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Marine biofouling is the buildup of organic matter and organisms on surfaces in 

underwater environments. Despite battling this problem for thousands of years, there is still no 

perfect solution and biofouling still plagues naval operations and maritime industries today. 

Historically, the solutions have spanned everything from tar and pitch to copper siding. Today, 

the most effective coatings employ biocides, which leach out toxic additives and kill target 

organisms. While extremely effective, there are environmental concerns related to the effects of 

biocides on marine ecosystems, so alternative coatings are being explored. A considerable 

amount of research is now dedicated to the optimization and improvement of polymer-based 

technologies designed to prevent settlement and mitigate strong adhesion through the creation of 

inhospitable surfaces without the use of lethal additives. 

 The work presented in this thesis represents further steps towards the development of 

more environmentally conscious materials, using a polymer-based coating to prevent both 

settlement and adhesion using surface chemistry. A previously established system designed 

specifically for implementation in marine coatings was used, composed of a polystyrene-b-

poly(dimethylsiloxane-r-vinylmethylsiloxane) (PS-PDMS) block copolymers. Pendent vinyl 

groups along the PDMS block facilitate simple functionalization of the backbone, which in turn 

can be used for the modulation of surface chemistry. Through this system, novel structures were 

investigated for their success in marine antifouling and fouling release applications. Chapters 2 

and 3 explore the incorporation of the stable radical nitroxide, 2,2,6,6-tetramethylpipiderin-1-



 

oxyl (TEMPO) as an active inhibitor to the formation of strong interfacial bonds between marine 

adhesive cements and surfaces. Chapter 4 investigates the utility of morpholine as a hydrophilic 

group to imbue amphiphilicity to the PS-PDMS backbone. Lastly, chapter 5 briefly explores the 

morphology of the PS-PDMS block copolymer and its implications in coating performance.
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CHAPTER 1  

POLYMER-BASED MARINE ANTIFOULING AND FOULING RELEASE SURFACES: 
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Abstract 

In marine industries, the accumulation of organic matter and marine organisms on ship 

hulls and instruments limits performance, requiring frequent maintenance and increasing fuel 

costs. Current coatings technology to combat this biofouling relies heavily on the use of toxic, 

biocide-containing paints. These pose a serious threat to marine ecosystems, affecting both target 

and nontarget organisms. Innovation in the design of polymers offers an excellent platform for the 

development of alternatives, but the creation of a broad-spectrum, nontoxic material still poses 

quite a hurdle for researchers. Surface chemistry, physical properties, durability, and attachment 

scheme have been shown to play a vital role in the construction of a successful coating. This review 

explores why these characteristics are important and how recent research accounts for them in the 

design and synthesis of new environmentally benign antifouling and fouling release materials. 

Introduction 

At its most basic, biofouling is the accumulation and growth of biomolecules and 

organisms on surfaces, usually to the detriment of that surface’s function. In marine environments 

it is a wide-reaching problem, impacting everything from ship maintenance to ecosystem safety. 

When a surface first enters a marine environment, the start of the fouling process is immediate, 

with the adsorption of dissolved organic matter, like proteins, carbohydrates, and proteoglycans, 

occurring in under a minute.1 This film conditions the surface to make it more hospitable to fouling 

organisms. The subsequent fouling species are often categorized into two main categories: soft 

and hard foulers.2 Soft foulers can be further divided into microfoulers, which form biofilms, 

generally composed of bacteria and diatoms, and macrofoulers like algae. Hard foulers, such as 

barnacles and mussels, are distinguished by their use of adhesives that harden to a tough cement-

like material. Biofouling is often thought of as a successional process, with settlement and growth 
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of foulers occurring in four stages: conditioning with proteins and carbohydrates, soft microfouler 

settlement and biofilm formation, soft macrofouler settlement, and then hard fouler settlement. 

Despite this, many foulers possess the ability to adhere to pristine surfaces, like motile zoospores 

of the algae Ulva linza and cyprids of several species of barnacles, which are often used as test 

organisms.3,4 

The growth of these organisms on marine surfaces has both financial and environmental 

effects. Biofouling roughens ship hulls, leading to increased drag, limiting top speeds, and 

requiring higher fuel consumption, while also contributing to issues with instrument function and 

ship maneuverability.5 A 2011 study found that typical levels of biofouling cost the US Navy an 

estimated $56 million a year in fuel penalties and maintenance for the entire DDG-51 ship class, 

with heavier fouling increasing those costs to $119 million.6 Beyond the added costs to ship 

function, fouled ships can serve as transfer mechanisms for invasive species, putting local 

ecosystems at risk.7–10 In the past few years, Singapore has seen explosive growth of the invasive 

marine mussel Mytella strigata. First identified in March of 2016, by March of 2017 juveniles 

were found in extremely high densities, with reports of more than 10,000 per 100 cm2 in some 

areas.11 With this came a radical decrease in documentation of the native green mussel Perna 

viridis. Identification of coatings that can help to alleviate these issues is highly desirable. 

Historically, a variety of methods were used to combat biofouling, spanning everything 

from tar paints to copper panel siding.12 In the twentieth century, biocidal-based paints were the 

most successful, slowly leaching out a biocide to kill anything that settled. The most successful of 

these biocides were based on alkyl tins, most notably tributyl tin. Although incredibly effective, 

long-term use revealed a host of unintended environmental impacts. Tributyl tin was recognized 

as an endocrine disruptor to mollusks, causing the growth of male genitalia in female mussels, in 
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the 1980s.13 It was also linked to abnormal shell growth in oysters and resulted in an estimated 

loss of more than $147 million to the French oyster industry because of reduced oyster production 

in the late 1970s and early 1980s.14 Tributyl tin ultimately fell out of favor owing to increased 

regulation, and it was banned in 2008 by a convention set by the International Maritime 

Organization.15–17 It has since been replaced with other metal biocides, predominantly copper- and 

zinc-based systems, which, although effective, are facing increased scrutiny themselves because 

of buildup in harbors and marinas.18–20 

Although there is still ongoing research on alternative nonmetallic biocides, there is a very 

strong interest in developing entirely nontoxic coatings, as there is little control over how biocides 

affect nontarget organisms.21–24 For these coatings to succeed, they must work against a complex 

and varied marine environment. Different fouling organisms rely on different mechanisms of 

attachment, making the design of a universal coating incredibly difficult. And with marine vessels 

often traveling cross-continentally, ensuring that a coating can perform against a wide array of 

organisms in different environmental conditions is crucial. Vessel operations are also a key 

consideration when designing a successful coating. The operational profiles of different ships can 

be quite variable, ranging from constant use at high speeds to frequent and extended periods of 

docking.6 A truly universal coating, therefore, is required to perform well in both static and 

dynamic conditions. Lastly, these coatings are expected to perform on these ships for years if not 

decades, so they need to be long lasting and quite durable without the need for constant 

reapplication. All these factors need to be taken into consideration in the design of a successful 

material. 

Today, coatings are generally designed to act in two ways: as antifouling (AF) and fouling 

release (FR) materials, as demonstrated in Figure 1-1. An AF coating prevents the accumulation 
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of biomaterials on a surface. A perfect AF coating should completely prevent the growth of marine 

species on submerged surfaces. However, it is inevitable that some species will be able to settle on 

these surfaces, often promoting the settlement of subsequent organisms.25–27 In this case, a FR 

surface is desirable because they are designed to weaken the adhesion of fouling organisms to a 

surface, facilitating easy removal. As we explore in the following sections, these solutions to the 

fouling problem involve two different mechanisms that can be at odds with one another, requiring 

materials with wildly different surface properties. Researchers today are exploring novel ways to 

incorporate both mechanisms into their systems. 

 

Figure 1-1: Schematic of mechanisms to combat marine biofouling. (a) Antifouling coatings present a 

surface that foulers do not find appealing for settlement. For example, a barnacle cyprid will land on the 

surface, and after exploring it will decide it is not hospitable and will search elsewhere to settle. (b) 

Fouling release coatings present a surface that fouling organisms can settle on but cannot firmly attach to. 

Here a barnacle cyprid explores the surface and finds it acceptable to settle on, releasing an adhesive and 

metamorphosing into an adult barnacle. But its attachment is weak, so with hydrodynamic shear from 

water jet cleaning, or a ship’s motion through the water, it is easily removed. Reprinted with permission 

from reference 126. 

In this review, we explore the key characteristics required in the design of successful 

nontoxic polymer-based AF and FR coatings. As mentioned above, with the multitude of 

requirements placed on these coatings, it is in the research field’s best interest to explore 
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multicomponent coatings that can act through a variety of mechanisms and have broad spectrum 

effects. We explore what the field has identified as the most vital components for consideration in 

the design of these coatings, where these components intersect, and where there are still gaps that 

will direct the research field in the future. 

Factors Influencing Antifouling and Fouling Release Behavior 

Surface Chemistry 

Probably the most important criterion in the design of AF and FR coatings is surface 

chemistry. Hydrophilic coatings, with high surface energies similar to water (72 mN/m), perform 

well as AF materials, as the interfacial energy between the surface and water is minimized. This 

removes any thermodynamic advantage from the adsorption of biomolecules, because it is 

energetically favorable for the surface to remain in contact with water rather than an amphiphilic 

biomolecule like a protein. Often these surfaces possess the ability to order water molecules, 

further stabilizing the hydration and enhancing the resistance to water displacement. In contrast, 

very hydrophobic, low–surface energy materials work well in FR coatings. These surfaces are 

designed to minimize interactions with biomolecules by eliminating the ability for strong polar 

interactions, like hydrogen or ionic bonding. Through dispersive interactions alone, biomolecules 

can adhere only very weakly to these surfaces, making their removal easier. 

One of the most ubiquitous AF materials is poly(ethylene glycol) (PEG), which has found 

widespread use in a variety of different structures.28–31 Despite its excellent performance, PEG 

lacks long-term stability and is susceptible to oxidative and microbial degradation,32–35 so recent 

research has focused on identifying alternatives. Charged structures, such as zwitterions and 

polyelectrolytes, are one such alternative because they can form tightly bound and highly 

structured water layers.36 Current research trends include the incorporation of these charged 
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components into complex structures and the study of the effects of charge on the behavior of 

different marine organisms. 

Although hydrophilic surfaces have shown immense promise, they generally perform well 

only as AF coatings and do not readily release fouling organisms once adhered. Some marine 

organisms even possess the ability to displace water from a surface, rendering the hydration layer 

useless.37 In these instances, a FR coating is necessary. The relationship between surface energy 

and FR is well established and described by the Baier curve (Figure 1-2).38–40 Plotting the relative 

adhesion of foulants versus critical surface tension, Baier found that there was a minimum between 

20 and 25 mN/m that gave optimal FR. This range corresponds most directly to 

polydimethylsiloxane (PDMS) and fluorinated materials, which have been explored extensively 

for FR coatings.40,41 Unfortunately, these coatings are highly hydrophobic and generally very poor 

AF materials because the high interfacial energy with water favors the adsorption of biomolecules. 

This limits their use in static applications, where there are no hydrodynamic shear forces to remove 

settled organisms. 

 

Figure 1-2: A Baier curve plotting the degree of fouling versus critical surface tension. There is a 

minimum between 20 and 25 mN/m where optimal fouling release is achieved and a trend toward a 

minimum above 70 mN/m for highly hydrated materials, which generally perform well as antifouling 

materials. Adapted with permission from Reference 40. 
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Amphiphilic coatings are designed to combine the benefits of hydrophilic and hydrophobic 

surfaces. By imparting characteristics of both, researchers hope to create coatings that can act 

effectively as both AF and FR materials. Micro- or nano-domains of hydrophilic and hydrophobic 

components create an ambiguous surface for marine foulers, so they cannot sense a large enough 

hospitable surface to attach or adhere to.42–44 A variety of tactics are used to achieve amphiphilic 

surfaces, which Galli & Martinelli recently reviewed comprehensively.45 Amphiphilic surfaces 

offer a convenient route to achieving AF/FR coatings and currently constitute a large portion of 

current research. 

Physical Properties 

Although surface energy plays an important role in AF and FR behavior, the physical 

properties of a surface are also significant. Barnacle removal can be modeled by the adhesion of a 

rigid solid attached to an elastomeric film, where the critical pull-off force is proportional to (Eγ)1/2, 

where γ is the surface energy of the material and E is the modulus. As the modulus of the material 

is lowered, the critical pull-off force is minimized.46 PDMS, with both low modulus and low 

surface energy, is ideal for FR applications. Low-modulus materials have also been shown to 

induce abnormal growth in barnacle basal plates, visible in both their shape and size.47,48 Although 

this relationship does not hold directly for soft foulers, there is still a strong correlation between 

low modulus and improved FR.49 

Film thickness has also been identified as an important factor in FR materials, and there 

exists an inverse relationship between the thickness and the critical pull-off force: As film 

thickness increases, adhesion strength decreases.46 This applies to both hard and soft foulers, with 

lower critical removal force of a barnacle from a 2-mm coating than either a 0.1- or 0.5-mm coating 



9 

 

and more than doubled release of U. linza sporelings when coating thickness was increased from 

16 to 100 µm.49,50 

Another important factor is topography, which plays a significant role in how marine 

foulers interact with, settle on, and adhere to a surface. Effective coatings have been developed 

based on these behaviors, but it requires balance of size, geometry, and spatial arrangement of 

features to ensure the widest applicability.51 Much of the research in this area takes design cues 

from natural AF systems, such as Sharklet AFTM, based on the dermal denticles of shark skin. 

Composed of diamond-shaped scales with a ribbed pattern made from a PDMS elastomer 

(PDMSe), Sharklet AFTM reduces U. linza settlement up to 86% in laboratory assays.52 

Unfortunately, field studies have shown that topography alone cannot combat fouling in complex 

marine ecosystems,53,54 but surface features are still important in AF/FR coatings. Surface 

roughness is known to increase settlement and adhesion strength of biomolecules, including the 

proteinaceous adhesives used by many marine organisms.55 Highly textured or very rough 

materials present the opportunity for fouling organisms to settle within and between topographic 

features, thereby protecting them from the hydrodynamic forces.56,57 Not only that, but roughened 

surfaces provide greater surface area for adhesive cements to adhere and mechanically interlock 

with.46 Despite the fact that topography cannot act as the sole mechanism, it is still a key 

characteristic that must be taken into account when designing materials. 

Durability and Attachment 

An aircraft carrier can have a hull area of up to 160,000 ft2,58 so even if a coating satisfies 

all the above criteria, it will not be practical if it has a short lifetime. The stability must be 

considered in the design of any new chemistries or surface structures for AF/FR applications. A 

large sector of research focuses on increasing durability, from using networks to self-healing 
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materials. Although not included in the scope of this review, the use of nanocomposites for 

increasing the durability of polymeric coatings is a common and highly successful practice, and 

Selim et al. provided a thorough review of this topic recently.59 New attachment chemistries are 

also being explored. Phenolic chemistries offer excellent and nonspecific affinity for most 

surfaces, facilitating effective attachment to almost any type of substrate. One of the most 

ubiquitous, 3,4-dihydroxy-L-phenylalanine (DOPA), is inspired by a bioadhesive used in the feet 

of marine mussels. Its allure for marine AF applications derives from its ability to attach and adhere 

to wet surfaces in environments dominated by high salinity and turbulent waves, promising an 

effective coating strategy for use on marine hulls. More recently, other polyphenolic compounds, 

such as tannic acid, are garnering research interest. These compounds can strongly bind to a 

surface, while also possessing the ability to participate in hydrogen bonding, hydrophobic 

interactions, and cation binding.60 Ultimately, to ensure that the coating is appropriate for marine 

applications, researchers need to optimize durability and attachment schemes. 

Recent Developments in Antifouling and Fouling Release Coatings for Marine Applications 

Today coatings are being designed with surface chemistry, mechanical properties, 

durability, and substrate attachment in mind. In the design of broadly applicable coatings, 

researchers are using different chemistries, synthesis methods, and structures to account for all of 

the above criteria, while further exploring the fundamentals of why these aspects provide 

successful materials. We discuss the different routes researchers are taking to address some or all 

these attributes, as summarized in Figure 1-3, and the extent of success that the subsequent coatings 

have achieved.  
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Figure 1-3: Overview of current research trends in the development of polymer-based environmentally 

friendly antifouling and fouling release coatings. The diagram shows the most popular surface 

chemistries, bulk structures, and compounds and structures used to control substrate attachment. 

Abbreviations: DOPA, 3,4-dihydroxy-L-phenylalanine; LbL, layer-by-layer; SLIPS, slippery lubricant-

infused porous surfaces. Reprinted with permission from reference 126. 

Brushes 

Hydrophilic polymer brushes composed of tightly packed chains covalently anchored to a 

surface have shown excellent AF properties owing to their ability to form a tightly bound water 

layer and high resistance to compression from steric repulsion of neighboring chains.61 

Investigation of how different brush characteristics affect interactions with fouling organisms is 

garnering increasing interest. Yandi et al. investigated hydration and chain entanglement of 
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copolymer brushes of 2-hydroxyethyl methacrylate and PEG methacrylate ranging from 50 to 

1,000 Å thick and found that brush thicknesses of 200 and 400 Å showed the best AF 

performance.55 This behavior was attributed to the optimal hydration capacity of these brushes; 

thinner films cannot hold enough water, whereas the hydration of thicker films is reduced because 

of crowding and chain entanglement, so water is not able to penetrate the brush as efficiently. 

Conversely, when Kuliasha et al. grew copolymers of acrylamide, acrylic acid, and methyl 

acrylate of 2–8-nm thicknesses, with graft molecular weights in the range of 100–1,400 kg/mol, 

little difference was found in the settlement or removal of U. linza and Navicula incerta between 

coatings.62 Likely the amphiphilic nature of these materials accounts for the lack of observed 

differences. Quintana et al. investigated the effects of changing the polymerizable group in a 

sulfobetaine polymer brush and found little difference in the reduction of barnacle cyprid and 

Amphora coffeaeformis settlement.63 The comparable performance indicates that the brush 

backbone does not play a significant role in the performance of these materials, and the driving 

force is the zwitterionic moiety. 

Because of stress induced by the stretched and crowded nature of brushes, the ultimate 

stability of these materials is of great concern.64,65 Even when grown using a hydrolytically stable 

backbone, surface attachment points represent a weakness in the brush. Typically, brushes are 

grown from a surface using a silane initiator whose siloxane bond presents a hydrolytic 

instability.64 Quintana et al. grew poly(sulfobetaine methacrylamide) (PSBMAm) polymer brushes 

with a hydrophobic lower block designed to exclude water from the tethering point of the brush 

and protect it from hydrolysis.66 A polystyrene block prevented degrafting even after 12 weeks in 

artificial seawater (ASW), whereas the control PSBMAm brush completely degrafted after 4 

weeks. Phenol-based initiator systems have also been used in place of silane initiators, providing 
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more stable attachment while also increasing the ease of application of coatings. Pranantyo et al. 

used a tannic acid initiator to grow several types of charged brushes from stainless-steel surfaces, 

which were able to resist settlement of marine bacteria, diatoms, and barnacle cyprids.67 Brushes 

were able to maintain stability under constant flow of seawater for 14 days with no detectable 

damage to the surface coating. Xu et al. developed a system to post-functionalize polydopamine 

coated on stainless steel with thiol and azide functionalities to assemble binary polymer brushes 

of poly(2-methacryloyloxyethyl phosphorylcholine) (PMPC) and poly(2-(methacryloyloxy) ethyl 

trimethylammonium chloride) (PMETAC) via orthogonal click chemistries.68 PMPC brushes were 

grown using a thiol-ene photopolymerization, and PMETAC polymer chains were grafted to the 

surface by an azide-alkyne click reaction. This surface successfully inhibited settlement and 

adhesion of two types of bacteria and A. coffeaeformis, even after aging for 30 days in seawater. 

As the application of materials bearing charge is becoming more widespread, the influence 

of surface charge on fouling organisms is garnering significant research interest. Yandi et al. used 

four brush types, cationic, anionic, neutral, and zwitterionic, to investigate the influence of surface 

charge on several fouling organisms.69 In laboratory assays, the anionic, neutral, and uncharged 

brushes outperformed cationic brushes, with neutral and uncharged brushes showing the best 

broad-spectrum AF properties. Higaki et al. saw similar behavior when examining the settlement 

behavior of barnacle cyprids, mussel larvae, and marine bacteria on zwitterionic, cationic, and 

hydrophobic brushes, with the zwitterionic brushes showing the best AF performance.70 Although 

the cationic brushes were able to inhibit barnacle cyprid settlement, they performed equal to or 

worse than hydrophobic brushes in mussel and marine bacteria assays. Several marine fouling 

organisms possess negatively charged cell walls, so positively charged surfaces can promote their 

settlement. Despite this, positively charged quaternary ammoniums are still popular components 
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because of their antimicrobial activity. In a study investigating the algicidal nature of cationic 

poly(2-(dimethylamine)ethyl methacrylate) (PDMAEMA) brushes, Yandi et al. found that despite 

performing relatively poorly in settlement assays against U. linza spores, PDMAEMA brushes had 

strong antialgal properties, causing pseudosettlement and ruptured spore bodies in 40% of settled 

spores, and significantly inhibited growth into sporelings.71 

Polymer brushes are also being used to modify the surface chemistry of traditional FR 

materials. Zhang et al. grew brushes on wrinkled PDMSe surfaces with feature sizes between 1 

and 3 microns.72 Samples tested in a turbulent flow chamber against the diatom Chlorella vulgaris 

showed that all functionalized PDMSe surfaces were able to reduce settlement and adhesion, with 

PEG and zwitterionic brushes able to reduce settlement to less than 1% of the PDMS control. In 

laboratory assays, the wrinkled surfaces outperformed their flat counterparts, but field immersion 

tests showed little difference between the two. Kuliasha et al. saw similar results using a copolymer 

of acrylamide, acrylic acid, and methylacrylate grown on PDMSe substrates that were either 

topographically smooth or patterned with Sharklet AFTM.62 Overall, the films performed well 

against U. linza, reducing settlement by 85–92% and improving N. incerta fouling removal by 

55% compared with PDMSe controls, but no statistical difference was seen between the two 

topographies. These results emphasize surface chemistry’s larger role in material development 

than topography. 

Sequence-Controlled Chemistries 

As amphiphilic surfaces have gained attention for building robust AF/FR surfaces, there is 

growing interest in controlling precise architectures and compositions of hydrophobic and 

hydrophilic components. One tool that has emerged as a viable candidate is sequence-controlled 

chemistries. Calabrese et al. synthesized non-natural amino acids with either an alkyl or PEG side 
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chain that were used to build amphiphilic oligopeptides.73 When attached to a polystyrene-b-

poly(dimethylsiloxane-r-vinylmethylsiloxane) (PS-P(DMS/VMS)) block copolymer backbone, 

oligopeptides markedly lowered contact angles and improved AF/FR performance against U. linza 

compared with an unmodified control. In a separate study, the oligopeptide composition was 

expanded to incorporate a fluorinated hydrophobic group.74 Overall, fluorinated oligopeptides 

were better at surface segregating than their alkyl counterparts, resulting in a greater population of 

oligopeptides at the surface. Modification with either oligopeptide  

reduced settlement of U. linza compared with the unmodified control but increased settlement of 

N. incerta and reduced removal against both species. No statistical difference was seen between 

the fluorinated and alkylated oligopeptides against U. linza, whereas the alkylated materials 

performed better in both assays of N. incerta. Although fluorine serves as a better chemistry to 

bring the oligopeptides to the surface, it needs to be used sparingly, especially in an already 

hydrophobic coating. 

Although these coatings show promise for introducing amphiphilicity, peptides can be 

expensive and synthetically challenging to produce, especially when requiring the production of 

nonnatural amino acids. Peptoids are a structural analog of peptides that use a submonomer 

synthetic route which allows for higher yields and simple incorporation of more diverse 

chemistries.78 In addition, the N-substituted glycine backbone is resistant to proteolytic 

degradation, making it better for use in biological applications.79 Figure 1-4 provides comparison 

of the structure and synthesis route for peptoids and peptides. Van Zoelen et al. systematically 

varied the length and sequence of amphiphilic oligopeptoids with a methoxy and fluorinated side 

group to explore sequence and spacing of hydrophobic and hydrophilic components in a  
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Figure 1-4: Solid phase syntheses for peptides and peptoids. (a) Peptide synthesis uses amino acids with a 

chiral center to which the desired side group is attached. The use of a protecting group is necessary to 

achieve attachment to the solid support only at the carboxylic acid, so after every attachment step a 

deprotection must be performed. (b) Peptoid synthesis employs a submonomer approach, so the carbonyl 

and side group are incorporated in two separate steps, which allows for a more diverse range of side 

groups and does not require a protecting group. The different hydrophilic and hydrophobic structures 

employed in the peptide and peptoid synthesis are also included. (c) Examples of sequences used, 

demonstrating the manner in which authors probe the sequence and compositional effects of different 

hydrophobic and hydrophilic moieties.73–77 Reprinted with permission from reference 126. 
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polystyrene-b-poly(ethylene oxide-co-allyl glycidyl ether)-b-polystyrene (PS-(PEO/AGE)-PS) 

polymer system.75 In laboratory assays against U. linza, location of the fluorinated group was key 

to AF performance, with fluorinated groups placed closer to the backbone leading to the lowest 

settlement. The number of fluorinated units had more of an effect on FR, with a single fluorinated 

unit providing the highest removal. Sum frequency generation spectroscopy confirmed the 

importance of sequence and composition, as the number and position of fluorinated units heavily 

influenced surface composition of coatings underwater.76 The oligopeptoid sequence was also 

shown to play a role in the ordering of interfacial water, which affects the hydration layer at the 

polymer-water interface. 

Most recently, Patterson et al. directly compared the performance of peptides and peptoids, 

attaching each to a PS-P(DMS/VMS)-PS or PS-P(EO/AGE)-PS backbone.77 Overall, behavior was 

mostly governed by polymer backbone, which has been observed elsewhere,74 but performance in 

both settlement and removal assays was generally enhanced in peptoid-containing coatings. On 

the PDMS backbone, the oligopeptoid structure showed considerably lower U. linza adhesion 

strength with up to 95% removal, which the authors attribute to the peptoid backbone lacking a 

hydrogen bond donor. N. incerta settlement on the oligopeptoid-functionalized PEO was also 

noteworthy, with zero observed settled cells. 

Modified Elastomeric Networks 

Because PDMSes have shown promise as FR materials, owing to their low modulus and 

surface energy, methods to enhance their AF properties are currently being explored. One simple 

and synthetically practical route is the inclusion of additives in the elastomeric matrix. The addition 

of silicone oils, for example, has proven excellent for FR, enhancing slipperiness and reducing the 

adhesive strength of fouling organisms.80,81 Unfortunately, the addition of silicone oil alone still 
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produces highly hydrophobic coatings, which are not ideal at preventing biofilm buildup. 

Hydrophilic or amphiphilic additives can be used to modulate the surface chemistry and improve 

AF performance. Figure 1-5 provides an overview of the discussed additives. 

 

Figure 1-5: Structures of amphiphilic additives used in elastomeric matrices, including noncovalently 

included (a) random82,83 and (b) block copolymers84–87, as well as (c) covalently linked poly(ethylene 

glycol) (PEG)-siloxane amphiphiles.88–92 Reprinted with permission from reference 126. 

Martinelli et al. used amphiphilic side chains composed of a triethyleneglycol-modified 

pentafluorostyrene (EFS) and a PDMS-modified vinyl benzene that improved removal of U. linza 

by at least tenfold compared with PDMSe controls even at wall shear stresses as low as 13 Pa.82 

Additives with the highest EFS content improved AF capacity by more than 3 times compared 

with PDMSe controls. In another study, Galli et al. used a random copolymer consisting of a 

methacrylate with mixed side chains of PEG and a fluoroalkyl in combination with a methacrylate 

possessing a siloxane side chain.83 Despite the PEG and fluoroalkyl being introduced in the same 

side chain, X-ray photoelectron spectroscopy (XPS) showed different ratios of CF2/OCH2 

depending on the composition of the additive, with 25–35% more surface fluorine than 

theoretically calculated. Higher ratios of CF2/OCH2 at the surface resulted in higher settlement 
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densities of U. linza spores and lower sporeling removal. Van Zoelen et al. also observed this 

trend;75 in their study, fluorine assisted in bringing PEGylated components to the surface, but 

higher concentrations at the coating surface proved to be detrimental to overall performance. 

The use of block copolymers facilitates more precise control of incorporation of different 

components and their placement within the polymer structure. For example, a terminal siloxane 

block can help to facilitate dispersion of additive in the bulk matrix, limiting the possibility of 

phase separation. Diblock copolymers of either a fluorinated or PEGylated acrylate grown from a 

PDMS macroinitiator showed vastly different performance in fouling assays.84 Whereas the 

PEGylated block copolymer improved removal of U. linza from 15% to 90%, the fluorinated 

materials performed no better than controls. In assays against barnacle cyprids, however, where 

the PEGylated material improved resistance to settlement by 50% compared with controls, the 

fluorinated coatings completely inhibited settlement. In a separate study, a PDMS macroinitiator 

was used to grow a random copolymer of fluorinated acrylate and PEGylated methacrylate. 

Improvements were achieved in the performance against U. linza, where close to 50/50 ratios of 

incorporation of PEGylated and fluorinated monomer facilitated removal close to 100%.85 These 

coatings were not tested against barnacle species, but in a separate study, in which block 

copolymers of PDMS and EFS were grown, the amphiphilic additives were able to improve AF 

characteristics compared with controls, especially at longer EFS chain lengths where settlement of 

barnacle cyprids of two separate species was completely inhibited.86 

Martinelli et al. synthesized a pentablock copolymer consisting of PDMS, PEG, and a 

fluorinated acrylate.87 Against U. linza settlement, pentablock-containing coatings had higher 

settlement than PDMSe controls, likely owing to high amounts of fluorine at the coating surface. 

In removal assays, pentablock materials gave significantly better removal of up to 70%, a 17-fold 
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increase over controls. These results further emphasize the importance of finding the correct 

balance of hydrophobic and hydrophilic components, especially when using fluorine, to achieve 

the most broad-spectrum AF/FR performance. 

Low–molecular weight PEG-siloxane additives with crosslinkable triethoxy silane end 

groups, which covalently incorporate the amphiphilic additives to the PDMSe matrix, have also 

been explored. Systematic studies of PEG and siloxane length revealed how chain length controls 

performance. Hawkins et al. used PEG of constant length while modulating siloxane length.88,89 

They found that increased siloxane tether length reduced biofilm formation by almost three orders 

of magnitude in laboratory assays and minimized diatom biofilm formation after six weeks in static 

immersion field tests. The authors attribute this to increased configurational mobility and solubility 

of the amphiphile in the matrix conferred by a longer siloxane segment. Varying the PEG length 

also impacted performance: An eight-unit PEG chain performed better than shorter or longer chain 

lengths, likely owing to a combination of sterics and solubility; shorter PEG segments cannot 

generate enough hydrophilicity at the surface, and longer segments have limited mobility in the 

matrix and are more prone to phase separation.90,91 Also shown to play a key role was the 

amphiphile loading in the elastomeric coating, with higher loadings generally enhancing 

performance.90,92 

Charged Networks 

Hydrogels, hydrophilic network materials that have a high capacity for absorbing and 

holding water, have excellent promise as AF materials. Research into some marine organisms’ 

response to hydrogel coatings has shown that some barnacle species will develop abnormal basal 

plates and have limited growth when settled on hydrogel materials because of their low 

modulus.47,93 However, their poor substrate adhesion and low durability limit their application in 
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marine environments, so recent efforts have focused on increasing stability. Jiang et al. formed 

tough double network hydrogels from charged poly(trimethylammonium methacrylate) or poly(3-

sulfopropyl methacrylate) strengthened with a second network of polyacrylamide.94 Formation of 

double networks improved modulus up to 5 times and maximum compressive stress up to 11 times. 

The negatively charged and neutral double networks were able to maintain less than 10% biofilm 

coverage, whereas the positively charged networks showed much higher settlement, in agreement 

with earlier studies done on charged materials. Yang et al. used a similar strategy generating 

several semi-interpenetrating networks of polyacrylamide incorporating different amounts of 

charged, charge-neutral, and uncharged monomers interlaced with a polyvinyl alcohol network.95 

Incorporation of polyvinyl alcohol was able to increase the elastic modulus by close to an order of 

magnitude. The best AF performance was achieved with the zwitterionic and PEG-containing 

monomers, with reduction in algal settlement of up to 20 times. Increased loading of the 

hydrophilic monomers did result in decreases in the material’s elastic modulus, indicating the need 

for fine tuning of surface chemistry alongside mechanical properties. 

Charged layer-by-layer (LbL) coatings are easy, fast, and cheap to assemble, requiring only 

alternating application of oppositely charged polyelectrolytes, usually by dip or spray coating. Zhu 

et al. used a crosslinked LbL system made up of a polyanionic carboxylate polymer assembled by 

dip coating onto a silicon wafer in an alternating fashion with polycationic branched 

polyethyleneimine.96 Covalent crosslinking between the carboxylate and amine side groups 

stabilized films to prevent dissolution. These films reduced barnacle cyprid settlement by more 

than 85% compared with a silicon control. The application of the LbL system reduced surface 

roughness compared with the substrate from 1.8 to 0.65 nm. When an amphiphilic polyanionic 

material was made using a commercial fluorinated surfactant, Zonyl FSN-100, the films tested 
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against marine bacterium Pseudomonas were successful at almost completely inhibiting bacterial 

adhesion.97 

One drawback to polyelectrolyte LbL coatings is the excess surface charge that is governed 

by the last deposited material. The effects of varying surface charge were explored by tuning pH 

during the LbL assembly process.98 As already discussed, positively charged surfaces tend to be 

more attractive to marine species, which is true for Pseudomonas, for which positively charged 

surfaces promoted bacterial fouling, whereas negatively charged surfaces were better able to resist 

it. Conversely, for barnacle cyprids, positively charged and neutral surfaces were best able to resist 

settlement, whereas negatively charged surfaces promoted it. 

Zwitterions offer a promising alternative to PEG, but there are drawbacks that make them 

difficult to implement: Monomers can be expensive, they are notoriously difficult to work with in 

organic solvents, and they can even interfere with or be unstable during polymerizations.99 Because 

of the high cost of zwitterionic monomers, Ventura et al. explored incorporation of only small 

quantities of zwitterions (0–20 mol%) to form an amphiphilic coating.100 Variable amounts of 

carboxybetaine methacrylate (CBMA) or sulfobetaine methacrylate (SBMA) were added into a 

lauryl methacrylate network. Whereas the incorporation of CBMA improved removal of biofilm 

formers, SBMA decreased AF/FR performance, especially at higher loadings. Although the 

SBMA coatings exhibited higher surface roughness, they also had significantly lower modulus 

values (<20 MPa) than CBMA coatings (>80 MPa), which would usually favor FR. These results 

are completely opposite to trends that were previously seen, where pure SBMA self-assembled 

monolayers tend to perform better than pure CBMA.101 This suggests that functional group 

concentration is important for zwitterions, while also highlighting the interplay of surface 

roughness and modulus and the necessity to balance these attributes. 
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Recently researchers have explored novel ways to generate zwitterions in network 

materials to circumvent their synthetic challenges. Wang et al. designed an amphiphilic network 

material containing PDMAEMA that was functionalized post-application to form carboxybetaine 

zwitterions by quaternizing with bromopropionic acid.102 Zwitteration lowered the settlement of 

the diatom Phaeodactylum tricornutum by more than 50%. Xie et al. took this a step further, 

creating a degradable network material that generated zwitterions in situ using a polyester and a 

tertiary carboxybetaine ester.103 When in contact with seawater, the tertiary carboxybetaine ester 

protonates at the tertiary amine and hydrolyzes the ester to form a zwitterion, while the polyester 

in the backbone hydrolyzes to erode the surface and facilitate continuous renewal of zwitterions. 

This material exhibits excellent bacterial resistance, indicating the simultaneous generation of 

zwitterions and AF efficacy in situ, while also representing a simple synthetic methodology for 

the incorporation of zwitterions in a network material. 

Polyurethane and Polyurea Networks 

Although PDMSe shows great promise as a FR material, it lacks mechanical durability and 

does not adhere well to substrates, putting it at risk of delamination. The Webster research group 

has developed a system to solve these issues using a siloxane-polyurethane (SiPu) network that 

self-stratifies, providing a PDMS-enriched surface and a polyurethane bulk. This improves 

durability and increases adhesion to substrates but results in very hydrophobic coatings.104,105 

Researchers are now introducing hydrophilic components to improve AF properties and tune FR 

for a wider range of organisms, which are summarized in Figure 1-6. Bodkhe and colleagues first 

did this by introducing carboxylic acids and then PEG onto the PDMS backbone, both of which 

showed promise for developing amphiphilic coatings.106,107 Building upon this, Galhenage et al. 

constructed coatings with varying loadings and molecular weights of PDMS and PEG to tune the  
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Figure 1-6: Methods for incorporation of hydrophilic groups in siloxane-polyurethane (SiPu) networks, 

including (a) attachment of hydrophilic side groups to a polydimethylsiloxane (PDMS) backbone; (b) 

creation of an isocyante prepolymer with PDMS, poly(ethylene glycol), and still-functionalizable 

isocyante moieties; and (c) creation of a triblock copolymer with a PDMS central block and hydrophilic 

zwitterionic terminal blocks.105–108 Reprinted with permission from reference 126. 

balance of hydrophobic and hydrophilic components.108 These coatings showed broad-spectrum 

efficacy that was comparable to or better than commercially available coatings, with greater than 

90% of biofilm removal and very low adhesion strength for barnacles and mussels. The PDMS 

chain length played a large role in hard fouler behavior, whereas soft fouler behavior depended 

more on PEG chain length; in both cases, longer chains provided better removal. 

Zwitterions have also been used as the hydrophilic component in SiPu coatings. Bodke et 

al. used PSBMA as part of a block copolymer with PDMS that was incorporated into the 

polyurethane network.109 Although these coatings had excellent FR properties against the marine 
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bacterium Halomonas pacifica and N. incerta, the performance was less pronounced against 

Cellulophaga lytica and U. linza. The authors attribute this mixed performance to improper 

balance of hydrophobic and hydrophilic components. As Ventura et al. demonstrated, the 

incorporation of low loadings of SBMA into a hydrophobic methacrylate-based network material 

did not seem to impart the same level of AF capacity as pure zwitterionic materials, stressing the 

importance of concentration when considering the use of zwitterions in amphiphilic materials.100 

Polyureas have also been used to introduce durability and increase substrate adhesion in 

network coatings. Liu et al. designed a hydrophobic polyurea-based FR coating using PDMS, an 

alkyldiamine, and a diisocyanate.110 The storage modulus of the materials increased with 

incorporation of the polyurea from 1.5 MPa to greater than 80 MPa. In dynamic tests simulating a 

ship cruising speed of 18 knots, the polyurea coatings showed excellent substrate adhesion, 

whereas PDMSe coatings delaminated. Polyurea coatings provided the highest fouling removal of 

N. incerta in laboratory assays, although AF performance was on par with controls. Elsewhere, the 

polyurea functionality was used for a PDMS coating with self-repairing capabilities. A diamine-

terminated PDMS was reacted with a diisocyanate to form a PDMS-based polyurea.111 This 

material possessed the ability to reversibly crosslink at room temperature, owing to the hydrogen 

bonding between urea functionalities, and demonstrated excellent substrate adhesion, with 

stratification of PDMS at the surface and urea at the substrate interface similar to SiPu coatings. 

This material possessed the ability to self-heal even in ASW, recovering nearly full ultimate 

strength and elongation 48 h after damage. 

SiPu coatings can also be modified with silicone oils to further enhance FR capacity. 

Galhenage et al. tested the effects of inclusion of silicone oil in a PDMS–polyurethane system by 

synthesizing coatings in the presence of a variety of phenylmethyl silicone oils.112 XPS analysis 



26 

 

showed an enriched silicone oil layer at the surface of up to 20 nm. In laboratory assays, the 

coatings significantly reduced adhesion strength for barnacles and mussels and improved FR 

properties against U. linza, but performance against biofilm formers, N. incerta and C. lytica, was 

no better than controls. 

Slippery Lubricant-Infused Porous Surfaces 

Another promising research area is slippery lubricant-infused porous surfaces (SLIPS), 

which are porous or roughened substrates coated in a lubricant that form a stabilized liquid 

interface. Lubricant is retained on the surface through capillary forces, sometimes enhanced by 

surface functionalization to increase surface affinity with the lubricant. SLIPS have shown 

immense power as AF/FR materials because they are a mobile interface, making it difficult for a 

fouling organism to sense and attach to them. Epstein et al. demonstrated their capabilities using a 

system of porous polytetrafluoroethylene (PTFE) with fluorinated KrytoxTM lubricants, which 

exhibited a one-to-two order-of-magnitude improvement at preventing biofilm attachment 

compared with a PEGylated surface.113 Xiao et al. expanded this system by infusing a 

methacrylate-based porous substrate with different fluorinated lubricants, which maintained a 

stable lubricant layer even after one month of continuous agitation in ASW.114 Coatings performed 

very well in preventing settlement of U. linza and barnacle cyprids, with performance on par with 

a PEGylated surface. Experimental coatings performed much worse than PDMS and PTFE 

controls in U. linza removal assays because sporeling roots were able to penetrate through the 

lubricant and attach firmly to the porous substrate. 

Another concern for SLIPS is the loss of lubricant, which severely inhibits coating 

performance. Howell et al. studied lubricant loss under flow and found that losses are on the order 

of only ng/cm2 in a closed system and can withstand shear stresses up to 2.32 N/m2.115 When an 
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air–water interface is introduced, such as bubbles, the rate of lubricant loss increases by close to 

two orders of magnitude. A solution was developed in the form of a PDMSe substrate possessing 

an underlying vasculature that could replenish the surface with lubricant.116 This system showed 

excellent performance, with only 10% biofilm coverage after 48 h, whereas the nonvascularized 

system had more than 90% coverage. The use of the PDMSe-based substrates has also proven to 

be beneficial for developing robust FR surfaces. Amini et al. used porous PDMSe infused with a 

silicone oil that completely inhibited mussel settlement in laboratory assays and lowered their 

adhesive strength compared with commercial coatings by up to a factor of 4.117 When the coatings 

were tested in a 16-week field immersion test, the PDMSe SLIPS showed the best performance by 

far, also markedly reducing soft fouler settlement. Although only polymer-based substrates are 

discussed here, SLIPS can be constructed on a variety of porous or roughened substrates. They 

have proven successful on metal-based surfaces for anticorrosion coatings and glass surfaces that 

are optically clear, demonstrating the broad applicability of this system.118–121 

Conclusions and Future Outlook 

Recent research identifies the biggest challenges the field is currently facing and indicates 

the directions in which future research will trend. First is the greater incorporation of charged 

materials into coatings. Although surface charge can improve effectiveness, especially in a 

laboratory setting, and can even provide antimicrobial benefits in the form of quaternary 

ammonium groups, the variability of species interactions with surface charge indicates that a 

neutral surface will provide the best broad-spectrum resistance. Zwitterions are a promising choice 

because of the stability and hydration they offer, but their effectiveness may be concentration 

dependent. Amphiphilic surfaces have proven to be one of the best routes to a dual AF/FR coating 

and are likely to continue to play a large role. At present, an optimal balance of hydrophobic and 
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hydrophilic components appears to be the field’s biggest challenge. Although a set of universal 

design rules would be ideal, there will be strong dependence on coating architecture and the type 

of hydrophobic and hydrophilic components used, and researchers need to thoroughly examine the 

interplay of these characteristics regarding their specific systems. PDMS-containing materials are 

still a large player in the research field, but research into how to best optimize their properties for 

broader applicability is still widespread, whether that comes in the form of amphiphilic additives 

or use in a SLIPS system. Lastly, the use of nonspecific initiators and attachment schemes like 

DOPA or tannic acid, SiPu networks, and self-healing materials offer a few routes to better 

improve the substrate adhesion and durability of these systems. 

Another promising area of research is the inclusion of active chemistries to combat fouling. 

Several natural products have been identified that can inhibit quorum sensing, signaling that allows 

bacteria to control population density.122 Iron deprivation, using metal chelators like tannic acid, 

has proven effective in inhibiting bacterial growth and marine fouling.123,124 Antioxidant additives 

have also been shown to reduce mussel adhesion strength by inhibiting radical pathways used in 

the formation of DOPA in their cements.125 Pairing of these active chemistries with previously 

discussed coating structures could help to actively deter and minimize adhesion of foulers by 

multiple mechanisms. A greater understanding of the marine organisms involved in biofouling, 

and the mechanisms they employ in settlement and adhesion, will be necessary for the 

development of truly effective strategies. Ultimately, the real challenge facing the research community 

today is how to marry these attributes into one universal coating. Robust and durable coatings are needed, 

but they require low elastic modulus for optimal FR properties. Coatings must at once repel foulers from 

settling and minimize their adhesion, allowing them to be easily removed, which often necessitates a 

balance of hydrophilic and hydrophobic components. And these chemically, mechanically, and 
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topographically complex materials need to be relatively easy to apply to a boat, ideally being suitably 

adapted into a paintable material.  

This thesis explores the implementation of novel chemistries for their success as components within 

PDMS-based marine AF and FR coatings. Using the PS-P(DMS/VMS) system discussed in the sequence-

controlled chemistries section above, block copolymers were functionalized, characterized, and assessed 

for their performance against a variety of marine species which was correlated with their surface behavior. 

Chapters 2 and 3 explore the use of the stable radical nitroxide 2,2,6,6-tetramethylpipiderin-1-oxyl 

(TEMPO) as an active chemistry to enhance release of hard fouling marine organisms through inhibition 

of radical and oxidative chemistry. The study in chapter 2 utilized a blending technique to build amphiphilic 

coatings, using separate PEG and TEMPO functionalized backbones. This technique proved to be non-

optimal for the delivery of TEMPO to the surface in aqueous environments, where the PEG functionalized 

backbones dominated the surface. Chapter 3 employed backbones co-functionalized with both TEMPO and 

PEG designed to maintain the presence of TEMPO at the surface in an aqueous environment while still 

building amphiphilic surfaces, which proved more successful for TEMPO delivery, and resulted in up to 

90 percent removal of juvenile barnacles in fouling release assays. 

In chapter 4, the use the small molecule heterocycle morpholine as a hydrophilic group to generate 

amphiphilicity on coatings surfaces was investigated. Two N-substituted morpholines were assessed for 

their ability modify coating wettability and for their performance against two soft fouling species, with a 

morpholine amide structure providing the most promising performance for future implementation in AF 

and FR coatings. Chapter 5 briefly explores the block copolymer phase morphology of the PS-

P(DMS/VMS) system then uses a survey of the literature to discuss implications of functionalization on 

morphology, and the ultimate effects that nanostructures may have on AF/FR performance. Finally, chapter 

6 discusses the implications of the results from chapters 2-5 and provides future research directions for 

these materials.  
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BLENDED PDMS-BASED COATINGS FOR FOULING RELEASE THROUGH THE 

INCORPORATION OF A STABLE RADICAL NITROXIDE 
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Abstract 

Marine biofouling is a major problem affecting naval operations and aquatic industries, 

leading to increased drag, additional fuel consumption, hull damage, and/or added maintenance costs. 

Fouling release coatings are designed to minimize strong adhesive interactions between fouler 

adhesives and surfaces. Usually this is done through the construction of low surface energy substrates. 

Many fouling organisms rely on oxidative chemistry in their cementation, but active inhibition of 

these processes to weaken the cement-surface interface is a poorly explored route to the construction 

of more effective fouling release surfaces. Stable radicals offer a novel approach to interfere with or 

inhibit marine cement curing. In this study, a stable radical nitroxide, 2,2,6,6-tetramethylpipiderin-1-

oxyl (TEMPO), was attached directly onto a siloxane-based block copolymer to construct surfaces 

that can actively inhibit oxidative marine adhesive chemistry and enhance fouling release. These 

structures were also blended with poly(ethylene glycol) (PEG) functionalized block copolymers to 

construct surfaces with amphiphilic character, in order to provide surfaces with effective antifouling 

characteristics. Surfaces were characterized and their surface behavior was correlated with their 

marine fouling performance. It was found that only small amounts of TEMPO were able to surface 

segregate, and in blended coatings, TEMPO was completely buried after immersion in water. 

Examination of polymer components separately indicates that the TEMPO moiety has intermediate 

surface behavior compared to PEG and the siloxane block copolymer, making it difficult to populate 

the surface using this blended method of coating construction.   

Introduction 

The undesired accumulation of a biomolecules and organisms on surfaces, commonly 

referred to as fouling, can have detrimental effects on industries ranging from implantable 

biomedical devices to the hulls of naval vessels.1–3 In a marine context, the main concern is the 
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buildup of organisms, like algae or mussels, on exposed surfaces. These organisms can interfere 

with ship operations, inhibit instrument function, and decrease fuel efficiency.4–6 Commercial 

coatings have been developed specifically to mitigate this type of fouling on exposed underwater 

surfaces. Some are based on a biocidal mechanism that work by killing organisms that settle on 

them, while others rely on tuning surface energy to create an inhospitable surface that foulers will 

not choose to settle on or cannot adhere strongly to. Both have their drawbacks, however. The 

toxic additives in biocidal coatings have been found to build up in marine environments and have 

unintended consequences on non-target species,7–9 while many non-toxic coatings require high 

speed travel for effective fouling release while moving through the water.10 This makes removal 

of organisms like barnacles or mussels, who have evolved complex multi-step binding processes 

that rely on surface oxidation, pH excursions, and ion complexation to form strong covalent and 

physical bonds to a surface, significantly more difficult.11–15 While these processes are key to the 

creation of very strong under-water adhesion, their disruption and subsequent weakening of the 

cement-surface interface is a poorly explored route to improving fouling release.  

Stable radicals offer one novel approach to interfere with marine adhesion processes. 

2,2,6,6-tetramethylpipiderin-1-oxyl (TEMPO) is a nitroxide stable radical that is an efficient 

radical scavenger for a wide variety of radical chemistries,16–19 which make it a promising addition 

for disrupting oxidative adhesive chemistry used by hard foulers. The addition of antioxidants has 

been previously explored and was shown to enhance mussel fouling release,20 and nitroxides have 

the additional benefit that they bear a structural similarity to nitrous oxide, and have been shown 

to interfere with quorum sensing to mitigate the growth and trigger the dispersal of biofilms.21–24 

Their use to limit the adhesive chemistry of hard foulers, however, has not been explored.  
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Polystyrene-b-poly(dimethylsiloxane-r-vinylmethylsiloxane) (PS-PDMS) block 

copolymers have previously demonstrated excellent antifouling potential when functionalized 

with hydrophilic side groups against the barnacle species Balanus Amphitrite, but they showed 

limited success as a fouling release coatings.25 To improve this performance, coatings using blends 

of polystyrene-b-poly(2,2,6,6-tetramethylpiperidinyloxy methacrylate) (PS-PTMA) and PS-

PDMS or PS-PDMS grafted with PEG were examined, but none of these surfaces showed more 

than 20% removal of juvenile barnacles. The poor performance was attributed to the high loading 

of PS-PTMA required (>85 wt%) to successfully detect the nitroxide at the surface as a result  of 

the surface dominating nature of the PDMS.25 The proposed mechanism of action relies on the 

presence of the stable radical directly at the surface, but the low surface energy and soft mechanical 

properties of PDMS are also key parameters in the construction of successful fouling release 

coatings.10 So, while the incorporation of the stable radical is designed to improve fouling release, 

it likely requires the characteristics of the PDMS to build a truly successful fouling release coating.  

In this study, to effectively deliver TEMPO to the surface, the stable radical TEMPO was 

functionalized directly onto the PDMS backbone. These materials were also blended with PEG 

functionalized backbones to generate amphiphilic surfaces. Subsequent surfaces were 

characterized, and their surface behavior was correlated with performance in laboratory scale 

marine assays.  

Materials and Methods 

All chemicals were purchased from Sigma Aldrich and solvents from VWR and used as received 

unless specified otherwise. Hexamethylcyclotrisiloxane (D3), 1,3,5-trivinyl-1,3,5-

trimethylcyclotrisiloxane (V3), methyldiethoxysilane, and n-octylmethyldiethoxysilane were 

purchased from Gelest, Inc. 4-Amino TEMPO was purchased from AK Scientific. Anhydrous 



 

45 

 

ethanol was purchased from Fisher Scientific. Anhydrous N,N-dimethylformamide (DMF) was 

purchased from Alpha Aesar. Benzene was stirred over n-butyl lithium and diphenylethylene, 

distilled and freeze, pump thawed to degas. Styrene was dried over calcium hydride, distilled, and 

free-pump-thawed to degas. D3 was dissolved in benzene and stirred over calcium hydride for 24 

hours, at which point a living anionic styrene polymerization was added and allowed to stir until 

the orange color had completely disappeared. The benzene was subsequently distilled, and the D3 

sublimed, and then the solution was freeze-pump-thawed to degas. Solution concentration was 

determined using NMR. Tetrahydrofuran (THF) was stirred over calcium hydride and distilled into 

a flask containing sodium and benzophenone which was allowed to stir for several days, at which 

point it was distilled and freeze-pump-thawed to degas. V3 was stirred over calcium hydride, 

distilled and freeze-pump-thawed to degas. Glass slides were purchased from Fisher Scientific. 

Polystyrene-b-poly(ethylene-r-butylene)-b-polystyrene (SEBS, MD6945) and maleic anhydride 

grafted SEBS (MA-SEBS, FG1901X) were generously provided by Kraton, Inc. Balanus 

improvisus larvae were obtained from stocks that are maintained in semi-continuous culture at 

Newcastle University, originally sourced from the Sven Lovén Centre for Marine Sciences, Tjärnö, 

Sweden. Balanus amphitrite larvae were collected from stocks of adult barnacles originally 

obtained from the Duke University Marine Laboratory at Beaufort, North Carolina. Zoospores 

were obtained from mature plants of Ulva linza by the standard method.26  

Synthesis 

PS-PDMS Backbone Synthesis - PS-PDMS backbones were prepared according to a previously 

reported method.27 In brief, in a glovebox sec-butyl lithium was added to a flask charged with 

benzene and a stir bar, followed by the dropwise addition of styrene, leading to the development 

of a deep orange color. The reaction progressed overnight before sampling, followed by the 
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addition of a solution of D3 in benzene. After the complete disappearance of the orange color, 

indicative of the live styrene anion, THF was added and the reaction was allowed to continue for 

2 hours. At this point, the addition of a solution of V3 in THF by syringe pump was begun and 

allowed to progress over 48 hours. After addition, the polymerization reacted an additional 24 

hours. The polymerization was then split, one half being end-capped with chlorotrimethylsilane 

for the formation of diblock, the other half coupled using a solution of dichlorodimethylsilane in 

THF. Coupling was done by adding 75% of coupling agent directly, followed by the addition of 

the remaining 25% of coupling agent by syringe pump over a 24 hour period. Polymers were 

precipitated directly into a 4/1 (v/v) mixture of methanol and deionized water and allowed to stir 

overnight. Polymers were collected by vacuum filtration and dried overnight in a vacuum oven at 

55 ºC.  

PEG-Mesylate (1a) Polyethylene glycol monomethyl ether (Mn=350 g/mol) (20.0 g, 57.1 mmol) 

and DIPEA (11 mL, 63.1 mmol) were dissolved in tetrahydrofuran under an inert atmosphere. The 

solution was cooled to 0ºC and mesyl chloride (4.8 mL, 62.0 mmol) was added dropwise. The 

reaction was warmed to room temperature and left to react for 12 hours, during which a precipitate 

formed. The precipitate was filtered off and the reaction mixture was passed through a silica plug. 

The solution was concentrated under reduced pressure to yield a brown oil. Yield: 72.0%. Proton 

NMR (400MHz, CDCl3): δ (ppm) - 4.36 (t, 2H), 3.74 (t, 24H), 3.64 (m, 2H), 3.53 (m, 2H), 3.32 

(s, 3H), 3.02 (s, 3H) ppm 

PEG-Thiol (1b) 1a (15 g, 29.7 mmol) and thiourea (2.3 g, 29.7 mmol) were dissolved in ethanol. 

The solution was refluxed under inert atmosphere for 3 hours. NaOH (1.4 g, 35.5 mmol) dissolved 

in a minimal amount of deionized water was added and refluxed for a further 2 hours. The reaction 

was cooled to room temperature and concentrated under reduced pressure. The residue was diluted 
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with deionized water and neutralized with HCl, then extracted three times with DCM. The organic 

layer washings were combined, dried over Na2SO4, and concentrated under reduced pressure to 

yield a light-yellow oil. Product was used without further purification. Yield: 40.0% Proton NMR 

(400 MHz, CDCl3): δ (ppm) - 3.70 (m, 2H), 3.57-3.67 ppm (m, 24H), 3.53 (m, 2H), 3.36 (s, 3H), 

2.68 (q, 2H), 1.58 (t, 1H) ppm 

NHS-Thiol (2) Following a previously published method,28 in brief, N-hydroxysuccinimide (2.0 g, 

17.3 mmol) was dissolved in DCM, followed by the addition of 3-mercaptopropionic acid (1.5 

mL, 17.3 mmol)  then cooled to 0 ºC. Dicyclohexylcarbodiimide (3.9 g, 18.9 mmol) was dissolved 

in DCM and added dropwise over 30 minutes. The reaction was warmed to room temperature and 

allowed to proceed overnight. The solid precipitate was filtered out. The solution was concentrated 

under reduced pressure, followed by multiple cold filtrations and concentrations in order to fully 

remove precipitate, yielding a colorless oil that was used without further purification. Yield: 32.3% 

Proton NMR (400 MHz, CDCl3): δ (ppm) - 2.96 (m, 2H), 2.84 (m, 6H), 1.83 (t, 1H) ppm 

Allyl-TEMPO (3a) 60% dispersion of NaH in mineral oil (4.53 g, 113.3 mmol) was suspended in 

anhydrous DMF under an inert atmosphere in a 3-neck flask equipped with a dropping funnel. 

Separately 4-hydroxy-TEMPO (15.0 g, 87.1 mmol) was dissolved in anhydrous DMF, and added 

dropwise to the NaH suspension using the dropping funnel at 0 ºC over 30 minutes. Still at 0 ºC, 

allyl bromide (75.4 mL, 75.4 mmol) in anhydrous DMF was added dropwise over 1 hour. The 

reaction was allowed to proceed for 4 hours. A small amount of ice water was added to quench 

residual NaH, and then the solvent was removed under reduced pressure. The resulting residue 

was dissolved in diethyl ether and washed with a sat. NaCl. The organic layer was dried over 

Na2SO4 and the solvent was removed under reduced pressure. The resulting residue was purified 

by column chromatography using an eluent mixture of 80/20 Hexanes/EtOAc. Yield: 77.7%.  
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TEMPO Silane (3b) 3a (1.13 g, 5.3 mmol) was dissolved in anhydrous toluene under inert 

atmosphere. Diethoxy methyl silane (3.08 mL, 19.2 mmol) and Karstedt’s catalyst (10 μL) were 

added. Reaction mixture was brought up to 60 ºC and allowed to react for 14 hours. The reaction 

was opened to air and the solvent and residual silane were removed under reduced pressure 

yielding a red oil. Yield: 83.5% ATR-FTIR: (cm-1) - 2970s, 2935s, 2870m, 1668w, 1463m, 1438w, 

1409w, 1388m, 1373m, 1361s, 1311w, 1290w, 1257s, 1218w, 1176s, 1099s, 1080s, 945s, 898w, 

865w, 819s 798s, 763m, 725w, 682w cm-1 

Allyl-PEG (4a) 60% dispersion of NaH in mineral oil (4.30 g, 74.3 mmol) was suspended in 

anhydrous THF under an inert atmosphere in a 3-neck flask equipped with a dropping funnel. 

Separately triethylene glycol methyl ether (13.6 g, 82.8 mmol) was dissolved in anhydrous THF, 

and added dropwise to the NaH suspension using the dropping funnel at 0 ºC and reacted for 3 

hours, when bubble evolution had stopped. Still at 0 ºC, allyl bromide (6.15 mL, 74.7 mmol) was 

added dropwise over 1 hour. The reaction proceeded overnight. A small amount of ice water was 

added to quench NaH, and then the solvent was removed under reduced pressure. The residue was 

dissolved in water and washed 3 times with diethyl ether. The organic layer was dried over Na2SO4 

and the solvent was removed under reduced pressure. The resulting residue was purified by 

chromatography using an eluent mixture of 60/40 Hexanes/EtOAc. Yield: 90.4% NMR (400 MHz, 

CDCl3): δ (ppm) - 5.90 (m, 1H), 5.20 (m, 2H), 3.99 (d, 2H), 3.65 (m, 8H), 3.59 (m, 2H), 3.54 (3.36 

(s, 3H) ppm 

PEG Silane (4b) 4a (1.00 g, 4.90 mmol) was dissolved in anhydrous toluene under inert 

atmosphere. Methyldiethoxysilane (3.92 mL, 24.5) and Karstedt’s catalyst (5 μL) were added. The 

reaction mixture was brought up to 60 ºC and allowed to react for 14 hours, at which point it was 

opened to air and the solvent and residual methyldiethoxysilane were removed under reduced 
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pressure yielding a colorless oil. Yield: 88.3% NMR (400 MHz, CDCl3): δ (ppm) - 3.83 (q, 4H), 

3.73 (m, 8H), 3.66 (m, 2H), 3.64 (m, 2H), 3.51 (t, 2H), 3.45 (s, 3H), 1.74 (m, 2H), 1.29 (t, 6H), 

0.68 (m, 2H), 0.21 (s, 3H) ppm 

Thiol-ene Click Reaction In a typical reaction, polymer and DMPA (0.2 mol, with respect to 

polymer vinyl groups) were dissolved in DCM, to which 1b or 2 (5 mol, with respect to polymer 

vinyl groups) were added. The solution was degassed by bubbling with nitrogen for 15 minutes, 

and then the reaction vessel was exposed to 365 nm UV for 2 hours. The polymer was precipitated 

into methanol, collected by filtration, and then reprecipitated two more times from THF into a 4/1 

Methanol/water mixture and collected by vacuum filtration. Samples were dried under vacuum at 

55 ºC overnight.  

TEMPO Modification In a typical reaction, polymer was dissolved in an inert atmosphere with 

anhydrous DMF.  A solution of triethylamine (5 mol, with respect to polymer NHS groups) and 

4-amino TEMPO (5 mol, with respect to polymer NHS groups) in anhydrous DMF was added by 

cannula. The solution was reacted at 60 ºC for 16 hours. Polymer was precipitated into water, 

collected by vacuum filtration and reprecipitated two more times from THF in 4/1 methanol water 

mixture. Samples were dried under vacuum at 55 ºC overnight. 

Surface Preparations 

Block Copolymer Coatings - Coatings were prepared according to a previously reported method.29 

In brief, samples were prepared on glass microscope slides, which were freshly cleaned in a 

piranha solution of 70/30 concentrated sulfuric acid and 30% hydrogen peroxide. NOTE: Piranha 

solution is a strong oxidizer and should be handled with caution. Slides were then thoroughly 

rinsed with deionized water, dried, and then immersed in a 2 vol% APTES in anhydrous ethanol 

solution overnight. Slides were rinsed extensively with water and ethanol, then annealed for 4 
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hours under vacuum at 120 ºC. A 7 wt% solution of maleic anhydride-SEBS in toluene was spun 

coat (2000 rpm, 30s) and annealed for 12 hours at 120 ºC under vacuum. Lastly, 3 layers of a 12 

wt% solution of SEBS in toluene were successively spun coat (2000 rpm, 30s), followed by a 12 

hour anneal under vacuum at 120 ºC. Functionalized block copolymers were spray coated onto the 

SEBS tie layer at 50 psi from a 10 mg/mL solution in 19/1 DCM/toluene using a Badger model 

250 airbrush and annealed for 12 hours at 60 ºC under vacuum then 12 hours at 120 ºC.  

Silane Deposition - Silicon wafer pieces were freshly cleaned in a piranha solution of 70/30 

concentrated sulfuric acid and 30% hydrogen peroxide. NOTE: Piranha solution is a strong 

oxidizer and should be handled with caution. Substrates were then thoroughly rinsed with 

deionized water and ethanol, dried, and then immersed in a 5 vol% solution of respective silane in 

anhydrous toluene solution overnight. Samples were removed and immediately annealed for 4 

hours under vacuum at 120 ºC, then rinsed extensively with toluene and ethanol, and sonicated in 

toluene to ensure removal of unattached silane. 

Characterization 

Nuclear Magnetic Resonance Spectroscopy 1H NMR spectra for small molecule synthesis were 

recorded on a Varian Gemini 400 MHz, and for quantitative polymer spectra on a Bruker INOVA 

500 MHz NMR instrument. 

Gel Permeation Chromatography Chromatograms were obtained on a Waters ambient temperature 

GPC with a Waters 1515 isocratic HPLC pump equipped with both a Waters 2414 differential 

refractive index detector and a Waters 2489 UV-Vis detector. Samples were eluted at 40 ºC. The 

instrument was calibrated using narrow dispersity polystyrene standards.  

Attenuated Total Reflectance – Fourier Transform Infrared Spectroscopy Spectra were acquired 

on a Bruker Vertex 80v Vacuum FTIR system. Measurements were made under vacuum in ATR 
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mode using a diamond crystal and recorded using a DTGS detector at room temperature for both 

bulk and coated samples.  

Electron Paramagnetic Resonance Spectroscopy EPR spectra were acquired using a Bruker EMX X-

band CW-EPR spectrometer. Stock solutions were prepared in THF to achieve a radical content of 

1mM. All spectra were double integrated and compared to a 1mM standard prepared with 4-amino 

TEMPO to calculate percent radical attachment to polymer backbone.   

Contact Angles and Surface Energy Calculations Captive bubble and droplet contact angle 

measurements were taken using an NRL contact angle goniometer (Ramé-Hart model 100-00). 

For each sample, a total of 5 replicate measurements were taken over the surface of the sample. 

Captive bubble measurements were done using a house made sample holder to suspend an inverted 

sample in deionized water. An air bubble was produced using 22-gauge stainless steel needle and 

trapped on the underside of the suspended sample. Contact angles were corrected for roughness 

using the Wenzel relation and roughness ratios determined from profilometry.30 For surface energy 

calculations, droplet contact angles were measured with water and hexadecane and the surface 

energy was calculated using the Owens, Wendt, Rabel and Kaelble (OWRK) method.31,32 

Profilometry Surface roughness values and surface images were acquired using a non-contact 

confocal Keyence VK-X260 Laser Scanning Profilometer. For each coating, average roughness 

values were calculated from an area of 1.4 mm2 using three replicate measurements taken over the 

sample surfaces.   

X-Ray Photoelectron Spectroscopy XPS measurements were performed on a Surface Science 

Instruments SSX-100 using a monochromatic Al-Kα X-ray source at 1486.6 eV at pressures below 

10-8 torr. An electron flood gun was used for surface charge neutralization. Both survey and high 

sensitivity spectra were recorded with a pass energy of 150 eV. Spectra were obtained at a 55 
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degree take off angle. Samples were analyzed both as-cast and after soaking in deionized water for 

72 hours. Spectra were analyzed using CasaXPS v. 2.3.17PR1.1 software.  

Fouling Assays 

Barnacles - Prior to testing all surfaces were soaked for 48 hours in artificial seawater (ASW). 12 

replicates per coating type were placed in quadriPERM plates, and a one mL droplet of ASW was 

added to each surface as a droplet. B. improvisus cyprids were added 20 per drop. The plates were 

closed, covered, and incubated in the dark at 28 ºC. After 24 hours the settled larvae were counted. 

A laboratory standard assay (a polystyrene 24-well plate) was run simultaneously to ensure that 

the settlement of cyprids was normal.  

Following the settlement assay, surfaces were cleaned using deionized water and a soft 

sponge. Additional cyprids were added to eight replicates per coating type (approx. 100 per 

surface) and the plates were incubated for a further 24 hours. Unattached larvae were removed, 

and juvenile barnacles were grown at room temperature for a further 5 days. Individuals were 

localized, counted, and subjected to a wall shear stress of 92 Pa for two minutes in a turbulent flow 

cell. Barnacles remaining attached were identified and expressed as a proportion of the original 

number settled. 

B. amphitrite settlement assays were conducted in the same manner as described above.  Due to 

limitations on larval supply, no removal experiments were performed, although the two species 

typically respond similarly to surfaces. 

Ulva linza - All coatings were equilibrated in ASW for 72 hours prior to testing. A 10 mL 

suspension of U. linza zoospores was added to quadriPERM dishes containing three replicates per 

coating type. After 45 minutes in darkness at 20 ºC, the slides were washed to remove unsettled 

spores. Attached spores were fixed using 2.5% glutaraldehyde in seawater. The density of attached 
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spores was visualized by autofluorescence of chlorophyll using an image analysis system attached 

to a fluorescence microscope. Counts were made for 30 fields of view 0.15 mm2 in size on each 

slide. 

For growth and removal, spores were settled on the coatings as described above. The spores 

were cultured using supplemented seawater medium for seven days to produce sporelings on six 

replicate slides. Sporeling growth medium was refreshed every 48 hours. Sporeling biomass was 

determined by measuring chlorophyll fluorescence in a Tecan fluorescence plate reader. The 

biomass was quantified in terms of relative fluorescence units (RFU).  The RFU value for each 

slide is the mean of 70 readings.  

Removal of sporelings was assessed using a shear stress of 50 Pa in a turbulent flow cell. 

Biomass remaining was determined using the fluorescence plate reader as above. Percent removal 

was calculated using sporeling biomass from before and after exposure.  

Navicula incerta - Coatings were equilibrated in 0.22μm filtered ASW for 72 hours prior to testing. 

N. incerta cells were settled on three replicate slides in quadriPERM dishes at 20 ºC. After two hours, 

the slides were agitated for five minutes on an orbital shaker at 60 rpm and washed in ASW to remove 

unattached cells. Samples were fixed in 2.5% glutaraldehyde, air dried and the density attached cells 

was counted. Counts were made for 15 fields of view, each 0.15 mm2 in size, per slide.  

For removal assays, cells were settled as described above on three replicate slides, where were 

subsequently exposed to a shear stress of 30Pa in a water channel. Samples were fixed and the 

remaining attached cells were counted as described above. Results were expressed as percent removal, 

calculated from the difference between cell density before and after exposure in the water channel.  
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Results 

In this study, polystyrene-b-poly(dimethylsiloxane-r-vinylmethylsiloxane) (PS-PDMS) 

block copolymers were used in the construction of antifouling and fouling release coatings 

incorporating a stable radical to weaken the hard fouler-coating interface and enhance fouling 

release. A blend of both diblock and triblock architectures were used on the basis of a previous 

study that found a blend of the two gave better antifouling and fouling release performance than 

the triblock structure alone.25 Polymers were designed with a short PS block (8k) and a long PDMS 

block (30k);  triblocks are generated by coupling of the diblock, giving them double the PDMS 

block length with two identical PS end blocks. The nitroxide stable radical TEMPO was directly 

attached to pendent vinyl groups on the PDMS block using thiol-ene click chemistry. Because of 

the radical nature of the thiol-ene click reaction, the two-step procedure shown in Figure 2-1 was 

used to prevent quenching of the thiyl radicals by the nitroxide. An N-hydroxysuccinimide (NHS) 

ester was clicked onto the backbone, and subsequently reacted with 4-amino TEMPO to give the 

amide structure.  

 

Attachment of the NHS ester was confirmed by NMR, following the disappearance of vinyl 

peaks between 6.10 and 5.75 ppm and the appearance of the NHS peaks at 2.86 and 2.63 ppm, as 

 

Figure 2-1: Backbone structures of TEMPO and PEG modified diblock and triblock backbones 
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well as the appearance of characteristic NHS peaks in the IR at 1815, 1786, and 1742 cm-1. FTIR 

was further used to confirm the transformation to the amide with the appearance of peaks at 1645 

cm-1 and 1545 cm-1, and the disappearance of the NHS peaks. Electron paramagnetic resonance 

(EPR) spectroscopy further established the presence of the nitroxide on the polymer backbone, 

with a strong radical signal as shown in Figure 2-3. Signal integration and comparison to a TEMPO 

standard indicated approximately 50% attachment efficiency. Distortion in the typical triplet EPR 

signal of the nitroxide further confirms the radical attachment to the backbone. Typically, a 

nitroxide radical in solution is limited in the spin exchange occurrences it can undergo because of 

the molecule’s fast translational and rotational motion.33 When this motion is restricted, such as 

when the radicals are tethered together, the likelihood of spin exchange is higher, leading to 

 

Figure 2-2: Backbone modification with TEMPO for blended coatings. A.) FTIR data showing the 

unfunctionalized PS-PDMS backbone and the appearance, and subsequent disappearance, of NHS 

peaks at 1815, 1786, and 1742 cm-1, and the appearance of Amide I and II peaks at 1645 cm-1 and 

1545 cm-1 used to attach TEMPO. B.) NMR spectra showing the disappearance of vinyl peaks and the 

appearance of NHS peaks between 2.86 and 2.63 ppm. C.) Conditions used for the stepwise 

attachment of TEMPO. 
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broadening of the triplet signal.33,34 In the case of the functionalized PS-PDMS, the polymer 

backbone is sparsely functionalized resulting in a distorted signal between the singlet and triplet. 

 

Generation of broad spectrum coatings with effectiveness against multiple species and the 

ability to function as both an antifouling and fouling release material is enhanced using 

amphiphilic materials,35 so TEMPO functionalized backbones were blended with PEG 

functionalized backbones to add hydrophilicity to the system. The resulting materials and their 

corresponding sample codes are laid out in Table 2-1. TP1 and TP2 were made using a 50/50 blend 

of the PEG functionalized material with the materials used for T1 and T2, respectively.  

Coatings were constructed using a previously devised architecture that utilizes a tie layer 

of a commercially available thermoplastic elastomer.29,36,37 This elastomer, polystyrene-b-

poly(ethylene-r-butylene)-b-polystyrene (SEBS), is successively spun coat to build up a thick 

 

Figure 2-3: EPR spectra of TEMPO modified backbones for blended coatings. While the small 

molecule displays a triplet signal that derives from electron-nucleus interaction, this hyperfine 

splitting is distorted in the nitroxides that are tethered to the polymer backbone as a result of spin 

exchange. This distortion becomes more pronounced with higher functionalization because of more 

frequent incidence of spin exchange. 
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layer (~1 mm), on top of which the functionalized PS-PDMS is deposited. Spray coating is used 

for this deposition to more directly mimic the methodology commonly used for marine paint 

application. The SEBS acts as a tie layer ensuring stable attachment of the functionalized PS-

PDMS to the substrate through physical crosslinks between the styrene end blocks of the two 

copolymers.37 The tie layer also provides more consistent bulk mechanical properties between 

coating types, which is particularly important for fouling release because coating modulus plays a 

critical role in fouling release performance.38 This allows for evaluation of coating surface 

chemistry more directly and mitigates the variable of mechanical properties from the overall 

analysis. Using a commercially available material also allows the deposition of a thick coating, 

which is also better for fouling release,38,39 ultimately requiring less of the functionalized PS-

PDMS material.  

Surface Characterization 

Captive bubble contact angle data, shown in Figure 2-4, gives an indication of the surface 

wettability of coating surfaces. The unfunctionalized PS-PDMS backbone exhibits the highest 

initial contact angle (90.1º) while the PEG coatings the lowest (64.3º). Both coatings exhibit a 

Table 2-1: Polymer Functionalization and Corresponding Sample Codes for PS-PDMS 

TEMPO blended coatings 

Code T1 T2 P 

Backbone Structure Diblock Triblock Diblock Triblock Diblock Triblock 

Mol% Vinyl a 3.27 3.28 9.62 10.70 3.27 3.28 

Mol% NHS 
a
 3.26 3.22 9.33 9.79 - - 

Mol% TEMPO
b
 1.79 2.28 5.07 4.93 - - 

Mol % PEG 
a
 - - - - 3.20 1.20 

Coating Mol % TEMPO
c
 2.04 5.00 - 

Coating Mol% PEG
c
 - - 2.20 

Coatings TP1 and TP2 were made using a 50/50 blend of P materials with T1 or T2 materials, respectively  
a with respect to PDMS block determined using H1 NMR 
b with respect to PDMS block determined using EPR 
c Coatings consist of 50/50 mixture diblock and triblock. Coating content calculated by averaging diblock and triblock values 
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slight drop in contact angle over the four-day sampling period, but retain the highest and lowest 

contact angle, respectively. Modification with TEMPO lowers the contact angle compared to the 

control indicating that the TEMPO functionality imparts a certain amount of hydrophilicity to the 

backbone. T1 and T2 have similar initial contact angles, but over time T1 exhibits a greater change 

in contact angle than T2, with an ultimate change in contact angle of almost 15º, while T2 only 

exhibited a drop of 10º. Blending of TEMPO and PEG modified backbones has a modest effect, 

with less than a five-degree change in contact angle from T to TP coatings.  

Surface topography was assessed using laser profilometry, as detailed in Table 2-2. All 

coatings have similar roughness values between 3.5-4.5 μm; maximum feature heights, the sum of 

the highest peak and lowest valley, are around 50 μm. Profilometry data was also used to calculate 

roughness ratios, which are used for contact angle correction.  

 
Figure 2-4: Captive Bubble Contact Angles taken over a five-day period of PS-PDMS TEMPO 

blended coatings while surfaces were immersed in water. Modification with either TEMPO or PEG 

lowers contact angle, and blends of the two materials show similar contact angles. Each bar represents 

a 24-hour period. Errors bars show standard deviation of 5 measurements.  
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ATR-FTIR of shows evidence of side group modification on the surface of the coatings. 

Peaks at 1542 and 1645 cm-1 are indicative of the amide used for attachment of the TEMPO. The 

intensity of these peaks decreases between T2 and T1, which follows the difference in loading 

Table 2-2: Summary of surface features for PS-PDMS TEMPO blended coatings, determined 

by Laser Profilometry 

 Ra (μm)a Rq (μm)b Roughness Ratioc Rz (μm)d 

PS-PDMS  4.208 ± 0.159 5.366 ± 0.259 1.201 64.339 ± 11.647 

T1 3.557 ± 0.354 4.612 ± 0.490 1.219 49.089 ± 5.634 

T2 4.085 ± 0.262 5.132 ± 0.330 1.194 45.759 ± 5.316 

P 3.910 ± 0.332 4.921 ± 0.409 1.297 47.865 ± 4.067 

TP1 3.768 ± 0.671 4.820 ± 0.896 1.308 61.381 ± 11.260 

TP2 3.363 ± 0.159 4.224 ± 0.237 1.281 47.036 ± 13.363 
a Arithmetic mean roughness 
b Root mean square roughness 
c Ratio of actual area to perceived area, used for contact angle correction 
d Maximum height, sum of largest peak and largest valley 

 
Figure 2-5: ATR-FTIR spectra of PS-PDMS TEMPO blended coating surfaces. Evidence of the 

presence of the amide used to attach TEMPO in inset shows the Amide I and II peaks associated with 

the amide that is formed with TEMPO attachment as well as the characteristics nitroxide peak. 
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between the two coatings. Coating T2 shows evidence of the N-H from the secondary amide at 

3292 cm-1, but it does not appear in any of the other coatings, likely because the signal is too weak 

with the lower loadings of TEMPO. Although weak in intensity, there is an indication of the N-O• 

moiety in T1, T2, TP1, and TP2 surfaces at 1365 cm-1,40 which appears to decrease with TEMPO 

content: T2 shows the greatest intensity and T1 and TP1 show the lowest. Overall, the 

characteristic peaks for TEMPO attachment have weak signals in comparison to the PDMS peaks, 

a result of the sparse functionalization used.  

 

Surface compositions from XPS survey spectra are tabulated in Table 2-3. Compared to 

the theoretical composition there is significantly less carbon, which is assumed to be a result of 

the surface dominating nature of the PDMS over the polystyrene block. Compositionally all scans 

show very similar atomic percentages to the PS-PDMS control, which can be attributed to the low 

loading percentages of TEMPO and PEG used. Notably, the only coating that shows nitrogen is 

coating T2, but only in the as-deposited state.  For this reason, high sensitivity N1s scans were 

Table 2-3: Theoretical and Experimental Atomic Surface Percentages of for PS-PDMS 

TEMPO blended coatings, determined by XPS 
  % Carbon % Oxygen % Silicon % Nitrogen % Sulfur 

PS-PDMS 

Theoretical 63.68 18.16 18.16 - - 

Dry 51.61 26.71 21.68 - - 

Wet 49.29 27.45 23.25 - - 

T1 

Theoretical 63.92 17.80 17.19 0.61 0.48 

Dry 50.82 26.61 22.57 - - 

Wet 51.69 27.5 20.82 - - 

T2 

Theoretical 65.21 16.73 15.32 1.40 1.34 

Dry 50.71 26.41 21.76 1.13 - 

Wet 51.81 27.99 20.20 - - 

P 

Theoretical 64.53 18.31 16.19 - 0.97 

Dry 51.92 25.72 22.35 - - 

Wet 50.55 27.94 21.51 - - 

TP1 

Theoretical 64.23 18.05 16.69 0.30 0.72 

Dry 52.36 25.76 21.88 - - 

Wet 49.49 27.86 22.65 - - 

TP2 

Theoretical 64.87 17.52 15.76 0.70 1.15 

Dry 51.58 27.14 21.28 - - 

Wet 49.87 28.19 21.95 - - 
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performed. In the as-deposited state, there is evidence of nitrogen in all the TEMPO containing 

coatings, as seen in Figure 2-6, indicating the presence of the TEMPO moiety at the surface. This 

signal is significantly weaker for coatings T1 and TP1. After immersion in water, while the 

nitrogen signal is still detectable in T1 and T2, no nitrogen in detected on TP1 or TP2.  

 

 

 
Figure 2-6: High sensitivity N1s XPS scans of for PS-PDMS TEMPO blended coatings. While 

coatings T1 and T2 show N1s signal in the wet state, the blended TP1 and TP2 coatings do not, likely 

a result of the surface dominance of the PEG functionalized backbone in the aqueous environment. 
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Fouling Assays  

 

Hard fouling assays were conducted against two barnacle species, Balanus amphitrite and 

Balanus improvisus. In settlement assays against B. improvisus, all coatings showed statistically 

similar settlement (~20 settled cyrpids), except T2 (44 settled cyprids). This trend was also seen 

in B. amphitrite assays, with T2 (56 settled cyprids) showing the highest settlement, although the 

PS-PDMS control showed a similar level of settlement (52 settled cyprids). All other coatings had 

below 15 settled cyprids. Removal assays were only carried out on B. improvisus because of 

limited B. amphitrite stock at the time of testing. Overall, all coatings performed similarly to the 

PS-PDMS control, with very limited removal (~10%) for most coatings. The only coating that 

performed better was P, but the removal was still quite low (21%).  

 
Figure 2-7: B. improvisus and B. amphitrite cyprid settlement after 24 hours (left) and B. improvisus 

percent removal (right) after exposure to a hydrodynamic shear stress of 92 Pa for PS-PDMS TEMPO 

blended coatings. TEMPO does not improve fouling release and appears to promote settlement at 

higher loadings. Error bars indicate standard error. 
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In settlement assays, Ulva linza spores showed a preference for TEMPO surfaces. 

Settlement was higher on T1, T2, TP1, and TP2 than the PS-PDMS control, with the greatest 

settlement on T2 (1223 spores/mm2) and TP2 (1001 spores/mm2). The lowest settlement was on 

coating P, but its performance was only marginally better than the control. Sporeling growth was 

normal over a seven-day period, and the initial trends in settlement were maintained, with TEMPO 

containing coatings showing the highest biomass. In removal assays, incorporation of PEG 

 
Figure 2-8: U. linza settlement after 45 minutes (left) and removal of sporelings after seven days of 

growth due to an impact pressure of 50 Pa (right) for PS-PDMS TEMPO blended coatings. Higher 

TEMPO functionalization promotes settlement. PEG appears to be strongest contributor to U. linza 

removal. Error bars indicate 95% confidence limits for settlement and standard error of the mean from 

arcsine transformed data for settlement. 
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Figure 2-9: Settlement of  N. incerta after two hours (left) and percent removal as a result of a 30 Pa 

hydrodynamic shear stress (right) for PS-PDMS TEMPO blended coatings. Functionalization, with 

TEMPO or PEG, has little to no effect on performance. Error bars indicate 95% confidence limits for 

settlement and 95% confidence limits derived from arcsine transformed data for removal. 
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imparted a very clear improvement in performance. P, TP1, and TP2 all had over 80% removal of 

sporelings, while all other coatings showed less than 30% removal. While coating T2 did have 

higher removal than PS-PDMS control, the PDMS elastomer (PDMSe), and the glass slide (27% 

versus less than 10%), it showed a similar amount of retained biomass after removal as all three 

of the included controls.  

Against the diatom, N. incerta, functionalization had very minimal effect on performance 

in settlement and removal assays. Settlement was broadly similar on all coatings and in removal 

assays all PS-PDMS based coatings performed significantly worse than the glass slide and PDMSe 

controls.  

Discussion 

Overall, incorporation of the stable radical TEMPO had little effect on the performance of 

coatings in fouling release assays. Against the barnacle species B. improvisus removal was low 

from all coatings, and there was no improvement with incorporation of TEMPO. From XPS and 

FTIR spectra, there was actually very little TEMPO at the surface, which was likely a large 

contributing factor to the performance. The presence of TEMPO at the coating-fouler interface is 

vital to its proposed mechanism of action; to interfere with barnacle adhesion chemistry, it needs 

to be at the surface to participate. In coatings TP1 and TP2 there was no indication of TEMPO at 

the surface with no nitrogen signal after immersion in water. This disappearance in signal is 

attributed to the fact that the PEG and TEMPO functionalities are not attached to the same 

backbone, so the PEG functionalized backbone is most likely dominating the surface. U. linza 

removal assays were indicative of this PEG surface dominance. TP1 and TP2 coatings significantly 

outperformed T1 and T2, but showed similar removal as coating P, indicating the weaker adhesion 

was a result of the PEG rather than the TEMPO.  
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Because of this behavior, an examination of the surface properties of TEMPO were 

undertaken. A TEMPO bearing silane was synthesized and used to generate TEMPO surfaces. 

Contact angle data in Figure 2-10 shows that the TEMPO silane surfaces have a lower water 

droplet contact angle than the unfunctionalized PS-PDMS block copolymer, but a higher contact 

angle than a similarly constructed PEG silane surface. The TEMPO silane surfaces were used to 

calculate the surface energy of TEMPO, using the Owens, Wendt, Rabel and Kaelble method with 

water and hexadecane,31,32 which was found to be 26.9 mN/m. Values in a similar range have been 

reported elsewhere for TEMPO bearing polymeric materials (30.12 mN/m).41 In contrast PDMS 

 
Figure 2-10: PS-PDMS TEMPO blended coatings backbone behavior and component water droplet 

contact angles A.) Diagram of the behavior of PS-PDMS TEMPO blended coatings, showing the 

initial surface presentation of TEMPO in air, but its recession into the bulk and the surface dominance 

of PEG upon immersion in water B.) Water droplet contact angle values for PS-PDMS and TEMPO 

and PEG silane surfaces give further indication of the surface behavior of the different components 

used in coating construction. 
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is reported to have a surface energy between 19 and 22 mN/m,42–45 while PEG is reported to have 

a surface energy between 43 and 45 mN/m.42,46 The TEMPO moiety has intermediate surface 

behavior when compared to PDMS and PEG, which explains the performance of these blended 

coatings. In air when the coating is deposited, the TEMPO group has to compete with the PDMS 

backbone, which dominates at the surface because of its lower surface energy, while in water it 

competes with the PEG that has a lower interfacial energy with water. This impacts the ease of 

delivery and presentation of the TEMPO group at the surface, particularly once it is in an aqueous 

environment.  

The antifouling performance against all three organisms was also unexceptional. While 

TEMPO had no effect on the settlement of N. incerta, there was an increase in settlement of U. 

linza and barnacles with higher TEMPO loading. Inclusion of PEG seemed to mitigate this effect, 

so a coating that was able to deliver both moieties to the surface effectively still appears to be the 

best route to building an effective antifouling and fouling release coating. Ultimately, the fouling 

release data is inconclusive, as the loading of active groups was quite low, and the blended material 

prevents the simultaneous action of the TEMPO and PEG functionalities at the surface. An 

increase in loading and combination on the same backbone could lead to enhancement of 

performance and better assessment of TEMPO as a potential component in fouling release 

coatings. 

Conclusions 

The key to the utility of TEMPO for fouling release is its positioning at the coating 

interface, where it can be bioactive. While there was evidence of TEMPO in the dry state, both 

FTIR and XPS had low signals in comparison to the PDMS backbone, indicative of only a small 

amount of TEMPO available at the coating surface. In the blended coatings, the nitrogen signal 
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completely disappeared after immersion in water, so no appreciable amount of TEMPO was at 

the surface in the hydrated state, but as demonstrated by the settlement assays for U. linza and 

both barnacle species, the combination with hydrophilic groups will be necessary to maintain 

antifouling characteristics. Co-attachment of TEMPO and PEG to the same backbone could 

prevent TEMPO sequestering below the surface of the film in aqueous conditions, and may 

actually provide a surface directing effect by PEG in water, to correctly position it to interfere 

with the adhesion of foulers. Higher loading of both TEMPO and PEG on the backbone will 

likely increase the population of radicals at the surface and improve the antifouling performance 

of coatings as well. Ultimately, these results prove inconclusive as to the benefit of TEMPO in a 

fouling release coating, but provide valuable insight for how it should be incorporated in order to 

assess its effectiveness, and emphasize the importance of combining interface engineering with 

correct structural design to produce optimal surfaces. 
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CHAPTER 3  

AMPHIPHILIC NITROXIDE BEARING SILOXANE-BASED BLOCK COPOLYMER 

COATINGS FOR ENHANCED MARINE FOULING RELEASE 
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Abstract 

The settlement and buildup of organic matter and organisms on surfaces exposed to marine 

environments, known as biofouling, is a disruptive and costly process affecting naval operations 

and marine industries. Surface characteristics particularly suited to the creation of antifouling and 

fouling release surfaces have been identified and thoroughly explored, but there remains room for 

improvement especially in the case of hard fouling organisms that use hard adhesive cements, such 

as barnacles and mussels. Characterization of these adhesives have shown that many rely on radical 

crosslinking during hardening and attachment to surfaces. In this work, we explore the 

incorporation of the stable radical 2,2,6,6-tetramethylpipiderin-1-oxyl (TEMPO) as a component 

in an amphiphilic block copolymer system to act as an inhibitor for marine cements, disrupting 

adhesion of hard foulers. Using polystyrene-b-poly(diemthylsiloxane-r-vinylmethysiloxane) (PS-

PDMS) block copolymers, pendent vinyl groups were functionalized with TEMPO and 

poly(ethylene glycol) (PEG) to construct an amphiphilic material with redox active character. The 

antifouling and fouling release performance of these materials was investigated through 

collaborative study of settlement, attachment, and removal of three model fouling organisms and 

correlated to surface structure and chemistry. Surfaces showed significant antifouling character 

and substantial increase in the fouling release performance with the incorporation of the stable 

radicals, indicating the promise of the use of stable radicals in marine antifouling applications.   

Introduction 

 Marine biofouling is the buildup of organic matter and organisms on surfaces exposed to 

fresh or saltwater environments. Fouling contributes to increased drag,1,2 higher fuel and 

maintenance costs,3 interference in instrument function,4 and places marine ecosystems at higher 

risk for invasive species.5 Current technology relies on the use of toxic metal biocides, but 
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increased scrutiny has prompted increasing interest in non-toxic environmentally benign 

alternatives.6–10  

 To effectively fight marine biofouling, coatings are often designed to function through two 

different mechanisms: antifouling or fouling release. An antifouling coating prevents settlement 

of organic matter and organisms on a surface, while a fouling release coating limits adhesive 

interaction at the surface to facilitate straightforward removal. Successful antifouling coatings 

often incorporate hydrophilic materials, such as polyethylene glycol (PEG) or zwitterions,11,12 as 

they create a highly hydrated surface which makes the adsorption of biomolecules less 

energetically favorable. In contrast, low surface energy materials serve as the best fouling release 

materials, as they limit strong polar interactions that would more strongly adhere foulants to the 

surface. One of the most successful materials for fouling release coatings is poly(dimethyl 

siloxane) (PDMS).13,14 The low energy surface limits fouler interactions weakening surface 

adhesion, while the soft mechanical properties lower the removal force necessary to remove settled 

organisms. Modification of PDMS with hydrophilic materials, like PEG and zwitterions, has 

shown immense promise in the construction of surfaces that possess both anti-fouling and fouling 

release capabilities.15–21  

 The cements that marine organisms use for adhesion are thought to rely heavily on 

oxidative mechanisms for crosslinking. Mussels and tubeworms mediate adhesion using catechols, 

specifically 3,4-dihydroxy phenylalanine (DOPA) residues in their cement, which can form strong 

bonds with the surface and crosslinks within the cement matrix.22–25 Barnacles also utilize catechol 

chemistry, although the mechanisms are less well understood, as well as a surface conditioning 

fluid with a high concentration of reactive oxygen species, which pre-oxidizes the surface to allow 

better adhesion of cement.26,27 Other studies have also shown high concentrations of disulfide 
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linkages in their cement.28 Direct targeting and interference with these mechanisms could serve to 

improve non-toxic fouling release performance. Del Grosso et al. investigated the incorporation of 

antioxidants into an epoxy-based paint and found that at loadings of 25% antioxidant significant 

reduction in mussel adhesion strength was observed compared to bare aluminum or a control 

coating.29 This increase in the removal of mussels with the incorporation of antioxidants indicates 

a promising area of exploration for the development of effective non-toxic fouling release coatings.   

Nitroxides are a class of organic stable radicals that have found applications in organic 

catalysis and polymer synthesis,30,31 chemical biology and cell biology,32,33 and organic 

electronics.34 One of the most common nitroxides, 2,2,6,6-tetramethylpipiderine-1-oxyl (TEMPO) 

has been used in antifouling applications to inhibit proliferation and trigger dispersal of biofilms.35–

37 In one study, thin films of poly(2,2,6,6-tetramethylpipiderine-1-oxyl) methacrylate (PTMA) 

reduced adhesion of Pseudomonas by 99.6% as compared to a poly(methyl methacrylate) 

control.38 The mechanism of action is thought to rely on the nitroxide’s structural and electronic 

similarity to nitrous oxide, which is used as a signaling molecule in quorum sensing. Organic 

nitroxides and their precursors have also long been used as antioxidants and radical scavengers, 

and have been shown to effectively quench hydroxyl,39–41 peroxyl,42 carbon centered,43–45 and thiyl 

radicals46, but have yet to be explored for use against macroscopic fouling organisms. Because of 

this broad-spectrum behavior, nitroxides could serve to be extremely effective additions to a 

fouling release coating by quenching any oxidative or radical based reactions at the adhesive 

interface, thereby weakening surface attachment. 

In chapter 2, the attachment of the stable radical nitroxide TEMPO onto polystyrene-b-

poly(dimethylsiloxane-r-vinylmethysiloxane) (PS-PDMS) block copolymers was investigated to 

improve fouling release performance against hard fouling organisms. At 2-5 mol% loading (with 
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respect to the PDMS block), TEMPO was able to minimally populate the surface. When blended 

with a PS-PDMS backbone grafted with PEG and immersed in an aqueous environment, however, 

the hydrophilic PEG materials dominated the surface completely burying the TEMPO moiety and 

rendering it ineffective. It was determined that the key to the utility of TEMPO depended on 

loading it at higher percentages in an amphiphilic system, where the hydrophilic group and the 

TEMPO are covalently tethered. This will allow successful delivery to the surface, while 

maintaining the coating effectiveness as an antifouling material against soft fouling species.  

 

In this study, the same PS-PDMS system was co-functionalized with both TEMPO and PEG on 

the same backbone, designed to successfully deliver both side groups to the surface. These coatings 

 
Figure 3-1: Intended action of TEMPO nitroxide at surface. Coating is designed so TEMPO is active 

at surface to interfere with marine adhesive chemistry and enhance fouling release of organisms. PEG 

is included to build amphiphilicity into the coating and to be surface directing when hydrated. 

Radical containing 
adhesive

Amphiphilic TEMPO 
containing surface

Barnacle
Quenched radical species

No adhesion between 
barnacle and surface

Nitroxide at surface designed to quench radical 
species excreted in fouler adhesive
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should both resist fouling as well as enhance fouling release through the active disruption of 

oxidative adhesion chemistries used by hard fouling organisms. Surfaces were characterized for 

wettability, surface roughness, and composition using captive bubble contact angle goniometry, 

laser confocal profilometry, Attenuated Total Reflectance-Fourier transform infrared (ATR-FTIR) 

spectroscopy, and X-ray photoelectron spectroscopy (XPS), and tested against a suite of model 

fouling organisms to correlate surface properties with the antifouling and fouling release 

performance.   

Materials and Methods 

All chemicals were purchased from Sigma Aldrich and solvents from VWR and used as received 

unless otherwise specified. Hexamethylcyclotrisiloxane (D3) and 1,3,5-trivinyl-1,3,5-

trimethylcyclotrisiloxane (V3) were purchased from Gelest, Inc. 4-Amino TEMPO was purchased 

from AK Scientific. Anhydrous ethanol was purchased from Fisher Scientific. Anhydrous N,N-

dimethylformamide (DMF) was purchased from Alpha Aesar. Benzene was stirred over n-butyl 

lithium and diphenylethylene, distilled and freeze, pump thawed to degas. Styrene was dried over 

calcium hydride, distilled, and free-pump-thawed to degas. D3 was dissolved in benzene and 

stirred over calcium hydride for 24 hours, at which point a living anionic styrene polymerization 

was added and allowed to stir until the orange color had completely disappeared. The benzene was 

subsequently distilled, and the D3 sublimed, and then the solution was freeze-pump-thawed to 

degas. Solution concentration was determined using NMR. Tetrahydrofuran (THF) was stirred 

over calcium hydride and distilled into a flask containing sodium and benzophenone which was 

allowed to stir for several days, at which point it was distilled and freeze-pump-thawed to degas. 

V3 was stirred over calcium hydride, distilled and freeze-pump-thawed to degas. Tosyl chloride 

was dissolved with ether and washed with 1 M NaOH, then crystallized by cooling. Glass slides 
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were purchased from Fisher Scientific. Polystyrene-b-poly(ethylene-r-butylene)-b-polystyrene 

(SEBS, MD6945) and maleic anhydride grafted SEBS (MA-SEBS, FG1901X) were generously 

provided by Kraton. Barnacle larvae were obtained from stocks of Balanus improvisus that are 

maintained in semi-continuous culture at Newcastle University, originally sourced from the Sven 

Lovén Centre for Marine Sciences, Tjärnö, Sweden. Zoospores were obtained from mature plants 

of U. linza by the standard method.47    

Synthesis 

PS-PDMS Backbone Synthesis - PS-PDMS backbones were prepared according to a previously 

reported method.27 In brief, in a glovebox sec-butyl lithium was added to a flask charged with 

benzene and a stir bar, followed by the dropwise addition of styrene, leading to the development 

of a deep orange color. The reaction progressed overnight before sampling, followed by the 

addition of a solution of D3 in benzene. After the complete disappearance of the orange color, 

indicative of the live styrene anion, THF was added and the reaction was allowed to continue for 

2 hours. At this point, the addition of a solution of V3 in THF by syringe pump was begun and 

allowed to progress over 48 hours. After addition, the polymerization reacted an additional 24 

hours. The polymerization was then split, one half being end-capped with chlorotrimethylsilane 

for the formation of diblock, the other half coupled using a solution of dichlorodimethylsilane in 

THF. Coupling was done by adding 75% of coupling agent directly, followed by the addition of 

the remaining 25% of coupling agent by syringe pump over a 24 hour period. Polymers were 

precipitated directly into a 4/1 (v/v) mixture of methanol and deionized water and allowed to stir 

overnight. Polymers were collected by vacuum filtration and dried overnight in a vacuum oven at 

55 ºC.  
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PEG-Tosylate (1a) Polyethylene glycol monomethyl ether (Mn=350 g/mol) (44.3 g, 126.5 

mmol) was dissolved in chloroform with pyridine (20.3 mL, 252.0 mmol). The solution was 

cooled to 0 ºC and purified tosyl chloride (36.2 g, 189.8 mmol) was added by the spatula full. 

The reaction was warmed to room temperature and left to react for 12 hours. The reaction 

mixture was then successively washed with 1M HCl, sat. NaHCO3, and distilled water until 

washings were at neutral pH. The organic layer was dried over Na2SO4 and concentrated under 

reduced pressure. The resulting residue was purified by column chromatography using an eluent 

mixture of 60/40 DCM/Hexanes to 90/10 DCM/MeOH. Yield: 72%. Proton NMR (400MHz, 

CDCl3): δ(ppm) - 7.78 (d, 2H), 7.32 (d, 2H), 4.14 (t, 2H), 3.66 (t, 2H), 3.62 (m, 24H), 3.53 (m, 

2H), 3.36 (s, 3H), 2.43 (s, 3H) 

PEG-Thiol (1b) 1a (15 g, 29.7 mmol) and thiourea (2.3 g, 29.7 mmol) were dissolved in 2:1 

mixture of ethanol and deionized water. The solution was refluxed under inert atmosphere for 3 

hours. NaOH (1.4 g, 35.5 mmol) dissolved in a minimal amount of deionized water was added 

and refluxed for a further 2 hours. The reaction was cooled to room temperature and 

concentrated under reduced pressure. The residue was diluted with deionized water and 

neutralized with 1M HCl, then extracted three times with DCM. The organic layer washings 

were combined, dried over Na2SO4, and concentrated under reduced pressure to yield a light-

yellow oil. Product was used without further purification. Yield: 92.4% Proton NMR (400 MHz, 

CDCl3): δ (ppm) - 3.57-3.71 (m, 26H), 3.52 (m, 2H), 3.35 (s, 3H), 2.70 (m, 2H), 1.57 (t, 1H) 

NHS-Thiol (2) Following a previously published procedure,49 in brief, N-hydroxysuccinimde (2.0 

g, 17.3 mmol) was dissolved in DCM, followed by the addition of 3-mercaptopropionic acid (1.5 

mL, 17.3 mmol)  then cooled to 0 ºC. Dicyclohexylcarbodiimide (3.9 g, 18.9 mmol) was 

dissolved in DCM and added dropwise over 30 minutes. The reaction was warmed to room 
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temperature allowed to proceed overnight. The solid precipitate was filtered out. The solution 

was concentrated under reduced pressure, followed by multiple cold filtrations and 

concentrations in order to fully remove precipitate, yielding a colorless oil that was used without 

further purification. Yield: 32.3% Proton NMR (400 MHz, CDCl3): δ(ppm) - 2.96 (m, 2H), 2.84 

(m, 6H), 1.83 (t, 1H) 

Thiol-ene Click - In a typical reaction, polymer and DMPA (0.2 mol, with respect to polymer vinyl 

groups) were dissolved in DCM, to which a mixture of 1b and 2 (5 mol, with respect to polymer 

vinyl groups) were added. The solution was degassed by bubbling with nitrogen for 15 minutes, 

and then the reaction vessel was exposed to 365 nm UV for 2 hours. The polymer was precipitated 

into methanol, collected by filtration, and then reprecipitated two more times from THF into a 4/1 

Methanol/water mixture and collected by vacuum filtration. For samples with higher PEG content, 

precipitated mixtures were centrifuged to more easily collect polymer. Samples were dried under 

vacuum at 55 ºC overnight.  

Note: An alternative preparation method, as reported elsewhere,50 was subsequently found to be 

more efficient for NHS ester attachment and avoided the need for the tedious filtration procedures 

by first attaching mercaptopropionic acid to the backbone followed by formation of the NHS ester. 

TEMPO Modification - In a typical reaction, polymer was dissolved in an inert atmosphere with 

anhydrous DMF.  A solution of triethylamine (5 mol, with respect to polymer NHS groups) and 

4-amino TEMPO (5 mol, with respect to polymer NHS groups) in anhydrous DMF was added by 

cannula. The solution was reacted at 60 ºC for 16 hours. Polymer was precipitated into water, 

collected by vacuum filtration and reprecipitated two more times from THF in 4/1 methanol water 

mixture. Samples were dried under vacuum at 55 ºC overnight. 
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Coating Preparation 

Coatings were prepared according to a previously reported method.51 In brief, samples were 

prepared on glass microscope slides, which were freshly cleaned in a piranha solution of 70/30 

concentrated sulfuric acid and 30% hydrogen peroxide. NOTE: Piranha solution is a strong 

oxidizer and should be handled with caution. Slides were then thoroughly rinsed with deionized 

water, dried, and then immersed in a 2 vol% APTES in anhydrous ethanol solution overnight. 

Slides were rinsed extensively with water and ethanol, then annealed for 4 hours under vacuum at 

120 ºC. A solution of 7 wt% solution of maleic anhydride-SEBS in toluene was spun coat (2000 

rpm, 30 s) and annealed for 12 hours at 120 ºC under vacuum. Lastly, 3 layers of a 12 wt% solution 

of SEBS in toluene were successively spun coat (2000 rpm, 30 s), followed by a 12 hour anneal 

under vacuum at 120 ºC, to build up a coating ~1 mm thick. Functionalized block copolymers were 

spray coated onto the SEBS tie layer at 50 psi from a 10 mg/ml solution in 19/1 DCM/dodecane 

using a Badger model 250 airbrush and annealed for 12 hours at 60 ºC under vacuum then 12 hours 

at 120 ºC.  

Characterization 

Nuclear Magnetic Resonance Spectroscopy 1H NMR spectra for small molecule synthesis were 

recorded on a Varian Gemini 400 MHz, and for quantitative polymer spectra on a Bruker INOVA 

500 MHz NMR instrument. 

Gel Permeation Chromatography Chromatograms were obtained on a Waters ambient temperature 

GPC with a Waters 1515 isocratic HPLC pump equipped with both a Waters 2414 differential 

refractive index detector and a Waters 2489 UV-Vis detector. Samples were eluted at 40 ºC. The 

instrument was calibrated using narrow dispersity polystyrene standards.  
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Attenuated Total Reflectance – Fourier Transform Infrared Spectroscopy Spectra were acquired 

on a Bruker Vertex 80v Vacuum FTIR system. Measurements were made under vacuum in ATR 

mode using a diamond crystal and recorded using a DTGS detector at room temperature for both 

bulk and coated samples.  

Electron Paramagnetic Resonance Spectroscopy EPR spectra were acquired using a Bruker EMX X-

band CW-EPR spectrometer. Stock solutions were prepared in THF to achieve a radical content of 

1mM. All spectra were double integrated and compared to a 1mM standard prepared with 4-amino 

TEMPO to calculate percent radical attachment to polymer backbone.   

Captive Bubble Contact Angle Goniometry Captive bubble contact angle measurements were taken 

using an NRL contact angle goniometer (Ramé-hart model 100-00). An in house made sample 

holder was used to suspend an inverted sample in deionized water. An air bubble was produced 

using 22-gauge stainless steel needle and trapped on the underside of the suspended sample. For 

each coating, a total of 5 replicate measurements were taken over the surface of the sample and 

averaged. Contact angles were corrected for roughness using the Wenzel relation and roughness 

ratios determined from profilometry.52 

Profilometry Surface roughness values and surface images were acquired using a non-contact 

confocal Keyence VK-X260 Laser Scanning Profilometer. For each coating, average roughness 

values were calculated from an area of 1.4 mm2 using three replicate measurements taken over 

the sample surfaces.   

X-Ray Photoelectron Spectroscopy XPS measurements were performed on a Surface Science 

Instruments SSX-100 using a monochromatic Al-Kα X-ray source at 1486.6 eV at pressures 

below 10-8 torr. An electron flood gun was used for surface charge neutralization. Both survey 

and high sensitivity spectra were recorded with a pass energy of 150 eV. Spectra were obtained 
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at a 55 degree take off angle. Samples were analyzed both as-cast and after soaking in deionized 

water for 72 hours. Spectra were analyzed using CasaXPS v. 2.3.17PR1.1 software.  

Fouling Assays 

Balanus improvisus - Slides were placed in quadriPERM plates and a 1 mL droplet of artificial 

seawater (ASW) was added to each surface. Three-day-old cyprids of B. improvisus were added 

20 per drop. Plates were closed and incubated in the dark at 28 ºC for 48 hours. The number of 

settled larvae on each surface were counted and then compared between surfaces. A polystyrene 

standard was run simultaneously to ensure that the settlement of cyprids fell within expected limits.  

For fouling removal assays, surfaces were prepared as per the settlement assay described 

above, using approximately 100 3-day-old cyprids per drop. After 48 hours the liquid was 

removed, coatings were briefly rinsed to remove unattached cyprids, and then immersed for a 

further four days in ASW containing a dilute concentration of Tetraselmis suecica to allow for 

metamorphosis to juvenile barnacles. After this period, the number of juveniles on each surface 

was counted. Slides were then subjected to an automated water-jet device in a calibrated system at 

a cylinder pressure of 30 psi and re-counted.  The proportion of removed juveniles was calculated 

for each surface type and expressed as a percent. 

Ulva linza - Slides were equilibrated in 0.22 μm filtered ASW for 72 hours. 10 mL of a suspension 

of zoospores was added to individual compartments of quadriPERM dishes containing 3 replicate 

slides. After 45 minutes the slides were washed to remove unsettled spores. Attached spores were 

fixed using 2.5% glutaraldehyde in seawater and the density of zoospores was counted on using 

an image analysis system attached to a fluorescence microscope. Counts were made for 30 fields 

of view, 0.15 mm2 in size, on each slide. 
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Spores were settled on coatings as described above. The spores were cultured using 

supplemented seawater medium for 6 days to produce sporelings on 6 replicate slides, refreshing 

sporeling growth medium every 48 hours. Sporeling biomass was determined by measuring 

chlorophyll fluorescence in a Tecan fluorescence plate reader, quantified in terms of relative 

fluorescence units (RFU). The sporeling growth data are expressed as the mean RFU. 

Removal assays were performed using a shear stress of 90 Pa in a turbulent flow cell. 

Biomass remaining was determined using the fluorescence plate reader as above. Data was 

expressed as percent removal, calculated from RFU values from before and after exposure.  

Navicula incerta - Slides were equilibrated in 0.22 μm filtered ASW for 72 hours. N. incerta cells 

were settled on three replicate slides of in quadriPERM dishes at 20 ºC. After 2 hours the slides 

were agitated for 5 minutes on an orbital shaker at 60 rpm, then washed to remove unattached 

cells. Samples were fixed in 2.5% glutaraldehyde, air dried and the density of attached cells was 

counted using an image analysis system attached to a fluorescence microscope. Counts were made 

for 30 fields of view, 0.15 mm2 in size, on each slide. 

For removal, cells were settled on three replicate slides as described above. Slides with 

attached cells were exposed to a shear stress of 30 Pa in a water channel. Samples were fixed as 

before, and the number of attached cells was counted as described above. Data was expressed as 

percent removal, calculated using cell densities from before and after exposure. 
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Results  

 Coatings were based on a previously studied system using a polystyrene-b-

poly(dimethylsiloxane-r-vinylmethysiloxane) (PS-PDMS) block copolymer.48,53–55 When 

functionalized with sequence controlled amphiphilic side groups, this system has shown promising 

performance against soft fouling species Ulva linza and Navicula incerta.48,53–55 Previous studies 

have shown coatings composed of a mixture of amphiphilic diblock and triblock scaffolds that 

showed much higher removal of U. linza than the triblock copolymer alone, even though all 

materials had the same relative content of PS, PDMS, and PEG.56 For this reason a blend of the 

two architectures was used in this study. Backbones were constructed with PS blocks of 6-8k and 

PDMS blocks of 30-35k; triblocks were generated by the coupling of two identical diblocks 

resulting in PDMS block lengths of 60-70k.  

 
Figure 3-2: Polymer structures used in study of PS-PDMS TEMPO-PEG co-functionalized coatings.  
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 Polymer modification was done using thiol-ene click chemistry to attach PEG and the 

stable radical TEMPO to the PDMS block using pendent vinyl groups. Because of the radical 

nature of thiol-ene reaction, a two-step attachment scheme was employed to avoid quenching by 

the TEMPO radical.46 A thiol bearing N-hydroxysuccinimide (NHS) ester was synthesized and 

attached to the PDMS block at the vinyl functionalities. This chemistry allowed for subsequent 

attachment of the TEMPO moiety using a commercially available amine-bearing TEMPO to 

form an amide. To achieve amphiphilic surfaces, the stable radical was also co-attached to the 

same backbones with a short chain PEG in a simultaneous click reaction using the activated NHS 

ester and a seven repeat unit PEG thiol (350 g/mol). The reactivity of the PEG and NHS thiols 

were found to differ, resulting in lower ratios of PEG attachment compared to the feed ratio used, 

as detailed in Appendix B. This was thought to occur because of the larger size and more 

hydrophilic nature of the PEG group, compared to the NHS counterpart. Details of prepared 

coatings, and their corresponding sample codes, are in Table 3-1. Coatings P5 and P10 were 

prepared using only triblock backbones, as it was found that the diblock backbones showed 

Table 3-1: Polymer Functionalization and Corresponding Sample Codes for PS-PDMS 

TEMPO-PEG co-functionalized coatings 

Code T27 T24P7 T21P13 T16P19 P5 P10 

Backbone 

Structure 
Diblock Triblock Diblock Triblock Diblock Triblock Diblock Triblock Triblock Triblock 

Mol% NHS
a
 37.5 37.7 32.2 31.6 25.8 27.5 19.8 19.1 - - 

Mol% TEMPO
b
 27.2 26.4 23.7 24.0 19.7 22.2 16.7 16.1 - - 

Mol% PEG
a
 - - 6.6 8.0 13.4 13.2 19.4 17.7 5.0 10.6 

Coating - 

TEMPO
c
 

26.8 23.9 21.0 16.4 - - 

Coating - PEG
c
 - 7.3 13.3 18.6 5.0 10.6 

a with respect to PDMS block determined using H1 NMR 
b with respect to PDMS block determined using EPR 
c Coatings consist of 50/50 mixture diblock and triblock. Coating content calculated by averaging diblock and 

triblock value 
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significant solubility in water and could not be effectively precipitated. The unfunctionalized PS-

PDMS control was constructed using backbone used to construct TEMPO coatings. 

 

 

 Polymer functionalization was followed using a combination of NMR, FTIR, and EPR. 

Figure 3-3 shows the sequential modification monitored by FTIR. Appearance of peaks at 1752, 

1784, and 1813 cm-1 are characteristic of the activated NHS ester group. Their subsequent 

disappearance and the appearance of peaks at 1641 and 1541 cm-1, the amide I and II peaks, 

indicate the attachment of TEMPO. The peak at 1362 cm-1 is characteristic of the nitroxide N-O• 

functionality.57 EPR analysis further confirms the presence of the nitroxide radicals on the polymer 

  
Figure 3-3: Backbone co-functionalization with TEMPO and PEG used in the study of  PS-PDMS 

TEMPO-PEG co-functionalized coatings. A.) Conditions used for the stepwise attachment of TEMPO 

nitroxide. B.) FTIR data showing the appearance, and subsequent disappearance, of NHS 

characteristic peaks, and the appearance of Amide I and II peaks indicative of the amide used to attach 

TEMPO. 
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backbone and quantification of radical content was done using solution-state EPR, which showed 

reaction efficiencies between 70-85%. EPR spectra also give a qualitative indication of the 

distribution and spacing of the nitroxide along the backbone. Changes in line shape are related to 

the interaction of radicals on the backbone. Typically free nitroxides display a distinct triplet line 

shape, attributed to the rapid translational and rotational motion of the radicals, which limits the 

opportunities for spin exchange.58 When the radicals are tethered nearby to other radical units, 

translational and rotational motion are limited, leading to larger electron dipole-dipole interactions 

and increased spin exchange frequency. This results in broadening of the triplet as the signal 

coalesces into a singlet.58,59 Evidence of this is shown in Figure 3-4, where higher loadings of 

TEMPO trend toward line shapes resembling a broad singlet rather than a triplet because of 

restricted motion of radicals attached to the polymer backbone. 

 

Functional polymers were subsequently spray coated onto a ~1mm underlayer of 

polystyrene-b-poly(ethylene-r-butylene)-b-polystyrene (SEBS) that acts as a tie layer for surface 

 
Figure 3-4: EPR spectra of TEMPO-PEG modified backbones in study of PS-PDMS TEMPO-PEG 

co-functionalized coatings. 
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attachment, maintains consistent mechanical properties between coating types, and facilitates 

construction of a thick coating to optimize fouling release, as discussed in more detail in Chapter 

2.60,61 

Surface Characterization 

 
The wettability of the system was probed through bubble contact angle measurements. This 

method is carried out with the sample fully immersed in water, and the contact angle measured 

between a trapped air bubble in contact with the surface. Results are analogous to a typical water 

contact angle measurement, but allow for the sample to be in an aqueous environment.62 

Modification with either PEG or TEMPO lowered the contact angle compared to the 

unfunctionalized control, with greater amounts of PEG trending towards lower initial contact 

angles. PEG functionalized coatings showed lower contact angles than their equivalent TEMPO-

PEG counterparts; coating T16P19 exhibits a contact angles at least 5º greater than coating P5 

despite having almost four times more PEG, indicating that presence of the TEMPO severely 

mitigates the hydrophilic action of PEG. They also showed a much quicker equilibration, with 

little change after 24 hours, whereas the TEMPO coatings took closer to 72 hours on average to 

 
Figure 3-5: Captive bubble contact angles over a over a four-day period of PS-PDMS TEMPO-PEG 

co-functionalized coatings. Error bars show standard deviation.  
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reach equilibrium. This is not unexpected; in chapter 2 we found that the TEMPO has a surface 

energy of 26.9 mN/m, so it is quite hydrophobic, and other materials using it have also been shown 

to possess relatively low surface energies.63 Its competition at the surface with PEG is likely the 

cause of the longer equilibration times and ultimately higher contact angle values.  

 

ATR-FTIR analysis was done to probe the chemical functionalities at the surface. Evidence 

of the presence of TEMPO at the surface can be seen with observation of a characteristic N-O• 

peak at 1362 cm-1,57 which shows an increase in intensity with higher TEMPO attachment to the 

polymer backbone. Peaks at 1645 cm-1 and 1545 cm-1 correspond to the Amide I and Amide II, 

respectively, and are characteristic of the amide used for TEMPO attachment. There is a significant 

reduction in the intensity of these two peaks with a reduction in the percent attachment of TEMPO 

to the backbone. This is also observed in the N-H stretch at 3290 cm-1, which is associated with 

the amide functionality, and shows decreasing intensity with a reduction of TEMPO attached to 

the backbone. An interesting trend relates to the increasing presence of a peak at 1675 cm-1 with 

 
Figure 3-6: ATR-FTIR spectra of PS-PDMS TEMPO-PEG co-functionalized coating surfaces.  
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the increase in PEG attachment to the backbone. A disruption in hydrogen bonding to the carbonyl 

oxygen would explain the shift of the carbonyl peak to higher wavenumber.64 This trend follows 

the reduction in TEMPO attachment to the backbone, indicating the amide groups are more 

distantly spaced along the backbone and can no longer hydrogen bond with one another. The N-H 

stretch does not show the appearance of a second peak at a higher wavenumber, which would be 

expected if the amide NH was no longer participating in a hydrogen bond.65 Likely, this is a result 

of the N-H hydrogen bonding with the PEG functionalities instead.  

 

Coatings were analyzed by XPS in both the as-deposited state and after being immersed 

in water for 96 hours. High sensitivity N1s scans show a strong signal both before and after 

immersion, as exemplified by T16P19 spectra in Figure 3-7, indicating the presence of the 

nitroxide at the surface in both aqueous and ambient conditions. Although XPS measurements 

are done under high vacuum, surface rearrangement was shown to occur over days by captive 

bubble contact angle measurements, so the presence of the nitrogen signal is likely indicative of 

the presence of the nitroxide at the coating surface even in water. All coatings show less nitrogen 

 
Figure 3-7: Nitrogen composition at surface of PS-PDMS TEMPO-PEG co-functionalized coatings 

and XPS N1s scans of T24P7 showing the signal change after immersed in water for 96 hours.  
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content at the surface than theoretically expected, which is further decreased upon exposure to 

water, likely due to the competition the nitroxide faces with both the PDMS and PEG for surface 

dominance. Coatings T24P7, T21P13, and T16P19 show decreasing nitrogen at the surface with 

less nitroxide attached to backbone. Interestingly, coating T27 showed a lower percent of 

nitrogen at the surface (1.47%) than coating T24P7 (3.24%) in the as-deposited state, even 

though it has higher nitroxide content. This could be a result of the presence of PEG on the same 

backbone as the TEMPO, which may cause the backbone to adopt a conformation that drives 

more of the nitroxide to the surface in an effort to bury the PEG. The discrepancy with the IR 

results, which showed T27 with the highest intensity for both the TEMPO N-O• peak and the 

Amide I and II peaks, is likely a result of the acquisition conditions required for the two 

measurements techniques. ATR-FTIR, which although surface sensitive, generally has a 

Table 3-2: Theoretical and Experimental Atomic Surface Percentages of for PS-PDMS TEMPO-PEG 

co-functionalized coatings, determined by XPS 

  % Carbon % Oxygen % Silicon % Nitrogen % Sulfur 

PS-PDMS 

Theoretical 64.99 17.50 17.50 - - 

Dry  43.45 38.1 18.45 - - 

Wet 57.09 24.68 18.22 - - 

T27 

Theoretical 66.70 14.93 10.00 4.93 3.45 

Dry  56.72 24.86 14.8 1.47 2.15 

Wet 56.31 25.3 14.78 1.65 1.97 

T24P7 

Theoretical 65.49 18.45 9.05 3.88 3.13 

Dry  57.05 23.41 14.08 3.24 2.22 

Wet 54.1 26.12 15.34 2.04 2.4 

T21P13 

Theoretical 66.26 18.89 8.71 3.14 3.01 

Dry  57.13 24.17 13.82 3 1.88 

Wet 56.95 24.53 15.35 1.63 1.54 

T16P19 

Theoretical 66.13 20.31 8.21 2.52 2.83 

Dry  57.93 24.58 14.26 1.45 1.78 

Wet 53.64 25.45 17.43 0.67 2.8 

P5 

Theoretical 62.99 20.73 15.54 -  0.74 

Dry  51.47 27.21 21.32 - - 

Wet 52.66 26.82 20.52 - - 

P10 

Theoretical 64.31 21.49 12.99  - 1.21 

Dry 52.23 27.94 19.83 - - 

Wet 52.4 27.42 20.18  - - 
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sampling depth of about a micron which is far greater than the ten or so nanometers XPS 

samples at, so it is more indicative of the bulk coating than XPS. Atomic surface compositions 

are detailed in Table 3-2. All coatings show less carbon than would theoretically be expected, 

while the percentage of silicon and oxygen is greater. This reflects the surface dominance of the 

PDMS block which outcompetes the styrene block at the surface because of its lower surface 

energy. 

 

Surface roughness of coatings were measured using laser profilometry. Table 3-3 and 

Figure 3-8 show that the inclusion of TEMPO results in at least a doubling of roughness 

compared to PEG or PS-PDMS control coatings. The control and PEG coatings show roughness 

values around about 1 µm, while all TEMPO-PEG coatings have roughness values closer to 2 

µm, and coating T27 has a roughness value of almost 3.5 µm. This trend is also reflected in the 

maximum feature heights, which show an almost 10-fold increase from the maximum height of 

the unfunctionalized PS-PDMS and PEG coatings (13-14 μm) to coating T27 (150 μm). Spray 

coating contributes somewhat to surface roughness, as is evidenced by the increase in roughness 

between the SEBS underlayer which is spin-coated, to the unfunctionalized PS-PDMS control, 

but increased roughness of TEMPO coatings is likely a result of more limited solubility of the 

Table 3-3: Summary of surface features for PS-PDMS TEMPO-PEG co-functionalized coatings, 

determined by Laser Profilometry 

 
R

a
 (μm)

a
 R

q 
(μm)

b
 Roughness Ratio

c
 R

z
 (μm)

d
 

PS-PDMS  0.935 ± 0.176 1.222 ± 0.224  1.048 13.050 ± 2.331 

P5 0.832 ± 0.127 1.107 ± 0.192  1.080 14.100 ± 4.731 

P10 0.959 ± 0.075 1.259 ± 0.094  1.054 13.717 ± 1.134 

T27 3.386 ± 0.202 7.405 ± 0.419  1.458 152.546 ± 11.520 

T24P7 2.019 ± 0.060 2.573 ± 0.135  1.428 64.434 ± 25.611 

T21P13 2.186 ± 0.242  2.920 ± 0.553  1.227 57.585 ±22.357 

T16P19 2.060 ± 0.208  2.731 ± 0.221  1.170 61.910 ±38.339 

SEBS 0.221 ± 0.033 0.286 ± 0.054  -- 2.719 ± 2.719 
a Arithmetic mean roughness 
b Root mean square roughness 
c Ratio of actual area to perceived area, used for contact angle correction 
d Maximum height, sum are largest peak and largest valley 
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TEMPO functionalized backbones in the deposition solvent. This accounts for the lower 

roughness of TEMPO-PEG coatings than coating T27, which can be attributed to the PEG 

helping to better solubilize the polymer.  

 

 

Fouling Assays 

 

To evaluate the coatings performance against hard fouling species, settlement and removal 

assays using the acorn barnacle Balanus improvisus were conducted, as detailed in Figure 3-9. 

Incorporation of TEMPO did not appear to reduce or enhance settlement, with T27 (70.0 settled 

cyprids) not performing significantly differently from the unfunctionalized control (58.0 settled 

cyprids). Inclusion of PEG greatly improved resistance to settlement in coatings both with and 

without TEMPO; P5, P10, and T16P19 performed exceptionally well, with no settlement 

whatsoever, and T21P13 had very low settlement (3.3 settled cyprids). In removal assays using a 

30 psi waterjet, functionalization with nitroxide showed promise for improving fouling release. 

 
Figure 3-8: Surface morphology of PS-PDMS TEMPO-PEG co-functionalized coating surfaces. 

TEMPO containing coatings all exhibit significantly rougher surfaces than PS-PDMS and PEG. 
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Coating T27 demonstrated almost a 2-fold increase in removal (58.1%) as compared to the 

unfunctionalized PS-PDMS control (27.0%). T24P7 was even further enhanced with 3 times 

greater removal (90.4%) than that of the control, and anecdotally, of the replicates measured, only 

one showed any remaining barnacles after exposure to the water jet, whereas the other five 

replicates saw 100% removal. The very low or complete inhibition of settlement on P5, P10, 

T21P13, and T16P19 meant acquisition of removal data was not possible. Notably, there were 

several metamorphosed juvenile barnacles floating in the medium above coatings T21P13 and 

T16P19. This would indicate that settlement occurred, but that the resulting organisms 

spontaneously detached from the surface. There was no such evidence of settlement on the two 

PEG coatings, only the presence of unsettled cyprids swimming above coatings. 

 

The performance against soft fouling organisms was also evaluated using N. incerta and 

U. linza. Against N. incerta, functionalization with nitroxide did not improve the antifouling or 

fouling release performance. T27 and the control do not show significant difference in settlement 

(243 and 225 cells/mm2, respectively), indicating that the presence of the nitroxide does not 

 
Figure 3-9: Settlement cyprids of B. improvisus after 48 hours (left) and removal juveniles after 6 days 

(right) after exposure to a 30 psi waterjet. Samples with an asterisk (*) did not have sufficient 

settlement and could not be evaluated. Bars represent standard error of the mean. T21P13 and T16P19 

showed unattached metamorphosed juveniles floating above coating surfaces, while P5 and P10 only 

had swimming cyprids.  
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influence settlement. Coatings P5 and P10 were the most successful at preventing settlement, with 

both maintaining settlement densities at least 20 times less than the control. The addition of PEG  

 

to the nitroxide coatings, reduced settlement relative to the control and T27, with lower settlement 

correlating with greater PEG loading. The improved antifouling performance of those coatings can 

be assumed to derive solely from the inclusion of PEG, but even at the highest loading of PEG, 

performance is still worse than either P5 or P10. In removal assays against N. incerta utilizing a 

30 Pa water jet, P5 and P10 coatings showed superior performance with removal from both 

coatings above 50%. The TEMPO coatings all performed similar or worse than the control, with 

no improvement in removal with increased loading of PEG. This indicates that TEMPO does not 

provide reduction in adhesion of N. incerta.  

As mentioned above, coatings were prepared using a blend of both diblock and triblock 

backbones. In the initial preparation of these coatings it was found that the diblock backbones 

functionalized with only PEG showed significant solubility in water. During purification, these 

materials could not be precipitated, so coatings P5 and P10 were composed of only triblock 

materials. Backbones functionalized with both PEG and TEMPO, even at the highest PEG 

 
Figure 3-10:  Initial attachment density of attached N. incerta cells (right) and removal due to 

exposure to a shear stress of 30Pa (left).  Bars show 95% confidence limits for settlement and 95% 

confidence limits derived from arcsine transformed data for removal. 
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functionalization, showed no solubility issue, so both diblock and triblock were used in coating 

preparation. In the multi-day U. linza assays, T16P19 and T21P13 exhibited delamination from 

the SEBS underlayer as shown in Figure S2-7 in Appendix B. This was likely caused by the slow 

solubilization of the diblock backbone, supported by the fact that P5 and P10, containing only 

triblock backbone showed no issues with coating stability even when exposed to a 20 Pa water jet. 

Coatings were re-prepared using only the triblock backbone for U. linza assays. These coatings 

showed no instability even in removal experiments using water jet pressures up to 90 Pa. 

 
The coatings exhibited similar trends in U. linza assays as they did against N. incerta, with 

the exception that initial settlement of U. linza was considerably higher on the T27 (695.8 

spores/mm2) and T24P7 (670.2 spores/mm2) than the unfunctionalized PS-PDMS control (72.3 

spores/mm2). This can be considerably mitigated by the incorporation of PEG, as shown by the 

trend of decreasing settlement density with increasing incorporation of PEG with coating T16P19 

having about 50% lower settlement (36.3 spores/mm2) than the PS-PDMS control. P5 and P10 

performed the best, though, maintaining close to zero settled spores. After 6 days of growth, the 

relative trends of growth resembled those of initial settlement, with the TEMPO containing 

 
Figure 3-11: Density of attached U. linza spores after 45 minute settlement (left) and percent removal 

of 6-day-old sporelings due to shear stress of 90 Pa (right). Bars show 95% confidence limits for 

settlement and standard error of the mean derived from arcsine transformed data for removal. Samples 

with an asterisk (*) did not have sufficient settlement and could not be evaluated. 
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coatings still having the highest spore growth, although the relative growth on the control was 

significantly increased compared to T27, with only 2 times the biomass on T27, down from 10 

times in settlement assays. Removal assays indicate that the incorporation of TEMPO does not 

enhance fouling release for U. linza. Like N. incerta, incorporation of higher amounts of PEG did 

not have a strong effect on performance, with all the TEMPO coatings performing similarly. 

Settlement and growth were so low on the PEG coatings that removal experiments could not be 

performed, but from previous studies, we know that these coatings tend to perform very well 

against U. linza.56  

Discussion 

These results indicate that the nitroxide moiety shows promise interfering with barnacle 

adhesion and promoting fouling release. Coating T27 showed twice the fouling release compared 

to the unfunctionalized control, while coating T24P7 showed almost three times greater removal. 

Despite the bulk having a lower loading of nitroxide, T24P7 did show a higher percentage of 

nitrogen (and in effect nitroxide) at the surface than T27, which could explain the enhanced 

performance. With the lower nitrogen content at the surface for coatings T21P13 and T16P19 from 

XPS analysis, they would be expected to show lower removal than T24P7. Since barnacles are 

known to use oxidative chemistry in both their pre-adhesive surface cleaning fluid as well as in 

their cement,26,27 further exploration should be done to identify the actual mechanism of inhibition. 

This would help to predict how effective a nitroxide would be against other hard fouling organisms, 

such as mussels. Coatings also showed excellent performance against barnacles in preventing 

settlement. While T27 and T24P7 performance were statistically the same as the control, T21P13 

and T16P19 were able to almost inhibit settlement completely. This performance was similar to 

P5 and P10, which indicates that PEG is a major contributing factor to antifouling performance. 
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Altogether, these results suggest that an intermediate composition of TEMPO and PEG will be the 

most effective as both an antifouling and fouling release coating against barnacles.  

While TEMPO plays a beneficial role in barnacle fouling release, it does not appear to 

impart any benefits against soft foulers. It neither increases nor decreases settlement of N. incerta, 

but it does increase settlement of U. linza by almost ten times, although growth rate on this surface 

was less than that of the control. For both species, the incorporation of PEG helps to mitigate 

settlement, although the improvement with increased loading of PEG was more pronounced for U. 

linza. Despite having higher loadings of PEG, both T21P13 and T16P19 showed higher settlement 

than P5 or P10. This can somewhat be attributed to the greater wettability of P5 and P10, which 

display significantly lower contact angles. TP coatings did have higher surface roughness,66 which 

is known to increase settlement for U. linza spores, but there may be some other favorable 

interaction at play, unrelated to wettability or surface morphology. The oxidized form of the 

nitroxide (oxoammonium) is a protonated species with a positive charge, so if oxidation of the 

surface occurred, it could attract the negatively charged spore body of the U. linza.67 Additionally, 

a primary amide was used to attach to the nitroxide to our backbone, and previous studies of this 

system comparing the performance of a side groups with and without hydrogen bond donors 

showed that the presence of the hydrogen bond donor lead to both higher settlement and lower 

removal of U. linza.54,55 Use of another linkage that does not act as a hydrogen bond donor could 

improve performance.  

For both soft fouling species, the fouling release performance is generally poor, with 

removal values for all TEMPO coatings no better than the control. Roughness is likely a large 

contributing factor to this performance. U. linza spores are around 4-8 μm in diameter and N. 

incerta diatoms are 13 microns in length.68,69 With max feature heights between 50-150 μm, the 
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TEMPO coatings may offer protection from hydrodynamic forces, which could explain why the 

TEMPO coatings had similar or worse performance to the PS-PDMS control, despite having lower 

contact angle values. Smoother surfaces, resembling those of the control, P5, and P10, could 

greatly improve performance of the TEMPO containing materials. Although nitroxides have been 

shown to reduce the formation and proliferation of biofilms,35–38 these coatings performed 

considerably better against barnacles than diatoms. Nitric oxide specifically has been shown to act 

as a signaling molecule in some species of diatoms, limiting cell growth and reducing adhesion,70,71 

but those effects were not seen in the assays against N. incerta. One reason for this is could be that 

diatom settlement and growth was only allowed for two hours before removal experiments were 

performed, which may not have been a sufficient amount of time for nitroxide influence. A longer 

incubation time, in which any effects on diatom behavior would become evident, may prove to be 

more interesting.   

Conclusions 

In this study, PS-PDMS block copolymers were functionalized with a non-polar stable 

radical nitroxide and PEG to create antioxidant, amphiphilic surfaces for marine antifouling and 

fouling release. Many marine foulers use oxidatively crosslinked cements, so incorporation of a 

stable radical was explored to probe disruption of cementation to reduce adhesion and improve 

fouling release. Coatings were evaluated for their performance against a barnacle species that has 

a hard cement like adhesive, as well as a diatom and algae to ensure the properties of the 

amphiphilic siloxane coatings as an antifouling and fouling release surface for soft foulers was 

maintained.  

Performance against the barnacles, was extremely promising. Incorporation of TEMPO 

alone led to a two-fold increase in removal, while a combination of TEMPO and PEG gave close 
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to ninety percent removal. The presence of detached-metamorphosed juvenile barnacles in 

TEMPO coatings bolsters the hypothesis that the nitroxide is working to limit oxidative adhesive 

interactions at the surface. Coatings also performed extremely well as antifouling surfaces against 

barnacles, with two of the TEMPO compositions completely inhibiting barnacle settlement. 

Performance against soft fouling species was not as pronounced. TEMPO coatings with the highest 

loading of PEG were able to reduce settlement by 50% compared to the control for both species, 

but the incorporation of TEMPO did lead to higher settlement of U. linza. No benefit was seen in 

fouling release with incorporation of TEMPO, but the higher surface roughness of the TEMPO 

coatings may have contributed to this poor performance. Improvement of surface roughness and 

optimization of TEMPO and PEG ratios could lead to a more broad-spectrum antifouling and 

fouling release coating. 

The combination of TEMPO and PEG on PDMS produces a novel surface where settlement 

and removal are controlled by different functional components of the coating. The presence of 

PEG is essential in maintaining antifouling activity for all three species, but there is significant 

improvement of fouling release of barnacles with the incorporation of TEMPO. Overall, these 

results offer a promising new avenue of research for construction of antifouling and fouling release 

coatings for hard fouling organisms.  
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CHAPTER 4  

INVESTIGATION OF N-SUBSTITUTED MORPHOLINE STRUCTURES IN AN 

AMPHIPHILIC PDMS-BASED ANTIFOULING AND FOULING RELEASE COATING 
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Abstract 

The goal of this work was to explore the use of morpholine moieties to generate 

amphiphilicity in a polydimethylsiloxane-based antifouling and fouling release coating. Using a 

system of polystyrene-b-poly(dimethylsiloxane-r-vinylmethysiloxane) (PS-PDMS), pendent vinyl 

groups along the PDMS block enables simple backbone modification to modulate chemistry and 

behavior at the coating surface. Two separate coating sets were investigated. The first set examined 

the incorporation of an N-substituted morpholine amine, and while these coatings showed 

promising fouling release for Ulva linza, they had unusually high settlement of spores compared 

to controls. Based on those results a second set of materials was synthesized using an N-substituted 

morpholine amide to probe the source of the high settlement, and to improve antifouling 

performance. Both coating sets included PEG controls to compare the viability of the morpholine 

structures as alternative hydrophilic groups. Surfaces were evaluated through a combination of 

bubble contact angle goniometry, profilometry, XPS, and marine assays against two soft fouling 

species, U. linza and Navicula incerta, known to have differing adhesion characteristics.  

Introduction 

Marine biofouling has surprisingly large and far reaching effects on naval and civilian 

maritime industries, and even minimal levels of fouling can severely impact operations. Studies 

have indicated that a heavy slime layer on a mid-sized naval ship can lead to a 20% increase in 

resistance at a typical cruising speed due to increased drag,1 and can increase fuel consumption 

10.3%, equating to a $1.2 million increase in fuel costs per ship per year.2 Instrument function is 

also at risk, with recorded transmission losses in sonar performance of up to 9.09 dB.3 In the latter 

half of the 20th century the use of biocidal coatings came into favor and proved to be an extremely 

effective mechanism to prevent fouling of ship hulls.4,5 Unfortunately, many of the biocides 
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employed were found to be building up in marine environments and adversely effecting non-target 

organisms.6–10 In the past 20-30 years the development of non-biocidal antifouling and fouling 

release coatings has garnered greater attention, and a few key materials have been recognized as 

performing well in those domains.  

Successful non-biocidal coatings designed to prevent settlement of marine organisms often 

rely on hydrophilic surfaces that create a hydration layer to act as a physical and energetic barrier 

to the adsorption of biomolecules.11 A more simplistic view of this, is that a hydration layer masks 

the surface, preventing its detection by marine organisms.12 Fouling release surfaces designed to 

limit the adhesive interactions between fouler and surface to facilitate easy removal, on the other 

hand, are generally made up of low surface energy materials with soft mechanical properties. 

Polydimethylsiloxane (PDMS), is particularly well suited to promote the removal of fouling, but 

it is an extremely poor antifouling material in aqueous environments as proteins and organisms 

readily adsorb to its surface. To generate surfaces that perform as both antifouling and fouling 

release, siloxane materials have been modified with hydrophilic components to produce 

amphiphilic surfaces. Polyethylene glycol (PEG) has proved invaluable in the construction of 

antifouling surfaces, owing largely to its uncharged hydrogen bond acceptor groups, and has been 

used extensively in both marine and biomedical applications. In combination with siloxanes, it has 

produced many successful amphiphilic marine antifouling and fouling release surfaces.13–20   

While PEG has been considered the gold standard in antifouling applications, indications 

of possible immunogenicity in humans and concerns related to its long term chemical stability in 

marine environments has increased scrutiny of its widespread use and has precipitated exploration 

of alternatives.21–24 Several hydrophilic alternatives are possible but the majority  have severe 

shortcomings for antifouling applications. For example, while cationic quaternary ammonium 
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groups are hydrophilic and have antimicrobial properties, they have shown severe fouling by 

marine organisms.25–27 Similarly, carboxylic acid or hydroxy groups are hydrophilic, but also show 

interaction with and attachment by a range of marine species.28,29 (An exception to the poor 

behavior of charged groups are zwitterions units which are charge neutral and have shown success 

in antifouling coatings.25,27,30–35) Morpholine, an uncharged 6-membered heterocycle with both an 

amine and ether functionality, is compact and easily incorporated in a number of structures and 

seemed to be a potential PEG replacement. 

Morpholine has long been used to increase aqueous solubility of drug molecules,36–39 and 

more recently shown promise generating hydrophilic character on surfaces and coatings used in 

biomedical and membrane antifouling applications. Amphiphilic copolymers of poly(vinylidene 

fluoride) (PVDF) and poly(2-N-morpholino)ethyl methacrylate (PMEMA) were used as additives 

in the construction of PVDF ultrafiltration membranes and led to an over 80% decrease in BSA 

adsorption and imparted control over pore size, and membrane permeability.40 Elsewhere, 

PMEMA was used in a switchable polymer brush coating for protecting key functional groups 

from organic fouling.41 Micropatterned substrates composed of poly(N-acryloylmorpholine) 

(PAcMo) and poly(N-isopropylacrylamide) (PNIPAM) were developed to grow aligned cell 

sheets, in which cell growth was inhibited on PAcMo and only grew in an aligned manner on 

PNIPAM domains.42 Researchers have also grafted PAcMo to electrospun fibers to generate low 

fouling materials that could be employed as implantable scaffolds able to resist non-specific 

protein absorption and cell binding.43,44 PAcMo has also been used to modify PVDF membranes 

to improve protein resistance and hemocompatibility, in one study demonstrating a flux recovery 

ratio of 98.4% when filtering BSA solutions.45–48 While effective protein and cell binding 
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resistance using morpholine based materials has been demonstrated in other fields, its combination 

with PDMS for marine antifouling and fouling release has not yet been investigated. 

 

In this study, incorporation of morpholine into a polystyrene-b-poly(dimethylsiloxane-r-

vinylmethysiloxane) (PS-PDMS) block copolymer system was investigated. Using N-substituted 

morpholine structures, differences in performance were probed to assess their viability as a 

candidate for use in antifouling and fouling release coatings. Two coating sets were tested, the first 

investigating a series of coatings functionalized with an N-substituted morpholine amine, which 

showed promising fouling release performance, but unusually high settlement of Ulva linza spores. 

Building from these results, a second coating set examined a N-substituted morpholine amide and 

found better broad-spectrum performance using this structure. Both coatings sets were evaluated 

in marine assays against two species of soft foulers, U. linza and Navicula incerta, and the results 

were correlated to their surface behavior.  

Materials and Methods 

All chemicals were purchased from Sigma Aldrich and solvents from VWR and used as received 

unless specified otherwise. Hexamethylcyclotrisiloxane (D3) and 1,3,5-trivinyl-1,3,5-

 
Figure 4-1: Functionalized polymer structures used in morpholine coatings. Amine and 350 g/mol 

PEG functionalized backbones (above) were used in the first coating set, while all four were included 

in the second. Triblocks are shown, but all coatings were a 50/50 blend of triblock and diblock. 
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trimethylcyclotrisiloxane (V3) were purchased from Gelest, Inc. Anhydrous ethanol was 

purchased from Fisher Scientific. Benzene was stirred over n-butyl lithium and Diphenylethylene, 

distilled and freeze, pump thawed to degas. Styrene was dried over calcium hydride, distilled, and 

free-pump-thawed to degas. D3 was dissolved in benzene and stirred over calcium hydride for 24 

hours, at which point a living anionic styrene polymerization was added and allowed to stir until 

the orange color had completely disappeared. The benzene was subsequently distilled, and the D3 

sublimed, and then the solution was freeze-pump-thawed to degas. Solution concentration was 

determined using NMR. THF was stirred over calcium hydride and distilled into a flask containing 

sodium and benzophenone, and allowed to stir for several days, at which point it was distilled and 

freeze-pump-thawed to degas. V3 was stirred over calcium hydride, distilled, and freeze-pump-

thawed to degas. Tosyl chloride was dissolved with ether and washed with 1 M NaOH, then 

crystallized by cooling. Glass slides were purchased from Fisher Scientific. SEBS and MA-SEBS 

were generously provided by Kraton, Inc. Zoospores were obtained from mature plants of Ulva 

linza by the standard method.49 Cells of Navicula incerta were cultured in F/2 medium.  

Synthesis 

PS-P(DMS/VMS) Backbone Synthesis - PS-P(DMS/VMS) backbones were prepared according to 

a previously reported method.27 In brief, in a glovebox sec-butyl lithium was added to a flask 

charged with benzene and a stir bar, followed by the dropwise addition of styrene, leading to the 

development of a deep orange color. The reaction progressed overnight before sampling, followed 

by the addition of a solution of D3 in benzene. After the complete disappearance of the orange 

color, indicative of the live styrene anion, THF was added and the reaction was allowed to continue 

for 2 hours. At this point, the addition of a solution of V3 in THF by syringe pump was begun and 

allowed to progress over 48 hours. After addition, the polymerization reacted an additional 24 



 

116 

 

hours. The polymerization was then split, one half being end-capped with chlorotrimethylsilane 

for the formation of diblock, the other half coupled using a solution of dichlorodimethylsilane in 

THF. Coupling was done by adding 75% of coupling agent directly, followed by the addition of 

the remaining 25% of coupling agent by syringe pump over a 24 hour period. Polymers were 

precipitated directly into a 4/1 (v/v) mixture of methanol and deionized water and allowed to stir 

overnight. Polymers were collected by vacuum filtration and dried overnight in a vacuum oven at 

55 ºC.  

PEG-Mesylate (1a’) Polyethylene glycol monomethyl ether (Mn=350 g/mol) (20.0g, 57.1 mmol) 

and DIPEA (11mL, 63.1 mmol) were dissolved in tetrahydrofuran under an inert atmosphere. The 

solution was cooled to 0C and mesyl chloride (4.8mL, 62.0 mmol) was added dropwise. The 

reaction was warmed to room temperature and left to react for 12 hours, during which a precipitate 

formed. The precipitate was filtered off and the reaction mixture was passed through a silica plug. 

The solution was concentrated under reduced pressure to yield a brown oil. Yield: 72.0%. Proton 

NMR (400MHz, CDCl3): δ (ppm) - 4.36 (t, 2H), 3.74 (t, 24H), 3.64 (m, 2H), 3.53 (m, 2H), 3.32 

(s, 3H), 3.02 (s, 3H)  

PEG-Thiol (1b’) 1a’ (15g, 29.7 mmol) and thiourea (2.3g, 29.7 mmol) were dissolved in ethanol. 

The solution was refluxed under inert atmosphere for 3 hours. NaOH (1.4g, 35.5 mmol) dissolved 

in a minimal amount of deionized water was added and refluxed for a further 2 hours. The reaction 

was cooled to room temperature and concentrated under reduced pressure. The residue was diluted 

with deionized water and neutralized with HCl, then extracted three times with DCM. The organic 

layer washings were combined, dried over Na2SO4, and concentrated under reduced pressure to 

yield a light-yellow oil. Product was used without further purification. Yield: 40.0% Proton NMR 
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(400 MHz, CDCl3): δ (ppm) - 3.70 (m, 2H), 3.57-3.67 ppm (m, 24H), 3.53 (m, 2H), 3.36 (s, 3H), 

2.68 (q, 2H), 1.58 (t, 1H)  

Different procedures were used for PEG thiol generation in the production of the two different 

coating sets. After the first coating set, optimization of the reaction conditions were done and used 

for the second set.  

350 PEG-Tosylate (1a) Polyethylene glycol monomethyl ether (Mn= 350 g/mol) (3.83g, 10.9 

mmol) was dissolved in dichloromethane with triethylamine (3.36 mL, 24.1 mmol). The solution 

was cooled to 0 ºC and purified tosyl chloride (2.30g, 12.6 mmol) was added by the spatula full. 

The reaction was warmed to room temperature and left to react for 12 hours. The reaction mixture 

was successively washed with 1M HCl, sat. NaHCO3, and distilled water until washings were at 

neutral pH. The organic layer was dried over Na2SO4 and concentrated under reduced pressure. 

The resulting residue was purified by column chromatography using an eluent mixture of 60/40 

DCM/Hexanes to 90/10 DCM/MeOH. Yield: 72%. Proton NMR (400MHz, CDCl3): δ (ppm) - 

7.78 ppm (d, 2H), 7.32 (d, 2H), 4.14 (t, 2H), 3.66 (t, 2H), 3.62 (m, 24H), 3.53 (m, 2H), 3.36 (s, 

3H), 2.43 (s, 3H) 

350 PEG-Thiol (1b) 1a (4.38g, 8.65 mmol) and thiourea (0.79g, 10.4 mmol) were dissolved in a 

2:1 mixture of ethanol and deionized water. The solution was refluxed under inert atmosphere for 

3 hours. NaOH (0.52g, 13.0 mmol) dissolved in a minimal amount of deionized water was added 

and the reaction was refluxed for a further 2 hours. The reaction was cooled to room temperature 

and concentrated under reduced pressure. The residue was diluted with deionized water and 

neutralized with 1M HCl, then extracted three times with DCM. The organic layer washings were 

combined, dried over Na2SO4, and concentrated under reduced pressure to yield a light-yellow oil. 
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Product was used without further purification. Yield: 86.4% Proton NMR (400 MHz, CDCl3): δ 

(ppm) - 3.57-3.71 ppm (m, 26H), 3.52 (m, 2H), 3.35 (s, 3H), 2.70 (m, 2H), 1.57 (t, 1H) 

150 PEG Tosylate (2a) An identical procedure to 1a was employed using polyethylene glycol 

monomethyl ether Mn= 150 g/mol (0.89g , 5.93 mmol), tosyl chloride (1.55g, 8.13 mmol), and 

triethylamine (0.87 mL, 10.8 mmol). Yield: 87.3%. Proton NMR (400 MHz, CDCl3): δ (ppm) - 

7.79 (d, 2H), 7.33 (d, 2H), 4.15 (t, 2H), 3.67 (t, 2H), 3.57 (m, 6H), 3.52 (m, 2H), 3.36 (s, 3H), 2.44 

(s, 3H) 

150 PEG Thiol (2b) An identical procedure to 1b was employed using 2a (1.65g, 5.39 mmol), 

thiourea (0.47g, 6.17 mmol), and NaOH (0.31g, 7.75 mmol). Yield: 83.7%. Proton NMR (400 

MHz, CDCl3): δ (ppm) - 3.64 (m, 8H), 3.54 (m, 2H), 3.37 (s, 3H), 2.69 (m, 2H), 1.58 (t, 1H) 

N-(2-chloroethyl) morpholine (3a) 2-chloroethylmorpholine hydrochloride (6.23g, 33.5 mmol) 

was dissolved in deionized water and cooled to 0 ºC. A solution of NaOH (2.95g, 73.8 mmol) in 

deionized water was added dropwise and allowed to stir at room temperature for 1 hour. The 

solution was extracted 3 times with ethyl acetate, the organic layer was dried over Na2SO4. The 

solvent was removed under reduced pressure. Yield: 81.4% Proton NMR (400 MHz, CDCl3): δ 

(ppm) - 3.69 (m, 4H), 3.56 (t, 2H), 2.70 (t, 2H), 2.49 (m, 4H) 

N-(2-mercaptoethyl) morpholine (3b) 3a (2.03g, 13.6 mmol), thiourea (1.54g, 20.2 mmol), and KI 

(1.12g, 6.72 mmol) were dissolved in 95% mixture of ethanol and deionized water. The solution 

was refluxed under inert atmosphere for 3 hours. NaOH (0.81g, 20.3 mmol) dissolved in a minimal 

amount of deionized water was added and the solution was refluxed for a further 2 hours. The 

reaction was cooled to room temperature and concentrated under reduced pressure. The residue 

was neutralized with 1M HCl, then extracted three times with DCM. The organic layer was dried 

over Na2SO4 and concentrated under reduced pressure to yield a yellow oil. The product was used 
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without further purification. Yield: 82.8% Proton NMR (400 MHz, CDCl3): δ (ppm) - 3.71 (m, 

4H), 2.59 (m, 4H), 2.45 (m, 4H), 1.23 (t, 1H) 

3-(Tritylthio)propionic acid (4a) 3-mercaptopropionic acid (5g, 47.1 mmol) was dissolved in 50 

mL dichloromethane. Trityl chloride (13.1 g, 47.1 mmol) was separately dissolved in 30 mL DCM 

and added dropwise to the solution of 3-mercaptoproionic acid using an addition funnel. The 

reaction proceeded overnight. A solid white precipitate formed which was collected by vacuum 

filtration while rinsing with cold diethyl ether. Yield: 83.7%. Proton NMR (400 MHz, (CD3)2SO): 

δ (ppm) - 12.24 (s, 1H) 7.33 (m, 12H), 7.25 (m, 3H), 2.27 (m, 2H), 2.16 (m, 2H) 

3-(Tritylthio)-1-(4-morpholinyl)-1-propanone (4b) 1-Ethyl-3-(3-dimethylaminopropyl) 

carbodiimide (EDC) (7.60g, 39.6 mmol) was dissolved in 200 mL of a 50/50 DCM/DMF mixture, 

allowing 30-40 minutes to fully dissolve. The solution was cooled to 0 ºC, at which point  ethyl 

cyano(hydroxyimino)acetate (5.60g, 39.4 mmol), and 4a (13.74g, 39.4 mmol) were directly added, 

causing the solution to take on a yellow-orange color. Morpholine (3.40 mL, 38.6 mmol) and 

DIPEA (6.87 mL, 71.6 mmol) were subsequently added to the reaction. The reaction proceeded 

for 16 hours under an inert atmosphere. The solvent was removed under reduced pressure and the 

residue was redissolved in chloroform and extracted 3 times each with 1M HCl, sat. Na2CO3, and 

sat. NaCl. The organic layer was dried over Na2SO4 and the solvent was removed under reduced 

pressure. The resulting solid was recrystallized in ethanol to yield a pale-yellow solid. Yield: 

58.3%. Proton NMR (400MHz, CDCl3): δ (ppm) -  7.44 (d, 6H), 7.28 (t, 6H), 7.20 (t, 3H), 3.60 

(t, 2H), 3.53 (q, 4H), 3.16 (t, 2H), 2.56 (t, 2H), 2.10 (t, 2H) 

(3-mercapto)-1-(4-morpholinyl)-1-propanone (4c) 4b (9.59g, 23.0 mmol) was dissolved in 40 mL 

DCM and cooled to 0 ºC. Triethylsilane (4 mL, 47.2 mmol) was added to the solution, followed 

by the dropwise addition of trifluoroacetic acid (20 mL) at which point a light-yellow color 
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developed. The reaction was stirred for 1.5 hours at 0 ºC, then 30 minutes at room temperature. 

The solvent was removed under reduced pressure. The residue was filtered using cold methanol to 

remove solids, and the methanol was subsequently removed under reduced pressure. The residue 

was dissolved in DCM and washed 3 times each with sat. NaHCO3 and sat. NaCl. The organic 

layer was dried over Na2SO4 and the solvent was removed under reduced pressure. The product 

separated into two layers, and the bottom product layer was collected using a separatory funnel. 

Residual amounts of triethylsilane were still present in sample, but were found not to interfere with 

click reaction, so product was used without further purification. Yield: 51.6% Proton NMR (400 

MHz, CDCl3): δ (ppm) - 3.66 (m, 6H), 3.46 (m, 2H), 2.82 (q, 2H), 2.64 (t, 2H), 1.75 (t, 1H) 

Thiol-ene Click Reactions - In a typical reaction, polymer and DMPA (0.2 mol, with respect to 

polymer vinyl groups) were dissolved in DCM, to which 1b’, 1b, 2b, 3b, or 4c (5 mol, with respect 

to polymer vinyl groups) was added. The solution was degassed by bubbling with nitrogen for 15 

minutes, and then the reaction vessel was exposed to 365 nm UV for 2-6 hours. The polymer was 

precipitated into methanol, collected by filtration, and then reprecipitated two more times from 

THF into a 4/1 Methanol/water mixture and collected by vacuum filtration. For samples with 

higher functionalization, precipitated mixtures were centrifuged to more easily collect polymer. 

Samples were dried under vacuum at 55 ºC overnight.  

Coating Preparation 

Coatings were prepared according to a previously reported method.52 In brief, samples were 

prepared on glass microscope slides, which were freshly cleaned in a piranha solution of 70/30 

concentrated sulfuric acid and 30% hydrogen peroxide. NOTE: Piranha solution is a strong 

oxidizer and should be handled with caution. Slides were then thoroughly rinsed with deionized 

water, dried, and then immersed in a 2 vol% APTES in anhydrous ethanol solution overnight. 
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Slides were rinsed extensively with water and ethanol, then annealed for 4 hours under vacuum at 

120 ºC. A 7 wt% solution of maleic anhydride-SEBS in toluene was spun coat (2000 rpm, 30s) 

and annealed for 12 hours at 120 ºC under vacuum. Lastly, 3 layers of a 12 wt% solution of SEBS 

in toluene were successively spun coat (2000 rpm, 30s), followed by a 12 hour anneal under 

vacuum at 120 ºC. Functionalized block copolymers were spray coated using a Badger model 250 

airbrush onto the SEBS tie layer at 50 psi from a 10 mg/ml solution in 19/1 DCM/toluene for the 

first set and 19/1 DCM/dodecane for the second set. Surfaces were annealed for 12 hours at 60 ºC 

under vacuum then 12 hours at 120 ºC.  

Characterization 

Nuclear Magnetic Resonance Spectroscopy 1H NMR spectra for small molecule synthesis were 

recorded on a Varian Gemini 400 MHz, and for quantitative polymer spectra on a Bruker INOVA 

500 MHz NMR instrument. 

Gel Permeation Chromatography Chromatograms were obtained on a Waters ambient temperature 

GPC with a Waters 1515 isocratic HPLC pump equipped with both a Waters 2414 differential 

refractive index detector and a Waters 2489 UV-Vis detector. Samples were eluted at 40 ºC. The 

instrument was calibrated using narrow dispersity polystyrene standards.  

Captive Bubble Contact Angle Goniometry Captive bubble contact angle measurements were taken 

using an NRL contact angle goniometer (Ramé-hart model 100-00). An in house made sample 

holder was used to suspend an inverted sample in deionized water. An air bubble was produced 

using 22-gauge stainless steel needle and trapped on the underside of the suspended sample. For 

each coating, a total of 5 replicate measurements were taken over the surface of the sample and 

averaged. Using roughness ratios obtained through surface profilometry, contact angles were 

corrected for roughness using the Wenzel relation.53 
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Profilometry Surface roughness values and surface images were acquired using a non-contact 

confocal Keyence VK-X260 Laser Scanning Profilometer. For each coating, average roughness 

values were calculated from an area of 1.4 mm2 using three replicate measurements taken over the 

sample surfaces. 

X-ray Photoelectron Spectroscopy XPS measurements were performed on a Scienta Omicron 

ESCA 2SR system. Measurements were done using a monochromatic Al-Kα X-ray source at 

1486.6 eV at pressures below 10-8  torr. An electron flood gun was used for surface charge 

neutralization. Spectra were obtained at a 90 degree take off angle. Both survey and high sensitivity 

spectra were recorded with a pass energy of 200 eV while high resolution spectra were recorded 

at a pass energy of 50 eV. Samples were analyzed both as-cast and after soaking in deionized water 

for 72 hours. High sensitivity spectra for first coating set were performed on a Surface Science 

Instruments SSX-100 using a monochromatic Al-Kα X-ray source at 1486.6 eV at pressures below 

10-8 torr and were recorded with a pass energy of 150 eV. An electron flood gun was used for 

surface charge neutralization and obtained at a 55 degree take off angle. Spectra were analyzed 

using CasaXPS v. 2.3.17PR1.1 software.  

Fouling Assays 

Ulva linza - All coatings were equilibrated artificial seawater (ASW) for 72 hours prior to testing. 

A suspension of zoospores was added to individual compartments of quadriPERM dishes 

containing three replicate slides. After 45 minutes, the slides were gently washed to remove 

unsettled spores. Attached spores were fixed using 2.5% glutaraldehyde in ASW. The density of 

zoospores attached to the surface was counted using an image analysis system attached to a 

fluorescence microscope. Spores were visualized by autofluorescence of chlorophyll. Counts were 

made for 30 fields of view (each 0.15 mm2) on each slide. 
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For removal experiments, spores were settled on six replicate slides for 45 minutes and 

then washed as described above. Spores were cultured using supplemented seawater medium for 

seven days to produce sporelings. Sporeling growth medium was refreshed every 48 hours. 

Sporeling biomass was determined by chlorophyll fluorescence in a Tecan fluorescence plate 

reader. Biomass was quantified in terms of relative fluorescence units (RFU), which was calculated 

from the mean of 70-point fluorescence readings. Removal of sporelings from amine coatings was 

assessed using an impact pressure of 55 kPa from the water jet sprayed across the central area of 

each slide, while removal of sporelings from amide coatings was assessed using a shear stress of 

42 Pa in a turbulent flow cell. Biomass remaining was determined using the fluorescence plate 

reader (as described above). The percentage removal was calculated from readings taken before 

and after exposure to the shear stress.  

Navicula incerta - All coatings were equilibrated in ASW for 72 hours prior to testing. N. incerta 

cells were settled on three replicate slides of each sample in individual quadriPERM dishes. After 

2 hours, slides were shaken for five minutes on an orbital shaker at 60 rpm, then gently washed in 

ASW to remove unattached cells. Samples were fixed in 2.5% glutaraldehyde, air dried and the 

density of attached cells was counted using an image analysis system attached to a fluorescence 

microscope. Cells were visualized by autofluorescence of chlorophyll. Counts were made for 15 

fields of view (each 0.15 mm2) per slide for the amine coating set and 30 fields of view (each 0.15 

mm2) per slide for the amide coating set. 

A further three replicates were settled with cells as described above. Slides with attached 

cells were exposed to a shear stress of 40Pa for the amine coating set and 32Pa for the amide 

coating set in a water channel for five minutes. Samples were fixed and the number of cells 

remaining attached was counted as described above. Results were expressed as percent removal, 
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derived from the difference between initial attachment density and final density after exposure to 

the shear stress. 

Results and Discussion 

Preparation of polystyrene-b-poly(dimethylsiloxane-r-vinylmethysiloxane) (PS-PDMS) 

backbones followed a previously reported procedure.50,51,54–56 Using a system bearing pendent 

vinyl groups along the PDMS block facilitates simple backbone modification to modulate 

chemistry and behavior at the coating surface. A blend of diblock and triblock was used, since 

previously a mixture of the two architectures functionalized with PEG showed higher removal of 

U. linza than the triblock copolymer alone.51 Polymers were designed with short PS blocks (6-8k) 

and long PDMS blocks (25-35k); diblocks were coupled in order to generate triblocks, resulting 

in PDMS blocks of 50-70k with two terminal PS blocks of equal length. 

Modification of the backbone was done using a thiol-ene click reaction to pendent vinyl 

groups on the PDMS block. A thiol was introduced on the corresponding morpholine or PEG 

structures and attached at different loading percentages as detailed in Table 1.  Corresponding 

sample codes, which are based on the mole percent loading of hydrophilic group, are also included. 

Notably, backbone modification resulted in low attachment percentages at or below 50%. It has 

been reported elsewhere that thiol-ene reactions exhibit retarded kinetics and diminished efficiency 

in the presence of amines, which is especially pronounced on vinyl siloxane substrates.57–59 This 

is a result of the deprotonation of the thiol by the amine to the thiolate anion, which reacts with a 

thiyl radical to form a two-sulfur-three-electron bonded disulfide species. This constraint, coupled 

with the limited access of the small hydrophilic molecule to vinyl groups buried within the large 

hydrophobic PDMS backbone (which has been observed previously)54 likely explains why the 

functionalization efficiencies were so low.  
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Coatings were assembled using a layered structure, which has been investigated 

extensively elsewhere,52,60,61 employing a tie layer of commercially available thermoplastic 

elastomer, polystyrene-b-poly(ethylene-r-butylene)-b-polystyrene (SEBS). The tie layer serves a 

dual purpose: to aid in the stable attachment of the PS-PDMS to the surface and to provide the 

necessary mechanical properties to optimize fouling release. Substrates are functionalized with an 

amino silane, onto which a maleic anhydride functionalized SEBS is deposited. The amino groups 

react with the maleic anhydride to covalently tether the polymer to the surface. On top of this a 

thick layer (~1mm) of unfunctionalized SEBS is built up through successive spin coating. This 

SEBS was previously reported to have a Young’s modulus of 1.2 MPa,52 which is within the 

optimal range for the promotion of fouling release. The thick layer is used, because an increase in 

film thickness has been shown to correlate with a decrease in fouler adhesion strength.62–64 The 

functionalized PS-PDMS is spray coated on top of the SEBS to mimic typical application 

conditions used on a boat hull. The PS end groups in the PS-PDMS are designed to interact with 

the PS domains in the underlayer to physically crosslink it to the surface. Also included in the 

Table 4-1: Polymer Functionalization and Corresponding Sample Codes for PS-PDMS Morpholine 

Amine coatings 

Code Side Group 
Backbone 

Structure 

Mol% 

vinyla Mol%
a
 Weight%

b
 

Coating 

Mol%
c
 

Coating 

Weight%
c
 

M1.2 Morpholine 
Triblock 3.28 0.95 1.99 

1.20 1.6 
Diblock 3.27 1.45 1.30 

M2.9 Morpholine 
Triblock 5.49 2.66 3.72 

2.87 4.0 
Diblock 5.53 3.08 4.30 

M3.6 Morpholine 
Triblock 10.70 2.75 3.76 

3.56 4.8  
Diblock 9.62 4.38 5.86 

P1.2 PEG 
Triblock 3.28 1.35 4.37 

1.20 3.9  
Diblock 3.27 1.05 3.48 

P2.6 PEG 
Triblock 5.49 2.59 8.60 

2.61 8.7  
Diblock 5.53 2.63 8.73 

a Mol% percent functionalized monomer units with respect to PDMS block calculated using H1 NMR 
b Weight% percent functional group with respect to total polymer molecular weight 
c Coatings consist of 50/50 mixture diblock and triblock. Coating content calculated by averaging diblock and triblock values 
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marine testing were two control surfaces: a clean glass slide as a hydrophilic control and a standard 

crosslinked PDMS elastomer (PDMSe) as a hydrophobic control. 

Surface roughness values as well as the maximum feature height of coatings are detailed 

in Table 2. All surfaces show relatively high roughness values and feature sizes, which can be 

attributed to the use of spray coating deposition methods.  

 
Bubble contact angle measurements were done to assess changes in surface wettability with 

backbone modification. The captive bubble technique immerses the sample in a liquid and uses a 

bubble of air instead of a liquid droplet to measure contact angle at the surface. This allows for 

wettability to be measured under conditions that imitate the coating operating environment more 

directly.65  Contact angle changes were measured over a four-day period as the coatings were 

exposed to water. Values were corrected for surface roughness, using the Wenzel relation and 

roughness ratios detailed in Table 2. Initial captive bubble contact angle data, in Figure 4-2, shows 

that functionalization with both morpholine and PEG imparts significant hydrophilicity to the 

surfaces, lowering the measured contact angle compared to the unfunctionalized control. 

Morpholine coatings possessed very similar initial contact angle values around 65º. While M1.1 

and M2.9 contact angles remained relatively constant over the measurement period, M3.6 showed 

Table 4-2: Summary of surface features for PS-PDMS Morpholine Amine coatings, determined by 

Laser Profilometry 

Sample R
a
 (μm)

a
 R

q 
(μm)

b
 Roughness Ratio

c
 R

z
 (μm)

d
 

PS-PDMS 6.892 ± 0.560 8.783 ± 0.684 1.270 102.459 ± 14.928 

M1.2 6.450 ± 0.083 8.573 ± 0.149 1.302 116.182 ± 1.190 

M2.9  5.880 ± 0.145 7.515 ± 0.256 1.333 80.209 ± 10.262 

M3.6  6.728 ± 0.160 8.857 ± 0.436 1.278 112.965 ± 24.177 

P1.2 6.210 ± 0.243 8.173 ± 0.208 1.295 97.288 ± 14.971 

P2.6 3.597 ± 0.249 4.590 ± 0.331 1.285 47.101 ± 2.763 
a Arithmetic mean roughness 
b Root mean square roughness 
c Ratio of actual area to perceived area, used for contact angle correction 
d Maximum height, sum are largest peak and largest valley 
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a more significant decrease over time, with an almost 15º drop in contact angle. Coatings P1.2 and 

P2.6 had lower initial contact angles than the morpholine coatings (62º and 59º, respectively), but 

similar to coatings M1.2 and M2.9 showed little change in contact angle over time.  

 
Surface analysis was done to probe the chemical composition at coating surfaces. X-ray 

photoelectron spectroscopy (XPS) survey scans show the elemental composition of the surfaces 

are very similar to that of unfunctionalized PS-PDMS. All coatings show significantly less carbon 

at the surface than would be theoretically expected. This result aligns with the fact that PDMS has 

a much lower surface energy than PS, 21.9 versus 38.3 mN/m respectively,66 so the PDMS block 

makes up the bulk of the surface, burying the polystyrene block. Higher functionalization, with 

either morpholine or PEG, generally led to higher percent carbon and greater deviation from the 

composition of the unfunctionalized PS-PDMS control. This would indicate that the surface is 

enriched with the small molecule side groups.  

 
Figure 4-2: Captive bubble contact angles over a four-day period on PS-PDMS morpholine amine 

coatings. All coatings show drop in contact angle, with M3.6 showing the most drastic change, 

occurring mainly in the first 24 hours. Error bars show standard deviation. 
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Scans of the N1s region of the morpholine coatings, both before and after immersion in 

water, give greater insight into the behavior of the side groups. In the dry state there is no evidence 

of nitrogen, but after exposure to water for 72 hours, a very small but detectable peak can be seen. 

This would indicate that the surface is undergoing a rearrangement upon exposure to water, with 

morpholine side groups coming to the surface. Despite showing no nitrogen at the surface in the 

dry state, the initial contact angles of all the morpholine coatings is significantly lower than that 

of the unfunctionalized PS-PDMS. Likely, in the as-deposited state there is morpholine at the 

surface, but the percent of nitrogen lies below the detection limit of the instrument (usually 

Table 4-3: Theoretical and Experimental Atomic Surface Percentages of for PS-PDMS Morpholine 

Amine coatings, determined by XPS 

  % Carbon % Oxygen % Silicon % Nitrogen % Sulfur 

PS-PDMS 
Theoretical 63.42 18.29 18.29 - - 

Experimental 51.26 19.19 29.55 - - 

M1.2 
Theoretical 63.33 18.24 18.05 0.19 0.19 

Experimental 50.41 18.99 30.6 - - 

M2.9 
Theoretical 62.51 18.52 18.07 0.45 0.45 

Experimental 52.68 18.77 28.55 - - 

M3.6 
Theoretical 64.67 17.41 16.88 0.52 0.52 

Experimental 51.43 19.38 29.20 - - 

P1.2 
Theoretical 63.36 18.87 17.59 - 0.18 

Experimental 51.97 19.29 28.75 - - 

P2.6 
Theoretical 62.58 19.88 17.15 - 0.39 

Experimental 54.21 18.78 27.02 - - 

 

 
Figure 4-3: High sensitivity N1s scans of M1.2 and M3.6 surfaces. Coating show no nitrogen signal in 

the dry state, but after 72-hour immersion in water a small but distinct nitrogen signal is evident. 
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reported to be 0.1-1 atomic percent).67 This indicates that only a relatively small amount of 

hydrophilic group is necessary to achieve a dramatic effect on surface behavior.  

N. incerta diatoms are a unicellular species of algae that form biofilms or slimes on 

surfaces. They are not motile in the water column and settle through gravity, relying on water 

movement to transport them to surfaces.68 Once settled, they excrete an extracellular polymeric 

substance that acts both as an adhesive and a lubricant that allows for motility across surfaces.69,70 

In previous studies, N. incerta has exhibited high settlement and strong adhesion to PDMS 

surfaces, and is less likely to settle and more easily removed from hydrophilic surfaces.71 In initial 

attachment studies against N. incerta, the morpholine coatings performed no better than the PS-

PDMS control. Coatings P1.2 (226 cells/mm2) and P2.6 (95 cells/mm2) somewhat mitigated 

settlement compared to the control (292 cells/mm2), with coating P2.6 reducing settlement by 67%. 

In removal assays, none of the coatings improved fouling release with removal for all coatings 

below 25%. The only surface showing greater than 50% removal was the control glass slide, which 

indicates that the PS-PDMS based surfaces were likely too hydrophobic. With higher morpholine 

 
Figure 4-4: Density of attached N. incerta cells after initial settlement PS-PDMS morpholine amine 

coatings (left) and percent of removed cells after exposure to a shear stress of 40Pa (right). Each point 

is the mean from 45 counts on 3 replicate slides. Bars show 95% confidence limits for settlement and 

95% confidence limits derived from arcsine transformed data for removal. 
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attachment there was an increase in removal, from zero from coating M1.2 to 10% from coating 

M3.6, but the number of cells retained on the surface after removal experiments were not 

statistically different (272 and 246 cells/mm2, respectively). 

U. linza is one of the most common soft macrofoulers found on ship hulls and other 

submerged structures. Its settlement is governed by a motile zoospore, 4-8 μm in size, that actively 

chooses a settlement site based on cues such as wettability, topography, and surface charge.72 Once 

a settlement site is chosen, the spore releases its adhesive and germinates into a nonmotile 

sporeling (young plant) that grows while continuously releasing more adhesive through roots in

 

contact with the surface.73,74 U. linza zoospores have previously demonstrated a tendency to settle 

more favorably on hydrophobic surfaces.72 Interestingly, their primary adhesive has been shown 

to preferentially wet hydrophilic surfaces creating a larger contact area with the surface, and 

ultimately stronger adhesion to hydrophilic surfaces.75 In general, sporelings exhibit weaker 

adhesion to PDMS-based surfaces in fouling release assays.61,64 Zoospores of U. linza were 

 
Figure 4-5: Density of attached U. linza spores after 45 minute settlement PS-PDMS morpholine 

amine coatings (left) and percent removal of seven day old sporelings due to an impact pressure of 55 

kPa (left).  Each point is the mean from 90 counts on 3 replicate slides (settlement) reported as relative 

fluorescence units (RFU) and the mean removal of biomass from six replicate slides measured using a 

fluorescence plate reader (removal). Bars show 95% confidence limits for settlement and standard 

error of the mean derived from arcsine transformed data for removal. 
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exposed to surfaces for 45 minutes to evaluate the coatings’ resistance to settlement. 

Functionalization with morpholine significantly worsened the coatings’ ability to resist settlement, 

with four to seven times greater spore density compared to the unfunctionalized PS-PDMS control. 

Coating P1.2 showed similar performance to the unfunctionalized PS-PDMS control, while P2.6 

was the only coating to perform significantly better, reducing settlement almost ten times in 

comparison to the control. After 7 days biomass trends were the same as initial settlement, with 

the greatest density of sporelings observed on the three morpholine coatings and the lowest density 

on coating P2.6, which can be seen in Figure 4-6, by the dense lawn of sporelings on coatings 

M1.2, M2.9, and M3.6.   

 
In removal assays, however, the morpholine showed promise. After exposure to a 55 kPa 

water jet, coating M3.6 showed markedly improved percent sporeling removal (86.8%) with 

respect to the unfunctionalized PS-PDMS control (36.8%) and shows performance similar in range 

to the two PEG coatings (93.6 and 73.6%). Overall evaluation of the performance, however, 

showed greater ultimate spore density (5754 RFU) on M3.6 than either PEG coatings (964 and 

2277 RFU), which likely is a result of the much higher settlement and growth on the surface. 

Coatings M1.2 and M2.9 performed significantly worse with less than 50% removal, no better than 

the unfunctionalized PS-PDMS control.  

 
Figure 4-6: Typical growth of U. linza sporelings after seven days on PS-PDMS morpholine amine 

coatings. From left; Glass, PDMSe, PS-PDMS, M1.2, M2.9, M3.6, P1.2, P2.6. All morpholine 

coatings show a dense lawn of sporelings, compared to the limited or patchy growth on PEG coatings 

and controls 
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Against N. incerta, modification with morpholine did not have any influence on antifouling 

or fouling-release properties. In settlement assays, morpholine coatings showed no improvement 

over the control, despite the fact they all had lower contact angles. Previous studies have shown 

that N. incerta settlement and removal depends strongly on surface wettability, so it is interesting 

that, despite having similar contact angles, coatings P2.6 and M3.6 have such different success in 

preventing settlement. It is also notable that although these two coatings have similar mole percent 

of hydrophilic group, P2.6 has a much higher weight percent because of the length of the PEG (4.8 

and 8.7 wt% for M3.6 and P2.6, respectively). This would indicate that the morpholine structure 

hydrates the surface more efficiently than PEG. In removal experiments, none of the coatings 

showed improvement compared to the unfunctionalized PS-PDMS and PDMSe controls. In fact, 

the best performance was from the glass slide, a hydrophilic surface. Considering the general 

settlement and removal behavior of N. incerta, it is unsurprising surfaces mostly composed of 

PDMS did not perform well. Likely, the loading of hydrophilic group was too low to have a 

meaningful effect against diatoms.  

Morpholine incorporation showed the greatest promise as an addition to a fouling release 

material for U. linza. M3.6 showed almost 90% removal of sporelings, a 2 times improvement 

compared to the unfunctionalized control. M1.2 and M2.9 performed similarly or worse to the 

control, indicating a loading threshold required to show effectiveness as a fouling release material. 

M3.6 had similar performance to the two PEG coatings, which aligns with its similar contact angle 

behavior. While successful at improving fouling release against U. linza, the N-substituted 

morpholine amine did not prevent settlement, and at all loadings had remarkably high settlement 

compared to the unfunctionalized PS-PDMS and PDMSe controls. The similar wettability of M3.6 

and the PEG coatings indicates that there is a more complex interaction going on that makes the 
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morpholine surface more attractive to U. linza spores. One hypothesis for this behavior was the 

potential for protonation of the tertiary amine, which could generate a positive charge and act as a 

hydrogen bond donor. Charge is known to play a role in antifouling performance, with positively 

charged surfaces attracting negatively charged U. linza spores,26,76,77 and previous research using 

this PS-PDMS backbone system has indicated that the presence of hydrogen bond donors limited 

the potential for fouling release against U. linza sporelings compared to their non-hydrogen bond 

donor counterparts.55,56 Alternatively, U. linza has also previously shown susceptibility to 

protonated amines, which exhibit antialgal activity similar to the bactericidal mechanisms of 

quaternary ammonium surfaces, a possible contributing factor to the improved fouling release.26,76–

78 

 

To eliminate the ability to form a charge or act as a hydrogen bond donor, an N-substituted 

morpholine amide structure was tested next. In addition, two lengths of PEG, a 2-3 unit PEG, to 

serve as 1:1 molar equivalent to the small molecule morpholine, and the previously used longer 

chain 7-8 unit PEG were included as controls.  Modification of the PS-PDMS backbone was again 

done using a thiol-ene click reaction to pendent vinyl groups on the PDMS block. Thiol bearing 

small molecules were synthesized for the two morpholine structures, as well as the two lengths of 

 
Figure 4-7: NMR spectra showing backbone functionalization with different hydrophilic groups 

corresponding to structures shown in Figure 4-1.  

 

Unfunctionalized Backbone

Morpholine Amide
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PEG. Polymer functionalization was followed using NMR, as shown in Figure 4-7 and reflect the 

structures shown in Figure 4-1. Disappearance of vinyl peaks between 5.7 and 6.0 ppm coupled 

with the appearance of peaks between 2.0 and 4.0 confirm backbone functionalization. 

Functionalization efficiency with the amide was considerably higher than the amine, with percent 

functionalization generally ranging from 80-100%. Resulting materials are detailed in Table 4,  

 

with their corresponding sample codes, this time corresponding to the weight percent of 

hydrophilic group in the coating. Coatings were constructed as before on a base layer of SEBS 

using the same procedure as described above.52,60  

Captive bubble contact angles were measured over a seven-day period, to evaluate how 

backbone modification affected surface wettability. As before, all the modified coatings had lower 

contact angles than the unfunctionalized PS-PDMS (98.3º). Upon prolonged exposure to water, 

they all underwent a drop in contact angle of less than 10º. Coating AMN-4.5, functionalized with 

Table 4-4: Polymer Functionalization and Corresponding Sample Codes for PS-PDMS Morpholine 

Amide coatings 

Code Side Group 
Backbone 

Structure 
Mol% Vinyla Mol% Side 

Groupa Weight%
b
 Coating Weight%

c
 

AMD-3.9 
Morpholine 

Amide 

Diblock 3.24 2.59 4.3 
3.9 

Triblock 3.29 2.14 3.5 

AMD-7.4 
Morpholine 

Amide 

Diblock 5.05 4.96 7.9 
7.4 

Triblock 5.05 4.40 7.0 

AMD-9.7 
Morpholine 

Amide 

Diblock 6.65 6.08 9.9 
9.7 

Triblock 6.75 5.79 9.4 

AMN-4.5 
Morpholine 

Amine 

Diblock 5.05 3.17 4.2 
4.5 

Triblock 5.05 3.55 4.7 

PEG150-3.2 PEG Mn150 
Diblock 3.24 1.65 2.8 

3.2 
Triblock 3.29 2.07 3.5 

PEG150-5.6 PEG Mn150 
Diblock 5.05 3.66 5.3 

5.6 
Triblock 5.05 3.67 5.9 

PEG150-8.3 PEG Mn150 
Diblock 6.65 5.39 8.9 

8.3 
Triblock 6.75 4.65 7.7 

PEG350-9.6 PEG Mn350 
Diblock 3.24 3.16 10.5 

9.6 
Triblock 3.29 2.63 8.7 

a Mol% percent functionalized monomer units with respect to PDMS block calculated using H1 NMR 
b Weight% percent functional group with respect to total polymer molecular weight 
c Coatings consist of 50/50 mixture diblock and triblock. Coating content calculated by averaging diblock and 

triblock value 
 

 



 

135 

 

the amine structure, showed the highest initial contact angle (68.0º), but underwent a greater 

change while in contact with water, with a drop of almost 15º, similar to the behavior of coating 

M3.6 in the previous set. This indicates that the amine structure is undergoing more change at the 

surface upon exposure to water than its amide counterpart, either through hydration or surface 

rearrangement.  

 

The shorter chain PEG materials also displayed drops in contact angle. Initial contact 

angles followed loading trends, with PEG150-3.2 having the highest (64.6º) and PEG150-8.3 

having the lowest (56.4º). All short chain PEG coatings showed a drop in contact angle, although 

this was more pronounced for PEG150-3.2 and PEG150-5.6 than PEG150-8.3, 13º versus 8º, so 

that PEG150-5.6 and PEG150-8.3 had similar ultimate contact angles. Interestingly, PEG350-9.6, 

using the longer PEG length, had a similar initial contact angle (58.4º), but showed little change 

over the sampling period only dropping by about 5º, the smallest change of all the coatings. This 

is especially interesting because it has significantly more loading of hydrophilic material by weight 

percent than either PEG150-3.2 or PEG150-5.6, and the lowest change in contact angle would 

indicate it is not adsorbing water or rearranging as readily as the other coatings.  

 
Figure 4-8: Captive bubble contact angles over a seven-day period for PS-PDMS morpholine amide 

(left) and PEG coatings (right). All coatings show drop in contact angle, with AMN-4.5 and PEG150 

coatings showing the most drastic changes. Error bars show standard deviation. 
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The composition of coatings, from XPS survey scans, is detailed in Table 5, including 

coating composition in both the as-deposited state and after immersion in water. The theoretical 

content of each coating differs significantly from the experimental values, which again is attributed 

to the surface dominance of the PDMS block burying much of the polystyrene block. When 

comparing the composition of surfaces in the as-deposited state versus those exposed to water, 

there is a consistent trend toward increase in carbon content at the surface, and decreases in the 

oxygen and silicon, which is consistent with the surface composition shifting from mainly the 

PDMS backbone to more of the side groups presenting at the surface. The magnitude of the change 

is greater for the morpholine amide coatings which is of note considering AMD coatings’ contact 

Table 4-5: Theoretical and Experimental Atomic Surface Percentages of for PS-PDMS Morpholine 

Amide coatings, determined by XPS 

  % Carbon % Oxygen % Silicon % Nitrogen % Sulfur 

PS-PDMS 

Theoretical 62.59 18.70 18.70 - - 

Dry 49.62 20.20 30.18 - - 

Wet 50.84 20.2 28.96 - - 

AMD-3.9 

Theoretical 61.84 19.08 18.08 0.50 0.50 

Dry 50.03 20.18 29.79 - - 

Wet 52.82 18.77 28.4 - - 

AMD-7.4 

Theoretical 63.22 18.39 16.93 0.73 0.73 

Dry 52.60 19.74 27.67 - - 

Wet 54.58 17.99 27.43 - - 

AMD-9.7 

Theoretical 63.85 18.08 16.19 0.94 0.94 

Dry 53.67 19.44 26.89 - - 

Wet 57.85 16.42 25.73 - - 

AMN-4.5 

Theoretical 63.41 17.92 17.18 0.74 0.74 

Dry 50.10 20.19 29.71 - - 

Wet 53.15 18.41 28.45 - - 

PEG150-3.2 

Theoretical 62.65 19.16 17.70 - 0.49 

Dry 50.35 19.84 29.81 - - 

Wet 52.47 18.92 28.61 - - 

PEG150-5.6 

Theoretical 64.75 18.33 16.22 - 0.70 

Dry 52.26 19.46 28.28 - - 

Wet 54.05 18.82 27.13 - - 

PEG150-8.3 

Theoretical 63.85 19.02 16.19 - 0.94 

Dry 54.48 19.12 26.40 - - 

Wet 54.76 18.76 26.48 - - 

PEG350-9.6 

Theoretical 62.87 19.95 16.71 - 0.46 

Dry 52.44 20.58 26.98 - - 

Wet 53.17 19.27 27.56 - - 
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angles did not change as significantly as the PEG150. This may indicate that while the surface of 

the morpholine coatings are rearranging, they are not hydrating as readily as the PEG coatings.  

Survey scans show no evidence of nitrogen at the surface of coatings, but high sensitivity 

nitrogen scans show the presence of nitrogen for AMD coatings and AMN-4.5. There is greater 

nitrogen signal for AMD coatings than AMN-4.5, indicating that the morpholine amide is better 

at surface segregating than its amine counterpart. This aligns with the contact angle data, in which 

AMD coatings all had lower initial contact angles than coating AMN-4.5. Comparing the 

magnitude of the nitrogen signals between the wet and dry, AMD coatings all show a decrease in 

signal, while AMN-4.5 shows an increase, the same as was observed in the previous coating set. 

No evidence of the amide carbonyl is visible in high resolution C1s scans, which would generally 

appear at a binding energy of 288 eV. The C-Si signal dominates, again because the morpholine 

loading is quite low in comparison to the backbone, and the lower pass energy used for high 

resolution scans limits the sensitivity.  

 

 
Figure 4-9: High sensitivity N1s spectra of AMD-3.9 and AMN-4.5 (A.) and high resolution C1s 

spectrum of AMD-9.7 (B.). While the AMD coatings all show a drop in nitrogen signal with 

immersion in water, AMN-4.5 shows an increase, similar to what was observed with the previous 

coating set. High resolution scans of AMD-9.7 shows no indication of C=O bond at surface. 
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The surface roughness of these coatings is detailed in Table 6. A higher boiling point 

cosolvent was chosen to minimize coating roughness compared to the previous coating set, 

resulting in significantly reduced roughness values, between 1.5-2 μm.  Likewise, all coatings had 

maximum feature heights falling between 20-30 μm. Only coating AMD-9.7 had a roughness value 

below 1 μm. and maximum feature height of only about 17 μm. Coating morphologies were 

generally inconsistent between coatings, with no direct cause being evident, which can be seen in 

the surface morphology shown in the images in Figure 4-10. Spray coating conditions for all 

coatings was the same, and all materials showed similar solubility in the deposition solvent 

mixture, but coatings were deposited on different days and fluctuations in humidity and 

Table 4-6: Summary of surface features for PS-PDMS Morpholine Amide coatings, determined by 

Laser Profilometry 

Sample R
a
 (μm)

a
 R

q 
(μm)

b
 Roughness Ratio

c
 R

z
 (μm)

d
 

PS-PDMS 1.785 ± 0.071 2.214 ± 0.076 1.428 21.921 ± 0.247 

AMD-3.9 1.674 ±0.046 2.235 ± 0.071 1.133 23.282 ± 0.981 

AMD-7.4 1.885 ± 0.046 2.325 ± 0.058 1.255 20.953 ± 0.922 

AMD-9.7 0.838 ± 0.082 1.264 ± 0.129 1.083 16.857 ± 4.319 

AMN-4.5 2.129 ± 0.106 2.713 ± 0.059 1.159 27.847 ± 3.452 

PEG150-3.2 1.911 ± 0.279 2.508 ± 0.297 1.148 27.447 ± 2.789 

PEG150-5.6 2.025 ± 0.073 2.636 ± 0.088 1.117 25.717 ± 0.986 

PEG150-8.3 2.033 ± 0.087 2.556 ± 0.097 1.175 26.047 ± 4.520 

PEG350-9.6 1.992 ± 0.099 2.494 ± 0.097 1.180 25.262 ± 1.742 
a Arithmetic mean roughness 
b Root mean square roughness 
c Ratio of actual area to perceived area, used for contact angle correction 
d Maximum height, sum are largest peak and largest valley 

 

 
Figure 4-10: Coatings surface morphology for AMD-3.9, AMD-7.4 and AMD-9.7. While all other 

coatings exhibit rough surfaces with relatively distinct features as demonstrated by AMD-3.9 and 

AMD-7.4 surfaces, coating AMD-9.7 has smoother surface, which may contribute somewhat to its 

improved performance in marine assays. 

 

AMD-9.7AMD-7.4AMD-3.9
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temperature could have played a role, which may explain the anomalous morphology. The 

differences in roughness and feature sizes may lead to differences in performance, particularly for 

the smoother AMD-9.7, as surface texture is known to affect fouler behavior.79–82   

The antifouling and fouling release character of coatings were again evaluated against the 

diatom N. incerta and the marine algae U. linza. Diatoms were settled on surfaces over a two-hour 

period. AMD-3.9 and AMD-7.4 performed statistically the same as the unfunctionalized control 

(125.015 cells/mm2), while AMD-9.7 showed more than 60 percent reduction in settlement 

(48.689 cells/mm2). Similarly, AMN-4.5 performed the same as the control, showing no benefit in 

preventing settlement, but also not promoting it. The PEG coatings also showed a dependence on 

the loading, but the effect was not as pronounced. Coating PEG150-3.2 performed no better than 

the control, while coatings PEG150-5.6 and PEG150-8.3 showed a 20% reduction in settlement. 

In contrast coating PEG350-9.6 showed the best performance overall (29.168 cells/mm2), reducing 

settlement by over 75%. This performance was quite similar to coating AMD-9.7, which had a 

similar weight fraction loading of hydrophilic group.  

 

 
Figure 4-11: Density of attached N. incerta cells after 2 hours (left) and percent removal due to a shear 

stress of 32Pa (right) on amide coatings. Each point is the mean from 90 counts from 3 replicate slides 

for settlement. Bars show 95% confidence limits for settlement and 95% confidence limits derived 

from arcsine transformed data for removal. 

0

10

20

30

40

50

60

70

80

90

100

PS-
PDMS

AMD -
3.9

AMD -
7.4

AMD -
9.7

AMN -
4.5

PEG
150 -
3.2

PEG
150 -
5.6

PEG
150 -
8.3

PEG
350 -
9.6

Glass PDMSe

P
e

rc
e

n
t 

R
e

m
o

va
l

N. incerta Removal

0

20

40

60

80

100

120

140

160

180

PS-
PDMS

AMD -
3.9

AMD -
7.4

AMD -
9.7

AMN -
4.5

PEG
150 -
3.2

PEG
150 -
5.6

PEG
150 -
8.3

PEG
350 -
9.6

Glass PDMSe

C
e

ll 
D

e
n

si
ty

 (
n

o
/m

m
2
)

N. incerta Settlement



 

140 

 

Out of all the coatings tested, the best removal of N. incerta was shown by coatings AMD-

7.4 and AMD-9.7, which had 56% and 73% removal, respectively. Coating AMN-4.5 had limited 

removal (13%), similar to coatings PEG150-3.2 (15%) and PEG350-9.6 (19%), which were less 

than the removal from the bare glass reference slide. Meanwhile, the control and coatings AMD-

3.9, PEG150-5.6, and PEG150-8.3 retained all settled diatoms, with absolutely no organisms 

removed from their surfaces. While the percent removal performance of PEG350-9.6 was 

statistically the same as coatings AMN-4.5 and PEG150-3.2, it had considerably less diatoms 

retained after the removal experiments, because of its superior performance as an antifouling 

material. In fact, while it had almost 3 times lower percent removal than coating AMD-7.4, it 

ultimately had 50% less retained diatoms on the surface.  

The U. linza assays also show promising results, but with distinct differences in 

performance compared to N. incerta. Coating AMD-9.7 (400 spores/mm2) showed settlement 

statistically equivalent to that of the control (431 spores/mm2). The only coating that performed 

better was PEG350-9.6 (31 spores/mm2) which showed over ten times improvement in resistance 

to settlement. Coating AMD-3.9 had three times greater settlement (1232 spores/mm2) than the 

control, while AMD-7.4 and AMN-4.5 were approximately double that of the control. The PEG 

coatings showed somewhat surprising results. For PEG150 coatings, PEG loading had no influence 

on settlement, with all three coatings having settlement in the range of 1000 spores/mm2. 

Previously, this system using a 7-8 unit PEG has shown improved resistance to U. linza spore 

settlement, as demonstrated by coating PEG350-9.6, but the use of the shorter PEG resulted in 

increased settlement compared to the unfunctionalized backbone.  
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In general U. linza growth after a 7-day period resembled the trends seen in initial 

settlement, with PEG350-9.6 maintaining the greatest resistance to growth, AMD-9.7 performing 

equivalently to the control, and all other coatings having greater spore density. While it was 

hypothesized that the amine’s ability to protonate and form a positive charge could give the surface 

algicidal properties, as was shown with PDMAEMA polymer brushes,26 there was no evidence of 

this on coating AMN-4.5. Images in Figure 4-13 demonstrate normal growth, like the growth 

observed on coating AMD-7.4 and unfunctionalized PS-PDMS, and no evidence of pseudo 

settlement or spore death, indicating the amine surface has no noticeable algicidal properties.  

In removal assays utilizing a 42 Pa shear stress, all the morpholine amide coatings 

performed statistically the same, with 70-85% removal, while the control only had 40% removal, 

essentially doubling removal with the incorporation of the morpholine amide. Coating AMN-4.5, 

in contrast, showed slightly worse performance than the control with only 34% removal. For PEG 

containing coatings, increased removal correlated with greater loading. Coating PEG150-3.2 was 

 
Figure 4-12: Density of attached U. linza spores after 45 minute settlement (left) and percent removal 

of seven day old sporelings due to an impact pressure of 42 Pa (left).  Each point is the mean from 90 

counts on three replicate slides for settlement and the percent removal of biomass from six replicate 

slides measured using a fluorescence plate reader for removal. Bars show 95% confidence limits for 

settlement and standard error of the mean derived from arcsine transformed data for removal. 
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only slightly better than the control, but PEG150-5.6 and PEG150-8.3 both had over 90% removal 

of sporelings. PEG350-9.6 also showed good fouling removal, with 87% removal of sporelings.  

 

Overall, in settlement assays, performance strongly depended on loading of the morpholine 

amide for both N. incerta and U. linza. AMD-9.7 showed improved resistance to N. incerta 

settlement compared to the control. Its performance was equivalent to the control against U. linza, 

while lower loadings of morpholine promoted spore settlement. While AMD-9.7 had lower contact 

angle values than the other two AMD coatings, it displayed similar wettability behavior to the 

PEG150 coatings, indicating it was not strictly wettability controlling performance. XPS data 

showed differences in surface composition, so although the wettability behaviors are similar, there 

is likely more hydrophilic group at the surface in coating AMD-9.7. It also had a substantially 

lower roughness than all other coatings, and U. linza is known to settle preferentially on rougher 

surfaces,73 which could be playing a role. For both species, the trend towards better resistance to 

 

Figure 4-13: Typical U. linza sporeling growth on coatings. A.) AMN-4.5, AMD-7.4, and 

unfunctionalized PS-PDMS showing normal show similar germination and proliferation with no 

indications of sporeling death or pseudo settlement as would be expected from and algicidal surface. 

B.) Image showing U. linza sporeling growth on full coating substrates. From left: PEG150-3.2, 

PEG150-5.6, PEG150-8.3, PEG350-9.6, AMD-3.9, AMD-7.4, AMD-9.7, PS-PDMS, and AMN-4.5.  

 

AMN-4.5

100  um

AMD-7.4

100  um
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settlement with higher functionalization indicates that increasing the loading of morpholine amide 

would likely lead to further improvement in performance as an antifouling material.  

Comparison of the amide with the amine form of the morpholine showed little difference 

in terms of initial attachment for N. incerta and slightly improved performance at similar loading 

percentages for U. linza, although this performance was still worse than the control. This is 

contrary to what was expected, based on the assumption that the higher settlement was a result of 

protonation of the tertiary amine, indicating that the increase in U. linza settlement had other 

causes. There was only a small difference in performance between coatings AMD-3.9, AMD-7.4, 

and all PEG150 for both species, despite the PEG150 coatings having lower contact angles, which 

again points to the limited influence of wettability.   

In removal experiments, the morpholine amide improves performance against both species. 

For N. incerta, this improvement depended on loading. AMD-7.4 and AMD-9.7 showed the 

highest removal, markedly better than all the PEG coatings. The adhesion strength of N. incerta 

diatoms is known to be strongly influenced by the surface hydrophilicity, with strong adhesion to 

hydrophobic surfaces like silicone elastomers.71  It is unsurprising that the morpholine amide 

coating improves removal considerably compared to the unfunctionalized PS-PDMS control, but 

unexpected that AMD-7.4 performs significantly better than AMD-3.9 considering the similarity 

in their wettability behavior. Additionally, it performs significantly better than the PEG coatings, 

despite exhibiting higher contact angles. Likely, there may be a structural characteristic of the 

morpholine amide that creates a surface that the diatoms cannot form a strong adhesive bond to. 

Against U. linza loading did not play a role in the fouling release of AMD coatings, while there 

was a dependence on loading for the PEG150 coatings. At the lowest loading, the morpholine was 

much more effective at improving fouling release than the PEG150 counterpart. Considering the 
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morpholine amide coating had higher contact angles this may again point to a unique attribute of 

the morpholine amide structure for use in marine fouling release coatings.  

It was hypothesized that the morpholine amine structure could be promoting settlement 

based on its ability to protonate. The reality is likely more complex. While the amine form did still 

have higher settlement of spores than the control, all surfaces except for AMD-9.7 and PEG350-

9.6 also promoted settlement, which indicates charge is not likely what is influencing this 

settlement behavior. Additionally, spore growth was normal on coating AMN-4.5, precluding the 

notion that the amine surfaces possesses algicidal properties. In fact, the amide which cannot 

protonate was superior to the amine as a fouling release material, with at least double the density 

of organisms remaining on the amine coating compared to the equivalently loaded amide coating 

in both removal experiments. From the XPS, though, the population of morpholine at the surface 

is still quite low. Inducement of algicidal properties of this surface might be achieved with greater 

loading of morpholine. 

While the goal of this study was to investigate the performance of the morpholine amide, 

an interesting result emerged related to the length of PEG. Against N. incerta, coating PEG350-

9.6 showed the best ability to resist settlement of all coatings tested, while coating PEG150-8.3, 

which had a similar weight percent loading of PEG but a shorter length, performed only marginally 

better than the control. And against U. linza, PEG150 coatings all promoted settlement compared 

to the control, while PEG350-9.6 had more than 30 times lower settlement. In the previous coating 

set P2.6 and P1.2, (which would equivalently be PEG350-8.7 and PEG350-3.9, respectively) did 

not promote settlement, and performed better or equivalently to the control, so the slight 

discrepancy in loading does not account for the differences in behavior. This is especially 

interesting considering PEG350-9.6 had the highest ultimate contact angle of all the PEG coatings, 
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which would indicate that it was the least hydrophilic. All coatings had similar surface roughness 

and feature sizes, indicating that the morphology was not the contributing factor either. Atomic 

composition also showed little difference, with PEG350-9.6 having a composition falling 

somewhere between that of PEG150-5.6 and PEG150-8.3. The only real significant difference was 

the length of the PEG chains. Combined with the higher contact angle of coating PEG350-9.6 and 

the promotion of settlement on the morpholine surfaces, this result may point to an importance of 

side group length.  

In the study of protein resistant surfaces, PEG is thought to function in two ways: formation 

of a water layer and steric repulsion due to chain flexibility.11 Formation of a hydration layer occurs 

because of PEG’s ability to strongly hydrogen bond with water, creating a physical barrier to the 

adsorption of proteins, while steric repulsion is thought to prevent protein adsorption because of 

the compression and conformational entropy loss that would occur upon adsorption.83 Both long 

and short chain PEGs are capable of forming hydrogen bonds and a subsequent water layer, but 

longer chain PEGs are thought to also work because of steric repulsion of proteins.84 The lower 

contact angles of the PEG150 coatings indicates that water adsorption was occurring, so from 

settlement results it seems formation of a water barrier was not the controlling factor in the 

performance of these coatings. This result may point to a greater influence by the steric repulsion 

model for PEG in prevention of marine fouler settlement, which makes sense given the 

performance of the morpholine coatings was in general more similar to that of the PEG150 

coaatings. Because of the complexity of this system, from the use of a block copolymers to PEG 

being tethered to the PDMS block in low loading percentages, it is difficult to say exactly that this 

is the root cause. Ultimately, further investigation of the surface hydration and a more targeted 

study on the effects of PEG length and loading in the PS-PDMS system should be undertaken to 
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help elucidate these differences in behavior, as it will be important for developing effective 

antifouling surfaces in the future. 

Conclusions 

In this study, two structural analogues of the small molecule morpholine were incorporated 

into an antifouling and fouling release PS-PDMS block copolymer system, and its coatings were 

evaluated for performance against two soft fouling species. Two sets of coatings were investigated, 

the first focusing on the N-substituted amine form of morpholine and the second looking at the N-

substituted amide. The morpholine amine indicated promising behavior as a fouling release 

material against U. linza, but promoted settlement of its spores, and against N. incerta, 

modification with the morpholine amine had no effect on settlement or adhesion. 

The amide was chosen because unlike the amine it cannot protonate or act as a hydrogen 

bond donor, which was hypothesized to be a contributing factor to the poor performance. Overall, 

it does show better performance, demonstrating improved fouling release against both organisms, 

and good antifouling performance against N. incerta at the highest loading. This is notable, as U. 

linza and N. incerta usually have opposite adhesion characteristics, and coatings with effectiveness 

against both are unusual. Although the morpholine does add hydrophilicity to the surface, 

considerably lowering the contact angle, that does not solely explain the improvement in 

performance, and particularly against N. incerta there may be some inherent characteristic that 

limits diatom adhesion. Ultimately, the poor antifouling behavior against U. linza, did not result 

from the tertiary amine, as lower loadings of the morpholine amide also increased settlement of U. 

linza spores on surfaces compared to the control. Additionally, there was an interesting trend in 

the behavior of organisms on the PEG coatings. The longer length performed considerably better 

than its shorter counterpart, even when loaded at a similar weight percent. Future studies to 
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examine surface characteristics like formation of a hydration layer and water structuring of both 

the amide and the different PEG lengths may elucidate the cause of this behavior. Ultimately, the 

N-substituted morpholine amides are a more promising addition for PDMS-based antifouling and 

fouling release coatings than the amines and the demonstrated efficacy against both U. linza and 

N. incerta warrant further exploration.  
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CHAPTER 5  

INFLUENCE OF PHASE MORPHOLOGY IN PS-PDMS BLOCK COPOLYMER BASED 

MARINE ANTIFOULING COATINGS  
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Abstract 

The morphology of polystyrene-b-poly(dimethylsiloxane-r-vinylmethylsiloxane) block 

copolymers used for the construction of antifouling and fouling release coatings was 

investigated. In preliminary studies, the block copolymers were found to self-assemble into a 

disordered cylindrical morphology with a domain spacing of 35 nm, irrespective of backbone 

architecture. In place of the full study that was interrupted by the COVID-19 pandemic, also 

presented here is a discussion on the expected influence of the phase morphology on fouling 

performance. Topics include the effects of functionalization on morphology as well as the impact 

of an aqueous environment. Future directions for the completion of this study and related 

avenues of research are also considered. 

Introduction 

In the preceding chapters, and several previously published studies, the block copolymer 

polystyrene-b-poly(dimethylsiloxane-r-vinylmethylsiloxane) (PS-PDMS) has been employed in 

the construction and study of antifouling and fouling release coatings. These surfaces have shown 

significant promise, demonstrating resistance to the settlement of diatoms, algae, and barnacles, as 

well as excellent performance at enhancing the removal of those species.1 These surfaces also 

demonstrated the utility of segmental sequence-control in marine antifouling,2,3 elucidated the role 

of hydrogen bond donors in the fouling release of marine algae,4,5 and most recently have been 

used to establish the promise of inhibitors to limit the formation of a strong adhesive interface 

between fouler and surface for improved fouling release. These studies have mainly focused on 

the surface composition and chemistry of the coatings, with less consideration of surface 

morphology related to the block copolymer backbone. One study did focus on the influence of 

backbone architecture on performance, comparing diblock, triblock, and mixed diblock-triblock 
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coatings functionalized with polyethylene glycol (PEG) and found that the diblock and mixed 

coatings had better removal of Ulva linza sporelings than the triblock, and the mixed coating 

outperformed both diblock and triblock coatings in removal of Navicula incerta.1 No visualization 

of the phase morphology of the surfaces or their behavior in water was undertaken, however.  

Outside of its use as a platform for antifouling coatings, PS-PDMS has found wide-spread 

application in nanolithography6–10 and the construction of nanopores.11,12 Due to its very high 

Flory-Huggins interaction parameter (0.26 at 300 K)13 it is particularly well suited for the targeting 

of sub-10 nm feature sizes,14,15 and its phase behavior has been extensively studied.15–21 Therefore, 

in our PS-PDMS system, phase separation and the formation of some type of nanostructure is 

expected. Despite this, a comprehensive study of the block copolymer phase morphology and how 

it could influence marine assay performance has not yet been carried out.  

In this chapter we take a preliminary look at these materials. A full systematic study was 

to be undertaken examining changes in morphology because of functionalization, and their 

behavior after immersion in water to assess the influence on antifouling and fouling release 

performance. Due to the circumstances of the COVID-19 pandemic, the full scope of this study 

could not be completed. In lieu of that, presented here are preliminary results on the 

unfunctionalized backbone and reflections based on a brief survey of literature, with the 

expectation of completion of this work by future group members. 

Materials and Methods 

All chemicals were purchased from Sigma Aldrich and solvents from VWR and used as received 

unless specified otherwise. Hexamethylcyclotrisiloxane (D3) and 1,3,5-trivinyl-1,3,5-

trimethylcyclotrisiloxane (V3) were purchased from Gelest, Inc. Benzene was stirred over n-butyl 

lithium and diphenylethylene, distilled and freeze, pump thawed to degas. Styrene was dried over 
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calcium hydride, distilled, and free-pump-thawed to degas. D3 was dissolved in benzene and 

stirred over calcium hydride for 24 hours, at which point a living anionic styrene polymerization 

was added and allowed to stir until the orange color had completely disappeared. The benzene was 

subsequently distilled, and the D3 sublimed, and then the solution was freeze-pump-thawed to 

degas. Solution concentration was determined using NMR. Tetrahydrofuran (THF) was stirred 

over calcium hydride and distilled into a flask containing sodium and benzophenone which was 

allowed to stir for several days, at which point it was distilled and freeze-pump-thawed to degas. 

V3 was stirred over calcium hydride, distilled and freeze-pump-thawed to degas. Glass slides were 

purchased from Fisher Scientific. Polystyrene-b-poly(ethylene-r-butylene)-b-polystyrene (SEBS, 

MD6945) was generously provided by Kraton, Inc.  

Synthesis 

PS-PDMS Backbone Synthesis - PS-PDMS backbones were prepared according to a previously 

reported method.27 In brief, in a glovebox sec-butyl lithium was added to a flask charged with 

benzene and a stir bar, followed by the dropwise addition of styrene, leading to the development 

of a deep orange color. The reaction progressed overnight before sampling, followed by the 

addition of a solution of D3 in benzene. After the complete disappearance of the orange color, 

indicative of the live styrene anion, THF was added and the reaction was allowed to continue for 

2 hours. At this point, the addition of a solution of V3 in THF by syringe pump was begun and 

allowed to progress over 48 hours. After addition, the polymerization reacted an additional 24 

hours. The polymerization was then split, one half being end-capped with chlorotrimethylsilane 

for the formation of diblock, the other half coupled using a solution of dichlorodimethylsilane in 

THF. Coupling was done by adding 75% of coupling agent directly, followed by the addition of 

the remaining 25% of coupling agent by syringe pump over a 24 hour period. Polymers were 
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precipitated directly into a 4/1 (v/v) mixture of methanol and deionized water and allowed to stir 

overnight. Polymers were collected by vacuum filtration and dried overnight in a vacuum oven at 

55 ºC.  

Thin Film Preparation - Silicon wafer pieces were freshly cleaned in a piranha solution of 70/30 

concentrated sulfuric acid and 30% hydrogen peroxide. NOTE: Piranha solution is a strong 

oxidizer and should be handled with caution. Substrates were then thoroughly rinsed with 

deionized water and dried. Immediately prior to spin coating, substrates were successively rinsed 

with acetone, IPA, and deionized water, the dried with a stream of nitrogen. A solution of 1 wt% 

solution of SEBS in toluene was spun coat (5000 rpm, 30s) and annealed for 12 hours at 120 ºC 

under vacuum. On top of that, 3 wt% solution of the corresponding PS-PDMS backbone in 

PGMEA was spun coat (3000 rpm, 30s) and annealed for 12 hours at 60 ºC under vacuum then 12 

hours at 120 ºC. For mixed surfaces, a 50/50 weight mixture of diblock and triblock was used in 

the solution preparation.  

Characterization 

Nuclear Magnetic Resonance Spectroscopy 1H NMR spectra for small molecule synthesis were 

recorded on a Varian Gemini 400 MHz, and for quantitative polymer spectra on a Bruker INOVA 

500 MHz NMR instrument. 

Gel Permeation Chromatography Chromatograms were obtained on a Waters ambient temperature 

GPC with a Waters 1515 isocratic HPLC pump equipped with both a Waters 2414 differential 

refractive index detector and a Waters 2489 UV-Vis detector. Samples were eluted at 40 ºC. The 

instrument was calibrated using narrow dispersity polystyrene standards.  

Film Thickness Analysis Film thickness was measured using a Filmetrics F20 refractometer, using 

a refractive index of 1.6 for SEBS and 1.45 for PS-PDMS.  



160 

Atomic Force Microscopy AFM images were collected using an MFP-3D-BIO system (Asylum 

Research Corp.) in tapping mode. Silicon cantilevers with an Al-reflex coating, having a nominal 

force constant of 93 N m−1, and a resonant frequency between 280 and 320 kHz, from AppNano 

(model: ACCESS−NC-A-W) were used. 

Results and Discussion 

Block copolymers of PS7.0k-PDMS26.6k and PS7.0k-PDMS53.2k-PS7.0k were used in the 

preparation of films, with a vinyl content of 1.7 mol%, with respect to the PDMS block. Coatings 

were constructed using a modified layered structure based on the protocol normally employed in 

preparation of substrates for fouling assays. In the typical procedure, polystyrene-b-poly(ethylene-

r-butylene)-b-polystyrene (SEBS) is covalently attached to the substrate and built up by successive 

spin coating into a thick layer (~1mm), on top of which the PS-PDMS is sprayed coated.22,23 In 

this study, to generate surfaces with a smoother surface topography to better visualize the 

nanostructure, PS-PDMS was spun coat on a silicon substrate. Layer thicknesses were evaluated 

using a Filmetrics F20 refractometer and were recorded at 146.2, 147.9, and 150.4 nm, for the 

diblock, triblock, and mixed surfaces, respectively.  

AFM phase and height images of the unfunctionalized diblock, triblock, and mixed surface 

structures are shown in Figure 5-1. All three surfaces displayed a similar morphology, resembling 

disordered cylinders, which agrees with literature reports for PS-PDMS block copolymers in the 

same molecular weight and volume fraction (ϕPS = 0.19) range. Domain spacings were measured 

from AFM images as 35.4, 36.7, and 35.2 nm for the diblock, triblock, and mixed surfaces, 

respectively. Since the triblock synthesis is based on the coupling of two identical diblocks, it is 

expected that the three structures have similar morphology and domain spacing.24 PDMS, which 

corresponds to the brighter areas in phase images in Figure 5-1, is the dominant block, agreeing 
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with our previous X-ray photoelectron spectroscopy studies which showed lower carbon content 

at the surface than theoretically calculated. These results also correspond with near edge X-ray 

absorption fine structure (NEXAFS) spectroscopy studies of these materials which show a 

C1s→π*C=C signal at the surface, indicative of the presence polystyrene phenyl groups.1–3  

 

Functionalization is not expected to significantly impact the observed morphology in 

Figure 5-1 because of the low functionalization percentages typically used (<10 mol% of PDMS 

block), the irregular spacing along the backbone, and the small hydrophilic groups (<350 g/mol) 

employed. Assuming functionalization with hydrophilic or other active groups only changes the 

volume of the PDMS block, up to 10 mol% functionalization with a 350 g/mol PEG unit only 

changes the calculated ϕPS value only to 0.15, which is still expected to result in the cylindrical 

morphology. Higher functionalization percentages or bulkier side groups, like the sequence-

controlled oligopeptides and oligopeptoids previously used, would likely have a more pronounced 

 
Figure 5-1: Phase and height images of surfaces constructed using different PS-PDMS backbone 

architectures. Samples were deposited on an underlayer of SEBS and thermally annealed. Diblock and 

triblock show identical phase behavior, which carried over to the coating constructed from their 

mixture. 
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effect on this surface structure, possibly pushing it into a spherical morphology (spheres of PS 

within a PDMS matrix). In the system discussed in chapter 3, where the backbone substitution was 

between 30-40 mol% of the PDMS block, this would likely occur, as this level of functionalization 

results in ϕPS values of 0.1 or less. Given that the PEG is randomly co-functionalized with TEMPO, 

however, the materials may show more complex structures, and it is difficult to predict exactly 

what those surfaces would look like.  

 

Significant change is expected to be observed upon exposure to water, with the amphiphilic 

PDMS domains swelling and minimizing the exposed hydrophobic PS portions, as demonstrated 

in Figure 5-2. This is a well-documented phenomenon observed in nanostructured amphiphilic 

materials, including block copolymers,25–30 hyperbranched fluoropolymer networks,31,32 and 

crosslinked PDMS containing networks.33–36 Grozea et al. observed behavior of this nature with 

polystyrene-b-poly(2-vinyl pyridine) (PS-P2VP) block copolymers immersed in water over time, 

and found that after 2 hours there was significant pattern distortion, and after 24 hours the pattern 

was no longer present.27 Changes in surface patterns were also observed for polystyrene-b-

poly(ethylene-r-butylene)-b-polyisoprene (PS-PE/B-PI), in which one block was partially 

 
Figure 5-2: Possible changes in phase morphology of amphiphilic functionalized PS-PDMS block 

copolymers upon immersion in water. Significant swelling of the hydrophilic bearing PDMS domains 

is expected, accompanied by the recession of the PS blocks into the matrix to minimize their contact 

with water.  
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functionalized with PEG or amphiphilic surfactants. After 7 days immersion in water, patterns 

were maintained but showed increases in domain spacing anywhere from 10-100 nm.29,30  

Angle-resolved NEXAFS studies of amphiphilic PS-PDMS coatings have shown that after 

immersion in water the surface is predominantly composed of the PDMS block, and while still 

present, there is limited C1s→π*C=C signal intensity.1,2 When functionalized with PEG, the 

corresponding diblock, triblock, and mixed surfaces exhibited different wettability. The mixed and 

diblock surfaces had lower contact angles overall than the triblock, which was attributed to the 

greater conformational freedom of the PEG-bearing diblock, which is tethered at only one end.1 

This result may indicate different levels of domain swelling for the different backbone 

architectures, with greater domain sizes likely to be observed for the diblock and mixed samples 

after immersion in water than for the triblock. Both results are consistent with water absorption by 

the polymer surface. The decrease in C1s→π*C=C signal could be caused by PDMS domain size 

increase and the lower contact angle would be expected if the styrene block was being buried by 

the amphiphilic PDMS domains.  

The rate of swelling has also been shown to be dependent on the hydrophilic content of the 

block, with more hydrophilic group generally leading to greater changes in domain size. One of 

the studies using PS-PE/B-PI functionalized block copolymers found that with longer lengths of 

PEG in the amphiphilic side chains there was a greater change in domain size upon exposure to 

water, indicating the swelling behavior was directly tied to PEG content.29 The percentage of 

functionalization in our PS-PDMS block copolymer with hydrophilic groups is also expected to 

change how the surface morphologies respond to water. It is very likely that the pattern fidelity 

would scale with the level of functionalization: the higher the hydrophilic content, the greater the 

change in domain size and ultimate distortion of the surface pattern. If distinct PEG domains were 
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to form within the matrix of PDMS, isolated swelling of those domains may be observed. This 

well-documented phenomenon, in which hydrophilic regions within a hydrophobic matrix will 

selectively swell when surfaces are immersed in water, is true of both block copolymers and phase 

segregated network coatings.25,26,31,33,34,37 This in turn increases roughness, and often leads to 

surfaces with a distinct “bumpy” appearance.  

In other systems this distortion has resulted in complete loss of the surface pattern, which 

is often permanent and irreversible,25,27 but with the low functionalization percentages typically 

used in our system, it is unlikely that complete loss of the pattern would occur.  The materials 

studied in chapter 3 are the exception to this. These materials had functionalization percentages up 

to 20 mol% with respect to the PDMS block. At the highest levels of PEG functionalization, these 

materials degrafted from the SEBS underlayer during U. linza assays. This may have been a result 

of a considerable water uptake by the PDMS domains, to the point that the polymer became 

completely disordered and lost the PS crosslinks that kept it anchored to the surface.  

While surface heterogeneity is broadly touted as a route to producing “ambiguous” surfaces 

to prevent fouling, some proteins show enhanced affinity for polymer interfaces. Lau et al. studied 

the interaction of two types of immunoglobulin G with polystyrene-b-poly(methyl methacrylate) 

surfaces and found that proteins preferentially adsorbed on the domain interfaces.38 There was 

greater protein adsorption on the nanopatterned block copolymer surfaces than what would be 

expected from the average of the behavior of the two constituent materials, and this behavior was 

more pronounced at smaller domain spacings, where the density of interfaces was greater. In AFM 

images of protein fouled surfaces, the nanopattern was still discernible because of the preference 

of proteins for interfaces. It does not appear that the benefit of the phase separation is inherent to 

the presence of nanodomains on an surface, but instead depends on the existence of heterogeneity 
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that is composed of hydrophobic and hydrophilic regions to build an “ambiguous” surface.39 A 

study using the phase separation of polyurethanes where the soft block was varied between 

polypropylene glycol, PEG, and PDMS showed that only the PEG containing coatings were able 

to adequately resist protein adsorption, indicating not phase separation but the hydrophilicity was 

the determining factor.36 This phenomenon has also been demonstrated in coatings used in marine 

antifouling assays against diatoms, where performance seemed to be more strongly tied to PEG 

content than surface features.28  

In contrast, a study that examined Ulva settlement on PS-P2VP surfaces found that there 

was lower settlement on nanopatterned surfaces than either of their constituent homopolymers, 

and the lowest settlement on a UV-crosslinked PS-P2VP surfaces (which maintained a distinct 

morphology in water compared to the non-crosslinked counterpart).27 Neither PS nor P2VP are 

particularly good antifouling surfaces alone, so there was definitely some feature to these surfaces 

that Ulva spores found unfavorable beyond their chemical composition. Interestingly, in a separate 

study using patterned surfaces of alternating PEGylated and fluorinated domains, while Ulva 

spores were able to distinguish and preferentially settle on fluorinated domains ranging from 20-

500 μm, they could not distinguish when the domains were less than 5 μm, preferring not to settle 

on those areas at all. The authors attribute this behavior to the organisms essentially considering 

the surface composed of pure PEG.40  

For our system, the domain size (~35 nm) is two orders of magnitude smaller than what 

Ulva can distinguish. Therefore, the influence on performance can probably be more readily 

attributed to the presence of a hydrophilic group embedded within the hydrophobic PDMS rather 

than the nanoscale heterogeneity generated by the presence of PS and PDMS domains. The PS 

block is primarily incorporated to achieve stable surface attachment and likely does not provide 
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significant performance enhancement. In fact, PS is known to be particularly susceptible to fouling 

and poor at fouling release,41–45 so it’s presence may only limit the potential of these coatings. 

Based on these studies, it is not clear whether the presence of PS at the surface benefits or detracts 

from the performance of these coatings. A systematic look at the impact of varying the proportion 

of PS at the surface by increasing and decreasing the PDMS block length, to modulate the domain 

size, could help to determine the role of the PDMS domain in the performance of these coatings. 

Taking this notion even further, it may be interesting to study whether the block copolymer is truly 

an important variable in the performance of these materials. Many current antifouling and fouling 

release coatings rely on covalent PDMS network materials, which provide greater coating stability 

and mitigates the possibility for delamination.46–51 Translation of our system into this architecture 

might indicate whether the block copolymer is vital to the coating performance, or if a covalently 

crosslinked network would have similar or even better performance.  

 

 
Figure 5-3: Current block copolymer system could be translated to a crosslinked covalent network to 

eliminate polystyrene block. 
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Implementation of new techniques in the study of morphological and compositional 

changes occurring with functionalization and immersion to water could also provide greater insight 

into the role of the block copolymer. The novel technique of Ambient Pressure XPS (AP-XPS) 

which allows for the collection of XPS spectra in the presence of water vapor up to pressures of 

20 torr (currently in development for marine fouling surfaces by our collaborator Rachel Segalman 

at University of California, Santa Barbara) could give key insights on the differences in water 

absorption by triblock versus diblock surfaces and how functionalization also plays a role.52 

Because of the differing wettability, it is likely that the diblock and triblock copolymers would 

have different swelling rates, which could be monitored in situ using this technique. Atomic force 

microscope infrared-spectroscopy (AFM-IR) couples the acquisition of AFM images infrared 

spectra and allows the chemical mapping at spatial resolutions below 100 nm.53 Its use has been 

demonstrated to localize water uptake and it has been performed in a native aqueous environments 

to map nanoscale compositional changes in response to immersion in water.54–56 The in situ nature 

of this technique could provide novel information on the compositional heterogeneity of surfaces 

and map changes as a response to an aqueous environment, and while also being used to quantify 

differences in water uptake by the different block copolymer architectures. These techniques could 

also be useful in the study of the hydrophilic group length, which was shown to be important for 

marine performance in Chapter 4, particularly U. linza settlement. AP-XPS and AFM-IR could 

help to elucidate the influence of hydration and surface coverage on these behaviors.  

Conclusion 

This chapter reflects a brief summary of work done to elucidate the nanostructure of PS-

PDMS block copolymers used in the construction of antifouling and fouling release coatings, and 

lays out guidelines for follow-up studies to understand how that nanostructure could be 
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influencing performance. From preliminary results, we have identified a disordered cylinder 

morphology for unfunctionalized backbones, with domain spacings in the range of 35 nm, for the 

diblock, triblock, and mixed surfaces. Due to extenuating circumstances this work could not be 

completed, but through a survey of the literature, we have presented several hypotheses for the 

expected behavior of these materials. Typical backbone modification is done in the range of 1-10 

mol% with small profile side groups, which are unlikely to severely impact the phase morphology, 

other than increases in domain spacing. Exposure to water of the amphiphilic materials is likely to 

swell the functionalized PDMS domains, and depending on the degree of functionalization, could 

begin to distort the nanostructures, pushing the surfaces into new morphologies or leading to 

complete loss of surface patterns. Considering the low levels of modification generally used, it is 

unlikely that the pattern would be completely eliminated. The performance of these coatings 

probably does not depend on the presence of the nanodomains, but their possible contribution 

cannot be entirely ruled out. Expanding the scope of techniques used to study these materials will 

help to better understand their response to water, and could provide greater insight into their marine 

performance. Ultimately, we still do not fully understand the role of the block copolymer 

architecture in the performance of these coatings, and future studies should be done to broaden our 

understanding for better coating construction in the future.  
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CHAPTER 6  

CONCLUSIONS AND FUTURE WORK 
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The work presented in the preceding chapters represents the application of two novel 

moieties into antifouling and fouling release coatings for their improvement against a broad range 

of marine fouling species. This work has successfully demonstrated the utility of active inhibition 

of marine cement through the use of a stable radical nitroxide, 2,2,6,6-tetramethylpipiderin-1-oxyl 

(TEMPO), and the utility of morpholine as a hydrophilic group for the generation of amphiphilic 

surfaces in combination with polydimethylsiloxane (PDMS). It also touched briefly upon the 

morphology of our poly(dimethylsiloxane-r-vinylmethylsiloxane) (PS-PDMS) block copolymer 

and its implications in the performance of subsequent coatings employed for antifouling and 

fouling release. 

Chapters 2 and 3 demonstrated the effectiveness of TEMPO as a component for fouling 

release coatings against the hard-fouling barnacle B. improvisus. In chapter 2, it was found that the 

key to the utility of TEMPO is its population and positioning at the coating interface. In blended 

amphiphilic coatings, where the TEMPO and hydrophilic group are not covalently tethered, the 

TEMPO is prone to sequestering below the surface of the film when exposed to an aqueous 

environment, but its combination with hydrophilic groups is necessary to maintain antifouling 

characteristics against both hard and soft fouling organisms. In chapter 3, increased loading and 

covalent attachment of TEMPO and polyethylene glycol (PEG) directly to the same backbone 

resulted in surface delivery of TEMPO, where it was correctly positioned to interfere with the 

adhesion processes. This architecture led to coatings with 3 times greater removal of the barnacle 

B. improvisus than that of an unfunctionalized control. These results illustrate the importance of 

structural design in producing functional surfaces.  

While chapter 3 demonstrated that TEMPO is effective for enhancing fouling release 

against B. improvisus, it will need to be screened against other hard fouling organisms to broaden 
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the scope of its implementation. Acorn barnacles use an oxidative pre-adhesive fluid which 

contains reactive oxygen species prior to the deposition of their cement to condition the surface,1 

while their cement formation relies on catechol and quinone chemistry.2 It is unknown if the 

success in enhancing fouling release was derived from the from inhibition of the surface 

conditioning or actual interference in cement formation. Since other hard fouling organisms use 

oxidative chemistries but with different attachment strategies,3,4 it will be important to screen 

TEMPO-based coatings against a wider variety of hard fouling organisms.   

While testing against a broader range of hard foulers, further investigation of the 

nitroxide’s influence on biofilm forming species will also be important. Quorum sensing in many 

bacteria and diatom species is controlled by nitric oxide,5–7 which bears a structural similarity to 

nitroxides. Polynitroxide surfaces have repeatedly demonstrated success in mitigating the 

formation of biofilms and aiding in their dispersal.8–11 In chapters 2 and 3, coating performance 

against N. incerta was unremarkable, with little to no improvement in antifouling or fouling release 

performance. This may have been a result of the choice of assay duration; settlement and 

subsequent removal was only performed over a two-hour period, whereas other studies employ at 

least 24-hours for cultures on polynitroxide surfaces. More specific assays targeted toward the 

influence of TEMPO on quorum sensing could reveal a broader applicability within antifouling 

and fouling release coatings. 

Testing the efficacy of the nitroxide in a more complex marine environment will also be 

important. Fouling occurs in multiple stages, beginning with conditioning of surfaces with organic 

matter like proteins, carbohydrates, and proteoglycans within minutes of immersion. This is 

followed by colonization by marine bacteria and diatoms and the subsequent formation of a 

biofilm, after which soft macrofouling algae will settle and grow. Hard foulers, like barnacles, are 
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typically the last organisms to colonize surfaces. In chapters 2 and 3, we established the importance 

of positioning TEMPO at the surface to ensure its efficacy. If organic fouling and biofilm growth 

conceal the TEMPO from hard fouler adhesives, it will not function as intended. Optimization of 

TEMPO loading in relation to hydrophilic groups will be key to maintaining efficient antifouling 

characteristics while ensuring TEMPO presentation at the surface and screening in complex multi-

organism marine environments, through large scale panel testing in in the ocean, will also be vital. 

  

In chapter 4, we demonstrated the efficacy of the small molecule morpholine as a 

component in the construction of PDMS-based amphiphilic antifouling and fouling release 

coatings. Two structures were investigated, the N-substituted amine and the N-substituted amide. 

Of the two structures, the amide demonstrated the most potential leading to over 70 percent 

removal of both U. linza and N. incerta, as well reduced N. incerta settlement by over 50 percent. 

These two species are generally known to demonstrate opposite adhesion characteristics, so 

continued use of the morpholine amide will be beneficial in the construction of broad-spectrum 

 
Figure 6-1: Surface colonization upon immersion in a marine environment by organic matter, marine 

diatoms and bacteria, algae, and hard foulers. Antifouling character of nitroxide containing surfaces 

needs to be carefully controlled to maintain TEMPO presence at surface. 
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coatings with efficacy against multiple species. This study also revealed a possible connection in 

performance between hydrophilic group size and antifouling performance against U. linza, so 

exploration of polymeric morpholine based materials, like poly(N-acryloyl morpholine) (PAcMo) 

could lead to even better performance. 

 

This study also has implications for the future implementation of sequence controlled 

oligopeptoids, a structural isomer of peptides, exemplified in Figure 6-2. The study of the N-

substituted morpholine amide demonstrated a unique performance enhancement against N. incerta, 

which was seemingly unconnected to its wettability. Previous studies using oligopeptoids attached 

to the PS-PDMS backbone showed excellent fouling release for U. linza compared to similarly 

constructed oligopeptides, but had close to zero removal of N. incerta.12,13 The morpholine amide 

bears a structural resemblance to a peptoid unit with a single ether side group, but in the 

construction of peptoids for previous coatings, long side groups were used with at least 3 ethylene 

glycol units. Careful sub-monomer choice in the construction of oligopeptoids could enhance 

removal of N. incerta. if the peptoid backbone was not completely obstructed. Van Zoelen et al. 

 
Figure 6-2: Future directions for morpholine and related structures in antifouling and fouling release 

coatings 

 

Shorter side group maintains 
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peptoid backbone
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previously explored shorter side groups in oligopeptoids for marine fouling applications, but these 

structures were only tested against U. linza.14 A systematic investigation on the influence of sub-

monomer length on N. incerta fouling release could lead to further improvement of the PS-PDMS 

block copolymer-oligopeptoid system.  

 

In Chapter 5, preliminary results were presented on the nanostructure of the 

unfunctionalized PS-PDMS backbone stemming from block copolymer phase separation. The 

block copolymers were found to have a disordered cylindrical structure with domain spacing of 

about 35 nm, irrespective of the backbone architecture used. The implications of this structure and 

its functionalization, as well as future directions related to this work, were addressed extensively 

in chapter 5. One additional feature, not discussed, relates to the manner of incorporation of the 

vinyl group. In the preceding chapters, preparation of the PDMS block was done using a 

trisubstituted cyclic monomer, 1,3,5-trivinyl-1,3,5-trimethylcyclotrisiloxane (V3), copolymerized 

with hexamethylcyclotrisiloxane (D3), as shown in Figure 6-3. This builds in trimers of vinyl 

 

Figure 6-3: New pendent vinyl incoroporation strategy A.) Monomer strucutres used in the 

construction of PDMS block B.) Vinyl trimer using tri-substitued V3 monomer and new isloated vinyl 

using new proposed VD2 monomer 
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group along the backbone, which could lead to clustering of attached chemical functionalities at 

our surface. This clustering could impact surface morphology if distinct hydrophilic domains are 

formed. As was mentioned in chapter 5, immersion in water has been known to induce swelling 

of hydrophilic domains that contribute to a bumpy surface texture for other similar antifouling 

systems.15,16 The use of 1-vinyl-1,3,3,5,5-pentamethylcyclotrisiloxane (VD2), a singly substituted 

vinylcyclotrisiloxane monomer, would eliminate the trimer structure and could result in different 

morphological behavior of the surface in response to water. Comparison of the resulting phase 

morphology, and the possible changes induced upon immersion in water could be correlated with 

fouling performance to provide further insight into the influence of polymer architecture.  

Marine biofouling remains a challenge that affects both naval operations and maritime 

industries. The work presented in this thesis represents incremental steps toward the introduction 

of more diverse chemistries to combat this problem in a more targeted manner. Marine fouling 

organisms have had millions of years to develop incredibly complex and diverse adhesion 

mechanisms, and future coating development will depend on more detailed knowledge of their 

behavior and adhesives. A deeper understanding of coating behavior related to both surface 

chemistry and architecture, particularly in aqueous environments, will play key role in the 

development of antifouling and fouling release coatings in the future. The successful development 

of antifouling and fouling release coatings will depend on the continued examination of the 

interplay between materials chemistry and biology.  
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APPENDIX A 

SUPPLEMENTARY DATA FOR CHAPTER 2 

Block Copolymer Synthesis 

 

 
Figure S1-1: GPC chromatogram for PS8.3-PDMS65.9-PS8.3, showing the sequential addition of PDMS and 

coupling of diblocks in the formation of triblock 

Table S1-1: Molecular weight and block information for polymers used for construction of PS-PDMS 

TEMPO blended coatings 

PS PS-PDMS PS-PDMS-PS 

Mn
a Ða Mn

b Ða Mol% Vinylc Mn
b Ða Mol% Vinylc 

8.3 1.04 33.3 1.13 3.27 65.9 1.17 3.28 

8.2 1.03 31.0 1.17 9.62 58.1 1.14 10.70 
a 

Calculated from GPC versus Polystyrene Standards
b
 Calculated from NMR based on PS block lengths derived from 

GPC
c
 Calculated using H

1
 NMR 
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Fouling Results  

 
Figure S1-2: B. improvisus juveniles remaining on PS-PDMS TEMPO blended coatings after 

hydrodynamic removal at shear stress of 92 Pa. Bars represent standard error. 

 
Figure S1-3: Final density N. incerta cells on PS-PDMS TEMPO blended coatings after exposure to a 

shear stress of 30Pa. Each point is the mean of 45 counts on 3 replicate slides. Bars show 95% confidence 

limits. 

 
Figure S1-4: Biomass of U. linza sporelings on PS-PDMS TEMPO blended coatings after 7 days (left) 

and sporeling biomass remaining after exposure to a 50Pa water jet (right). Each point is the mean 

biomass from 6 replicates measured using a fluorescence plate reader. Bars show standard error of the 

mean. 
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Surface Energy Calculation 

Table S1-2: Surface Tension and Contact Angles for calculation of TEMPO surface energy 

Solvent Contact Angle (Degrees) σ (mN/m) σD (mN/m) σP (mN/m) 

Water 79.5 +/- 3.9 72.8 26.4 46.4 

Hexadecane 28.6 +/- 4.0 27.5 27.5 0.0 

TEMPO - 26.9 24.3 2.6 

 

 

 

 

 
 

NMR 

  
Figure S1-5: NMR spectra of showing NHS and PEG functionalization for PS-PDMS TEMPO blended 

coatings 
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APPENDIX B 

SUPPLEMENTARY DATA FOR CHAPTER 3 

Block Copolymer Synthesis  

 
Figure S2-1: GPC chromatograms for PS7.4-PDMS65.0-PS7.4, showing the sequential addition of PDMS 

and coupling of diblocks in the formation of triblock 

Table S2-1: Molecular weight and block information for polymers used in construction of PS-PDMS 

TEMPO-PEG co-functionalized coating  

Vinyl Percentagea 
PS PS-PDMS PS-PDMS-PS 

Mn
b Ðb Mn

c Ðb Mn
c Ðb 

5.0% 6.7 1.03 29.2 1.07 59.5 1.12 

10.7% 8.2 1.03 31.0 1.17 58.1 1.14 

38.9% 7.4 1.05 31.0 1.26 63.5 1.28 
a 

Calculated using H
1
 NMR 

b
 Calculated from GPC versus Polystyrene Standards 

c
 Calculated from NMR based on PS block lengths 

derived from GPC 
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NMR 

 
Figure S2-2: NMRs showing the functionalization with PEG and NHS precursor for the preparation of 

PS-PDMS TEMPO-PEG co-functionalized coatings. Attachment percentages were calculated based on 

peaks n, j+i, and c for PEG, NHS, and PDMS, respectively. 

 
Figure S2- 3: Relationship between feed ratio and attachment ratio of PEG and NHS thiols. PEG thiol 

shows lower reactivity than NHS thiol in click reaction to backbone. 
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Figure S2-4: NMR of PEG functionalized backbones. Attachment percentages were calculated based on 

peaks j and c for PEG and PDMS, respectively. 

Fouling Results 

 
Figure S2-5: B. improvisus juveniles remaining on PS-PDMS TEMPO-PEG co-functionalized coatings 

after exposure to a 30psi water jet. Bars represent standard error. 
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Figure S2-6: Final density N. incerta cells on PS-PDMS TEMPO-PEG co-functionalized coating after 

exposure to a shear stress of 30Pa. Each point is the mean of 90 counts on 3 replicate slides. Bars show 

95% confidence limits. 

 

 

 

 
Figure S2-7: U. linza sporeling biomass on PS-PDMS TEMPO-PEG co-functionalized coating after 6 

days (left) and sporeling biomass remaining after exposure to a shear stress of 90 Pa (right). Each point is 

the mean biomass from 6 replicate slides measured using a fluorescence plate reader. Samples with an 

asterisk (*) did not have sufficient settlement and could not be evaluated. Bars show standard error of the 

mean.  
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Figure S2-8: Detached U. linza sporelings floating above three replicate T17P19 slides in the wells of a 

quadriPERM dish (left) and image of floating sporelings attached to degrafted coatings on T17P19 

(right). Image width approximately 800 µm. 
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APPENDIX C 

SUPPLEMENTARY DATA FOR CHAPTER 4 

Block Copolymer Synthesis 

 

 
Figure S3-1: GPC chromatograms for PS7.7-PDMS67.8-PS7.7, showing the sequential addition of PDMS 

and coupling of diblocks in the formation of triblock 

Table S3-1: Molecular weight and block information for polymers used in construction of PS-PDMS 

Morpholine coatings 

Amine PS PS-PDMS PS-PDMS-PS 
 Mn

a Ða Mn
b Mol% Vinylc Ða Mn

b Mol% Vinylc Ða 

3% 8.3 1.04 33.3 3.27 1.13 65.9 3.28 1.17 

5% 6.7 1.03 29.2 5.49 1.07 59.5 5.53 1.12 

10% 8.2 1.03 31.0 9.62 1.17 58.1 10.70 1.14 

Amide PS PS-PDMS PS-PDMS-PS 
 Mn

a Ða Mn
b Mol% Vinylc Ða Mn

b Mol% Vinylc Ða 

3% 7.7 1.04 33.9 3.24 1.19 67.8 3.29 1.23 

5% 8.3 1.03 27.9 5.05 1.13 55.7 5.05 1.16 

7% 6.6 1.02 26.3 6.66 1.06 52.9 6.75 1.10 
a 

Calculated from GPC versus Polystyrene Standards 
b
Calculated from NMR based on PS block lengths derived from GPC  

c
 Calculated using H

1
 NMR 
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NMR 

 
Figure S3- 2: NMR spectra of morpholine and PEG functionalized backbones 

Contact Angle 

 
Figure S3-3: Contact angle of PS-PDMS surface used in amide coating set 
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Fouling Results 

 
Figure S3-4: Final density of N. incerta cells on PS-PDMS Morpholine Amine coatings after exposure to 

a shear stress of 40Pa. Each point is the mean of 45 counts on 3 replicate slides. Bars show 95% 

confidence limits. 

 
Figure S3-5: Biomass of U. linza sporelings on PS-PDMS Morpholine Amine coatings after 7 days (left) 

and sporeling biomass remaining after exposure to a water jet of impact pressure of 55kPa (right). Each 

point is the mean biomass from 6 replicate slides measured using a fluorescence plate reader. Bars show 

standard error of the mean. 
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Figure S3-6: Density of N. incerta diatoms remaining on PS-PDMS Morpholine Amide coatings after 

exposure to a shear stress of 32Pa. Each point is the mean from 90 counts on 3 replicate slides. Bars show 

95% confidence limits. 

 
Figure S3-7: Biomass of U. linza sporelings on PS-PDMS Morpholine Amide coatings after 7 days (right) 

and sporeling biomass remaining after exposure to a shear stress of 42 Pa (right).  Each point is the mean 

biomass from 6 replicate slides measured using a fluorescence plate reader. Bars show standard error of 

the mean. 
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APPENDIX D 

SUPPLEMENTARY DATA FOR CHAPTER 5 

SEBS Underlayer - AFM Analysis 

Domain Spacing: 32.4 nm 

 
Figure S4-1: AFM phase (left) and height (right) images of SEBS underlayer 

Block Copolymer Synthesis 

 
Figure S4-2: GPC chromatogram for PS-PDMS-PS, showing the sequential addition of PDMS and 

coupling of diblocks in the formation of triblock 

Table S4-1: Molecular weight and block information for polymer used in Morphology study 

PS PS-PDMS PS-PDMS-PS 

Mn
a Ða Mn

b Mol% Vinylc Ða Mn
b Mol% Vinylc Ða 

7.0 1.05 26.6 1.66 1.26 53.2 1.69 1.29 
a 

Calculated from GPC versus Polystyrene Standard 
b
Calculated from NMR based on PS block lengths derived from GPC 

c
 

Calculated using H
1
 NMR 
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