxygenated atmosphere. Issues 

with commercial application were addressed and improved, resulting in a more viable anti-

fogging, abrasion resistant coating for high performance eyewear.  
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Introduction 

 Tremendous effort has gone into the development of functional surfaces through 

manipulation of chemical and physical properties to achieve optimal interfacial reactions for 

various applications in biotechnology, optics, electronics, and photonics.1-5 One subsection of 

specific interest is functionalized surfaces that possess anti-fogging properties. This is achieved 

by limiting the water vapor condensation formation resulting from temperature and humidity 

changes, therefore solving practical problems in applications such as windshields, optical 

instruments, safety and eyeglasses.6-10 There are many different ways to create anti-fogging films, 

such as electro-spinning a textured film, which facilitates the spread of water via modifying the 

surface’s chemical environment and geometric microstructure.11-14 Other methods include 

deposition of hydrophilic photo-activated TiO2 and ZnO nanoparticles,15-17 or a hydrophilic 

polymer coating.18, 19 Toxicity of reagents, added costs for multi-step production, and robustness 

of final product are practical limitations, which provide the basis for methodology selection.  

Among all methods, use of the zwitterionic polymer BPMPC was deemed a cost 

efficient, versatile, and an environmentally friendly choice for creation of a hydrophilic anti-

fogging polymer film. Previous research has shown that18, 19 MPC’s charged groups create a 

hydration shell as a result of electrostatic interactions similar to that of free water, which 

provides the optimal anti-fogging properties displayed by zwitterionic polymers. Robustness of 

the anti-fogging polymer film is achieved via incorporation of benzophenone (BP) on the 

polymer backbone, which acts as a crosslinking agent. Synthesis and structure of BPMPC is 

shown in Figure 2.1. UV Irradiation can cause multiple excitation transitions, including 𝑛 − 𝜋	∗ 

and 𝜋 − 𝜋	∗ excitations, allowing for the abstraction of hydrogen atoms from neighboring C-H 

bonds to form new C-C bonds.20 The use of BP offers many benefits including rapid 
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photochemical reactions and the ability to tailor UV irradiation parameters for adjusted surface 

properties.21, 22  

 

 

Figure 2.6 Synthesis of BPMPC Copolymer23 

 

While BP is a very versatile and apt choice for anchoring anti-fogging zwitterionic 

polymer films, there are limitations to both laboratory scale processes and commercial upscaling 

that must be considered. For example, Christensen et al. analyzed the gelation of acrylate 

copolymers with pendent BP UV-induced crosslinkers, and found that the location and type of 

highly abstractable hydrogen atoms were crucial to the ability of BP to create robust networks. 

When the abstractable hydrogens were present on the main polymer chain, BP induced chain 

scission rather than crosslinking, and the species of hydrogen dictated the rate constants for 

abstraction.24 Limitations on type of plastic substrate available to create a robustly crosslinked 

network is of special importance for industrial application. The most common plastic used for 

goggles is polycarbonate, with nylon, a more durable option, being considered for newer models. 

For the industrial application of anti-fog coating, the type of plastic used, as well as any previous 

surface functionalization such as anti-abrasion coatings, must be considered. In addition, 

although BP hydrogen abstraction reaction has been shown to be proceed with reasonable 
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efficiency in the presence of oxygen,25, 26 there are indications of oxidation and photobleaching.27-

30 This not only effects the ability to monitor the reaction via spectroscopy, but it also effects the 

capacity of BP to create robust polymer networks. 

In this study, a zwitterionic copolymer (2-methacryloyloxyethyl phosphorylcholine-co-

butyl methacrylate-co-benzophenone, BPMPC) was synthesized and covalently grafted to alkyl-

modified glass and plastic eye lenses upon UV-irradiation. The potential limitations of BPMPC 

coatings on anti-fogging and abrasion resistance were characterized, leading to a greater 

understanding of the polymer system and its potential application in industry. The BPMPC 

coating performance showed sensitivity to monomer impurities, thus introducing additional 

purification steps during synthesis. Limitations for commercial use also include the type of 

plastic lens and the abstractable hydrogens it contains. There must be a greater affinity for 

polymer-substrate over polymer-polymer crosslinking in order to achieve a robust network able 

to withstand normal eyewear abrasion. Moreover, optimal irradiation parameters including 

wavelength and atmosphere were evaluated for their effect on kinetics and oxidation.  

 

Experimental Section 

Materials  

2-Methacryloyloxyethyl phosphorylcholine (MPC) was purchased from Sigma Aldrich; 

2,2’-azobis(2-methylpropionitrile) (AIBN) and n-butyl methacrylate (BMA) were purchased 

from Alfa-Aesar. Isobutyltrichlorosilane (iBTS) was purchased from Tokyo Chemical Industry. 

Glass slides were purchased from Fisher-Scientific. All sample goggles, polycarbonate, and 

nylon were supplied by US Army Combat Capabilities Development Command Soldier Center 

in Natick, MA.  
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Synthesis of 4-vinyl benzophenone (4-VBP)23  

In a flame dried round bottom flask, 1M magnesium chlorostyrene is prepared by 

dissolving excess magnesium and p-chlorostyrene in THF with a flake of iodine. 1 equiv. of 

benzonitrile is then added dropwise, followed by stirring for 6 hours. The mixture was cooled to 

0°C and quenched with water, followed by dilute sulfuric acid until a homogeneous solution was 

obtained. The solution was subjected to an aqueous workup and dried with MgSO4. After 

removal of the solvent, the crude product was purified by flash chromatography. The resulting 

residue was further purified by trituration from MeOH once, followed by EtOH twice, affording 

a 41% yield. 

Synthesis of BPMPC  

All BPMPC polymers were synthesized by radical polymerization using a previously 

reported procedure.18 In general terms, MPC, BMA, and 4-VBP were dissolved in EtOH (total 

monomer concentration of 1 mmol mL-1) with AIBN initiator (concentration of 0.01 mmol mL-1) 

and degassed in argon for approximately 30 minutes. The radical polymerization reaction was 

carried out under N2 atmosphere at 60℃ for 16 h. Reaction was completed by cooling, exposing 

to air, and precipitating in ethyl ether. It was then dried under vacuum for 12 h to gain white 

solid product. Structure and monomer ratio were confirmed by 1H NMR in DMSO (Figure A1, 

Table A1). 

Substrate Preparation and BPMPC Coating  

All glass slides, quartz, and silicon substrates were sonicated with deionized water, 

isopropanol, acetone, and hexane for 5 minutes each, then dried under nitrogen. They were 

plasma cleaned (Harrick Plasma PDC-32G) and treated with iBTS dissolved in toluene 

overnight, before being rinsed and dried under nitrogen. 
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Spin coating, drop casting, and paint coating were all used for application onto the 

substrate. For spin coating, 0.25 mL of BPMPC/ethanol solution (10 mg mL-1) was spun at 1000 

rpm for 30 seconds. Drop casting was used for quartz substrates during UV-Vis kinetics studies. 

Paint coating was applied to goggles and other substrates with a sponge paint brush at a 

concentration of 10 mg mL-1. The coating was applied by wetting the brush in solution, and 

pulling across once to gain a uniform and even coating. Solvent was allowed to evaporate, and 

another coating was applied for a total of 4 passes.  Irradiation was performed with a wavelength 

of 254 nm or 365 nm.  

Characterization of Polymer Coatings23  

UV-Vis Spectroscopy and Kinetic Measurements  

Benzophenone crosslinking was evaluated with UV-Vis spectroscopy on iBTS 

functionalized quartz substrates. The decreasing intensity of the BP carbonyl during reaction 

completion was used for kinetics calculations.  The polymer solution (10 mg mL-1) was cast on 

functionalized quartz and allowed to evaporate. The UV-Vis spectroscopy was performed on a 

Cary Bio spectrophotometer (Varian) and irradiation was completed using a Compact UV Lamp 

(UVP) with a wavelength of 254 nm and 365 nm. The substrates were held a specific distance 

from the light to obtain approximately 6.5 mW cm-2 for both wavelengths of irradiation.  

Inert atmosphere was created by clamping a 1 in x 1 in custom mold with rubber O-rings 

between the BPMPC coated quartz and a blank quartz. This mold had a needle inlet for nitrogen 

flow, and was monitored by needle outlet into a water bath, with a bubble production of 

approximately 1 per second. The inert quartz chamber was allowed to purge for 5 minutes before 

UV-Vis measurements were taken. Irradiation was completed by placing the UV lamp inside the 

UV-Vis instrument, to ensure that the substrate was not moved in between measurements.  
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Infrared Spectroscopy (GATR-FTIR) 

Thermo-Nicolet model 6700 spectrometer equipped with a variable grazing angle 

attenuated total reflection (GATR) accessory (Harrick Scientific) was used for infrared 

spectroscopic studies. Resolution was set to 2, with spectra taken between 4000 and 600 cm-1. A 

5 𝜇L BPMPC/EtOH solution (10 mg mL-1) was drop casted directly onto the Ge crystal and 

allowed to evaporate to remove all ethanol. In between FTIR measurements, irradiation was 

directly applied to the coating while on the Ge crystal. Inert atmosphere was created by 

modifying the set up used in UV-Vis spectroscopy. The custom mold and one quartz slide were 

clamped to the coated Ge crystal, and allowed to purge for 5 minutes before measurements and 

irradiation via UV lamp were completed. A water bath and outlet hose were used to monitor 

nitrogen flow.  

Anti-fogging Test19 

The anti-fogging property of various BPMPC coated substrates were evaluated by hot-

vapor methods. The coated substrates’ optical clarity was qualitatively evaluated by T-40-1-P-

OP NBS-1952 Resolution Test Chart before and after being held approximately 3 cm above 60℃ 

water for 20-30 seconds. Pass/Fail evaluation was determined by the level of optical clarity seen. 

Videos and photographs were recorded for each experiment.  

Abrasion Test 

 Abrasion testing kit was purchased form EMS Acquisition Corp, consisting of a MIL-

CCC-C-440 cheesecloth and 1-1.25 lb aluminum abrasion tester. MIL-M-13508C, 4.4.5, MIL-C-

675C 3.8.4.2 and 4.5.11 were followed for testing the coatings optics and abrasion. Generally, 

this consisted of securing a folded 3”x4” piece of cheesecloth over the eraser, located at the tip of 

the aluminum tester. The tester was held normal to substrate and cycled back and forth for 25 
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cycles, or 50 strokes, over an area of approximately 1 inch. The substrate was then cleaned, 

dried, and optically inspected for any deviations between abraded and non-abraded surfaces. In 

addition, anti-fogging properties were re-evaluated to ensure fogging performance was not 

affected during abrasion of BPMPC coating. 

 

Results and Discussion  

1. Monomer Impurity 

The importance of polymer purity and its effect on BPMPC performance, such as anti-

fogging abilities and abrasion resistance, is studied in this section. On both a commercial and 

laboratory scale, the impact of residual monomer in the zwitterionic copolymer system can be 

detrimental to coating performance. Therefore, it is important to understand what effects 

impurities can impose in order to create optimal coating performance.  

Previous research showed23 a zwitterionic copolymer (benzophenone-co-2-

methacryloyloxyethyl phosphorylcholine-co-butyl methacrylate, BPMPC) possessing anti-

fogging properties19 was synthesized by radical polymerization, and polymer composition was 

confirmed using 1H NMR spectroscopy (Figure A1). Monomer composition was based on NMR 

integrations23 for 3.25 ppm (-N(CH3)3, 9H) for the MPC unit, 1.45-1.63 ppm (-CH2-, 4H) for the 

BMA unit, and 6.80-7.85 ppm (aromatic C-H, 9H) for the BP unit. While precipitated after 

synthesis, 1H NMR spectroscopy did show residual monomer, therefore further purification via 

multiple precipitations (ethanol into ether) was conducted for a purified BPMPC (Figure A2). 

Overall composition of monomer units remained relatively consistent between BPMPC and 

BPMPC-RM (residual monomer), as outlined in Table A1. In addition, kinetics of irradiation for 

BPMPC was unaffected by purification and residual monomer impurity, as shown in Figure B1. 
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Optical clarity, according to visual inspection using a T-40-1-P-OP NBS-1952 Resolution Test 

Chart, was unchanged between control, BPMPC-RM and BPMPC coatings.  

 The anti-fogging performance of BPMPC coatings was demonstrated by hot-vapor tests. 

It is observed from the images (Figure 2.2) that condensation formed on the noncoated control 

goggle, and light scattering is easily observed.  However, fogging did not occur on the BPMPC 

functionalized substrates as it was placed over the hot vapor. Excess condensation can sometimes 

be observed towards the end of fogging tests due to over-saturation of the polymer matrix. The 

results of this experiment indicate minimal differences between BPMPC-RM and BPMPC, 

concluding that residual monomer does not affect the performance of the hydrophilic coating nor 

the ability of the water droplets to diffuse into the polymer coating and expand the basal area, a 

phenomena that has been shown in previous coatings of semi-interpenetrating polymer 

networks.18, 19, 31  

 Abrasion resistance is an important component of high-performance anti-fog coatings 

that is often overlooked. A coating that is not durable to the everyday wear and tear is not useful 

no matter how well it can prevent fogging. As seen in Figure 2.2, there is a large difference 

between the abrasion performance of coatings with and without residual monomer. The BPMPC-

RM coating immediately abrades under the tester, and fog testing afterwards confirms the 

permanent removal of the zwitterionic coating. The purified BPMPC does not show any signs of 

abrasion after testing, demonstrating a robust network of crosslinked polymer with the ability to 

withstand the daily damage inflicted upon high performance eyewear. It is hypothesized that the 

excess monomers in the matrix undergo crosslinking during UV irradiation, leading to the BP 

components linking onto loose molecules, rather than neighboring polymeric chains. Therefore, 
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the polymer system with residual monomer impurity is not as robust or abrasion resistant as that 

with minimal monomer concentration.  

 This is an important consideration for upscaling the zwitterionic copolymer for 

commercial production, as increased purification through multiple precipitations would be 

required. This is a facile solution, but may have previously unseen economic impacts in time and 

solvent costs. The level of tolerable residual monomer impurity is not known, and must be 

considered for balancing production costs with BPMPC coating performance.  
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Figure 2.7 Photographs of (A) noncoated goggle over steaming water, BPMPC-RM coated 

goggle (B) immediately after exposure to the fogging test and (C) after the abrasion test, and (D) 

BPMPC coated goggle after abrasion and fog testing.  

 

2. Substrate Crosslinking Affinity 

 As is well studied by Christensen, et. al., the benzophenone chemistry and crosslinking 

ability is directed by the reactivity, density, and location of abstractable hydrogens in the 

polymer system. Numerous studies have detailed the reactivity of hydrogens to benzophenone 
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abstraction, and attribute their sensitivity to radical stability.24 Certain heteroatoms (for example, 

nitrogen, oxygen, and sulfur) are particularly susceptible to hydrogen abstraction due to the 

hcharge transfer interactions between the BP triplet and electrons in the heteroatom.24, 32, 33 

Reaction rates include C-H bonding increase in the order of aromatic, primary (10), secondary 

(20), and tertiary (30).24, 34 Reactivity rates, for reference, are outlined in Table 2.1.  

 

Table 2.1 Relative rates of hydrogen abstraction by benzophenone.24, 34 

species k [M-1s-1] relative to primary 

primary 1.70 x 103 1 

secondary 6.8 x 104 40 

tertiary 5.1 x 105 300 

benzene C-H 2.7 x 101 0.016 

 

It is necessary for the zwitterionic copolymer to successfully crosslink via polymer-

substrate linkages to create a robust anti-fogging coating with the ability to withstand normal 

wear and tear experienced in application. In order for this polymer-substrate linkage to be 

achieved, the benzophenone must have favorable hydrogen abstractions towards the substrate 

over the hydrogens located in the polymer itself. The substrate will be favored if the type of 

hydrogen available has a higher abstraction rate with benzophenone than any hydrogens in the 

polymer chain. If the substrate has comparable rates of abstraction as the polymer chain, it is 

hypothesized that crosslinking will occur at equal rates for both polymer-polymer and polymer-

substrate. Finally, if the substrate possesses hydrogens that have lower abstraction rates than the 



 

28 

polymer, an imbalance in crosslinking density favoring polymer-polymer linkage will occur, and 

the coating will not be robust enough to withstand abrasion. 

Durability of BPMPC coatings crosslinked to applied substrates were investigated by 

coating surfaces possessing different abstractable hydrogens, specifically polycarbonate blanks, 

nylon blanks, and isobutyl trichlorosilane (iBTS) modified glass slides. Polycarbonate and nylon 

were chosen due to their commonality in eyewear manufacturing. Polycarbonate contains both 

primary and aromatic hydrogens, while nylon possesses secondary hydrogens (note that the 

secondary hydrogens are not all equal in reactivity, some are located alpha to a heteroatom 

causing a differentiation in abstraction rate as stated above). iBTS modified glass slides were 

chosen for their possession of tertiary, secondary, and primary hydrogens. The coated substrates 

were irradiated at 254 nm, washed in ethanol to remove excess polymer, and subjected to 

fogging and abrasion testing.  

The zwitterionic BPMPC copolymer contains aromatic, primary and secondary 

hydrogens, and a single tertiary hydrogen per benzophenone repeat unit. When coated to 

polycarbonate and irradiated, the benzophenone will undergo hydrogen abstraction at different 

rates depending on hydrogen reactivity. As shown in Figure 2.3, the BPMPC coated 

polycarbonate possessed anti-fogging properties, displaying an amount of crosslinking between 

polymer-substrate to withstand rinsing. However, clear failure was shown upon abrasion testing 

(Figure 2.3 C), by leaving visible marks and failing the anti-fog test where abrasion occurred. 

The BPMPC polymer was permanently removed from the substrate, indicating a lack of robust 

network formation between polymer-substrate. Due to the tertiary and secondary hydrogens in 

the BPMPC polymer chain, it is unlikely that polycarbonates primary and aromatic hydrogens 

where able to be abstracted at a rate favorable for the necessary amount of polymer-substrate 
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crosslinking needed for a robust adherence. It is therefore shown that when the polymer contains 

hydrogens with a higher abstraction rate, polymer-polymer crosslinking will occur. In terms of 

coating polycarbonate for eyewear on a commercial scale, one possible solution would be to pre-

functionalize the plastic to obtain hydrogens favorable for polymer-substrate interactions. An 

example of this was shown in section 2.1, in which the polycarbonate sample goggles provided 

were already pre-coated in proprietary abrasion resistant coatings that allowed for the successful 

crosslinking of the BPMPC copolymer.  

Polymer-substrate interactions were favorable for both nylon and iBTS modified glass, 

displaying both anti-fogging and abrasion resistant properties (Figure 2.4). Both BPMPC and 

nylon contain secondary hydrogens available for abstraction. It is shown that a robust 

crosslinking network necessary to withstand abrasion can be achieved for substrates that contain 

relatively similar abstraction rates compared to the polymer coating. BPMPC does contain 

tertiary hydrogens, but it is hypothesized that due to the low density they do not exert enough 

influence on the overall crosslinking reaction to effect abrasion resistance. The tertiary 

hydrogens in the iBTS modified glass slide demonstrate that if the substrate contains hydrogens 

with a greater abstraction rate than the polymer coating, a robust crosslinked network is 

achieved.  
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Figure 2.8 Photographs of (A) noncoated polycarbonate blank and (B) BPMPC coated 

polycarbonate sequentially after exposure to the fogging test, (C) immediately after the abrasion 

test, and (D) after post-abrasion fog test. 
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Figure 2.9 Photographs of (A) noncoated nylon blank and (C) iBTS modified glass slide 

immediately after fogging tests, and BPMPC coated (B) nylon and (D) iBTS modified glass slide 

after exposure to the abrasion and fogging tests. 

 

3. Wavelength and Atmosphere Effects 

In an effort to fully understand the characteristics of BPMPC crosslinking, UV-Vis 

spectroscopy was analyzed for kinetics of reaction. As shown in Figure 2.5 (254 nm air) a peak 
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is observed at approximately 350 nm that has not been previously identified for this BP 

copolymer. In addition, the moving isosbestic point at 300 nm indicates a clear side reaction 

occurring during irradiation. Kinetics of reaction are shown to be affected by atmospheric 

irradiation conditions. Investigation into these UV-Vis characterizations at different wavelengths 

and atmospheres will give a greater understanding of the overall BPMPC crosslinking process.  

To characterize this reaction, 10 𝜇𝐿 of 10 mg mL-1 BPMPC in ethanol solution was drop 

casted onto isobutyl trichlorosilane (iBTS) modified quartz substrates and solvent was allowed to 

evaporate. UV-Vis spectroscopy was used to investigate the crosslinking reaction, in which the 

increased irradiation time causes a decrease in BP carbonyl peak at 265 nm as hydrogen 

abstraction takes place. Figure 2.5 shows the UV-Vis spectra, where the maximum absorbance 

decreases after prolonged irradiation. In order to probe the crosslinking reaction, different 

irradiation conditions were analyzed. Atmospheric conditions are a likely source for oxidation to 

occur, therefore irradiation was done in both air (oxygenated) and inert (nitrogen) atmospheres. 

Additionally, the shifting isosbestic point and peak formations were observed to change between 

irradiation wavelengths, therefore irradiation at 254 and 365 nm was conducted.  
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Figure 2.10 UV-Vis absorption spectrum of BPMPC, drop casted onto iBTS functionalized 

quartz substrate as a function of wavelength (254nm and 365 nm) and atmosphere (air and inert). 

 

 Previous research23 has identified the 265 nm peak as the benzophenone carbonyl used to 

study reaction kinetics. However, there is a secondary peak at 350 nm that has not been 

characterized for BPMPC. First, the different electron arrangements in the molecular orbitals 

must be understood to identify the unknown peak at 350 nm in Figure 2.5. Upon irradiation of 

BPMPC, two possible excited singlet and triplet states can be achieved.20 A 𝜋 electron from the 

bonding orbital can be excited to the lowest-energy unoccupied orbital, 𝜋	∗, making the 𝜋 − 𝜋	∗ 

transition (S2). The nonbonded n electrons, found on the carbonyl oxygen, can also be excited to 

the 𝜋	∗ orbital, making what is known as the 𝑛 − 𝜋	∗ transition (S1). Intersystem crossing (ISC) 
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then occurs from the singlet state (S1) to triplet state (T1 and T2). This biradical triplet state then 

allows for hydrogen abstraction and crosslinking.  

 Irradiation of a broad spectrum of UV light occurs during UV-Vis spectroscopy, in which 

both 𝜋 − 𝜋	∗ and 𝑛 − 𝜋	∗ transitions for the BP carbonyl take place. The 𝑛 − 𝜋	∗ transition has 

lower energy relative to the 𝜋 − 𝜋	∗ transitions and occurs at higher wavelengths in UV-Vis 

spectroscopy than the higher energy excitation. Therefore, it can be concluded that the 350 nm 

peak seen in Figure 2.5 belongs to the 𝑛 − 𝜋	∗ transition, while the 265 nm peak represents the 

𝜋 − 𝜋	∗ transition for excited BP carbonyl. Although the 𝑛 − 𝜋	∗  transition has lower relative 

energy, its absorption intensity is orders of magnitude less than the 𝜋 − 𝜋	∗ transition, due to the 

spatial proximity of the n and 𝜋 electrons to the excited 𝜋	∗ state. In addition, the 𝑛 − 𝜋	∗ 

transition increases with increased irradiation, due to the change in planarity when hydrogen 

abstraction and crosslinking reactions occur.35  

There are many conclusions that can be drawn through the comparison of different 

wavelengths (254 and 365 nm) and atmospheres (air and inert) for irradiation, specifically using 

UV-Vis spectroscopy to calculate kinetics of crosslinking from the decreasing carbonyl group’s 

absorption. From previous research22, kinetic constants for each reaction condition were 

calculated by normalizing initial peak maximum absorbance (265 nm) to 1 and describing further 

irradiation peak maxima by a single-exponential decay. 

𝐴-./0123456 = 	 𝑒9:; +	𝐴=       (2.1) 

Where k is the reaction rate constant, t is time under UV-irradiation, and 𝐴= is the constant 

absorbance in infinite time. Table 2.2 shows the reaction constant, k, as calculated from the 

kinetics curves, exhibiting the significant decrease in the value of the rate constant between 

irradiation conditions of both wavelengths and atmospheres.  



 

35 

 Using the carbonyl’s absorption, the calculated rate of BP crosslinking are shown to be 

affected by both wavelength of irradiation, as well as atmospheric conditions. 254 nm irradiation 

in oxygenated air produces the fastest reaction kinetics that is an order of magnitude above all 

other reaction parameters (Figure 2.6).  The 254 nm produces faster kinetics due to the increased 

energy of irradiation over 365 nm, allowing for a larger number of 𝜋 − 𝜋	∗ transitions. This 

higher probability of excitation is shown in Figure 2.5, by comparison of the 𝑛 − 𝜋	∗ peak 

intensities between 254 and 365 nm. The 𝑛 − 𝜋	∗ transition, as mentioned above, is less probable 

than the  𝜋 − 𝜋	∗ transition, and requires a greater amount of photon energy to occur. Therefore, 

because the 254 nm shows a larger 𝑛 − 𝜋	∗ peak than 365 nm, there will also be a corresponding 

increase in 𝜋 − 𝜋	∗ transitions or more crosslinking occurrences.   

 

Figure 2.11 BPMPC photo-crosslinking kinetics study by UV-Vis spectroscopy. 

	  



 

36 

Table 2.2 Characteristics of BPMPC crosslinked by different wavelengths and atmospheres. 

sample kinetics (10-2s-1) 

254 nm, Air 8.93 

254 nm, Inert 0.646 

365 nm, Air 0.223 

365 nm, Inert 0.131 

 

It is hypothesized that the reduced rate constants from air to inert atmospheres is due to 

the formation of reactive oxygen species (ROS) in the oxygen rich atmosphere, that create a 

higher number of radicals in the zwitterionic copolymer system, allowing for total BP reactions 

to occur with higher frequency. ROS is a collective term for singlet oxygen, superoxide radicals, 

and any other oxidizing species formed subsequently.29 ROS’s play a critical role in 

photobleaching27, 36-39 and oxidation.40 Photobleaching is a potential cause for increased kinetics 

in oxygenated atmospheres. The kinetics calculation is based off of the BP carbonyl absorption, 

which represents the overall BP reactions, which includes oxidation. Therefore, the kinetics do 

not represent just the BP crosslinking, but rather any side reactions as well. This indicates that 

UV-Vis spectroscopy cannot be accurately used to exclusively show the extent of crosslinking.  

 Oxidation can clearly be seen in the isosbestic point (300 nm) movement and 𝑛 − 𝜋	∗  

peak shape change in Figure 2.5 (254 nm air) that is not seen in other reaction conditions. This 

UV-Vis spectral movement indicates a side reaction, and due to the high energy and oxygenated 

atmosphere, oxidation of the BP moiety is likely occurring. This further validates the production 

of ROS species in that polymer system. Such spectral movements and peak changes are not seen 

in other reaction conditions, specifically 365 nm in oxygen rich air. In order to track the 
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oxidation, the isosbestic point between the 𝑛 − 𝜋	∗ and 𝜋 − 𝜋	∗ peaks, as well as 𝑛 − 𝜋	∗ peak 

shape, must be observed. However, as previously stated, the 365 nm wavelength does not 

provide enough energy to properly excite the 𝑛 − 𝜋	∗ transition, thus the isosbestic point and side 

peaks cannot be observed. Therefore, oxidation at 365 nm cannot be as accurately depicted using 

UV-Vis spectroscopy.   

To further confirm the crosslinking reactions of the BPMPC in different conditions, FTIR 

was conducted on irradiated copolymers. In the IR spectra (Figure 2.7) the absorption peak at 

1650 cm-1 has previously been assigned23 as the C=O stretch of the BP ketone. Reduction of this 

peak would indicate the formation of a network polymer with covalent linkages as the BP 

undergoes hydrogen abstraction converting from a carbonyl to a hydroxide. Note, the spectrum is 

of the entire BPMPC copolymer, with a concentration of 2.4% BP, therefore the BP peak 

intensity is relatively proportional to other comonomers. Other notable peaks include 1240, 

1080, and 970 cm-1 assigned to the PC groups. Surprisingly, despite the previously discussed 

rapid kinetics calculations for 254 nm irradiation in air over inert atmospheres, there is a 

significantly lower relative BP C=O peak for inert than air after irradiation at 254 nm. The lack 

of decrease due to BP crosslinking shown in air is very likely due to overlapping peak formation 

of the carbonyl groups formed during oxidation reactions.28 In addition, there are relatively low 

BP C=O decreases for 365 nm as well, which may be attributed to the low intensity of 

irradiation, causing a lack of overall reactions occurring, as seen in the UV-Vis data. Lastly, it 

should be noted that these experiments were done without the purification step added into the 

synthesis. Unforeseen circumstances, such as Covid-19 laboratory shutdowns, prevented the 

continuation of experimentation to compare to purified BPMPC. Kinetics between BPMPC-RM 
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and BPMPC were evaluated to be nondifferentiable (section 1), however FTIR has not been 

studied.  

Crosslinking could not be accurately measured by the reduction of the BP C=O IR 

intensity due to overlapping peak formation of carbonyls generated from oxidation. Accurately 

characterizing the extent of reaction and kinetics is vital for industrial application. Understanding 

the limitations of spectroscopy, as well as the polymer responses in different reaction conditions 

brings the ability for a successful anti-fog coating one step closer. 
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Figure 2.12 GATR-FTIR spectra of BPMPC coatings before and after 254 and 365 nm 

irradiation in air and inert atmospheres. 
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Conclusions 

 A zwitterionic copolymer, BPMPC, was shown to be a viable option for anti-fog, 

abrasion resistant functional coatings. An additional precipitation step was added to larger scale 

synthesis of BPMPC to minimize the detrimental effect of monomer impurity on abrasion 

resistance. BPMPC displayed substrate crosslinking affinity, due to the difference in rate of 

hydrogen abstraction on carbons with different radical stability. Substrates such as nylon, with 

rates of abstraction greater than the C-H bonds in the polymer itself, were shown to create robust 

crosslinking networks. Substrates that had slower abstraction rates, such as polycarbonate, did 

not create a coating that could withstand abrasion. Lastly, rates of kinetic reactions for BP were 

shown to be affected by wavelength of irradiation and atmospheric conditions. It was determined 

that UV-Vis and FTIR were not accurately characterizing the extent of BP crosslinking itself, 

due to photobleaching and oxidation. Overall, a greater understanding of the BPMPC polymer 

system was achieved and reinforced its ability to become a commercially viable option for 

functionalized anti-fog, abrasion-resistant coatings.   
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CHAPTER 3 

CONCLUSIONS AND FUTURE OUTLOOK 

 

Conclusions 

 Much consideration must be put into the process of upscaling a viable anti-fogging, 

abrasion resistant coating for the purpose of manufacturing high performance goggles. Synthesis 

of larger quantities of BPMPC, a zwitterionic copolymer, must remain facile and economical. 

However, purification steps were implemented to negate the detrimental effect of monomer 

impurity on abrasion resistance. This effect was due to the large amount of excess monomer 

crosslinking during irradiation, leading to a loosely connected network of polymers and attached 

monomers that could not withstand the normal wear and tear of daily eyewear use. The next 

consideration for manufacturing a goggle is the substrate and previous surface modifications. 

Abstraction of hydrogens by BP depends on the stability, location, and density of the hydrogens 

in the system. It was shown that if the BP had a higher abstraction rate with hydrogens on its 

own polymer chain than on the substrate, as was seen with polycarbonate, polymer-polymer 

crosslinking would be favored. In order for a robust network to be formed, the hydrogens in the 

substrate must be equal to or greater in rate of abstraction than the hydrogen in the BPMPC 

polymer. Nylon and iBTS modified glass formed an abrasion resistant polymer-substrate 

crosslinked network with BPMPC.  

 Lastly, rate of BP crosslinking was affected by wavelength of irradiation and atmospheric 

conditions. 254 nm displayed faster kinetics than 365 nm due to the increase in energy and 
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number of 𝜋 − 𝜋	∗ transitions. BPMPC displayed photobleaching and oxidation in the 

oxygenated atmosphere due to the increased number of ROS in the system. It was determined 

that UV-Vis and FTIR did not accurately portray the extent of crosslinking due to 

photobleaching and oxidation.  

 

Future Work 

 Due to unforeseen circumstances, UV-Vis and FTIR analysis of purified BPMPC could 

not be conducted. Further experimentation on how the irradiation wavelength and atmosphere 

affect the crosslinking and reaction kinetics would be beneficial to the overall understanding of 

BPMPC chemistry. In addition, ellipsometry would be considered to determine extent of BP 

crosslinking, independent of side reactions, by calculation of gel fraction.  

 Optimization to a manufacturing line would be a logical next step, as large-scale 

synthesis could be optimized with the additional purification step. Experimentation to determine 

the effect of irradiation intensity kinetics, degradation, and anti-fogging properties would be 

completed. The correct substrate, or base coat, would need to be used, and optimization to 

commercial machinery would lead to a market ready anti-fog, abrasion-resistant coating for 

high-performance eyewear.  
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APPENDIX A  

NMR SPECTRA OF COMPOUNDS 

 

 

Figure A1 1H NMR of BPMPC-RM (batch 1/10/20). 
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Figure A2 1H NMR of purified BPMPC (batch 1/10/20). 

 

Table A1. Comonomer ratio’s for BPMPC (batch 1/10/20). 

Copolymer BP% MPC% nBMA% Observations 
BPMPC-RM 
(batch 1/10/20) 

2.1 69.4 28.5 Yellow, 
somewhat 
dissolve in EtOH 

Purified BPMPC 
(batch 1/10/20) 

2.4 70.0 27.8 White, dissolves 
in EtOH 
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APPENDIX B  

KINETICS ANALYSIS 

 

 

Figure B1 Kinetics comparison of BPMPC (purified) vs BPMPC-RM (residual monomer) at 254 

nm irradiation. 
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