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 Marine biofouling, the settlement of marine organisms on surfaces, is a major 

problem affecting naval operations and industries including shipping, manufacturing, 

and water purification. For marine vessels in particular, biofouling leads to increased 

drag, additional fuel consumption, hull damage, and added maintenance costs.  

Biocidal coatings containing copper, arsenic, tin, lead, organic biocides, and other are 

highly effective, and have been used extensively, though these materials are facing 

increased scrutiny and regulation of coatings.  Settlement and adhesion of marine 

fouling organisms can be effectively controlled using environmentally benign siloxane 

based coatings. 

 The first study of this work investigates amphiphilic surface active block 

copolymer additives designed to be incorporated in polydimethylsiloxane (PDMS) 

network materials.  Subsequent work focuses on di- and triblock copolymers of 

polystyrene-block-poly(methyl vinylsiloxane-random-dimethylsiloxane) and 

polystyrene-block-poly(methyl vinylsiloxane-random-dimethylsiloxane)-block-

polystyrene (PS-b-P(MVS-ran-DMS)-b-PS) that were designed as hydrophobic, low 

surface energy backbone materials capable of being functionalized via thiol-ene 

“click” chemistry.  This backbone provides a highly customizable platform for 



 

screening a wide array of functional groups for antifouling performance.  Thiols of 

hydrophilic chemical groups such as PEG as well as fluoroalkyl and stable radical 

groups were synthesized and attached to the polymer to control surface chemistry and 

antifouling performance.  Amphiphilic block copolymers, combining both hydrophilic 

and hydrophobic components, were shown to be very effective in reducing settlement 

of marine organisms.  Additionally, redox active stable radical groups were introduced 

and shown to disrupt settlement and adhesion of hard foulers such as barnacles which 

use oxidative adhesive curing. 

 Block copolymer design can control the surface chemistry and was studied 

using multiple X-ray spectroscopy methods including near-edge Xray absorption fine 

structure (NEXAFS).  Stratification and self-ordering of these films was examined 

under water using neutron reflectivity.  Because of the dynamic nature of these 

surfaces, the kinetics of surface rearrangement in aqueous environments can be 

studied by bubble contact angle under water.  The antifouling performance of these 

materials was investigated through collaborative study of settlement, attachment, and 

removal of fouling organisms such as algae, diatoms, and barnacles.  Highly effective 

coatings were developed by correlating polymer structure, surface chemistry, surface 

rearrangement characteristics, and antifouling performance. 
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Introduction 

 Biofouling is the process of settlement and adhesion of marine organisms to a 

surface when placed into a marine environment.  This process occurs in four stages.
1
  

First is the conditioning stage where organic matter, usually proteins, polysaccharides, 

and glycoproteins, creates a film on a surface.  Second is the formation of a microbial 

film with the settlement and growth of bacteria which form a biofilm.  Planktonic 

bacteria adhere weakly to the surface using Van der Waals forces, but bacteria then 

form an extracellular matrix of exopolymers to form a persistent film which holds 

them firmly to the surface.  Next, these biofilms mature, which attracts soft fouling 

organisms such as algae to the surface.  These bacterial biofilms provide a source of 

food as well as an adhesive matrix which allows them to more easily colonize a 

surface.  Finally, hard fouling occurs as barnacles, mussels, bryozoans, and tubeworms 

settle and colonize the surface.  These organisms are extremely persistent, utilizing 

complex adhesion mechanisms which allow them to strongly attach to a surface.  This 

process begins to occur within just minutes to hours of immersion in seawater,
2
 

meaning that any surface in contact with marine environments is affected by this 

process. 

 Surface biofouling has significant effects for many sectors of industry in 

contact with marine environments.  Vessels such as those employed for maritime 

shipping or naval purposes experience significantly increased drag which reduces fuel 

efficiency, increases fuel consumption and greenhouse gas emissions, lowers 

attainable speed, and increases maintenance costs through removal.
3–5

  The US Naval 

fleet alone, which only accounts for about 0.5% of all vessels globally, spends roughly 
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$75-100M per year on penalties from biofouling including increased fuel consumption 

and maintenance.
3
  A study by the National Oceanic and Atmospheric Administration 

at the University of Colorado at Boulder reported that the world’s fleet of maritime 

vessels emits about 3% of all anthropogenic carbon dioxide.
6
  Additionally, 

commercial shipping contributes between 15% and 20% to global fossil fuel sources 

nitrogen oxide gas emissions, and 5-8% of global anthropogenic sulfur dioxide 

emissions.
6
  Global maritime shipping also consumes ~289 million metric tons of fuel 

per year,
5
 indicating that modest reductions in fouling could have significant effects 

economically and environmentally. 

 Biofouling can also affect the performance of filtration, piping, and heat 

exchanging systems, decreasing performance efficiency and increasing maintenance 

costs.  Fouling of membranes used in filtration and purification systems for water 

causes reduction in flux, increased energy consumption to operate, and failure.  These 

membranes therefore need to be replaced often, which increases the price and reduces 

the availability of purified water globally.
7
 

 Because of the complexity of the marine ecosystems that manmade surfaces 

encounter, creating effective antifouling coatings is extremely difficult.  Many 

strategies have been employed to control biofouling on surfaces.  The first known 

coatings utilized pitch, wax, lead, or arsenic coated onto a vessel to reduce fouling, 

and were often toxic.
8
  In the mid 20

th
 century, self-polishing coatings based on 

tributyl tin showed highly effective fouling prevention, long performance life, and low 

cost.
9
  Among the most successful tin-based coatings utilized a block copolymer with 

tributyl tin pendent groups which could be hydrolyzed and release from the coating 
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along with a copper additive.
10

  The leaching of tin from these coatings has been 

shown to have effects on marine environments, being very persistent and affecting 

non-target organisms significantly, leading to significant regulation on these coatings 

from governments globally.
11

 

 The US Navy and many maritime shipping companies currently use a copper 

ablative coating as an antifouling coating for their vessels.
12

  These coatings are also 

self-polishing, releasing copper from the ship hull.  This released copper, though less 

toxic and persistent than the tin of previous coatings, also poses dangers to marine 

organisms and is causing negative effects on the ecosystems of harbors near ports and 

harbors.
13,14

 

 Developing an effective antifouling coating which is environmentally benign 

has become a priority for naval and maritime shipping to reduce negative impacts on 

the environment.
12

  Polymer-based coatings have extensively been studied as an 

alternative to these toxic coatings, and are being employed in commercial coatings 

worldwide.
1,8,15–19

  These materials present the opportunity to build off of extensive 

prior knowledge in polymeric coatings to control surface chemistry, topology, 

temporal response, and mechanical properties to develop commercial coatings which 

are effective at preventing fouling, are low cost, easily applied, and have long service 

lives. 

Block Copolymer Coatings 

 The general approach to producing successful block copolymer based coatings 

which are environmentally benign is to minimize the interactions between the surface 

and the adhesives used by marine organisms to reduce adhesion strength and promote 
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facile release.
19

  Two main approaches have been studied in early work with block 

copolymers, one using hydrophilic materials such as poly(ethylene glycol) (PEG) and 

another employing low surface energy hydrophobic materials such as 

polydimethylsiloxane (PDMS).  Block copolymers offer a wide range of architectures, 

chemical compositions, and surface properties, several of which are outlined in Figure 

1-1.  By controlling the surface properties of these coatings, adhesion can be 

controlled. 

 

 

Figure 1-1: Strategies for antifouling coatings using block copolymers and how to 

control coating performance 
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Outline of Strategies for Antifouling Coatings 

 The use of non-polar low surface energy materials has been extensively studied 

for antifouling and fouling-release coatings.
20–25

  PDMS, a commonly studied 

material, has in particular shown much promise as a base material for these coatings 

because of its low surface energy, low elastic modulus, and high chain mobility.
26–28

  

Low surface energy lowers adhesion strength of foulants to the surface, and increases 

fouling release.  Many organism, including certain algaes and barnacles, have 

extremely low settlement and adhesion to these low surface energy materials.
29,30

  

However, these coatings are prone to high protein adsorption
31

 and organisms such as 

diatoms have been shown to be very persistent on these surfaces.
32

 

 Hydrophilic materials also are very promising as antifouling coating materials.  

Because of their low interfacial energy with water, these materials surface segregate 

and hydrate in a marine environment.
33

  This interfacial energy significantly lowers 

protein adsorption at the surface of these coatings
34–36

 which has made them highly 

useful in biomedical applications and drug delivery.
37,38

  Materials such as PEG
39,40

 

and zwitterionic groups
41–43

 have been extensively studied in marine antifouling 

coatings.  Their protein resistance makes them effective against certain species of 

marine organisms.  However, many of these materials can be readily hydrolyzed in 

water,
44

 making long term coatings difficult to produce. 

 Combining the properties of both the hydrophilic and hydrophobic materials 

into amphiphilic block copolymers has been shown to produce many very effective 

antifouling coatings.
24,45–48

  These coatings combine the properties of both the protein 

resistance and surface hydration of the hydrophilic components along with the low 
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surface energy and low adhesion strength to the hydrophobic materials.  By combining 

these two components into a single block copolymer system, nanoscale segregation is 

achieved which is highly tunable.  These materials produce surfaces which are 

“ambiguous”,
49,50

 presenting multiple chemistries to the surface at once and on length 

scales that make it difficult for small marine organisms to differentiate. 

 Interactions between the surface and the environment have been shown to 

cause reconstruction of the surfaces of these materials,
39

 which changes the 

presentation of these groups depending on the environment.  High chain mobility of 

these materials allows for facile reconstruction, making these surfaces highly dynamic.  

Based on the structure of the block copolymers, response time of reconstruction can be 

varied, which can be used to tailor surfaces in a more subtle way that can significantly 

change the way an organism is able to interact with the surface. 

Marine Fouling Chemistry 

 Marine organisms employ a range of settlement and adhesion strategies in 

marine fouling, varying from species to species, which can include both physical and 

chemical components.
51,52

  A survey of the literature shows several common strategies 

among species.
53–56

  For tube worms, a two phase setting process has been proposed as 

a cementation mechanism.  The first phase involves the transition from electrostatic 

interactions to strong ionic interactions between divalent calcium and magnesium ions 

and charged protein sidechains, such as phosphoserine.  This provides a rapid initial 

cure of the cement as residues coordinate to the same divalent ion and crosslink the 

peptides.  The second phase utilizes the formation of quinone based inter- and 

intramolecular crosslinks utilizing both free amino and free thiol residues.
57

  An 
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adhesive protein high in tyrosine content is secreted along with polyphenol oxidase 

(PPO), a copper based enzyme. PPO oxidizes tyrosine residues into 

dihydroxyphenylalanine (DOPA) which is able to react with and attach to a 

surface.
58

 DOPA can also be further oxidized into quinone, which can crosslink 

chains, and form extremely tough materials.
58

 Assessments of mechanical properties 

of tube worms before and after exposure to EDTA, show that the strength of the 

cement is highly dependent on the presence of divalent calcium and magnesium ions.
59

 

Evidence of cysteinyl-DOPA residues has also been reported and the reddish-brown 

coloration that develops in the cement after several hours is consistent with the color 

of DOPA-cysteinyl pigments.
60

 Indication that tunicates also share a quinone-based 

cementation mechanism comes from the fact that analysis of cement proteins show 

some of the highest percent of DOPA residues compared to any other cement forming 

marine organism.
53

  

 Cured barnacle cement solubilization studies have shown the presence cysteine 

residues. Through the use of dithiothreitol or mercaptoethanol, solubilization of the 

cement was achieved indicating the presence of disulfide bonds as a possible 

intermolecular crosslinking mechanism.
61,62

 Further sequencing studies of isolated 

cement proteins have indicated alternating sections of hydrophobic and hydrophilic 

residues, particularly suited to the formation of cross-beta sheet structures.
61

 AFM and 

staining experiments provide additional support to the existence of beta sheet 

structures in cured barnacle plaques.
63

 Some studies have shown that a quinone based 

system works with backbone or side chain amino groups to lengthen and crosslink 

cement proteins. EPR analyses have shown banding patterns similar to free radicals, 
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indicating the possible presence of the radical semiquinone species, while sequencing 

has indicated a high percent of Lys residues, providing free amino groups, in the 

hardened cement.
64,65

  However, the quantities of tyrosine present in hydrolyzed 

barnacle cements is very low.
62,66

 

General Coating Strategies and Block Copolymer Structures 

 

Table 1-1: Polymer structures used for anti-fouling and fouling release 

applications
40,67–70

 

 The use of block copolymers allows for the control of surface microstructures 

by tuning the molecular weight of the polymer as well as the ratio of the molecular 

weight of each of the components.  Due to the very small size of these domains, 

cellular fouling organisms can interact with them.  By tailoring the surface 

microstructure, control of the settlement of these organisms can be achieved.  Grozea 

et al.
67

 compared block copolymers of polystyrene (PS) and poly(2-vinyl pyridine) 
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(P2VP) to study the effect of microstructure on settlement of Ulva linza algae (Figure 

1-2).  By comparing a random block copolymer to a block copolymer this work was 

able to create surfaces with similar chemical compositions at the surface, but which 

differed by exhibiting ordered microstructure or not.  Additionally they compared a 

block copolymer of polystyrene and poly(methyl methacrylate) (PMMA) to compare 

chemical differences between two ordered polymeric systems. 

 

 

Figure 1-2: AFM height images comparing crosslinked PS-b-P2VP (A-D) to PS-r-

P2VP.  (A) in water after 1 hr(B) in water after 48 h (C) in air after 2 h in water (D) in 

air after 8 days in water (E) in air (F) in water after 1 h
67
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 To assess the ability of these materials to resist settlement of Ulva linza spores, 

samples were prepared of PS, P2VP, PS-r-P2VP, PS-b-P2VP, PS-b-P2VP crosslinked 

with benzophenone and UV irradiation, and PS-b-PMMA.  Surfaces containing only 

the homopolymer of either PS or P2VP had the highest settlement of Ulva linza spores 

on the surface, indicating that it is not exclusively the chemistry of either block which 

contributes to the overall anti-fouling performance of the copolymer surfaces.  

Additionally, the block copolymer showed lower settlement than the random 

copolymer, in this case indicating that the microstructure of the block copolymer is 

important to the resistance of settling organisms.  The crosslinked block copolymer 

and the PS-b-PMMA were the best at resisting the settlement of the Ulva linza spores 

of the set of samples analyzed. 

Hyberbranched Polymer Structures 

 Hyperbranched polymeric structures have been shown to perform very well as 

anti-fouling and fouling release coatings.  By synthesizing materials which are highly 

branched or crosslinked, the surface properties are altered significantly.  These 

surfaces exhibit complex nano-scale compositional and topographic structures which 

aid in inhibiting protein adsorption as well as the adhesion of marine fouling 

organisms.   

 By making these materials from both low surface-energy fluorinated 

components as well as hydrophilic components of poly(ethylene glycol) (PEG), an 

additional layer of complexity is added to the surfaces.  Such amphiphilic surfaces 

have been shown to be highly effective as anti-fouling and fouling release coatings.  

These structures with fluorinated and PEG containing components have been shown to 
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create highly dynamic surfaces which undergo microphase segregation. 

 Using a hydroxyl terminated hyperbranched fluoropolymer (HBFP), diamine 

terminated PEG, and an amine functionalized glass surface, Gudipati et al.
71

 showed 

that a cross-linked hyperbranched amphiphilic surface can be created.  The 

condensation reaction between the three components creates a cross-linked network 

containing both fluorinated and PEG containing groups at the surface. 

 Surfaces created by this method exhibited complex surface topography and 

morphology by AFM, indicating phase segregation off the components at the surface 

as well as a complex structure.  Additionally, studies measuring water contact angle 

over time as well as XPS before and after immersion in water showed a dynamic 

surface capable of a reversible reorganization.  By controlling the relative content of 

fluoropolymer to PEG groups, the overall hydrophilicity of the surfaces could be 

controlled.  This allows for highly tunable surfaces, capable of being tailored for 

optimal performance. 

 Complex hyperbranched surfaces studied by Gudipati et al.
68

 are very 

successful at reducing protein adsorption of several bacterial proteins.  This type of 

protein resistance is important in resisting the settlement of more complex organisms.  

Additionally, these surfaces were seen to be effective at reducing the settlement of 

Ulva linza spores when compared to glass and PDMS control samples.  This was true 

for compositions containing high and low percentages of PEG material.  In addition to 

being highly effective at reducing settlement of algae, one composition showed 

significantly higher removal of juvenile sporelings than either glass or PDMS 

materials.  There was nearly 100% removal of sporelings from one of the 
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hyperbranched coatings, while PDMS showed only 50% removal, and glass had less 

than 5% removed.  This highlights the need to tune delicately the balance of 

hydrophobic and hydrophilic components when developing an effective coating of this 

type. 

 Another method to create cross-linked and highly branched systems is through 

the use of thiol-ene click chemistry.  This technique, studied by Imbesi et al.,
72

 allows 

for a highly efficient coupling of an alkene and a thiol via a radical reaction.  The 

method employed by Imbesi et al. involves first synthesizing a copolymer of 

fluorinated styrene and a PEG functionalized fluorinated styrene.  The PEG chain was 

terminated with an alkene to be used for thiol-ene chemistry.  This polymer was then 

coated onto a surface along with a di- or tetra-thiol and a photoradical generator.  

After the films were coated, they were exposed to UV light to initiate the cross-linking 

reaction. This technique allows for better control over film thickness and surface 

roughness while still allowing for the incorporation of fluorinated and PEG containing 

structures in a hyperbranched cross-linked film.  Surface studies show it is an 

amphiphilic surface with dynamic response and complex microstructure. 

 Hu et al.
69

 also utilized cross-linked networks of perfluorinated ethers to 

develop anti-fouling and fouling release coatings.  The networks were synthesized 

from macromonomers containing either one or two styrene groups as seen in Figure 1-

3.  These macromonomers also contain a perfluorinated ether, and in the case of the 

single styrene monomer also contained a sulfonic ester to link the styrene to the 

perfluorinated ether, which imparts the anti-fouling and fouling release properties to 

the polymers.  The network polymers were formed by exposing the macromonomers 
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to UV light with a small amount of photoinitiator over a silicon wafer substrate.  Each 

macromonomer was synthesized into a unique coating for analysis. 

 

 

Figure 1-3: Macromonomers for Perfluoroether-Containing Network Copolymers
69

 

 

 Both coatings were then prepared for testing of anti-fouling and fouling release 

performance by Ulva linza bioassays. These surfaces were exceptionally high 

performing anti-fouling coatings, reducing settlement of Ulva linza spores by roughly 

80% when compared to a PDMS standard.  Additionally, these surfaces showed a 

greater percentage of release of Ulva linza sporelings when exposed to wall shear 

stress in a water flow channel. 

 Other groups have focused on biomimetic strategies for developing anti-

fouling and fouling release coatings.  The strategy used by Dalsin et al. and Statz et 

al.
40,70

 used a methyl terminated poly(ethylene glycol) (PEG) attached to peptides 

inspired by marine mussels.  These peptides contain a significant amount of L-3,4-

dihydroxyphenylalanine (DOPA), which is abundant in adhesive proteins used by 
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marine mussels.  This segment serves to bind the PEG, a well known anti-fouling 

polymer, to the surface to create a water-stable coating.  The polymers are then coated 

onto a titanium surface to be used as functional anti-fouling coatings. 

 These coatings were shown to reduce the settlement of Navicula by roughly 

80% when compared to glass, poly(dimethyl siloxane) (PDMS), and titanium control 

surfaces.  Additionally, when exposed to a wall shear stress of 20 Pa using a water 

flow chamber, these coatings were able to release nearly 100% of attached cells, again 

performing significantly better than any of the control surfaces.  Studies of the 

attachment and release of Ulva linza spores showed that these surfaces were able to 

reduce attachment to very low levels compared to controls.  Removal of both spores 

and sporelings showed removal significantly improved over titanium surfaces, and 

performing as well as the PDMS control surfaces.  Overall, these coatings perform 

exceptionally well at both resisting the attachment of fouling organisms to the surface 

as well as releasing them under flow conditions. 

Single Component Systems 

 An important observation in the design of non-toxic, anti-fouling surfaces has 

been a series of observations summarized by the Baier Curve.
26,27

 In it, the surface 

energy of a polymer coating is plotted against the fouling resistance of the polymer. It 

was shown that there was a minimum in the fouling behavior when the surface energy 

was that of PDMS and polymers with lower surface energy such as fluoropolymers 

(e.g. PTFE) or higher such as hydrocarbon polymers (e.g. polyethylene) exhibited 

much greater fouling properties. This result, while true, seemed to make little sense 

from a surface energy argument alone and was further complicated by the observation 
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that in the biomedical field, the use of hydrophilic polymers such as polyethylene 

glycol produces very effective fouling resistant surfaces. These confusing and 

contradictory observations prompted a study of new anti-fouling materials based on 

block copolymers. 

 One of the key inconsistencies of the Baier study was the use of PDMS, an 

elastomer, in contrast to the other materials, which were generally rigid 

thermoplastics. It has now been shown that one aspect of the fouling release 

mechanism involved the formation of a crack between the substrate and foulant and 

this behavior is aided by the use of elastomers as the majority of the coating.
73

 PDMS 

has an excellent combination of low surface energy and the right mechanical 

properties and is thus an excellent material for non-toxic fouling release materials.
21,74

 

However, with the right experimental design other systems should be possible and 

possibly superior. 

 

Table 1-2: Compositions of Polymers and Side Groups for Single Component Systems 
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 In order to test a number of coatings with differing polarity it was important to 

develop a strategy that would enable the various coatings to have the same mechanical 

properties, especially the same Young’s modulus. Incorporating these characteristics 

into a coating was made possible by the use of block copolymers with a common glass 

forming block, polystyrene. A commercial thermoplastic elastomer was selected for 

the rubbery phase. This particular polymer, made by Kraton (G-1652), has been shown 

to be light stable, environmentally safe, to have suitable mechanical properties and to 

be capable of solution coating. The new surface-active block copolymers were 

designed to have a variety of surface modifying segments and still physically lock into 

the elastomer phase through the common polystyrene segment (Scheme 1-1). A 

general strategy for the formation of these coatings is shown in the following 

schematic. 

 

 

Scheme 1-1:Schematic of bilayer coatings on 3-(glycidoxypropyl)trimethoxy silane 

(GPS)-functionalized glass slides (cross-sectional view, not to scale). The PS domains 

at the interface of the SABC and the SEBS bond the two polymer layers. Adhesion to 

glass is achieved by reaction between the epoxy groups on the glass surface and 

maleic anhydride (MA) groups of the MA-grafted SEBS.
75

 



 

18 

 

 In order to introduce the surface-active component onto a well-prepared block 

copolymer backbone, it was elected to carry out polymer modification on a 

polystyrene-block-polyisoprene, used in common on all test surfaces. A number of 

chemistries were explored but the use of hydroboration chemistry to introduce a 

hydroxyl group was selected (Figure 1-4). This approach enabled the incorporation of 

functional acids as the surface-modifying component. A series of semifluorinated 

acids were synthesized and added to the block copolymer backbone. In parallel, PEG 

side groups were developed for attachment on a modified isoprene block of a 

polystyrene-block-polyisoprene diblock copolymer. The resulting polymers were then 

coated on the substrate and the resulting surface properties were analyzed using a 

variety of methods including contact angle measurements, near edge X-ray absorption 

fine structure (NEXAFS), XPS, AFM and related methods.  
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Figure 1-4: Synthesis of semifluorinated block copolymers using an ester group
76
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 These analytical techniques were used to determine the structure of the 

surface-active groups on the SABCs. Near edge X-ray absorption fine structure 

(NEXAFS) is a type of surface sensitive absorption spectroscopy that is able to 

determine the presence, the relative amount, and orientation of functional groups in 

the upper 10 nm of a surface. NEXAFS allows the determination functional group 

behavior on a surface, and how these groups direct themselves.  X-ray photoelectron 

spectroscopy (XPS) is a surface sensitive absorption technique that is able to 

determine elemental composition.  If XPS is run at different angles relative to the 

surface it is possible to relate elemental compositions to depth.  However, XPS, like 

NEXAFS, is operated under a high vacuum.  While structures can be immersed under 

water prior to measurement, while under vacuum for performing XPS or NEXAFS 

experiments, some surface reconstruction will still be possible. Both dynamic contact 

angle and bubble contact angle measurements are methods for determining the 

wettability and hydrophilicity of a surface.  For bubble contact angle studies the 

sample remains submerged in water. Air bubbles are added onto the inverted surface, 

and the angle that bubble makes with the surface is measured.  This allows for the 

sample to be immersed in water and measured for days or weeks to see how the 

surface changes over time.  Atomic force microscopy (AFM) can be used to determine 

the microstructure of the surface.  Unlike NEXAFS or XPS, AFM and underwater 

contact angle measurements can be performed for extended periods of time, allowing 

submerged samples to be studied as a function of exposure. Ultimately the fouling 

behavior of these coatings was assessed using two marker species, Ulva linza, a 

marine macroalgae, and Navicula, a diatom. 
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 One of the challenges of working with surfaces underwater is that they will 

reconstruct. It was a hypothesis that a non-reconstructing surface would be ideal for 

assessing the nature of a truly non-polar surface in a fouling environment and testing 

the notion that fluorinated materials, despite their lower surface energy, were not as 

effective as silicones. In order to make these non-reconstructing surfaces, the 

semifluorinated groups were designed to form a smectic liquid crystalline phase. This 

had the effect of directing the CF3 groups to the surface (Figure 1-5) and in stabilizing 

the surface against reconstruction.  

 The internal structure of the semifluorinated block copolymer is complex 

because the microphase separation of the liquid crystal and the block copolymer are in 

competition. The smectic layers organize with the fluorinated groups lying 

perpendicular to the plain of the layers.  This restricts the kinds of microstructures 

possible in these LC block copolymers.
77

 Either the polymer forms lamellar structures 

where the smectic layers lie perpendicular to the block copolymer layers, or the 

smectic phase surrounds cylinders of the amorphous phase where the smectic layers 

lie perpendicular to the long axis of the cylinders.
78

 A spherical phase or more 

complicated structure such as the gyroid phase with its curvature is disfavored because 

the curvature of these phases interferes with the smectic ordering at the phase 

boundary.
79

 An X-ray diffraction pattern of a lamellar structure with a smectic layer 

perpendicular to it is shown in the figure. The high electron density contrast of the 

fluorinated phase enables many orders of diffraction to show up in the pattern. 
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Figure 1-5: Order within order: a) the combined wide and small angle X-ray scattering 

pattern shows both lamellar and smectic organization in the semifluorinated polymers 

b) illustration of the bulk vs. surface organization observed in the semifluorinated 

surfaces
79

 

 

 Interestingly, this arrangement if continued at the surface would place the 

perfluorinated groups lying parallel to the substrate, a less than desirable situation 

since not only would the fluorinated segments be present, but also the hydrocarbon 

and the relatively polar linking groups. However, the surface is populated by CF3 

groups as indicated both by contact angle measurements and by NEXAFS studies. The 

Zisman plot was made by measuring the contact angle of a series of liquids on the film 

surface (Figure 1-6). In the Zisman plot the contact angles are extrapolated to a value 

of ~8 mN/m for the semifluorinated surfaces, which suggests that the only possible 

structure that could lead to this low surface energy would be that produced from -CF3 

groups. This possibility is supported by a NEXAFS study which shows that the 

perfluorinated segment stands up from the surface in the film, consistent with a -CF3 

surface (Figure 1-7). This arrangement appears to be locked in by the smectic phase 

Smectic

Lamellae

a) b) 
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and as a result, the contact angles of the surface do not change with time as shown in 

Figure 1-8. Provided that the perfluorinated segment was 8 carbon atoms or longer, the 

film remained stable to extended exposure to water. Thus this material is ideal for 

testing of low surface energy as a tool for preventing fouling and in aiding fouling 

release. 

 

 

Figure 1-6: Zisman plot of block copolymers of poly(styrene)-block-poly(isoprene 

modified) with semifluorinated side groups
76
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Figure 1-7: PEY (upper part) and FY (lower part) NEXAFS spectra (solid lines) from 

the H-F8H4 sample at EGB = -150 V and θEY 90°. The dotted lines in the figure 

denote the 1s σ* transitions for the C-H (E = 287.9 eV), C-F (E = 292.0 eV), and C-

C (E = 294.8 eV) bonds
80
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Figure 1-8: Time-dependent advancing (a) and receding (r) water contact angles. 

TheFxHy notation refers to the size of the semifluorinated side groups, where x is the 

number of CF2 units and y is the number of CH2 units. F6 units show surface 

reconstructions while longer CF2 units (8 or more) possess stable surfaces
80

 

 In order to compare how the performance of a polar surface would compare to 

a stable fluorinated material, a polymer surface made with PEG units was produced. 

The same diblock copolymer backbone was used; however, in the case of both PEG 

units and semifluorinated groups a new modification strategy was developed. Instead 

of using hydrolytically unstable ester groups, the side groups were attached to the 

hydroxylated polyisoprene backbone by an etherification reaction using either a 

brominated monofunctional PEG unit or a brominated monofunctional semifluorinated 

group (Figure 1-9). In both cases, efficient stable attachment to the backbone hydroxyl 
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group was carried out and the materials could be coated on a substrate and tested. 

 

Figure 1-9: Reaction scheme for the preparation of PEGylated and semifluorinated 

side-chain block copolymers
81

 

 A study of the fouling behavior of the polar, hydrophilic PEG surface was 

compared to the non-polar, hydrophobic semifluorinated surface as shown in Figure 1-

10.
81

  These materials were also compared to glass and silicone. Glass is known to be 

polar and silicone is known to be of low surface energy. When Ulva linza was tested 

as the fouling species, the semifluorinated surface showed extraordinary resistance to 

fouling. This surface was superior to the silicone and especially the glass and PEG 
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surfaces. However, when Navicula was tested on this same group of surfaces a new 

order emerged. The PEG surfaces easily shed the gravitational settlers, while the 

semifluorinated surface was readily fouled. In the case of glass, Navicula was also 

shed and the silicone showed fouling behavior although not as extreme as the 

semifluorinated materials. This study highlights the challenge of producing fouling 

resistant and anti-fouling surfaces, the need to respond well to many fouling species 

with a broad range of fouling behaviors. 

 

Figure 1-10: results of anti-fouling tests using Ulva linza and Navicula on PEG 

surfaces, semifluorinated surfaces, glass (silica), SEBS (an ABA triblock copolymer 

thermoplastic elastomer) and silicone. Numbers are advancing and receding contact 

angles of specific surfaces. FxHy refers to the size of the semifluorinated groups as 

noted above and the PEG550 is the molecular weight of the PEG side group
81

 

 In another study, 2- and 3-armed monodendrons made from semifluorinated 

groups were attached to a block copolymer backbone in order to provide even higher 

loadings of fluorinated groups on the polymer surface.
82

 The liquid crystalline 
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organized as before with polymers having single side groups, but the combination of 

crowding and the LC phase caused the structures to exhibit splay on the surface. With 

splay there is a gentle curvature to an otherwise flat surface or interface. As seen in 

Figure 1-11, the 3-armed monodendrons led to a curvature that manifested itself in a 

surface covered with nanobumps that could be detected using AFM height imaging of 

the surface. The viscoelastic differences between the monodendron surface layer and 

the elastomer used as a substrate enabled detection of the presence of the coverage of 

the monodendron. This curvature had a subtle effect on apparent surface orientation 

and led to a measured value of weaker orientation than the surfaces made from single-

armed monodendrons. When fouling behavior was evaluated, there was no detectable 

difference between the performance of the single side group surfaces or those made 

from the 2- and 3-armed monodendrons. Evidently the small nanobumps are below the 

size regime detected by the fouling micro-organisms that were evaluated and this 

observation is consistent with other studies in which patterned surfaces were used to 

detect the role of dimension on the performance of the surfaces. 

 

 

Figure 1-11: SFM images of the surface of the 3-armed monodendron bilayer film 

covering the SEBS surface as a function of SABC thickness
83
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Amphiphilic Coatings 

 Materials which combine both hydrophilic and hydrophobic components into 

the same block copolymer structure are able to take advantage of the properties of 

each component successfully, making coatings which are highly effective antifouling 

coatings.
24,45,47,84,85

  These amphiphilic materials are able to reduce interfacial energy 

when immersed in water based on the hydrophilic component, which reduces protein 

adsorption at the surface.
86

  The surfaces also have a low surface energy component, 

which reduces adhesion strength of any attached foulant.
20,21

 

 One successful strategy has been to use a mix of hydrophilic and hydrophobic 

side groups on a base backbone polymer.
45,46,87

  By using two different side groups, 

ratios of hydrophilic and hydrophobic components can be easily modified, which has 

significant impact on the surface chemistry of these coatings.  A study by Park et al. 

shows how fluorinated and PEG containing side groups can be functionalized onto an 

elastomer to produce successful antifouling coatings.
46

  Based on a SEBI block 

copolymer, fluoroalkyl and PEG side groups are functionalized in ratios of 

fluoroalky:PEG of 0:100, 20:80, 40:60, 50:50, 60:40, 80:20, and 100:0, allowing for 

comparisons of all hydrophobic and all hydrophilic groups with blends. 

 Studies with the macroalgae Ulva linza in Figure 1-12 show decreased spore 

settlement with increasing content of PEG, and increasing removal of the sporeling 

biomass after water jet removal observed in Figure 1-13.  Very high removal was 

observed with all coatings with high PEG content, with near quantitative removal of 

sporelings at all impact pressures.  Removal of Navicula incerta shown in Figure 1-14 

and Figure 1-15, however, also shows reduced cell adhesion with increasing PEG 
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content and higher cell removal. 

 

 

Figure 1-12: Settlement of Ulva spores on fluoroalkyl/PEG functionalized SEBI 

coatings
46

 

 

 

Figure 1-13: Percentage removal of 7-day old sporelings of Ulva from fluoalkyl/PEG 

functionalized SEBI block copolymers
46
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Figure 1-14: Number of diatom cells adhered to the surface of SEBI based block 

copolymers with fluoroalkyl/PEG side groups in varied ratios
46

 

 

 

Figure 1-15: Percent removal of Navicula SEBI based block copolymers with 

fluoralkyl/PEG side groups at varying ratios
46
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 Based on this work, it was apparent that a small amount of fluorine content 

improved performance of these coatings, but that the PEG was the critical component.  

Work followed up by Sundaram et al. explored using PDMS as the hydrophobic 

component in these amphiphilic systems.
45

  By attaching a PEG and a oligomeric 

PDMS side group to the SEBI block copolymer in varying ratios, amphiphilic block 

copolymers were produced.  The PDMS was selected as it has higher chain mobility 

than fluoroalkyl groups and does not exhibit crystalline or liquid crystalline behavior.   

 Studies using Ulva linza in Figure 1-16 show that the samples with at least 

50% of the side groups being PEG show very high removal of the sporeling biomass.  

A sample with roughly 30% PDMS side groups and 70% PEG side groups showed 

extremely high removal of the algae, nearly quantitative at all impact pressures 

studied.  This sample significantly outperformed all other materials, highlighting the 

importance of selecting the appropriate hydrophobic species in an amphiphilic coating.  

Attachment studies using Navicula in Figure 1-17 show that increased PEG content 

reduces settlement of this diatom species significantly on surfaces. 
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Figure 1-16: Percentage removal of 7 day old Ulva sporelings from amphiphilic 

PDMS/PEO functionalized SEBI block copolymers
45

 

 

 

Figure 1-17: Attachment of Navicula incerta cells to amphiphilic PDMS and PEG 

functionalized SEBI block copolymer surfaces
45

 

 

 These amphiphilic surface have been shown to extensively reconstruct when 

exposed to water,
39

 as the hydrophilic component migrates to the surface to minimize 
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interfacial tension with the aqueous environment.  In the coating process, these 

surfaces are exposed to air which causes low surface energy components such as 

PDMS or fluoroalkyl groups to dominate the surface.  Underwater, however, the 

interfacial tension between the water and these groups is high, and groups such as 

PEG or charged species preferentially populate the surface.  The dynamic and 

responsive nature of these surfaces means that the surface chemistry is able to change 

during the process of settlement and adhesion of marine organisms.  The kinetics of 

rearrangement at the surface is likely to control adhesion properties of these fouling 

organisms. 

 Studies with amphiphilic side groups such as Zonyl® fluorosurfactants have 

been able to exhibit reconstruction of surfaces very well.  Work performed by 

Krishnan et al. demonstrated the antifouling properties of this Zonyl® side group in a 

polystyrene-block-polyacrylate block copolymer.
88

  NEXAFS studies show that the 

fluoroalkyl group is highly surface segregated in films of this material.  Upon 

immersion in water, these surfaces show enrichment of the PEG relative to the 

fluoroalkyl species.  A proposed mechanism of rearrangement is shown in Figure 1-18 

where the fluoroalkyl group is stretched towards the surface in the dry state of the 

coating.  After immersion, this segment attempts to bury itself within the coating and 

present the PEG segment to the water interface.  Assays studying antifouling 

performance against Ulva and Navicula show that this material is able to increase the 

removal of attached sporling biomass and diatom cells when compared to a PDMS 

control. 
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Figure 1-18: Configurations of the Zonyl® side group that allow the fluoroalkyl group 

to be surface segregated in the dry state, and bury itself to present the PEG segment 

upon immersion in water
88

 

 

 Functionalization of this fluorosurfactant onto an elastomeric SEBI block 

copolymer by Weinman et al.
89

 was able to increase the fouling removal against both 

Ulva and Naviculai compared to the acrylate block copolymer.  By employing an 

elastomeric material, removal of attached foulants is increased significantly.  Softer 

materials are able to initiate a “peeling” mechanism for removal of attached fouling 

organisms.  This observation has been made extensively for other materials including 

PDMS, and likely influenced that Baier curve.
27,73,90

  By functionalizing the Zonyl® 

group to the SEBI elastomer, these coatings were able to exhibit significantly 

increased removal of both Ulva sporeling biomass and Navicula as seen in Figure 

1-19.  By combining surface chemistry control through the amphiphilic side groups 

attached to an elastomeric block copolymer, very successful fouling release coatings 

with performance against a range of fouling species was produced. 
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Figure 1-19: A) Percent removal of Ulva linza from PS-b-P(E/B)-b-PI triblock 

copolymer with Zonyl® side groups at different impact pressures compared to a 

PDMS sample and the SEBS (polystyrene-block- poly(ethylene-ran-butylene)-block- 

polystyrene) underlayer. B) percent removal of Navicula.
89

 

 

 These studies, along with many others
91–96

 have shown that amphiphilic groups 

possess unique properties that are highly successful against marine biofouling.  By 

incorporating both hydrophilic and hydrophobic groups in the same material, surfaces 

with complex “ambiguous” properties deter fouling settlement.  The dynamic and 

stimuli responsive nature of these materials also seems to play a significant role in the 

performance of these coatings.  The connectivity and subtle design of all of these 

block copolymer directly influence surface properties and performance, allowing for 

much flexibility in designing a system which is highly effective. 

 

Summary 

 Developing environmentally benign antifouling coatings remains a difficult 
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challenge.  Because of the complexity and diversity of the marine ecosystems, 

producing coatings that have a broad spectrum performance against a significant 

portion of fouling organisms demands a lot from a single surface.  Block copolymers 

have shown promise in addressing these concerns by allowing a wide range of 

chemical functionalities and architectures that influence the settlement and adhesion 

behavior of marine organisms. 

 Studies of single polarity surfaces and single component coatings gave early 

insight into how to target individual species and how each chemical functionality 

contributes to the surface properties which affect fouling.  Hydrophilic materials such 

as PEG resist adsorption of proteins, which are used as adhesives in many organisms.  

Charged surfaces containing ionic structures act much the same way as hydrophilic 

materials, hydrating underwater and resisting protein adsorption.  Low surface energy 

hydrophobic materials such as fluoroalkyl and siloxanes reduce adhesion strength of 

many organisms, promoting fouling release. 

 Combining the properties of these systems in multifunctional amphiphilic 

coatings has shown enhancement of antifouling performance.  Amphiphilic coatings 

exhibit “ambiguous” surfaces which are able to reconstruct in changing environments, 

making both settlement and adhesion very difficult for marine organisms.  Through 

the use of a wide range of hydrophilic and hydrophobic materials, an enormous 

number of combinations varying chemical composition and polymer architecture are 

possible.  Subtle changes in structure can have large effects on the surfaces of these 

materials, and studying how these changes affect performance will lead to higher 

performance coatings.  
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Molecular Weight and Composition in PDMS-Based Films to 

Control Marine Biofouling 
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ABSTRACT 

 A set of highly effective films in combating marine biofouling was produced 

utilizing amphiphilic surface-active block copolymers dispersed in a crosslinked 

polydimethylsiloxane (PDMS) network.  These block copolymers contained 

oligo(ethylene glycol) (PEGMA) and fluoroalkyl (AF6) side chains in selected ratios 

and molecular weights to control surface chemistry as well as antifouling (AF) and 

fouling-release (FR) performance. AF and FR properties were determined by carrying 

out settlement and removal assays using two marine algae, the green macroalga Ulva 

linza and the unicellular diatom Navicula incerta. All films performed well against U. 

linza and exhibited high removal of attached sporelings (young plants) under an 

applied shear stress, with the lower molecular weight block copolymers being the best 

performing in the set. Composition ratios from 50:50 to 60:40 of the AF6:PEGMA 

side groups were shown to be more effective, with several films exhibiting 

spontaneous removal of the sporelings of U. linza.  All films were characterized by 

surface techniques including captive bubble contact angle and near edge x-ray 

absorption fine structure (NEXAFS) spectroscopy to correlate surface chemistry with 

biological performance. 

 

INTRODUCTION 

 Marine biofouling is caused by marine organisms settling and adhering to 

surfaces immersed in seawater.  This process begins within minutes of being placed in 

seawater, and includes a wide range of fouling species.
1
  Fouling of underwater 

surfaces, which includes the hulls of ships or marine structures, significantly increases 
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the operation and maintenance costs associated with loss of performance through drag 

and buildup of fouling organisms, which require removal.
2,3

  Estimated costs from 

biofouling to the US Navy fleet, which only represents 0.5% of all vessels worldwide, 

are $75-100M per year.
2
  Internationally registered ships consume hundreds of 

millions of tons of fuel annually, and increased drag penalties which decrease 

efficiency significantly contribute to pollution and production of greenhouse gasses 

while also consuming significant additional fuel.
4
  Biocide-containing paints have 

been successful at preventing this fouling, and are used extensively globally as 

antifouling coatings for ships,
5
 but some have been shown to be detrimental to the 

marine environment due to the effects of the biocides on non-target organisms and 

their persistence in waters and sediments.
6,7

  Due to these environmental concerns, 

biocidal coatings are becoming increasingly more regulated, creating a demand for 

high performance non-toxic alternatives. 

 Development of effective antifouling (AF) and fouling-release (FR) coatings 

requires a reduction in settlement of marine organisms (AF) or facile release of these 

organisms once attached (FR) by reducing their adhesion strength to the coatings.  

Non-toxic strategies which have been extensively investigated include the control of 

surface topology to direct settlement and adhesion
8–10

 as well as chemically deterring 

settlement as well as adhesion using bioactive molecules.
11–17

  Chemical 

functionalities that have been successful in AF coatings include zwitterions,
18–22

 

fluorocarbon side chains,
23,24

 poly(ethylene glycol) (PEG) and fluorinated 

macromonomers in crosslinked networks
25–27

 as well as poly(ethylene glycol) 

(PEG).
28–30

  Polydimethylsiloxane (PDMS) has been shown to be an effective material 
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with an innate ability to release adhered fouling organisms due to its low surface 

energy and low elastic modulus.
31–36

  Several strategies to improve the performance of 

PDMS-based coatings have been employed, including the addition of oils,
37

 

nanofillers,
38

 antimicrobials,
39

 amphiphilic oligopeptides
40

 and surface-active 

polymers.
41–44

 However, commercial coatings that employ some of these strategies 

accumulate microfouling
45–47

 and may require grooming for optimum performance.
48

  

Amphiphilic block copolymers containing hydrophilic and hydrophobic 

components have been shown to be effective AF materials.  They incorporate effective 

protein resistance from hydrophilic groups such as PEG as well as surface directing 

low surface energy components such as alkyl, fluorinated, or siloxane groups.
42–44,49–59

  

Additionally, amphiphilic surfaces exhibit reconstruction underwater, making them 

responsive to the environment and promoting FR.
56,60,61

  

In this work, we developed a set of novel surface-active amphiphilic PDMS-

based block copolymers consisting of both PEG and fluoroalkyl side chain groups.  A 

recent work utilized siloxane block copolymers with either a fluoroalkyl-containing or 

a PEG-containing block as additives to a PDMS network.
62

 While the role was shown 

that fluoroalkyl and PEG chain groups acted independently, the aim of the present 

work was to ascertain whether combining those functionalities into one block 

copolymer additive could provide additional synergistic benefits of both groups in one 

film.  The PEG was incorporated as a hydrophilic component (PEGMA) to control 

protein adsorption and the settlement of fouling organisms, a property which is widely 

known for PEG and the reason it is frequently used in AF applications.
56,63

  The 

fluorinated component (AF6) was exploited as a surface-directing group for the block 
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copolymer during film curing and to provide a low surface energy to the coating, as it 

has been shown to surface segregate within a PDMS matrix.
64

  The PDMS was 

incorporated in the block copolymer to allow the block copolymer to be compatible 

with a PDMS matrix.  The surface-active block copolymer was then blended into a 

PDMS matrix that was finally crosslinked, which provided the desired mechanical and 

surface energy properties to the films thereby promoting release of fouling organisms.  

Amphiphilic additives to a PDMS matrix have been studied,
41–44

 but the effect of 

varying the ratio of fluoroalkyl and PEG containing groups on the surface chemistry of 

marine coatings is not yet fully understood. Previous studies also have not extensively 

determined the role of molecular weight of the block copolymer additives in 

controlling performance. 

All surface-active block copolymers contained the same PDMS block, onto 

which an ATRP initiator was attached.  PEGMA and AF6 were copolymerized to 

form different sets of surface-active block copolymers with controlled and 

systematically varied molecular weight and composition of hydrophilic and 

hydrophobic components. Biological assays were performed on the PDMS-based 

films containing different loadings of the surface-active block copolymers to assess 

the AF potential against widespread marine foulers, the green macroalga Ulva linza, 

and the unicellular alga (diatom) Navicula incerta. We were able to determine optimal 

compositions of the surface-active block copolymer additives for the block copolymer 

compositions studied based on bioassays.  Additionally, surface characterization data 

allowed us to better understand the trends which affect the AF and FR properties of 

these films, and how to design block copolymer additives to PDMS networks which 
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are highly surface-active, delivering multiple functionalities to the surface of the 

siloxane films. 

 

EXPERIMENTAL 

Materials 

 Tetrahydrofuran (THF), dichloromethane (DCM) and triethylamine (NEt3) 

were distilled under nitrogen prior to use. Monocarbinol-terminated 

polydimethylsiloxane (Mn = 10000 g mol
–1

, Si-OH) (Gelest), bissilanol-terminated 

polydimethylsiloxane (Mn = 26000 g mol
–1

, PDMS) (Gelest), polydiethoxysiloxane 

(Mn = 134 g mol
–1

, ES40) (Gelest), α,α,α-trifluorotoluene (Sigma-Aldrich, ≥99%), 

ethyl acetate (Aldrich), bismuth neodecanoate (BiND) (Sigma-Aldrich), 

1H,1H,2H,2H-perfluorooctyl acrylate (AF6) (Fluorochem, 97%), polyethyleneglycol 

methyl ether methacrylate (Mn = 300 g mol
–1

, PEGMA) (Sigma-Aldrich), 2-bromo-

isobutyryl bromide (BiBB) (Sigma-Aldrich, 98%), CuBr (Sigma-Aldrich, 99.9%) and 

N,N,N’,N’’,N’’-pentamethyldiethylenetriamine (PMDETA) (Sigma-Aldrich, 99%) 

were used without further purification. 

Synthesis of Macroinitiator Si-Br 

Si-OH (5.0 g, 0.5 mmol) was degassed under vacuum by aspiration for 30 min 

before use.  The polymer was then dissolved in 10 mL of THF.  To this solution 279 

μL (2 mmol) of NEt3 was added and stirring was allowed for 15 min at room 

temperature.  124 μL (1 mmol) of BiBB in 5 mL of THF slowly was dripped into the 

solution under nitrogen.  The reaction solution was stirred under nitrogen for 72 h.  At 
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this time the THF was removed by rotary evaporation.  The polymer was then 

dissolved in DCM and the solution was washed 5 times each with 1M HCl, 5% 

NaHCO3, and deionized water.  The solution was then dried using Na2SO4, and the 

DCM was removed by rotary evaporation followed by drying under high vacuum 

(Yield 3.4 g, 69%; Mn = 10000 g mol
–1

). 

1
H NMR (CDCl3): δ (ppm) = 0.1 (SiCH3), 0.6 (SiCH2), 0.9 (CH2CH3), 1.3 

(CH2CH2Si), 1.6 (CH3CH2), 1.9 (C(CH3)2), 3.4 (COOCH2CH2OCH2), 3.7 

(COOCH2CH2O), 4.1 (COOCH2). 

FT-IR (film):  (cm
–1

) = 2960 ( CH aliphatic), 1740 ( C=O ester), 1260 ( 

SiCH3), 10901025 ( CO,  SiO), 800 ( SiCH3). 

 

 

Scheme 2-1: Schematic of Macroinitator Synthesis. 

 

Copolymerization 

 All polymerizations were carried out by atom transfer radical polymerization 

(ATRP) reactions at the same conditions, only modifying the amount of the monomers 

AF6 and PEGMA added to each reaction to achieve different copolymers (Figure 2-2). 

Monomers were added at nine different ratios relative to each other and initiator 
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concentration.  The first set was targeted to produce copolymers using a mole 

comonomer to macroinitiator ratio of 30:1 added to the reaction, the second set at 60:1 

and the third set at 150:1.  The mole ratio between the monomers (AF6:PEGMA) for 

each set was 70:30, 50:50, and 30:70.    

In a typical preparation of block copolymer L36, 1.2 g (0.12 mmol) of the 

macroinitiator Si-Br was added to a Schlenk tube along with 5.5 mL of TFT and 25 μL 

(0.12 mmol) of PMDETA. Afterwards 290 μL (1.08 mmol) of monomer AF6 and 720 

μL (2.52 mmol) of monomer PEGMA were added. The mixture was freeze-pump-

thawed 3 times and 17.2 mg (0.12 mmol) of CuBr was added to the reaction.  The 

solution was freeze-pump-thawed 4 times, and finally heated to 115°C for 66 h under 

nitrogen. After the completion of the reaction, DCM was added to the reaction 

solution. The solution was then washed 3 times with 5% NaHCO3 and 4 times with 

deionized water until disappearance of the green-blue color. The solution was dried 

with Na2SO4 and the DCM was removed by rotary evaporation.  The polymer was 

then held under high vacuum for 18 h. Yield 2.2 g, 91%. The block copolymer had a 

Mn of 20 kg mol
–1

 and a mole ratio AF6:PEGMA of 36:64 and is denoted as L36. 

 

Scheme 2-2: ATRP Block Copolymerization of PEGMA and AF6. 
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 1
H NMR (CDCl3): δ (ppm) = 0.1 (SiCH3), 0.5 (SiCH2), 0.92.6 (CH3CH2CH2, 

CH2CCH3, SiCH2CH2, C(CH3)2, CH2CF2, CHCH2), 3.43.6 

(COOCH2CH2(OCH2CH2)3OCH3, COOCH2CH2OCH2), 4.1 (COOCH2CH2O), 4.4 

(COOCH2CH2CF2). 

 19
F NMR (CDCl3/CF3COOH): δ (ppm) = 6 (CF3), 38 (CF2CH2), 45 to 49 

(CF2), 51 (CF2CF3). 

 FT-IR (film):  (cm
–1

) = 2962 ( CH aliphatic), 1740 ( C=O ester), 

14001000 ( SiCH3,  CO,  SiO,  CF), 803 ( SiCH3), 652 (ω CF2). 

Preparation of PDMS-based Films 

 The films were deposited in two steps onto previously washed (acetone) and 

dried glass slides (76  26 mm
2
).  

 In a typical preparation of film L36:1, the matrix 5.0 g of PDMS, 0.125 g of 

crosslinker ES40 and 50 mg  of catalyst BiND were dissolved in 25 mL of ethyl 

acetate. The solution was spray-coated using a Badger model 250 airbrush (50 psi air 

pressure). The films were dried at room temperature for 24 h and annealed at 120°C 

for 24 h to form the thin bottom layer. A solution of the same amounts of PDMS, 

ES40 and BiND, and containing 50 mg of the block copolymer 20/36:64 was cast on 

the bottom layer and cured at room temperature for 48 h and later at 120°C for 24 h 

(overall thickness ca. 300 μm).  

 The surface active block copolymers were dispersed at the loadings of 1 and 4 

wt% with respect to the PDMS matrix and the PDMS-based films derived there from 

are denoted according to the type of block copolymer dispersed at a specific loading. 
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 A blank PDMS film (i.e. with no block copolymer) was also prepared as a 

control. 

 

 Characterization 

 NMR spectra were recorded using a Varian Gemini 400MHz spectrometer in 

CDCl3 solution. For 
19

F NMR measurements, CF3COOH was used as an internal 

reference. The ratio of AF6:PEGMA was determined by comparing peaks associated 

with the PEGMA units at 3.43.6 ppm and 4.1 ppm  with those corresponding from 

the AF6 units at 4.4 ppm to determine relative compositions. In addition, the signals of 

the siloxane block at 0.1 and 0.5 ppm were used to calculate the number average 

molecular weight Mn of the block copolymers. 

Average molecular weights (Mn, Mw) and polydispersity indices (PDI) of all 

polymers were determined by GPC (Table 1) on a Waters 1515 Isocratic HPLC pump 

ambient temperature chromatograph using THF as a solvent.  The machine is equipped 

with both a Waters 2414 differential refractive index detector as well as a Waters 2489 

UV/Visible detector. Polystyrene standards were used for calibration. 

Bubble Contact Angle 

 Water contact angle measurements were taken using an NRL contact angle 

goniometer (Ramé-Hart model 100-00) at room temperature using deionized water.  

For each sample, three separate measurements were taken from separate bubbles at 

different locations on the surface.  The contact angle of an air bubble in contact with 

the surface underwater was determined using the captive bubble method previously 
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described.
65,66

  An air bubble was trapped against the surface immersed upside-down 

in water by releasing it from the tip of a 22 gauge stainless steel needle.  These 

measurements were taken immediately after immersion in water, and at regular time 

intervals to determine how the wettability changes as the surfaces rearrange upon 

exposure to a water environment. 

NEXAFS 

 Near edge X-ray absorption fine structure (NEXAFS) Experiments were 

carried out on the U7A NIST/Dow materials characterization end-station at the 

National Synchrotron Light Source (NSLS) at Brookhaven National Laboratory 

(BNL), the setup of which has been reported
67,68

.  The X-ray beam was elliptically 

polarized (polarization factor of 0.85), with the electric field vector dominantly in the 

plane of the storage ring.  The photon flux was approximately 1  10
11

 photons per 

second at a typical storage ring current of 750 mA.  A spherical grating 

monochromator was used to obtain monochromatic soft X-rays at an energy resolution 

of 0.2 eV.  The C 1s NEXAFS spectra were acquired for the incident photon energy in 

the range of 270320 eV.  The angle of incidence of the X-ray beam, θ measured from 

the sample surface, was varied so as to check for molecular orientation on the surface 

layer and to permit a rough depth profiling.  The partial-electron-yield (PEY) signal 

was collected using a channeltron electron multiplier with an adjustable entrance grid 

bias.  Data reported used a grid bias of 150 V.  The channeltron PEY detector was 

positioned at an angle of 36° in the plane relative to the incident X-ray beam.  

Geometry details have been illustrated previously
69

.  The PEY C 1s spectra were 



 

64 

normalized by subtracting the linear pre-edge baseline and setting the edge jump to 

unity at 320 eV.
70

  The photon energy was calibrated by adjusting the peak position of 

the lowest π* phenyl resonance from polystyrene to 285.5 eV. 

Samples were prepared the same way as for bioassays for analysis by 

NEXAFS.  Samples were analyzed in both an as cast state and after immersion in 

deionized water for 72 h.  Surfaces immersed in water were dried immediately before 

analysis and spectra were taken as quickly as possible to detect surface rearrangement 

in an aqueous environment. 

 

Laboratory Bioassays 

Navicula incerta 

 For the assays with the diatom N. incerta,
71

 6 slides were equilibrated in 

filtered artificial seawater (ASW; Tropic Marin) for 72 h before use. A suspension of 

diatom cells cultured in F/2 medium was filtered through 20 and 50 μm nylon meshes 

and then diluted to give a chlorophyll a content of 0.25 µg mL
-1

. 
72

 10 mL of the 

diatom suspension were  added to each slide placed into individual compartments of 

polystyrene 4-compartments plates (quadriPERM® dishes, Greiner Bio-One Ltd).  

After 2 h at room temperature (ca. 20°C) all slides were rinsed with filtered ASW to 

remove unsettled (unattached) cells from the surface. At this time, threethe slides were 

fixed using 10 mL 2.5% (v/v) glutaraldehyde in filtered ASW and then washed in 

deionised water before air-drying overnight. Attached cells were counted by 

chlorophyll autofluorescence using an epifluorescent microscope (20× objective; λ 
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excitation and emission: 546 and 590 nm, respectively) and a video camera.
73

 For each 

replicate slide, a total of 30 fields of view were counted (each 0.038 mm
2
). The mean 

count (n=90) was then converted to number mm
-2

. 

 The other three slides after rinsing with ASW were put directly into a 

calibrated turbulent flow channel previously described
74

 to test the adhesion strength 

of the diatom cells. A turbulent flow of water with a wall shear stress of 56 Pa was 

flowed across the slides for 5 min.  Again, the cells were fixed using glutaraldehyde.  

The number of cells remaining after flow was counted as previously described and 

was compared to the unexposed slides to evaluate the percentage of cells removed.    

Zoospores and sporelings of Ulva linza 

 For assays with U. linza, 9 slides were equilibrated in filtered ASW for 72 h 

before beginning the assays. Motile zoospores were released into ASW from mature 

plants using a standard method
75,76

, then suspended in a solution of filtered ASW to 

obtain an OD600nm absorbance of 0.15 (corresponding to 1 × 10
6 

spores mL
-1

).  10 mL 

of spore suspension were added to each slide placed in an individual compartment of 

quadriPERM® dishes, and the spores were allowed to settle in complete darkness for 

45 minutes. After that time, all slides were rinsed gently using filtered ASW. Three of 

the slides for each polymer were fixed  and quantified as described previously for cells 

of N. incerta. The remaining 6 slides, were placed after rinsing with ASW in 

individual compartment of quadriPERM® dishes, and 10 mL  enriched seawater 

medium.  The slides were incubated at 18°C with a 16h:8h light:dark cycle and with a 

light intensity of 40 μmol m
-2

 s
-2

 for 7 days to allow the growth of the sporelings on 

the films. After the first 24 h and then every 2 days the medium was refreshed. The 
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biomass of sporelings on the surfaces was determined by quantifying the fluorescence 

of chlorophyll using a plate reader (TECAN, GENios Plus) in relative fluorescence 

units (RFU) as previously described.
71,77

 

 To evaluate the ease of removal of sporelings, these 6 slides were then exposed 

for 5 min to a wall shear stress of 8 Pa in a calibrated water channel.
69

 Biomass 

remaining after flow on the surfaces was again determined using a plate reader and 

was compared to unexposed samples to determine the percentage of sporelings 

removed . 

Statistical analyses 

 Differences between settlement densities of spores/cells and biomass of 

sporelings were tested using one-way ANOVA followed by Tukey’s test for pairwise 

comparisons using the software Minitab 15 as the data conformed to normality 

assumptions. Significant differences showed p<0.05. The percentage removal of 

spores/cells and sporelings was calculated from readings taken before and after 

exposure to flow, with 95% confidence limits calculated from arcsine-transformed 

data. Differences between surfaces were evaluated as previously described. 

 

RESULTS 

Chemical and Surface Characterization 

  All the block copolymers were synthesized by atom transfer radical 

polymerization (ATRP) of a mixture of the hydrophilic polyethyleneglycol methyl 

ether methacrylate (PEGMA) and the hydrophobic/lipophobic 1H,1H,2H,2H-
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perfluorooctyl acrylate (AF6), starting from a bromo-terminated PDMS macroinitiator 

(Si-Br, Mn = 10000 g mol
–1

)  (Figure 2-2). By taking advantage of the controlled 

nature of ATRP, it was possible to synthesize three sets of block copolymers, with 

different molecular weights, i.e. lengths of the second block, simply by changing 

monomer/macroinitiator feed mole ratio (from 30:1 to 150:1), while keeping constant 

the reaction time (66 h)  (Table 2-1). Moreover, the hydrophobic/hydrophilic balance 

of the resulting block copolymers was adjusted by regularly varying the AF6:PEGMA 

initial feed mole ratio (from 70:30 to 30:70)  (Table 2-1). There were small differences 

between the AF6:PEGMA mole ratio in the comonomer initial feed and the final block 

copolymer composition that became comparatively large at the highest AF6:PEGMA 

feed mole ratio of 70:30. Therefore, the controlled modulation of the adopted synthetic 

scheme enabled preparation of block copolymers with controlled and targeted 

chemical, amphiphilic character. Copolymers listed in Table 2-1 are identified by a 

shorthand name including either L, M, or H corresponding to low, medium, or high 

molecular weight based on the 30:1, 60:1, and 150:1 monomer:macroinitiator ratios 

respectively. The number then corresponds to the mole percentage of AF6 in the 

block, which implies the PEGMA content is the remaining percentage not listed in the 

shorthand name. 

The block copolymers were dispersed each at different loadings as surface-

active components in a PDMS matrix to create AF/FR films. 
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Table 2-1:  Polymerization Conditions and Physicochemical Characterization of the 

Block Copolymers. 

 

Comonomer:macroinitiato

r 
a 
30:1  

Comonomer:macroinitiato

r 
a 
60:1  

Comonomer:macroinitiato

r 
a 
150:1  

Block 

copolymer  

L36 L48 L59 M29 M51 M61 H25 H48 H62 

AF6 
b
 1.08 1.80 2.52 2.16 3.60 5.04 5.40 9.00 12.60 

PEGMA 
b
 2.52 1.80 1.08 5.04 3.60 2.16 12.60 9.00 5.40 

AF6:PEGM

A 
c
 

30:70 50:50 70:30 30:70 50:50 70:30 30:70 50:50 70:30 

Mn (PDI) 
d
 20 

(1.16) 

19 

(1.14) 

18 

(1.16) 

25 

(1.34) 

22 

(1.21) 

21 

(1.12) 

33 

(1.65) 

31 

(1.45) 

30 

(1.35) 

AF6:PEGM

A 
e
 

36:64 48:52 59:41 29:71 51:49 61:39 25:75 48:52 62:38 

a
 Comonomer (AF6+PEGMA):macroinitiator mole ratio in the initial 

feed. 

b
 Amount (in mmol) of monomers in the initial feed. 

c 
 Mole ratio of monomers in the initial feed. 

d
 GPC number average molecular weight (in kg mol 

–1
) and 

polydispersity index. 

e
 Mole ratio of repeat units in the block of block copolymer. 

Preparation of PDMS-Based Films 

 For the preparation of the blend films, a two step procedure was followed. In 

the first step, a solution of the bis(silanol)-terminated PDMS, ES40 crosslinker and 
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BiND catalyst was spray-coated on glass slides and cured at room temperature for 24 

h and at 120°C for 24 h to form a primer layer. Condensation of the silanol groups of 

PDMS and the glass surface ensured firm anchorage by covalent bonding of the film 

to the substratum, thereby preventing delamination during underwater evaluations. In 

the second step, a top layer composed of the surface-active block copolymer, 

bis(silanol)-terminated PDMS, ES40, and BiND was cast over the primer layer. The 

films were kept at room temperature for 2 days and at 120 °C for 24 h (overall 

thickness ca. 300 m). The block copolymers were blended at different loadings (1 

and 4 wt%) with respect to the PDMS matrix. Films are identified by the block 

copolymer blended into the PDMS matrix as shown in Table 1 with the loading 

percentage listed after, for example L36:1 means polymer L36 added to the PDMS 

matrix at 1 wt%.  Diffusion was facilitated by annealing the test slides at 120 °C, and 

the block copolymer could segregate to the outer surface driven there by its low 

surface tension. According to this procedure, the block copolymer was dispersed in, 

not chemically bound to, the PDMS matrix in a semi-interpenetrating crosslinked 

network, in which a combination of a low surface energy, surface-active component 

with a low modulus, matrix component could enhance FR properties against different 

marine organisms. 

 

Laboratory Bioassays 

 Only three films (M29:1, M29:4 and H25:1) had significant lower spores 

settlement than the PDMS control (i.e. with no block copolymer additive), and one 

(H25:4) had the same level of settled spores as the PDMS control. All of these films 



 

70 

derived from the 30:70 AF6:PEGMA feed ratio from both the 60:1 and 150:1 

monomer:macroinitiator compositions (Figure 2-1b) containing relatively high 

amounts of PEGMA. The remaining films had significantly higher settlement densities 

than the PDMS control (Figure 2-1).  

 

Figure 2-1: Effect of PDMS and amphiphilic PDMS-based surfaces in batch (a) L36:1 

to L59:4 and batch (b) M29:1 to H48:4 on the settlement of spores of U. linza. Mean 

density of settled spores was obtained from the count of three replicate slides (n=90). 

Error bars represent ± 2 × SE. For the two figures, values that are significantly 

different to each other at p<0.05 are indicated by different letters. 
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After culturing spores of U. linza to the stage of sporelings, (i.e. small plants), 

the biomass present on each film was measured indirectly as relative fluorescence 

units (RFU). The density of sporelings broadly reflected spore settlement as described 

above. It was noted that sporelings biomass on the L36:4 and L48:4 films after 7 days 

growth was decreased due to spontaneous  detachment of the sporelings induced by 

gentle movement of the dishes during replenishment of nutrient solution. This 

highlights the low attachment strength of U. linza sporelings to these films even 

without the application of shear provided by a flow channel. 
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Figure 2-2: Effect of PDMS and amphiphilic PDMS-based surfaces in batch (a) L36:1 

to L59:4 and batch (b) M29:1 to H48:4 on the adhesion strength of U. linza sporelings. 

Mean percentage removal of sporelings of  U. linza after 5 min exposure to a shear 

stress of 8 Pa obtained from RFU measurements on 6 replicate slides before and after 

exposure to flow. Error bars represent ± 2 × SE, calculated from arcsine-transformed 

data. For the two figures, values that are significantly different to each other at p<0.05 

are indicated by different letters.  
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 Strength of attachment assays (expressed as % removal) indicated that many of 

the films possessed good FR properties with several showing nearly complete removal 

after exposure to a relatively low shear stress (8 Pa). In general, films with 4 wt% of 

block copolymer performed better, or as well as, those with only 1 wt%.  However, 

this trend appeared to be reversed for the highest molecular weight block copolymers, 

even though the differences were not significant. Additionally, the lower molecular 

weight block copolymers showed better performance than those of highest molecular 

weights. 

 Based on the excellent FR properties of the films L36:1 through L59:4 with 

lowest molecular weight block copolymer additives, these samples were then also 

tested for their performance against Navicula incerta, a marine diatom. Diatoms show 

very different settlement characteristics compared to Ulva, typically adhering strongly 

to hydrophobic surfaces such as PDMS,
78–81

 Diatoms are not motile in the water 

column, and cannot therefore actively select the surfaces for attachment. Cells reach 

the surface by gravity in the case of laboratory assays, or through transport in water 

currents in the natural environment. The initial attachment density of diatoms is a 

measure of the coatings’ ability to resist adhesion on the surface. Films L48:4 and 

L59:4 had the lowest initial attachment and had a significantly lower number of 

attached cells (400 per mm
2
) compared to the PDMS control (600 per mm

2
), 

indicating that they had superior characteristics for resisting the adhesion of cells 

(Figure 2-3a). 
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Figure 2-3: Effect of PDMS and amphiphilic PDMS-based surfaces (L36:1 to L59:4) 

on initial attachment and adhesion strength of cells of N. incerta. (a) Mean density of 

settled cells obtained from the count of three replicate slides (n=90). Error bars 

represent ± 2 × SE. (b) Mean percentage removal of cells calculated from the counts 

of three replicate slides exposed to 56Pa shear stress. Error bars represent ± 2 × SE 

were calculated from arcsine-transformed data. For the two Figures, values that are 

significantly different to each other at p<0.05, are indicated by different letters above 

the bars. 
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Overall, the adhesion strength of N. incerta cells on the block copolymer films 

was high, with none performing better than the PDMS control. Removal was greatest 

from the 48:52 AF6:PEGMA (L48:1 and L48:4) films at 32 and 29% respectively 

(Figure 2-3,b). 

 Bubble contact angle measurements on PDMS-based film 

 

 

Figure 2-4: Bubble contact angle measurements taken under water over 120 h of 

immersion in deionized water. PDMS-based films are grouped by length of surface-

active block copolymer.  Plots are divided by molecular weight range of the block 

copolymer additives, showing (a) L36:1 to L59:4, (b) M29:1 to M61:4, and (c) H25:1 

to H48:4 
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 Bubble contact angle measurements were taken immediately after immersion 

of the surfaces in water, and at different times (t = 0, 12, 24, 48, 72, 96, and 120 h) 

after the initial immersion to study time-dependent surface wettability after exposure 

to water. A time-dependent behavior is related to rearrangement of the surface 

chemical groups upon immersion in water, and shows the dynamic nature of these 

surfaces. 

 

 

Table 2-2: Bubble Contact Angle Measurements (in Degrees) Taken Under Water by 

Captive Bubble After 120 h Immersion in Deionized Water with Standard Error. 

Sample Contact Angle Sample Contact Angle Sample Contact Angle 

L36:1 64±3 

 

M29:1 46±2 

 

H25:1 48±3 

L36:4 61±4 

 

M29:4 44±3 

 

H25:4 42±3 

L48:1 57±2 

 

M51:1 39±2 

 

H48:1 54±2 

L48:4 48±2 

 

M51:4 37±2 

 

H48:4 43±3 

L59:1 54±4 

 

M61:1 52±3 

   L59:4 64±3 

 

M61:4 62±3 

 

PDMS 64±2 

 

For all samples the bubble contact angle decreased after continued immersion 

in water, with most samples reaching equilibrium within 24-48 h of immersion as can 

be seen in Figure 2-4.  Addition of all the amphiphilic PDMS-based block copolymers 

made the surfaces more hydrophilic, depressing the initial contact angle measurements 

(t = 0) down to values lower (e.g., 50° for H48:4) than that of PDMS (89°). After 120 
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h of immersion in water, the contact angles of the films containing the higher 

molecular weight block copolymers M and H were generally much lower than those 

with the lowest molecular weight additive.  This trend correlates with the total content 

of PEGMA in the films, as the higher molecular weight additives contained a higher 

percentage of the PEGMA relative to their molecular weight. For each of the sets of 

samples with similar molecular weights, the samples with a nearly 50:50 

AF6:PEGMA ratio showed the lowest contact angle values at t = 120 h.  

 

NEXAFS of PDMS-based film 

 In order to understand the surface chemistry of these films and how it relates to 

their biological performance, the final surfaces were characterized by NEXAFS 

spectroscopy to analyze the effect of block copolymer composition on surface 

chemistry of the films.  Comparing features observed in previously successful films, 

namely relative populations of components of the amphiphilic block copolymers, 

orientation of selected groups, and differences in films before and after immersion in 

water can give insight into surface chemical features which help to design films with 

improved AF/FR effectiveness. 

For the NEXAFS spectra of these samples (Figure 2-5), a prominent peak at 

288 eV is attributed to the 1s→σ*C–H resonance and a broad peak at 291 eV is 

attributed to the 1s→σ*C–Si resonance from the PDMS. In addition to these signals, the 

peak at 289.5 eV is assigned to the 1s→π*C=O resonance from the ester of the AF6 

acrylate and PEGMA methacrylate groups along with the peak at 300 eV due to an 

additional C=O resonance.  The σ*C–F and σ*C–C resonances of the fluoroalkyl group 
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produce peaks at 294 eV and 299 eV, respectively. In any case, the continuum step 

from carbon was found to be around 287 eV. 

The σ*C-F peak possesses a significant angle dependence, indicating orientation 

relative to the surface normal. Because the intensity of the peak increases with 

increasing angle θ, orientation of the CF bond is perpendicular to the surface normal 

(Figure 2-6). This then indicated that the CC fluoroalkyl side chains are oriented 

upward from the surface, i.e. normal to the surface. 

 

 

Figure 2-5: NEXAFS spectra comparing films of PDMS, M29:4, M51:4, and M61:4. 

Spectra show the effects on surface chemistry for varied amphiphilic block copolymer 

composition. 
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Figure 2-6: Overlap of NEXAFS spectra taken at varying experimental angle, θ, for 

film M61:4 showing angle dependence of emission spectra.  The angle dependence 

shows orientation of chemical structures at the surface of the films. 

 

 Comparison of spectra from different samples also gives information about 

how block copolymer composition can affect relative surface composition for each 

film.  Comparing PDMS with no block copolymer added with M29:4, M51:4, and 

M61:4 shows how varying chemical composition of the block copolymer affects 

surface chemistry (Figure 2-5). These three films contain block copolymers with very 

similar molecular weights, and varying ratios of AF6:PEGMA. Increasing the AF6 

content of the block copolymer enriches the surface in fluorinated components while 

decreasing the silicone content at the surface. Importantly, however, this delivers the 

PEGMA to the near surface region and indicates that it is possible to control surface 

composition with these block copolymers. 
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Figure 2-7: NEXAFS spectra of film M61:4 before and after immersion in deionized 

water for 72 h showing reconstruction of the film surfaces. 

 

 Additionally, comparing the spectra of M61:4 before and after a 72 h 

immersion in deionized water gives insights into the underwater surface 

rearrangement for these surfaces (Figure 2-7). After immersion, both the carbonyl and 

fluoroalkyl peaks increase while the peak associated with PDMS decreases, consistent 

with a reconstruction of the film surface that drives both AF6 and PEGMA units to the 

polymer-water interface. Recent XPS studies
60

 on amphiphilic block copolymers 

containing a poly(pentafluorostyrene) block carrying PEG side chains demonstrated 

that the selective segregation of the low surface energy fluorinated units to the 

polymer-air interface that had occurred during film formation also resulted in an 

effective dragging of the hydrophilic oxyethylenic side chains to the film surface. 
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Consequently, the PEG segments could promptly expand outwards after immersion in 

water to maximize their contact with the external environment and enriched the film 

surface. The changes in the NEXAFS spectra show that when immersed in water the 

present block copolymers also surface segregate and populate the surface of the films.  

For these block copolymers to control performance of the films underwater, they need 

to surface segregate in aqueous environments. Thus, NEXAFS studies show that not 

only do the block copolymers remain surface-active underwater, but they are 

significantly enriched at the surface. This observation correlates with the bubble 

contact angle measurements, which exhibited increased hydrophilicity underwater 

with time, based on reconstruction of the film surfaces.  Additionally, these block 

copolymers must surface segregate underwater owing to the PEGMA populating the 

near surface region While NEXAFS shows that this effect drives surface segregation 

strongly underwater, contact angle measurements suggest that it can be fine tuned 

based on the block copolymer chemistry employed.   

DISCUSSION 

 Crosslinked PDMS-based films have been shown to be highly effective as 

AF/FR films.
31–36,82

  The materials presented here showed facile release of sporelings 

of U. linza from the surface, in some cases exhibiting spontaneous release (i.e. without 

the application of shear).  This excellent FR performance appears to be superior to not 

only films with similar structure having a crosslinked PDMS matrix with 

additives,
43,82

 but also when compared to many other PDMS containing materials.
83,84

 

To accomplish this high performance, the work reported here used amphiphilic 

PDMS-based block copolymers as additives to a crosslinked PDMS network.  The 
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block copolymers were synthesized by copolymerizing a PEG containing methacrylate 

and a fluoroalkyl acrylate with a PDMS macroinitiator, producing a mixed copolymer 

based on different reactivities of the two monomers in the polymerization conditions.  

Successful control of the ratio of these monomers in the final polymer as well as 

molecular weight enabled the synthesis of systematically varied sets of block 

copolymers with tailored chemical structure.  Such systematic variations provided 

understanding of block copolymer design parameters that affect performance of the 

films and how surface chemical properties are modified as has not been previously 

studied for this type of material.  

The films showed excellent FR performance, particularly against Ulva, even at 

low block copolymer loadings (1 and 4 wt%) in the PDMS matrix. The ability to 

release sporelings almost entirely (e.g., >90% removal with both M61:1 and M61:4 

compared to 6.5% with PDMS control) from the surface with very low applied wall 

shear stress makes these some of the best reported materials which utilize surface-

active copolymers as a part of a PDMS matrix for FR of Ulva.
42–44

  Although the 

release of Navicula was not as marked as that for sporelings of Ulva, it was still 

observed that roughly 30% of attached diatom cells could be released in a flow 

chamber.  

It was observed that lower molecular weight block copolymers enhanced the 

performance of the films more significantly than higher molecular weight block 

copolymers with similar ratios of hydrophilic and hydrophobic units.  Therefore, 

connectivity of the monomers plays a role in producing films in which the surface 

properties reduce adhesion of the soft fouling organisms, likely due to increased chain 
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mobility and ability to rearrange at the surface of lower molecular weight materials.  

Additionally, the ratio of the PEGMA and AF6 monomers had a significant 

effect on the performance of these films.  Increasing the content of AF6 counits 

enriched the outer surface with fluoroalkyl side chains based on the ratio within the 

block copolymer as observed in NEXAFS.  An interesting feature of the films, which 

appears to contribute to the performance of all compositions studied, is that after 

immersion in water, the amphiphilic block copolymer was more enriched on the 

surface, directed by PEG segregation to the hydrated surface as evidenced for the 

films after immersion in water.  This means that not only was PEGMA segregating to 

the surface underwater, but also the fluoroalkyl groups were necessarily present and 

would not typically segregate to the interface between the film and water. Block 

copolymer enrichment of the film surface after water immersion made the hydrophilic 

PEGMA compensate for or offset the effects of hydrophobic AF6 as seen by bubble 

contact angle measurements. Typically the surface-active block copolymer additives 

rendered the surfaces more hydrophilic when compared to the crosslinked PDMS 

control, with the higher molecular weight additives having possibly a more significant 

effect on the hydrophilicity of the films especially after immersion in water for 120 h. 

It is also noted that the nearly 50:50 compositions of the AF6:PEGMA at all molecular 

weights showed the lowest contact angle measurements for films with copolymers of a 

similar molecular weight.  Therefore, initial composition alone does not dictate the 

final surface chemistry of the films, as the highest PEGMA content did not lead to the 

most hydrophilic surface.  The fluorinated species plays an important role in surface 

directing the block copolymer during curing, and has a significant effect on the 
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surfaces even after immersion in water for extended periods of time. This observation 

is important, because the films with a 50:50 to 60:40 AF6:PEGMA composition also 

exhibited the highest release of biomass for both Ulva and Navicula.  It seems that the 

fluorinated component of the block copolymers serves in surface directing the block 

copolymers during the film formation and curing process, driving the polymer block 

with both AF6 and PEGMA side chains to the surface.  Fluoroalkyl chain species, 

even as relatively short as AF6, are able to compete with the PDMS,
85

 which has a low 

surface energy and is likely to dominate the surface as annealed in air, for surface 

presentation.  These fluoroalkyl groups also orient at the surface, as is observed by 

NEXAFS.  Surface segregation of the fluorinated material then has the effect of 

bringing additional PEGMA to the surface, making it available to be hydrated and 

surface segregate underwater.  Because the films were cured and the PDMS matrix 

was crosslinked, there is not enough mobility of the fluorinated groups to allow for 

facile reorganization over large length scales, so it is important that the PEGMA is 

largely driven to the surface by the fluorinated groups prior to and during curing.  

After immersion in water, the effect of PEG then dominates the surface from the only 

hydrophilic component of the film.  It appears that balancing the AF6 content and 

PEGMA content of the block copolymer tunes the ability of the films to deliver PEG 

side chains to the surface, and therefore the most hydrophilic films are not the ones 

with the highest content of PEGMA, but those which balance the two monomers 

between these effects.  Since it is observed that the films consisting of the lower 

molecular weight additive for each set of block copolymers (sets L and M) had the 

highest fouling release, delivery of these block copolymers to the surface is an 
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effective means to enhance performance.   

 

CONCLUSIONS 

 Crosslinked PDMS films with amphiphilic block copolymers have been shown 

to be highly effective FR films, even exhibiting spontaneous removal of Ulva 

biofouler for some films.  By varying the block copolymer composition between more 

PEGylated or more fluorinated compositions and controlling the molecular weight, 

surface chemistry and film performance can be greatly controlled.  Films 

incorporating lower molecular weight block copolymers showed the best AF and FR 

performance in laboratory bioassays, proving to have exceptional FR performance. 

Additionally, fine chemical tuning of the block copolymer composition improves the 

performance of these films. Thus, the design and molecular control of amphiphilic, 

surface-active block copolymers improves the capabilities of PDMS-based films for 

marine antibiofouling. 
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Polydimethylsiloxane and Polystyrene-Polydimethylsiloxane-

Polystyrene (PS-PDMS and PS-PDMS-PS) Block Copolymers 

as Antifouling and Fouling Release Coatings 
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Abstract 

 Amphiphilic siloxane block copolymers incorporating a polystyrene (PS) block 

and a siloxane block with poly(ethylene glycol) (PEG) grafted onto it were 

synthesized to study the effects of PEG functionalization and block copolymer 

architecture on antifouling and fouling release performance in marine coatings.  A 

polystyrene-block-poly(methyl vinylsiloxane-random-dimethylsiloxane) (PS-b-

P(MVS-ran-DMS)) diblock and a polystyrene-block-poly(methyl vinylsiloxane-

random-dimethylsiloxane)-block-polystyrene (PS-b-P(MVS-ran-DMS)-b-PS) triblock 

copolymer were prepared and functionalized via UV-activated thiol-ene “click” 

chemistry with a thiol-terminated PEG.  The extent of PEG attachment was controlled 

by varying the vinyl content in the siloxane block of the copolymer.  Surface 

characterization including XPS and captive bubble contact angle measurements 

showed that these surfaces reconstruct underwater and that differences in block 

copolymer design can be observed in surface properties.  Antifouling and fouling 

release performance was evaluated against a variety of soft and hard foulers including 

Ulva linza, Navicula incerta, and Balanus amphitrite.  These surfaces show excellent 

resistance to adhesion of barnacle cyprids for all PEG functionalized siloxanes as well 

as high release of algae sporelings.  Studies against marine algae and diatoms show 

that increased PEG functionalization increases fouling release, and that the mixed 

system of both diblock and triblock copolymers was more effective against the range 

of foulants than either block copolymer independently.  These findings highlight the 

importance of structural and chemical control of block copolymers in controlling 

surface properties as well as antifouling performance. 
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Introduction 

 Marine fouling of manmade surfaces has significant effects on the performance 

and lifetime of equipment in contact with marine environments over time.
1,2

  This 

affects maritime shipping and military operations, water cooling systems, heat 

exchangers, water filtration and purification, and marine sensing to name a few.  Drag 

penalties from fouling can significantly increase fuel costs and maintenance costs for 

ships, costing the US Navy, which makes up only 0.5% of all vessels, $75-100M per 

year.
1
 Due to reduced efficiency and increased fuel costs, millions of tons of additional 

fuel are consumed annually, contributing to greenhouse gas emissions in addition to 

fuel cost.
3
  The process of marine biofouling is the settlement and adhesion of a very 

diverse array of marine organisms onto surfaces.  Biofouling begins to occur rapidly in 

marine environments with protein conditioning of surfaces and settlement of 

microorganisms.
4
 

 Many successful coatings have incorporated biocidal compounds such as 

copper and alkyl tins to prevent fouling and these coatings have been used extensively 

on commercial and military ship hulls for many years.
5
  These biocidal compounds 

have been shown to be detrimental to the environment as the coatings begin to wear 

and leach the biocides into the marine environment.
6
  The use of these biocidal 

compounds is planned for termination in many locations globally due to the potential 

risks they pose to marine ecosystems. 

 Effective antifouling coatings may both reduce settlement and attachment of 

marine organisms to a surface as well as minimizing their adhesive strength and 

promoting release of adhered organisms.  Many approaches to non-toxic coatings have 
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been employed including control of settlement of organisms through surface 

topology.
7–9

  The use of biologically active molecules to deter settlement has also been 

studied to interrupt cell processes of settlement and adhesion.
10–15

  Non-biological 

chemical units that have been shown to be effective components of antifouling 

coatings include zwitterions,
16–20

 fluorocarbon groups,
21,22

 fluoroether networks,
23,24

 

and incorporation of poly(ethylene glycol) (PEG).
25,26

  Polydimethylsiloxane (PDMS) 

has shown excellent fouling release properties due to the low adhesion strength of 

organisms to the low surface energy material.
27,28

  It also has a low elastic modulus, 

further promoting the fouling release performance of this material.
27–31

  Modification 

of these PDMS materials to improve performance by the addition of oils (especially 

silicone oils),
32

 nanofillers,
33

 biologically active antimicrobial oligopeptides,
34

 and 

surface-active components and block copolymers.
35–38

  Additionally, amphiphilic 

block copolymers have been shown to be highly effective as antifouling coatings.
36,38–

46
  Incorporation of hydrophilic groups including PEG with hydrophobic groups such 

as alkyl, fluoroalkyl, or siloxanes create coatings which are very resistant to marine 

fouling.  These surfaces are highly responsive to their environment, reconstructing in 

the presence of water.
46

 

 Siloxane-based materials have continuously shown high performance in 

antifouling coatings when incorporated in a variety of compositions.  Early work 

resulted in the Baier curve
47–49

 that shows that the low surface energy, low elastic 

modulus, and high chain mobility of the siloxane polymer backbone are critical 

aspects to the superior performance of these materials, and seem to be unique to 

siloxanes as a class of materials.  Cured PDMS networks are often used as standards in 
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antifouling and fouling release experiments based on their very good performance.  

Work performed at International Paint
50

 in developing commercial antifouling 

coatings and work by Webster
51

 has also shown that siloxanes can be very effective 

marine antifouling coatings.  Developing additive materials for PDMS networks has 

led to coatings which exhibit very high removal of soft foulers in laboratory as-

says.
37,39

  By developing amphiphilic additives which include hydrophilic (e.g. PEG) 

and hydrophobic materials (e.g. perfluorocarbon) which can surface direct the 

additives during curing, the surfaces of these materials are significantly improved 

against a broad range of foulers without sacrificing the mechanical properties of the 

siloxane network. 

 Siloxane-based block copolymers materials, which are easily coated from 

solution, do not require network curing as many siloxanes do.
52

  Previous work which 

focused on modifying SEBS elastomeric coatings for antifouling applications, though 

lacking PDMS segments, shows that thermoplastic elastomeric materials make 

excellent antifouling coatings when functionalized.
21,40–42,44,53,54

  By incorporating 

oligomeric PDMS as a side group in combination with PEG in a PS-P(E/B)-PI block 

copolymers, very high fouling release was shown.
52 

 Incorporation of either siloxane 

or PEG side groups did show improvement in the performance of the hydrocarbon 

elastomers, but the combination of both in an amphiphilic material exhibited superior 

fouling release performance.  These materials showed not only the ability to produce 

highly modified thermoplastic elastomer coatings but showed the importance of 

combining hydrophilic groups such as PEG with PDMS to produce fouling resistant 

amphiphilic surfaces. 
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 As a result of this previous work, a siloxane-based thermoplastic block 

copolymer was designed to combine the properties of both the siloxane network 

coatings and the functionalized thermoplastic elastomeric coatings into a single 

system.  The materials presented in Figure 3-1 are intended to study the effects of 

block copolymer structure on the antifouling performance of amphiphilic PEG 

functionalized PDMS block copolymers.  A Polystyrene-block-Poly(methyl 

vinylsiloxane-random-dimethylsiloxane) (PS-b-P(MVS-ran-DMS)) block copolymer 

was prepared by anionic polymerization and used as a platform material for these 

studies, as it is an easily processed thermoplastic elastomer.  The block copolymer is 

designed with a PDMS block having a significantly higher molecular weight than the 

PS block, as it imparts the desired performance characteristics to the coatings.  In 

addition to a PS-b-P(MVS-ran-DMS)diblock copolymer, a Polystyrene-block-

Poly(methyl vinylsiloxane-random-dimethylsiloxane)-block-Polystyrene (PS-b-

P(MVS-ran-DMS)-b-PS) triblock copolymer was synthesized to study the effect of 

block copolymer structure on surface properties and antifouling performance.  To 

functionalize the siloxane block, vinyl groups were incorporated along the backbone 

and readily functionalized using a thiol-terminated PEG via thiol-ene “click” 

chemistry to produce amphiphilic coatings.  By varying the vinyl group content in the 

block copolymer during synthesis, a range of fractional functionalization of PEG can 

be attained. 
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Figure 3-1: PEG functionalized siloxane block copolymers designed for study of block 

copolymer architecture and composition effects in antifouling and fouling release 

coatings from amphiphilic siloxanes. 

 

 Because of the low surface energy of PDMS, it surface segregates to the air-

solid interface much more readily than PS.  Additionally, underwater, the side 

functionalized PEG groups are designed to populate the surface as they become 

hydrated.  This means that for both copolymer structures, the PEG functionalized 

siloxane block is surface segregated, and a schematic representation of this is shown in 

Figure 3-2.  In the case of the diblock copolymer, the siloxane block is free to extend 

towards the surface with the PS block buried beneath the surface, and it is expected to 

orient the polymer chains much like a polymer brush.  With their high degree of 

mobility, the goal of this material is that the siloxane block is able to effectively cover 

the underlying PS layer, which is not an effective antifouling material.  It is our 

expectation that the triblock copolymer, with both PS ends tethered to the surface, is 

kinetically trapped in a “loop”-like PDMS conformation at the surface.  This kinetic 

trapping lowers the surface coverage of the underlying PS, but the goal is that it 

should force more side groups to the surface of the coating.  The final set of coatings 

studied blends of both copolymers to incorporate properties of each material yielding a 

more effective coating. 
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Figure 3-2: Idealized surface structure of PS-b-P(MVS-ran-DMS) (left) and PS-b-

P(MVS-ran-DMS)-b-PS (right) block copolymers and a blend of both (center). 

 

 Varying the block copolymer structure changes surface chemistry, the ability 

of surfaces to reconstruct, and through these properties affects the AF and FR 

performance.  Much work has been done to more efficiently deliver groups such as 

PEG to the surface of coatings
39,55

 including work presented in Chapter 4 by 

incorporating fluoroalkyl groups which surface segregate in air.  It is expected that by 

changing the block copolymer architecture, surface population of the PEG can be 

changed without needing to use fluoroalkyl groups. 

 

Experimental 

Materials 

Monomethylated poly(ethylene glycol) (Mn = 350), methanesulfonyl chloride, 

3-(aminopropyl)trimethoxysilane, diisopropylethylamine, diisopropylcarbonimide, 

styrene, sec-butyl lithium, sulfuric acid, sodium hydroxide, and 

dimethoxyphenylacetophenone were purchased from Sigma-Aldrich., polystyrene-
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block-poly(ethylene-ran-butylene)-block-polystyrene (SEBS, MD6945) and SEBS 

grafted with maleic anhydride (MA-SEBS, FG1901X) were generously provided by 

Kraton Polymers. Anhydrous chloroform (CHCl3), anhydrous tetrahydrofuran (THF), 

methylene chloride (CH2Cl2), methanol (CH3OH), benzene, sodium hydroxide 

(NaOH), sulfuric acid (H2SO4), 30 wt% hydrogen peroxide (H2O2) in water, 

anhydrous ethanol (CH3CH2OH), sodium hydride, and all other chemicals were 

purchased from Sigma-Aldrich and used without further purification unless otherwise 

noted.  Tetrahydrofuran (THF) was dried by stirring over sodium metal and 

benzophenone and distilled, and degassed by a freeze pump thaw process.  Styrene 

was dried by stirring over ground calcium hydride (CaH2), then distilled and degassed 

by a freeze pump thaw process.  Hexamethylcyclotrisiloxane (D3) purchased from 

Gelest was dried by stirring in benzene over CaH2.  After drying, the benzene was 

distilled and the D3 sublimed into a flask containing benzene and dried styrene 

polymerized with sec-butyl lithium.  The D3 was stirred at room temperature over the 

polymerization to further dry the D3 until the solution was clear, then the benzene was 

distilled and the D3 sublimed into a clean flask.  The benzene was then distilled off the 

D3 to yield dried trimer.  1,3,5-trivinyl-1,3,5-trimethylcyclotrisiloxane (V3) was dried 

by stirring over CaH2 at 40°C, then distilled and degassed by a freeze pump thaw 

process.  Dichlorodimethylsilane and chlorotrimethylsilane were purified by simple 

distillation and degassed by bubbling dry nitrogen through the liquid prior to use. 

Synthesis of PEG functionalized siloxane block copolymers 

A clean dry flask evacuated with nitrogen was filled with 50 mL of dried 

benzene.  To this, 714 µL of 1.4 M sec-butyl lithium in hexanes was added and stirred, 
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followed by the addition of 7.7 mL (7 g) of dried styrene to initiate the polystyrene 

polymerization and allowed to react for 24 hours to consume all monomer in the 

solution to produce a 7 kg/mol polystyrene block.  A sample was taken after 24 hr for 

analysis by GPC.  A 0.5 g/mL solution of D3 in dried benzene was prepared to add to 

the polymerization.  98 mL of this solution (49 g of D3) was added to the 

polymerization to initiate the D3 polymerization.  This was allowed to react for 24 hr 

until the solution was colorless.  At this time, 20 mL of distilled THF was added to the 

reaction to accelerate the polymerization of the D3.  After 2 hours, V3 in THF was 

added to the polymerization via syringe pump over 48 hours and reacted at room 

temperature for an additional 2 days.  Four quantities of V3 were used, to produce 

siloxane blocks with 0 mol% vinyl content, 2 mol%, 5mol% and 7mol%.  A sample 

was taken from the polymerization for analysis by GPC and NMR.  The 

polymerization was split into two portions, one to yield the diblock and the other to 

yield the triblock copolymer.  The diblock copolymer was formed by adding 0.5 mL 

of chlorotrimethylsilane to one of the portions of the split polymerization and allowing 

it to stir for 24 hours.  To couple the polymer and form a triblock, 

dichlorodimethylsilane was added to the polymerization.  20 µL of the coupling agent 

was added directly to the reaction and allowed to stir for 16 hours.  An additional 11 

µL of dichlorodimethylsilane in 2.5 mL of THF was added to the polymerization via 

syringe pump over 24 hours.  The polymers were each precipitated separately in 1 L of 

methanol, filtered and dried.  The polymers were characterized by GPC to determine 

final molecular weight, and by NMR to determine vinyl content. 
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Scheme 3-1:Anionic polymerization of Polystyrene-block-poly(methyl vinylsiloxane-

random-dimethylsiloxane) (PS-b-P(MVS-ran-DMS)) diblock and Polystyrene-block-

poly(methyl vinylsiloxane-random-dimethylsiloxane)-block-polystyrene 

 

 A thiol-terminated PEG was prepared using monomethyl poly(ethylene glycol) 

with a molecular weight of 350 g/mol.  20 g (57.1 mmol) of PEG was stirred in 40 mL 

of THF with 11 mL (63.1 mmol) of diisopropylethylamine (DIEA) at 0°C.  To this 

solution, 5 mL of mesyl chloride in 20 mL of THF was added dropwise and allowed to 

stir overnight.  The reaction was purified by first drying over sodium sulfate, then 

passing over a plug of silica with excess THF.  The solution was dried yielding 24.81 

g of pale yellow liquid product. 

 
1
H NMR (300 MHz, CDCl3): δ (ppm) 4.30 (m, 2H, -CH2OSO2-), 3.45-3.83 

(m, -OCH2CH2O-), 3.35 (s, 3H, CH3O-), 3.07 (s, 3H, CH3SO3-). 
13

C NMR (300 

MHz, CDCl3): δ(ppm) 71.78, 70.34, 69.37, 68.38, 58.87, 37.56 

 This product was then added to 60 mL of ethanol with 5.5 g (71.5 mmol) of 
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thiourea.  This solution was refluxed for 18 hours under nitrogen.  At this point, 11 g 

(275 mmol) of NaOH in 20 mL of water was added to the reaction and refluxed for an 

additional 24 hours under nitrogen.  The solution was neutralized with 1M HCl and 

the product was extracted four times with dichloromethane.  The solution was dried 

using sodium sulfate and dried to produce 11.6 g of product. 

 1
H NMR (CDCl3): δ (ppm) = 3.5-3.8 (m, -OCH2CH2O-), 3.37 (s, 3H, CH3O-), 

2.88 (t, 2H, -CH2-SH), 1.6 (s, 1H, -SH) 

 

 

Scheme 3-2: Synthesis of thiol-terminated PEG for attachment to siloxane block 

copolymer 

 

 The thiol-functionalized PEG was then attached to the siloxane backbone using 

Thiol-ene “click” chemistry to react onto the vinyl groups in the VMS.  2 g of the 

siloxane block copolymer was dissolved in 5 mL dichloromethane.  Relative to the 

moles of vinyl groups in the polymer determined by NMR spectroscopy, 5 equivalents 

of the thiol PEG and 0.2 equivalents of dimethoxyphenyl acetophenone (DMPA) were 

added to the solution.  The reaction vessel was purged with nitrogen and the solution 



 

107 

was degassed by bubbling nitrogen for 20 minutes.  The solution was then exposed to 

365 nm UV light for 1 hour.  The polymer was precipitated in 200 mL of methanol, 

filtered, and dried under vacuum to yield functionalized polymer. 

Surface Preparation 

Coated glass slides for biofouling assays were prepared as previously reported 

using SEBS materials.
56

  Briefly, standard microscope glass slides (3 in × 1 in.) were 

treated with freshly prepared piranha solution (7:3 v/v, mixture of concentrated H2SO4 

and 30 wt% H2O2 solution) overnight, and then sequentially rinsed with distilled water 

and anhydrous ethanol before dried with nitrogen gas. The dried clean glass slides 

were then immersed in 3.5% (v/v, in anhydrous ethanol) 3-

(aminopropyl)trimethoxysilane solution at room temperature overnight, followed by 

washing with water, anhydrous ethanol, and drying using nitrogen. The aminosilane 

treated glass slides were cured by heating to 120 ºC in a vacuum oven at reduced 

pressure for 2 h before slowly cooling down to room temperature. The first layer 

coating were applied on the silane treated glass slides by spinning coated with 

SEBS/MA-SEBS solution (7% w/v SEBS and 2% w/v MA-SEBS) in Toluene (2500 

rpm, 30 sec), followed by baking the glass slides at 120 ºC in a vacuum oven at 

reduced pressure for 12 h, allowing the maleic anhydride groups in the polymer 

backbone react with amine groups on the glass surfaces, therefore improving the 

bonding of the coating to the glass. The second layer was spin coated with SEBS 

solution (12 % w/v SEBS solution) three times (2500 rpm, 30 sec.), followed by 

further baking at 120 ºC in a vacuum oven at reduced pressure for 12 h to give a base 

layer thickness about 1 mm. The modified siloxane block copolymers were finally 
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spray coated on the surface using Badger model 250 airbrush and 50 psi nitrogen gas, 

and annealed in a vacuum oven at reduced pressure at 60 ºC for 12 h, and then 120 ºC 

for 12 h to ensure the complete removal of the solvents. 

Characterization 

1
H NMR 

1
H NMR spectra were recorded using a Varian Gemini 400MHz spectrometer 

in CDCl3 solution. 

GPC 

GPC was performed on a Waters Ambient Temperature GPC using THF as a 

solvent.  The machine is equipped with both a Waters 410 differential refractive index 

detector as well as a Waters 486 UV-Vis detector for detection of polymer.  The 

machine is calibrated using polystyrene standards. 

Bubble Contact Angle 

 Water contact angle measurements were taken using an NRL contact angle 

goniometer (Rame-Hart model 100-00) at room temperature using deionized water.  

For each sample, three separate measurements were taken from separate bubbles at 

different locations on the surface.  The contact angle of an air bubble in contact with 

the surface underwater was determined using the captive bubble method previously 

described.
57,58

  An air bubble was trapped against the surface immersed upside-down 

in water by releasing it from the tip of a 22 gauge stainless steel needle.  These 

measurements were taken immediately after immersion in water, and at regular time 

intervals to determine how the wettability changes as the surfaces rearrange upon 
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exposure to a water environment. 

NEXAFS 

 Near edge X-ray absorption fine structure (NEXAFS) experiments were 

carried out on the U7A NIST/Dow materials characterization end-station at the 

National Synchrotron Light Source (NSLS) at Brookhaven National Laboratory 

(BNL), the setup of which has been reported.
59,60

  The X-ray beam was elliptically 

polarized (polarization factor of 0.85), with the electric field vector dominantly in the 

plane of the storage ring.  The photon flux was approximately 1 x 10
11

 photons per 

second at a typical storage ring current of 750 mA.  A spherical grating 

monochromator was used to obtain monochromatic soft X-rays at an energy resolution 

of 0.2 eV.  The C 1s NEXAFS spectra were acquired for the incident photon energy in 

the range of 270320 eV.  The angle of incidence of the X-ray beam, θ measured from 

the sample surface, was varied so as to check for molecular orientation on the surface 

layer and to permit a rough depth profiling.  The partial-electron-yield (PEY) signal 

was collected using a channeltron electron multiplier with an adjustable entrance grid 

bias.  Data reported used a grid bias of 150 V.  The channeltron PEY detector was 

positioned at an angle of 36° in the plane relative to the incident X-ray beam.  

Geometry details have been illustrated previously.
61

  The PEY C 1s spectra were 

normalized by subtracting the linear pre-edge baseline and setting the edge jump to 

unity at 320 eV.
62

  The photon energy was calibrated by adjusting the peak position of 

the lowest π* phenyl resonance from polystyrene to 285.5 eV. 

 The PS-PDMS-PS triblock copolymer with 2% PEG functionalization was 
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prepared the same way as for bioassays for analysis by NEXAFS.  The sample was 

analyzed in both an as cast state and after immersion in deionized water for 72 h.  The 

surface immersed in water was dried immediately before analysis and spectra was 

taken as quickly as possible to detect surface rearrangement in an aqueous 

environment.  Due to polarization dependencies in NEXAFS signal intensities, spectra 

were taken at an emission angle of 51°, the so called “magic angle”,
60,63

 to eliminate 

orientation effects in the spectra.  Additional spectra were taken at 120°, which 

provides a more surface-sensitive spectrum as the escape depth is reduced from 

roughly 4-5 nm to less than 1 nm.
55,61,64

 

XPS 

X-ray photoelectron spectroscopy (XPS) of surfaces was performed using a 

Surface Science Instruments SSX-100 with a monochromatic Al-K X-ray source at 

1486.6 eV, and an operating pressure of less than 2 × 10
–9

 Torr.  Photoelectrons were 

collected at an emission angle, , of 55° from the surface normal and analysed using a 

hemispherical analyser with pass energy of 150 eV for survey scans and 50 eV for 

high resolution scans.  The X-ray incidence angle, relative to the surface normal, was 

71°.  Charge compensation was carried out using low-energy electrons from an 

electron flood gun. The spectra were analysed using CasaXPS v. 2.3.14 software. 

Atom concentrations were calculated using peak areas normalized on the basis of 

Scofield photoemission cross sections and sampling depths.  The transmission 

function was assumed to be constant over the range of kinetic energies in the survey 

scans. 
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Laboratory Bioassays 

Settlement and adhesion studies of N. incerta 

For the Navicula assays, six slides were equilibrated in filtered artificial 

seawater before use for 72 hours.  A suspension of diatom cells cultured in F/2 

medium was made in filtered artificial seawater, filtered and diluted to an optical 

density of 0.025 absorbance as observed in a spectrophotometer.  10mL of the diatom 

suspension was added to each slide and allowed to settle at ambient conditions for 2 

hours.  After the 2 hours, all slides were rinsed with filtered artificial seawater to 

remove unsettled cells from the surface.  At this time half of the slides were fixed 

using glutaraldehyde to be counted for navicula settlement under the microscope. 

The other slides were put into a turbulent flow channel previously described
65

 

to test adhesion of the diatoms.  A turbulent flow of water with a wall shear stress of 

35 Pa was flowed across the slides to remove the settled diatoms.  Again, the cells 

were fixed using glutaraldehyde.  The cells were counted using a light microscope, 

taking optical images and counting the cells in a field of view manually.  This count 

was then converted to mm
2
 as the sample area for standardization.  

Settlement and adhesion of U. linza spores and sporelings 

For Ulva linza assays, nine slides were equilibrated in filtered artificial 

seawater for 72 hours before beginning the assays.  Zoospores were released into 

artificial seawater from mature plants using a standard method
66,67

 then suspended in a 

solution of artificial seawater to an optical density absorbance of 0.156 by 

spectrophotometry.  10mL of the suspension was added to each slide, and the spores 
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were allowed to settle in complete darkness for 45 minutes.  After that time, all slides 

were rinsed gently using filtered artificial seawater.  Three of the slides for each 

material were then fixed using glutaraldehyde to determine the spore settlement 

values.  These slides were analyzed under a microscope using fluorescence 

microscopy and image analysis software.
68

  Counting was performed using an 

automated program. 

The remaining six slides were then immersed in a nutrient rich artificial 

seawater solution and allowed to incubate in light for seven days to sporelings.  The 

biomass on the surfaces was determined using a Tecan plate reader (GENios Plus)
69

 in 

unite or relative fluorescence units. 

The strength of sporeling attachment was determined using a water jet with an 

impact stress of 12 kPa.  The biomass on the surfaces was again determined using the 

Tecan plate reader to determine the removal of sporelings. 

Settlement of B. amphitrite 

Settlement assays were performed with cypris larvae of Balanus amphitrite.  

Prior to tests, the films were equilibrated in artificial sea water for 72 hours to prepare 

coatings for bioassays. 

Adult broodstock was supplied by the Duke University Marine Laboratory, 

North Carolina, USA, and reared at Newcastle University. Adults were maintained in 

semi-static culture, in natural seawater (exchanged daily), at 23 ± 2°C and a salinity of 

32. Nauplius larvae were released naturally and attracted to a point cold light source. 

Nauplii were stored in a beaker with a dilute concentration of Tetraselmis suecica until 

approximately 10,000 stage 1 nauplii had been collected (within 2–3 h), as described 
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in Elbourne et al. (2008). Nauplii were then transferred into a bucket with 10 L of 0.7 

μm filtered seawater, 36.5 mg L
–1

 of streptomycin sulphate and 21.9 mg L
–1

of 

penicillin G and incubated at 28°C.  The larvae were fed daily with an excess of 

Tetraselmis suecica and Skeletonema marinoi until metamorphosis to the cyprid. 

Cyprids for settlement assays were collected by filtration and stored in 0.22 µm 

filtered natural seawater (FSW) at 6°C for 3 days.  

Settlement assays were carried out using coated glass slides placed in 

quadriPERM dishes (Sarstedt, Germany). Approximately 20  3-day-old cyprids were 

placed in a 1 mL drop of 0.22 µm FSW onto the surface of each coated slide, with six 

replicates per formulation.  The lids were placed on the quadriPERM dishes to 

minimise water evaporation and incubated in the dark at 28°C. Settlement was 

enumerated after 24 and 48 h and expressed as percentage settlement. Polystyrene 24-

well plates, containing 2 mL of 0.22 µm FSW and 15 cyprids per well (n=6 

replicates), were used as a reference to check cyprid health and that settlement was at 

normal levels. 

 

Results and Discussion 

Chemical and Surface Characterization 

 A total of seven PS-b-PDMS block copolymers were synthesized for this study 

by anionic polymerization.  Distribution of the vinyl functionalized monomer was 

controlled by feeding the V3 trimer into the polymerization at a controlled rate using a 

syringe pump.  The V3 trimer polymerizes at a rate 16 times faster than D3 trimer by 
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anionic polymerization in the benzene:THF solvent system.  By doing a V3 starved 

polymerization, adding the trimer over the course of the polymerization ensures a 

controlled distribution of the vinyl groups along the polymer backbone.  This 

distribution is then confirmed by NMR analysis of polymer samples taken periodically 

through the duration of the polymerization.  The first control material contained no 

vinyl groups, and was not functionalized by thiol-ene “click” chemistry with PEG.  

The remaining six were synthesized in pairs by splitting a polymerization and end 

capping half to form a diblock and coupling the other half to form a triblock of double 

molecular weight.  All block copolymers were designed to contain a PS block with a 

molecular weight of 7 kDa and a siloxane block with molecular weight of 35 kDa in 

the diblock and 70 kDa in the triblock after coupling.  VMS was incorporated into the 

siloxane block at 2.5 mol%, 5 mol%, and 7 mol% by controlling the feed ratio of the 

vinyl containing trimer to the polymerization reaction.  Molecular weight was 

characterized by GPC for the PS block from a sample taken before addition of the D3, 

and for the diblock and triblock copolymers to determine the total molecular weight.  

Incorporation of vinyl groups was determined by NMR.  The composition of these 

block copolymers is summarized in  

Table 3-1. 

 

 

 

 

 



 

115 

 

Block 

Copolymer 

PS 

Molecular 

Weight 

(kDa) – (Ɖ) 

Siloxane 

Molecular 

Weight 

(kDa) – (Ɖ) 

Mole Percent 

Vinyl Groups in 

Siloxane before 

Functionalization 

Mole Percent 

PEG 

Functionalization 

in Siloxane 

PS-PDMS 7.2 – (1.03) 36.4 – (1.16) 0 0 

Diblock, 

2.5% Vinyl 

7.1 – (1.02) 33.2 – (1.23) 2.57 1.75 

Triblock, 

2.5% Vinyl 

7.1 – (1.02) 63.8 – (1.22) 2.47 1.81 

Diblock, 5% 

Vinyl 

7.2 – (1.03) 37.5 – (1.21) 4.98 3.92 

Triblock, 5% 

Vinyl 

7.2 – (1.03) 69.6 – (1.26) 4.92 3.79 

Diblock, 7% 

Vinyl 

7.3 – (1.02) 34.1 – (1.18) 7.02 5.28 

Triblock, 7% 

Vinyl 

7.3 – (1.02) 66.3 – (1.24) 6.92 5.09 

 

Table 3-1: Block copolymer molecular weight and composition as determined by GPC 

and 
1
H-NMR for PS-PDMS materials before and after functionalization with PEG. 

 

  

Table 3-1 also summarized the extent of functionalization of the siloxane block with 

PEG by thiol-ene “click” chemistry.  Percentages given are mole fractions within the 

siloxane block, the same as the vinyl content in the column before it.  It should be 

noted that none of these reactions completely functionalize all vinyl groups.  This is 

apparent in the percentage of PEG being lower than the vinyl content in the as 

synthesized polymer, as well as the appearance of vinyl peaks in the final NMR of the 

block copolymers.  This reaction likely is not quantitative due to the polarity mismatch 

of the siloxane block copolymer and the highly hydrophilic PEG.  Samples will be 
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described by the fractional functionalization of PEG. 

 Bubble contact angle measurements taken from captive bubble measurements 

shown in Figure 3-3 and Figure 3-4 on immersed samples gave insight into the 

wettability of these surfaces as well as surface reconstruction over time.  

Measurements were taken over five days allowing the surfaces to equilibrate.  Based 

on these measurements, almost all samples had reached equilibrium or very near 

equilibrium by 72 to 96 hours after immersion in water.  Figure 3-3 shows the effect of 

increased PEG content on the wettability of these coatings.  As would be expected, 

increased PEG content decreases the bubble contact angle, indicating a more 

hydrophilic surface.  This trend also holds true for the diblock and triblock samples, as 

well as the mixed samples shown. 

 

Figure 3-3: Bubble contact angle measurements taken for 5 days for siloxane block 

copolymers with varying PEG functionalization percentages showing increasing 

hydrophilicity with increasing PEG content. 

 

 Bubble contact angle measurements also show effects of block copolymer 
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architecture on surface performance.  As seen in Figure 3-4, the mixed copolymer 

coating is the most hydrophilic coating of the set for similar functionalization 

percentages.  This is also true for the samples with the highest PEG content.  For the 

samples with the middle percentage of PEG, the triblock and mixed samples are only 

1° different with the triblock being more hydrophilic.  This data highlights that the 

mixed system seems to be most efficient at presenting side groups at the surface 

compared to either the diblock or triblock separately. 

 

Figure 3-4: Bubble contact angle measurements taken for 5 days for siloxane block 

copolymers with similar PEG functionalization showing increased hydrophilicity of 

mixed system. 

 

 In order to understand the surface chemistry of these films in air as well as 

underwater, the final surfaces were characterized by NEXAFS spectroscopy to analyze 

the effect of block copolymer composition on surface chemistry of the coatings.  For 

the NEXAFS spectra of these samples shown in Figure 3-5, a prominent peak at 288 

eV is attributed to the 1s→σ*C–H resonance and a broad peak at 291 eV is attributed to 
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the 1s→σ*C–Si resonance from the PDMS. The σ*C–C resonance of the alkyl groups in 

PEG produce peaks at 296 eV.  A π*C=C resonance is observed at 285 eV from the 

phenyl ring of the PS block of the copolymer.  In any case, the continuum step from 

carbon was found to be around 287 eV.  The surface as annealed shows peaks mostly 

associated with the PDMS block of the copolymer, indicating that this material is very 

surface-dominant in air.  After immersion in water, there is an increase in peaks from 

the PEG side groups and the PS block. 

 

Figure 3-5: NEXAFS spectra of PS-PDMS-PS triblock copolymer functionalized with 

2 mol% PEG taken at an emission angle of 51°.  Spectra were taken of the surface 

after annealing as well as after 72 hours immersion in deionized water. 

 Surface sensitive scans taken at an emission angle of 120° for samples 

immersed in water show how the film composition changes in the top several 

nanometers.  Because the high angle sample has a shallow electron escape depth 

(EED), the spectra comes only from the top roughly 1 nm of the film as opposed to the 
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51° emission angle, which probes roughly 4-5 nm into the film.  It was observed that 

after immersion, there was an increase in the PEG and PS content at the surface.  

However, the top nanometer of the film is still predominantly PDMS, as is evidenced 

in Figure 3-6. 

 

Figure 3-6: NEXAFS spectra of PS-PDMS-PS triblock copolymer functionalized with 

2 mol% PEG after immersion in water.  Spectra taken at emission angles of 51° and 

120° to observe chemical composition as a function of depth into the film. 

 

 XPS measurements of all surfaces were taken after annealing as well as after 

72 hours of immersion in water.  This difference showed some of the effects of surface 

reconstruction in aqueous environments.  From these spectra, atomic percentages for 

carbon, silicon, and oxygen were calculated.  To determine the relative content of PEG 

at the surface compared to PDMS, the ratio of the oxygen and silicon atom 

percentages was calculated for each sample as annealed and after immersion in water 
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and are plotted in Figure 3-7.  The ratio of carbon atom percentages to silicon was 

plotted as well, showing a similar trend; however it was not used as PS enrichment at 

the surface could affect these ratios, which would not affect the oxygen content.   

For all dry samples, the ratios of the oxygen to silicon atom content are similar 

and just below 1.  This value, very similar to that found in pure PDMS of 1, indicates 

that PDMS significantly dominates the surface for all samples in air as would be 

expected given the very low surface energy of PDMS.  However, after immersion in 

water for 72 hours, the ratio increases to about 1.5, showing significant enrichment of 

PEG at the surface underwater.  It should be noted that this ratio does not change with 

increasing PEG functionalization, likely an artifact of reconstruction of the surfaces in 

vacuum.  It is noted that these ratios are not perfectly representative of actual ratios 

under water, as the experiment is performed under high vacuum, but the increased 

population of PEG after water immersion is still detectable by this technique to further 

highlight the dynamic nature of these surfaces. 
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Figure 3-7: Ratio of oxygen atom percent to silicon atom percent as determined from 

XPS for samples as coated and after 72 hours immersion in water showing surface 

reconstruction. 

Laboratory Bioassays 

 Laboratory bioassays were performed against Ulva Linza, Navicula Incerta, 

and Balanus Amphitrite for all samples prepared in this study.  The settlement assay 

performed for N. incerta cells shown in Figure 3-8 do not show a significant trend for 

these test samples.  All samples show lower settlement than the PDMSe and SEBS 

standards.  The lowest settlement was seen on surfaces with the highest 

functionalization of PEG, at 5.09%, for the triblock and mixed coatings.  The highest 

settlement was seen on the surfaces with 3.79% PEG functionalization in the triblock 

and 3.86% PEG in the mixed block copolymers. 
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Figure 3-8: The initial attachment density of attached N. incerta cells on test coatings 

after washing.  Each point is the mean from 90 counts on 3 replicate slides.  Bars show 

90% confidence limits. 

. 

 

 

 Removal tests performed within a water channel with wall shear stress of 35 Pa 

shows attachment strength of N. incerta cells to the surfaces.  The percentage of 

removed cells is shown in Figure 3-9.  None of the coatings showed removal as high 

as the glass slide standard, but most did show removal higher than the PDMSe 

standard with the exception of the 2% PEG diblock and triblock and the 3.79% PEG 

triblock and 3.86% PEG mixed samples.  The highest removal was seen on the PS-

PDMS control with no PEG as well as the mixed di- and triblock coating with the 

highest PEG functionalization.  It does appear that the mixed system outperforms the 

diblock and triblock systems on average for the low PEG functionalization and high 
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functionalization, indicating that this system is more effective for removal of N. 

incerta. 

 

Figure 3-9: Percent removal of N. Incerta cells from test coatings due to exposure to a 

shear stress of 35 Pa.  Each point is the mean from 90 counts on 3 replicate slides.  

Bars show 95% confidence limits derived from arc-sine transformed data. 

 Settlement of Ulva linza spores in Figure 3-10 is lower on all test coatings than 

the PDMSe and glass control surfaces.  Compared to the unfunctionalized PS-PDMS 

block copolymer, most samples show somewhat higher initial settlement, with the 

exception of the 3.79% PEG functionalized triblock copolymer.  There is no apparent 

trend in the settlement data corresponding to attachment of PEG or block copolymer 

architecture. 
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Figure 3-10: Density of attached spores on coatings after 45 minutes of settlement.  

Each point is the mean from 90 counts on 3 replicate slides.  Bars show 95% 

confidence limits. 

 Biomass of sporelings in Figure 3-11 shows similar results as the spore density 

on the coatings.  The lowest attached biomass was observed on the unfunctionalized 

PS-PDMS coating, and all PEG functionalized materials showing higher settlement.  

However, there again is not a significant trend related to the functionalization 

percentage or block copolymer architecture in this data. 
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Figure 3-11: Biomass of sporelings on coatings after 7 days.  Each point is the mean 

biomass from 6 replicate slides measured using a fluorescence plate reader (RFU is 

relative fluorescence unit).  Bars show standard error of the mean. 

 

 The percentage removal of sporeling biomass in Figure 3-12 shows that all 

PEG functionalized samples show significantly higher removal than any of the 

controls including the unfunctionalized PS-PDMS block copolymer for most samples.  

An interesting trend is that the removal is higher for the diblock and mixed block 

copolymers than for the triblock copolymers for all PEG functionalization 

percentages.  Overall, it appears that increased PEG functionalization of the siloxane 

block copolymer increases the removal of sporeling biomass.  Additionally, the 

highest removal was seen for the mixed block copolymer system containing the 

highest percentage of PEG functionalization. 
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Figure 3-12: Percent removal of 7 day old sporelings from coatings due to an impact 

pressure of 12 kPa.  Each point is the mean removal of biomass from 6 replicate slides 

measured using a fluorescence plate reader.  Bars show standard error of the mean 

derived from arc-sine transformed data. 

 

 Settlement of cyprid larvae of Balanus amphitrite is shown in Figure 3-13.  

This experiment shows significant reduction in the settlement of cyprids for all PEG 

functionalized siloxane coatings.  There are no clear differences between any of the 

functionalized samples as the settlement is very low for each.  It was also observed 

that often cyprids would become detached during metamorphosis to juvenile 

barnacles.  This effect was most pronounced in the triblock copolymer with 5.09% 

PEG functionalization, where 36% of settled cyprids detached during metamorphosis 

or shortly thereafter.  Several detached metamorphosed juvenile barnacles are shown 

in Figure 3-14.  This effect is observed when the permanent adhesive of the cyprid has 
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very low bond strength.  These settled and detached individuals were not included in 

the overall calculations for settlement on these surfaces. 

 

Figure 3-13: 48 hour settlement of 3-day old cypris larvae of the barnacle Balanus 

amphitrite. 

 

 

 

Figure 3-14: Optical microscope image showing juvenile barnacles detached from the 

surface during metamorphosis. 
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 The findings of the settlement assay did pose a problem for measuring 

removal.  While the required numbers of settled larvae could be achieved quite easily 

on the control surfaces, insufficient numbers for an experiment settled onto the test 

surfaces, even in the presence of an artificial settlement inducer (10
-5

 M, 3-isobutyl-1-

methylxanthine).  Further, many of those that did settle subsequently became detached 

without intervention.  It was clear that adhesion strength of larvae was very low to 

some of the surfaces and that all deterred settlement significantly relative to controls. 

 

Discussion 

 Much work has been done studying network siloxane materials as antifouling 

coatings,
38,39,51,70,71

 since many compositions exhibit excellent performance in 

reducing marine fouling.  Some prior work in contrast used siloxane-containing block 

copolymer thermoplastic elastomers in coatings
34,52

 with PDMS as a component of 

either the polymer backbone or as a side group.  By using block copolymers instead of 

network materials which require curing, the coating application process is simplified 

greatly.  Because commercial coatings are applied in a wide range of environments, 

having a coating method which requires reactive curing increases variability in the 

final surface. An alternative material that has many of these excellent performance 

characteristics but does not require curing is therefore desirable. 

This work is to the best of our knowledge the first to incorporate PDMS into 

the backbone of a block copolymer intended for anti-fouling applications and at the 

same time investigate the effect of varying polymer architecture on the antifouling 

performance of the surfaces. The PS-PDMS and PS-PDMS-PS block copolymers 
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reported here highlight the effect that block copolymer composition and structure can 

have not only on surface chemistry, but also how those surface cues can affect 

biofouling adhesion on these surfaces.  Diblock and triblock PS-PDMS and PS-

PDMS-PS copolymers were synthesized by anionic polymerization, producing 

siloxane-based thermoplastic materials which are easily processed in solution.  By 

producing both the diblock and triblock copolymers from the same polymerization 

reaction, relative ratios of each component are identical between each structure to 

ensure that surface effects were not dictated by composition, but instead by structure.  

PEG was successfully functionalized onto these materials in solution using thiol-ene 

“click” chemistry as confirmed by NMR to produce amphiphilic siloxane block 

copolymers, which are of particular interest as antibiofouling coatings. 

 We observed that the PS-b-PDMS block copolymers can be spray coated easily 

from solution to produce uniform coatings in the laboratory without any chemical 

curing step.  The block copolymers were spray coated onto SEBS coated glass slides 

to be studied.  The elastomeric underlayer promotes fouling release through a peeling 

mechanism possible because of the low modulus mechanical properties of the 

coating.
45,72

  Studies of these surfaces using both NEXAFS and XPS show that PDMS 

almost exclusively dominates the top several nanometers of these coatings.  Because 

of the low surface energy and high chain mobility of PDMS,
47,48

 it can outcompete 

other functionalities including the PEG and PS components of the block copolymer 

when in air.  Both the PEG and PDMS units are located near the surface despite the 

strong surface active character of the PDMS backbone because they are intimately 

incorporated as end blocks (PS) and as components of the PDMS block (PEG). They 
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can readily interact therefore with the aqueous environment. 

 Bubble contact angle measurements taken immediately after immersion in 

water show significant differences between the samples based on PEG content.  

Because these measurements are made underwater, even initial contact angle 

measurements show the effects of hydration.  With the PEG components located near 

the surface, once hydrated they are able to quickly displace the PDMS at the surface 

layer, making the surface more hydrophilic and aid in fouling release. This effect 

becomes greater with increasing hydration time. 

 The surfaces of these coatings reconstruct significantly upon immersion in 

water.  Captive bubble contact angle measurements show that these materials become 

more hydrophilic over time underwater.  Additionally, higher PEG content producing 

more hydrophilic coatings.  The block copolymer structure also has an effect on the 

surface wettability, with blends of diblock and triblock copolymers being more 

hydrophilic than either block copolymer independently.  It is expected that each of 

these block copolymers adopts a conformation at the surface which dictates how it will 

deliver PEG to the surface.  The diblock materials are designed to better cover the PS, 

as the PEG functionalized siloxane has greater conformational freedom being tethered 

only at one end.  The triblock is designed to form loop-like structures at the surface, 

which reduces the degrees of freedom of the siloxane.  This resulting reduction in 

mobility is designed to trap the PEG at the surface, which also means more PS will be 

located in the surface region.  By combining both diblock and triblock surface active 

block copolymers, we successfully achieve our goal of minimizing surface PS content 

and enriching the surface in PEG and PDMS.  The increased hydrophilicity of these 
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surfaces gives indication that this strategy is especially effective for delivering PEG to 

the surface. 

 Surface reconstruction was also verified by XPS and NEXAFS, showing that 

after immersion in water, the surface has higher oxygen content relative to silicon, 

indicating enrichment of PEG relative to the PDMS underwater.  XPS studies do not 

show an increase in oxygen content based on functionalization of PEG, likely because 

the samples are able to rearrange under vacuum, repopulating the surface with PDMS.  

This effect was observed using NEXAFS spectroscopy.  This technique also shows an 

increase in PEG at the surface after immersion in water, along with an increase in PS 

content.  However, surface sensitive measurements of the polymer coatings show that 

after hydration the very top few nanometers of the coating is predominantly PDMS. 

 These coatings showed excellent removal of U. linza sporelings from the 

surface, indicating low adhesion strength of the algae to the surface.  There was also a 

very strong dependence of block copolymer structure on the fouling release, with the 

diblock copolymer and mixed diblock and triblock coatings showing far higher 

removal of U. linza than any of the triblock copolymer coatings.  Further, removal was 

increased with higher functionalization of PEG to the siloxane block copolymer.  The 

removal of N. incerta diatoms also showed improved removal with higher PEG 

functionalization, with a weaker dependence on block copolymer structure indicating 

that the mixed diblock and triblock coatings outperform either copolymer alone.  

Barnacle adhesion to all of these coatings functionalized with PEG was extremely low, 

with almost no cyprids settling on the surfaces.  Even after settling and 

metamorphosing, the juvenile barnacles showed extremely low adhesion strength, 
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spontaneously detaching from the surfaces making settlement counts even lower. 

 

Summary 

 This study effectively showed the importance of block copolymer architecture 

on surface chemistry and how those changes can control antifouling performance.  It 

was observed that overall amphiphilic siloxane-based block copolymers are very 

effective at preventing barnacle fouling as well as promoting release of Ulva 

sporelings.  Diblock and mixed diblock and triblock coatings showed much higher 

removal of Ulva than the triblock copolymer coatings, even though all materials had 

the same relative content of PS, PDMS, and PEG.  Removal of Navicula showed the 

mixed diblock and triblock system outperforming either block copolymer on its own.  

This indicated that the goal of enhancing antifouling performance by using the diblock 

copolymer to mask any PS content and the triblock to populate the surface with the 

PEG side groups was successful.  Surface characterization highlights how these blends 

better deliver PEG to the surface, producing more hydrophilic surfaces.  Significant 

improvements in the performance of the PS-PDMS block copolymer control by 

functionalization with PEG show the importance in utilizing siloxanes in amphiphilic 

systems for antifouling coatings. 
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Chapter 4 - Neutron Reflectivity Studies of PEG and Fluoroalkyl 

Modified Siloxane Block Copolymer Antifouling Coatings to 

Evaluate Reconstruction in Water 
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Abstract 

 A set of siloxane block copolymers functionalized with PEG and fluoroalkyl 

side groups was investigated as antifouling surfaces.  The proximity of the PEG and 

fluoroalkyl groups was varied by attaching the groups in a one side group, a separate 

side groups on the same block copolymer, and separate side groups on separate block 

copolymers in a blend.  These coatings, in particular those with PEG content separated 

from the fluoroalkyl groups, showed high removal and low settlement of Ulva linza as 

well as extremely low barnacle settlement for Balanus amphitrite.  Surface 

characterization by X-ray photoelectron spectroscopy showed that fluoroalkyl groups 

surface segregate within the siloxane coatings, and that increased spacing between the 

fluoroalkyl group and PEG lead to increased surface population of fluorine.  Neutron 

reflectivity studies confirmed that in air, the fluorinated groups are strongly surface 

segregated.  However, immersion in water caused significant restructuring of the films 

in relation to the surface.  In a sample where PEG is separate from the fluoroalkyl 

group, a hydrated surface layer of PEG is formed at the top of the film, increasing film 

thickness.  When the PEG and fluoroalkyl groups are bound together, however, there 

is no discrete PEG rich top layer, instead a hydrated fluorine rich layer.  The ability of 

PEG to hydrate at the surface of these siloxane coatings improves the antifouling and 

fouling release performance of the surface. 

 

Introduction 

 Marine biofouling of manmade surfaces has negative effects on the 

performance and lifetime when in contact with marine environments.
1,2

  This affects 
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maritime shipping and military vessels, heat exchangers, water filtration and 

purification, and marine sensing and many other activities.  Drag penalties and added 

maintenance from fouling costs the US Navy fleet, which makes up only 0.5% of all 

maritime vessels, $75-100M per year.
1
  Millions of tons of additional fuel are 

consumed annually due to reduced efficiency and increased fuel costs,  which 

contributes to greenhouse gas emissions in addition to consumption costs.
3
  The 

process of marine biofouling involves a very diverse array of marine organisms and 

begins to occur rapidly in marine environments with protein conditioning of surfaces 

and settlement of microorganisms.
4
 

 Many successful coatings used commercially in the past as well as today 

incorporate biocidal compounds such as copper and alkyl tins to prevent fouling.
5
  

These biocidal compounds have been shown to be detrimental to the environment as 

the coatings begin to wear and leach the biocides into the marine environment.
6
  The 

use of these biocidal compounds is being regulated in many regions globally due to 

the potential risks they pose to marine ecosystems. 

 Effective antifouling coatings both reduce settlement and attachment of marine 

organisms to a surface and minimize their adhesive strength to facilitate removal.  

Polydimethylsiloxane (PDMS) has shown excellent fouling release properties due to 

the low surface energy material which reduces adhesion strength to surfaces.
7–9

  It also 

has a low elastic modulus, further promoting the fouling release performance of this 

material through a peeling mechanism.
8–12

  Additionally, amphiphilic block 

copolymers combining hydrophilic and hydrophobic components create “ambiguous” 

and stimuli responsive surfaces have been shown to be highly effective as antifouling 
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coatings.
13–22

  Incorporation of hydrophilic groups including PEG with hydrophobic 

groups such as alkyl, fluoroalkyl, or siloxanes create coatings which are very resistant 

to marine fouling.  These surfaces are highly responsive to their environment, 

reconstructing in the presence of water.
22

 

 Siloxane-based materials have continuously shown high performance in 

antifouling coatings when incorporated in a variety of compositions.  Early work 

resulted in the Baier curve
23,24

 that shows that the low surface energy, low elastic 

modulus, and high chain mobility of the siloxane polymer backbone are critical 

aspects to the superior performance of these materials, and seem to be unique to 

siloxanes as a class of materials.  By developing amphiphilic additives which include 

hydrophilic (e.g. PEG) and hydrophobic materials (e.g. perfluoroalkyl) which can 

surface direct the additives during curing, the surfaces of these materials are signifi-

cantly improved against a broad range of foulers without sacrificing the mechanical 

properties of the siloxane network. 

 Elastomeric block copolymers have been shown to make excellent antifouling 

coatings when functionalized with hydrophilic or amphiphilic components.
16–18,20,25–27

  

Because PDMS has such a low surface energy, delivering side groups to the surface of 

a coating is very difficult.  The siloxane dominates the surface of these materials, and 

very few materials are able to compete for surface presentation in air.  Fluoroalkyl 

groups are able to surface segregate within a PDMS matrix, and have been used to 

make additives surface active in these coatings.
28,29

  Under water, more hydrophilic 

groups such as PEG are able to populate the surface of a siloxane coating,
30

 but 

fluorinated groups are often used to ensure these groups are near the surface 
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throughout the coating process. 

 This work examines the use of fluoroalkyl and PEG side groups in siloxane 

block copolymer coatings and how composition affects surface chemistry and 

antifouling performance.  Work presented in Chapter 3 highlights how PEG can 

increase the performance of siloxane coatings, and this work expands on that by 

determining how more surface active species affect the surface.  Polystyrene-block-

poly(dimethylsiloxane-random-vinylmethylsiloxane)-block-polystyrene was 

functionalized by thiol-ene “click” chemistry with PEG, fluoroalkyl, and Zonyl® (a 

fluorosurfactant with PEG and fluoroalkyl repeat units) as shown in Error! Reference 

source not found..  Additionally, a block copolymer with a 50:50 ratio of the PEG 

and fluoroalkyl side groups was produced as well as a coating blending the PEG 

functionalized and fluoroalkyl functionalized siloxane block copolymers. 

  

 

Figure 4-1: Siloxane block copolymer and side groups functionalized to produce 

antifouling coatings 

 

 Surface chemistry was evaluated using XPS to understand how combinations 

of these side groups modified surface structure.  Additionally, bubble contact angle 

measurements show how these surfaces reconstruct underwater, where PEG interacts 
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with the aqueous environment.  Finally, neutron reflectivity (NR) studies were 

performed in air and under water to observe how the films reconstruct and swell.  This 

technique allows us to observe the film in the dimension normal to the surface, and 

from these measurements we can see how thickness and composition change when 

immersed in water.  These surfaces were then evaluated for antifouling and fouling 

release performance against Ulva linza, a marine algae, and Balanus amphitrite, a 

barnacle species. 

 

Experimental 

Materials 

Monomethylated poly(ethylene glycol) (Mn = 350), Zonyl® FSO-100 

fluorosurfactant, methanesulfonyl chloride, 3-(aminopropyl)trimethoxysilane, 

diisopropylethylamine, diisopropylcarbonimide, styrene, sec-butyl lithium, sulfuric 

acid, sodium hydroxide, propylene glycol monomethyl ether acetate (PGMEA), and 

dimethoxyphenylacetophenone were purchased from Sigma-Aldrich., polystyrene-

block-poly(ethylene-ran-butylene)-block-polystyrene (SEBS, MD6945) and SEBS 

grafted with maleic anhydride (MA-SEBS, FG1901X) were generously provided by 

Kraton Polymers. Anhydrous chloroform (CHCl3), anhydrous tetrahydrofuran (THF), 

methylene chloride (CH2Cl2), methanol (CH3OH), benzene, sodium hydroxide 

(NaOH), sulfuric acid (H2SO4), 30 wt% hydrogen peroxide (H2O2) in water, 

anhydrous ethanol (CH3CH2OH), sodium hydride, and all other chemicals were 

purchased from Sigma-Aldrich and used without further purification unless otherwise 
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noted.  Tetrahydrofuran (THF) was dried by stirring over sodium metal and 

benzophenone and distilled, and degassed by a freeze pump thaw process.  Styrene 

was dried by stirring over ground calcium hydride (CaH2), then distilled and degassed 

by a freeze pump thaw process.  Deuterium oxide (D2O) was purchased from 

Cambridge Isotope Labs.  Hexamethylcyclotrisiloxane (D3) purchased from Gelest 

was dried by stirring in benzene over CaH2.  After drying, the benzene was distilled 

and the D3 sublimed into a flask containing benzene and dried styrene polymerized 

with sec-butyl lithium.  The D3 was stirred at room temperature over the 

polymerization to further dry the D3 until the solution was clear, then the benzene was 

distilled and the D3 sublimed into a clean flask.  The benzene was then distilled off the 

D3 to yield dried trimer.  1,3,5-trivinyl-1,3,5-trimethylcyclotrisiloxane (V3) was dried 

by stirring over CaH2, then distilled and degassed by a freeze pump thaw process.  

Dichlorodimethylsilane and chlorotrimethylsilane were purified by simple distillation 

and degassed by bubbling dry nitrogen through the liquid prior to use. 

Synthesis of PEG, Fluoroalkyl, and Zonyl® functionalized siloxane block copolymers 

A clean dry flask evacuated with nitrogen was filled with 50 mL of dried 

benzene.  To this, 714 µL of 1.4 M sec-butyl lithium in hexanes was added and stirred, 

followed by the addition of 7.7 mL (7 g) of dried styrene to initiate the polystyrene 

polymerization and allowed to react for 24 hr to consume all monomer in the solution 

to produce a 7 kg/mol polystyrene block.  A sample was taken after 24 hr for analysis 

by GPC.  A 0.5 g/mL solution of D3 in dried benzene was prepared to add to the 

polymerization.  98 mL of this solution (49 g of D3) was added to the polymerization 

to initiate the D3 polymerization.  This was allowed to react for 24 hr until the solution 
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was colorless.  At this time, 20 mL of distilled THF was added to the reaction to 

accelerate the polymerization of the D3.  After 2 hours, 1.75 g of V3 in THF was 

added to the polymerization via syringe pump over 48 hours and reacted at room 

temperature for an additional 2 days.  A sample was taken from the polymerization for 

analysis by GPC and NMR.  The polymerization was split into two portions, one to 

yield the diblock and the other to yield the triblock copolymer.  To couple the polymer 

and form a triblock, dichlorodimethylsilane was added to the polymerization.  40 µL 

of the coupling agent was added directly to the reaction and allowed to stir for 16 

hours.  An additional 22 µL of dichlorodimethylsilane in 2.5 mL of THF was added to 

the polymerization via syringe pump over 24 hours.  The polymers was precipitated in 

1 L of methanol, filtered and dried.  The polymer was characterized by GPC to 

determine final molecular weight, and by NMR to determine vinyl content. 

 

Scheme 4-1:Anionic polymerization of PS-b-P(DMS-stat-VMS)-b-PS 

 A thiol-terminated PEG was prepared using monomethyl poly(ethylene glycol) 

with a molecular weight of 350 g/mol.  20 g (57.1 mmol) of PEG was stirred in 40 mL 
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of THF with 11 mL (63.1 mmol) of diisopropylethylamine (DIEA) at 0 °C.  To this 

solution, 5 mL of mesyl chloride in 20 mL of THF was added dropwise and allowed to 

stir overnight.  The reaction was purified by first drying over sodium sulfate, then 

passing over a plug of silica with excess THF.  The solution was dried yielding 24.81 

g of pale yellow liquid product. 

 
1
H NMR (300 MHz, CDCl3): δ (ppm) 4.30 (m, 2H, -CH2OSO2-), 3.45-3.83 

(m, -OCH2CH2O-), 3.35 (s, 3H, CH3O-), 3.07 (s, 3H, CH3SO3-). 
13

C NMR (300 

MHz, CDCl3): δ(ppm) 71.78, 70.34, 69.37, 68.38, 58.87, 37.56 

 This product was then added to 60 mL of ethanol with 5.5 g (71.5 mmol) of 

thiourea.  This solution was refluxed for 18 hours under nitrogen.  At this point, 11 g 

(275 mmol) of NaOH in 20 mL of water was added to the reaction and refluxed for an 

additional 24 hours under nitrogen.  The solution was neutralized with 1M HCl and 

the product was extracted four times with dichloromethane.  The solution was dried 

using sodium sulfate and dried to produce 11.6 g of product. 

 1
H NMR (CDCl3): δ (ppm) = 3.5-3.8 (m, -OCH2CH2O-), 3.37 (s, 3H, CH3O-), 

2.88 (t, 2H, -CH2-SH), 1.6 (s, 1H, -SH) 

 

 

Scheme 4-2: Synthesis of thiol-terminated PEG for attachment to siloxane block 

copolymer 
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 A thiol-terminated Zonyl® was prepared using Zonyl® FSO-100 

fluorosurfactant with an approximate molecular weight of 656 g/mol and a distribution 

of Ɖ=1.2.  30 g (45 mmol) of Zonyl® was stirred in 40 mL of THF with 8.6 mL (49.5 

mmol) of diisopropylethylamine (DIEA) at 0 °C.  To this solution, 3.8 mL (49.5 

mmol) of mesyl chloride in 20 mL of THF was added dropwise and allowed to stir 

overnight.  The reaction was purified by first drying over sodium sulfate, then passing 

over a plug of silica with excess THF.  The solution was dried yielding 27.3 g of 

brown liquid product. 

 This product was then added to 60 mL of ethanol with 3.8 g (50 mmol) of 

thiourea.  This solution was refluxed for 18 hours under nitrogen.  At this point, 11 g 

(275 mmol) of NaOH in 20 mL of water was added to the reaction and refluxed for an 

additional 24 hours under nitrogen.  The solution was neutralized with 1M HCl and 

the product was extracted four times with dichloromethane.  The solution was dried 

using sodium sulfate and dried to produce 16.4 g of product. 

 

 

Scheme 4-3: Synthesis of thiol-terminated Zonyl® fluorosurfactant for attachment to 

siloxane block copolymer 



 

156 

 The thiol-functionalized PEG, Zonyl®, and fluoroalkyl groups were then 

attached to the siloxane backbone using Thiol-ene “click” chemistry to react onto the 

vinyl groups in the VMS.  In a typical reaction, 2 g of the siloxane block copolymer 

was dissolved in 5 mL dichloromethane.  Relative to the moles of vinyl groups in the 

polymer determined by NMR spectroscopy, 5 equivalents of the thiol and 0.2 

equivalents of dimethoxyphenyl acetophenone (DMPA) were added to the solution.  

The reaction vessel was purged with nitrogen and the solution was degassed by 

bubbling nitrogen for 20 minutes.  The solution was then exposed to 365 nm UV light 

for 1 hour.  The polymer was precipitated in 200 mL of methanol, filtered, and dried 

under vacuum to yield functionalized polymer.  Polymer samples were produced with 

PEG, fluoroalkyl, Zonyl®, and a mix of 50:50 PEG:fluoroalkyl side groups. 

Surface Preparation 

Coated glass slides for biofouling assays were prepared as previously reported 

using SEBS materials.
31

  Briefly, standard microscope glass slides (3 in × 1 in.) were 

treated with freshly prepared piranha solution (7:3 v/v, mixture of concentrated H2SO4 

and 30 wt% H2O2 solution) overnight, and then sequentially rinsed with distilled water 

and anhydrous ethanol before dried with nitrogen gas. The dried clean glass slides 

were then immersed in 3.5% (v/v, in anhydrous ethanol) 3-

(aminopropyl)trimethoxysilane solution at room temperature overnight, followed by 

washing with water, anhydrous ethanol, and drying using nitrogen. The aminosilane 

treated glass slides were cured by heating to 120 ºC in a vacuum oven at reduced 

pressure for 2 h before slowly cooling down to room temperature. The first layer 

coating were applied on the silane treated glass slides by spinning coated with 



 

157 

SEBS/MA-SEBS solution (7% w/v SEBS and 2% w/v MA-SEBS) in Toluene (2500 

rpm, 30 sec), followed by baking the glass slides at 120 ºC in a vacuum oven at 

reduced pressure for 12 h, allowing the maleic anhydride groups in the polymer 

backbone react with amine groups on the glass surfaces, therefore improving the 

bonding of the coating to the glass. The second layer was spin coated with SEBS 

solution (12 % w/v SEBS solution) three times (2500 rpm, 30 sec.), followed by 

further baking at 120 ºC in a vacuum oven at reduced pressure for 12 h to give a base 

layer thickness about 1 mm. The modified siloxane block copolymers were finally 

spray coated on the surface using Badger model 250 airbrush and 50 psi nitrogen gas, 

and annealed in a vacuum oven at reduced pressure at 60 ºC for 12 h, and then 120 ºC 

for 12 h to ensure the complete removal of the solvents.  Coatings were produced from 

each block copolymer functionalized, as well as a blend of the PEG functionalized 

siloxane and the fluoroalkyl functionalized siloxane. 

 

Characterization 

1
H NMR 

1
H NMR spectra were recorded using a Varian Gemini 400MHz spectrometer 

in CDCl3 solution. 

GPC 

Molecular weights (Mn, Mw) and dispersities (Ɖ) of all polymers were 

determined by GPC on a Waters 1515 Isocratic HPLC pump ambient temperature 

chromatograph using THF as a solvent.  The machine is equipped with both a Waters 
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2414 differential refractive index detector as well as a Waters 2489 UV/Visible 

detector. Polystyrene standards were used for calibration. 

Bubble Contact Angle 

 Water contact angle measurements were taken using an NRL contact angle 

goniometer (Rame-Hart model 100-00) at room temperature using deionized water.  

For each sample, three separate measurements were taken from separate bubbles at 

different locations on the surface.  The contact angle of an air bubble in contact with 

the surface underwater was determined using the captive bubble method previously 

described.
32,33

  An air bubble was trapped against the surface immersed upside-down 

in water by releasing it from the tip of a 22 gauge stainless steel needle.  These 

measurements were taken immediately after immersion in water, and at regular time 

intervals to determine how the wettability changes as the surfaces rearrange upon 

exposure to a water environment. 

XPS 

X-ray photoelectron spectroscopy (XPS) of surfaces was performed using a 

Surface Science Instruments SSX-100 with a monochromatic Al-K X-ray source at 

1486.6 eV, and an operating pressure of less than 2 × 10
–9

 Torr.  Photoelectrons were 

collected at an emission angle, , of 55° from the surface normal and analysed using a 

hemispherical analyser with pass energy of 150 eV for survey scans and 50 eV for 

high resolution scans.  The X-ray incidence angle, relative to the surface normal, was 

71°.  Charge compensation was carried out using low-energy electrons from an 

electron flood gun. The spectra were analysed using CasaXPS v. 2.3.14 software. 
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Atom concentrations were calculated using peak areas normalized on the basis of 

Scofield photoemission cross sections and sampling depths.  The transmission 

function was assumed to be constant over the range of kinetic energies in the survey 

scans. 

Neutron Reflectivity 

 Neutron reflectivity (NR) measurements were conducted on the NG7 

Horizontal Neutron Reflectometer at the National Institute of Standards and 

Technology (NIST) Center for Neutron Research (NCNR) in Gaithersburg, MD.
34

  

The Zonyl® functionalized siloxane and the 50:50 PEG:fluoroalkyl side chain 

functionalized siloxane were both prepared for study by spin coating a 5 wt% solution 

in propylene glycol monomethyl ether acetate (PGMEA) onto a silicon wafer.  

Samples were tested both dry and immersed in heavy water (D2O). 

 NR measures reflected neutron intensity from a surface as a function of 

incident angle of a neutron beam which provides information about atomic 

composition of a film normal to a reflecting surface.  Reflectivity, R, is the ratio of the 

intensity of the reflected beam to the incident intensity measured as a function of wave 

vector, q (q = 4π/λ sinθ where λ is the neutron wavelength and θ is the incident angle).  

R is dependent on q by the scattering length density (SLD) of the film on the reflecting 

surface.  The neutron beam has a width of 35 nm, with height varied to maximize 

intensity and maintain a constant footprint on the sample surface and relative 

resolution in q of δq/q = 0.04.  The wavelength of the neutron beam was set by a 

graphite monochromator at 4.75 Å.  The q range for measurements was between 0.1 

and 0.15 Å
-1

 for all samples, dependent on the decay observed of intensity. 
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 Neutron data were reduced and analyzed with programs in the REFLPAK 

suite.
35

  Data were corrected for background scattering and normalized against the 

incident beam using Reflred.  The MOTOFIT program
36

 was used to fit the reflectivity 

profiles using a model including SLD, layer thicknes, and Gaussian roughness in order 

to minimixe χ
2
 between measured and calculated curves. 

 

Laboratory Bioassays 

Zoospores and sporelings of Ulva linza 

 For assays with U. linza, 9 slides were equilibrated in filtered ASW for 72 

hours before beginning the assays. Motile zoospores were released into ASW from 

mature plants using a standard method,
37,38

 then suspended in a solution of filtered 

ASW to obtain an OD600nm absorbance of 0.15 (corresponding to 1 × 10
6 

spores ml
-1

).  

10 mL of spore suspension were added to each slide placed in an individual 

compartment of quadriPERM® dishes, and the spores were allowed to settle in 

complete darkness for 45 minutes. After that time, all slides were rinsed gently using 

filtered ASW. Three of the slides for each polymer were fixed and quantified as 

described previously for cells of N. incerta. The remaining 6 slides, were placed after 

rinsing with ASW in individual compartment of quadriPERM® dishes, and 10 mL 

enriched seawater medium.  The slides were incubated   at 18°C with a 16h:8h 

light:dark cycle and with a light intensity of 40 μmol m-2 s-2 for 7 days to allow the 

growth of the sporelings on the coatings. After the first 24h and then every 2 days the 

medium was refreshed. The biomass of sporelings on the surfaces was determined by 
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quantifying the fluorescence of chlorophyll using a plate reader (TECAN, GENios 

Plus) in relative fluorescence units (RFU) as previously described.
39,40

 

To   evaluate the ease of removal of sporelings, these 6 slides were then 

exposed for 5 min to a wall shear stress of 50 kPa  in a  calibrated water channel.
41

 

Biomass remaining after flow on the surfaces was again determined using a plate 

reader and was compared to unexposed samples to determine the percentage of 

sporelings removed. 

Barnacle cyprid settlement and removal of Balanus amphitrite 

Settlement and removal assays of barnacles were performed with cypris larvae 

of Balanus amphitrite.  Prior to tests, the films were equilibrated in artificial sea water 

for 72 hours to prepare coatings for bioassays. 

Adult broodstock was supplied by the Duke University Marine Laboratory, 

North Carolina, USA, and reared at Newcastle University. Adults were maintained in 

semi-static culture, in natural seawater (exchanged daily), at 23 ± 2 °C and a salinity 

of 32. Nauplius larvae were released naturally and attracted to a point cold light 

source. Nauplii were stored in a beaker with a dilute concentration of Tetraselmis 

suecica until approximately 10,000 stage 1 nauplii had been collected (within 2–3 h), 

as described in Elbourne et al. (2008). Nauplii were then transferred into a bucket with 

10 L of 0.7 μm filtered seawater, 36.5 mg L
–1

 of streptomycin sulphate and 21.9 mg L
–

1
of penicillin G and incubated at 28 °C.  The larvae were fed daily with an excess of 

Tetraselmis suecica and Skeletonema marinoi until metamorphosis to the cyprid. 

Cyprids for settlement assays were collected by filtration and stored in 0.22 µm 

filtered natural seawater (FSW) at 6 °C for 3 days.  
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Settlement assays were carried out using coated glass slides placed in 

quadriPERM dishes (Sarstedt, Germany). Approximately 20  3-day-old cyprids were 

placed in a 1 mL drop of 0.22 µm FSW onto the surface of each coated slide, with six 

replicates per formulation.  The lids were placed on the quadriPERM dishes to 

minimise water evaporation and incubated in the dark at 28°C. Settlement was 

enumerated after 24 and 48 h and expressed as percentage settlement. Polystyrene 24-

well plates, containing 2 mL of 0.22 µm FSW and 20 cyprids per slide (n=12 

replicates), were used as a reference to check cyprid health and that settlement was at 

normal levels. 

Following the settlement assays, approximately 100 cyprids were added to 

each surface and incubated for another 24 hours to increase settlement on the surface 

to perform removal assays.  Unattached larvae were removed, and settled barnacles 

were fed with a dilute culture of T. Suecica.  Juvenile barnacles were grown at room 

temperature for five days, at which time all individuals were counted.  Removal was 

performed in a flow channel with a wall shear stress of 92 Pa for 2 minutes.  

Remaining barnacles were again identified and counted, removal was determined as 

the proportion of juveniles which were removed in the flow. 

 

Results 

Chemical and Surface Characterization 

 A siloxane triblock copolymer, polystyrene-block-poly(dimethylsiloxane-

random-vinylmethylsiloxane)-block-polystyrene (PS-P(DMS/VMS)-PS) was 
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synthesized by anionic polymerization.  The molecular weight of the PS block was 

determined to be 7.1 kDa with a dispersity of 1.03.  The total molecular weight of the 

siloxane block after polymerization and coupling of the siloxane to form the triblock 

copolymer was 64 kDa with a dispersity of 1.17.  The distribution of the vinyl groups 

within the siloxane block was controlled by adding the V3 cyclic trimer slowly via 

syringe pump.  V3 is much more reactive than D3, polymerizing 16 times as quickly 

in a solvent mixture of 3:1 benzene:THF.  The siloxane block had 5.3 mol% vinyl 

content as confirmed by NMR. 

 XPS studies of the surfaces show the tendency of side groups to surface 

segregate within the PDMS coating, and relative atom content for each sample is 

shown in Figure 4-2.  The PS-PDMS control shows a relative atom content almost 

identical to that of a block of PDMS alone, indicating that the surface is dominated by 

the siloxane.  Functionalization with either PEG or Zonyl® side groups does not 

change this composition at the surface significantly, indicating that these side chains 

are not able to surface segregate within the PDMS block copolymer.  The fluoroalkyl 

side chain functionalized siloxane shows the highest content of fluorine at the surface, 

and the lowest silicon content, showing that this side group is able to surface segregate 

efficiently within the siloxane copolymer.  The blend of the fluoroalkyl siloxane and 

the PEG siloxane showed less fluorine and more silicon content at the surface than the 

all fluoroalkyl siloxane.  Finally, the block copolymer with 50:50 PEG:fluoroalkyl 

side chains shows a modest fluorine content at the surface. 
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Figure 4-2: Relative atom content at the surface of coatings as measured by XPS 

 

 Bubble contact angle measurements taken underwater in Figure 4-3 show how 

the surfaces of these coating reconstruct over time.  All of these coatings become more 

hydrophilic upon extended immersion in water.  The most hydrophilic coating is the 

PEG functionalized siloxane, and the most hydrophobic is the fluoroalkyl 

functionalized siloxane.  All of these surfaces show a similar reconstruction profile, 

with the exception of the 50:50 PEG:fluoroalkyl functionalized siloxane coating.  This 

surface is observed to have a contact angle that drops very quickly initially, and 

flattens out from there.  This is likely because the fluoroalkyl groups are close 

together, being attached to the same polymer, bringing the PEG very close to the 

surface in the dry state which makes it highly accessible to hydration especially in 

comparison to the blend of the PEG-siloxane and fluoro-siloxane.  Also, unlike the 

Zonyl-siloxane, the fluoroalkyl group is able to segregate away from the surface 

quickly, as it is not directly bound to the PEG unit. 
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Figure 4-3: Bubble contact angle measurments of fluoralkyl and PEG functionalized 

siloxane block copolymer coatings 

 

 Neutron reflectivity (NR) allows for the study of film composition in the 

dimension normal to the surface of a film.  A neutron beam is illuminated onto the 

sample at a very shallow angle, and the reflected beam intensity is measured.  All 

atoms are able to scatter the neutrons to a different degree, and this ability to scatter is 

notated as the scattering length density (SLD).  Atoms such as deuterium and fluorine 

are able to scatter neutrons efficiently, while carbon, oxygen, hydrogen, and silicon 

have very low SLD values.  This is why the fluoroalkyl component is important when 

performing neutron reflectivity measurements.  By sweeping the incident angle of the 

beam and measuring the reflected intensity, an interference spectrum is produced 

related to the composition of the film.  Fitting the specular data using a model film 

allows the structure of the film to be determined.  The model can include many layers 

with varying SLD values and roughness between each layer.  In this way, the SLD of 
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the film as a function of distance from the interface can be extracted from the specular 

data.  Because fluorine is the only atom in the block copolymer with a high SLD, this 

fitting approximately shows the concentration of fluorine atoms as a function of depth 

into the film. 

 Because a neutron beam can pass through air and silicon without losing 

intensity, these experiments can be performed in environments that are not available in 

X-ray studies such as in air or even at a water interface.  All films are coated onto a 

thick silicon wafer for the experiment.  Samples are run in air with the film facing up, 

making the interface of the model the air-polymer interface.  A liquid cell has been 

produced at NIST which also allows for in situ NR to be performed with the film in 

contact with D2O, which is used in place of H2O because of its higher SLD.  The cell 

is filled with liquid, and the sample is mounted with the polymer film facing down.  

The incident neutron beam passes through the silicon wafer and reflects at the 

interface from behind the polymer sample.  Because this sample is run upside down 

relative to the dry samples, the interface in the fitting model is that of the polymer-

silicon wafer.  Specular data collected in air is shown in red, and data collected 

immersed in D2O is shown in blue. 

 Neutron reflectivity studies done of two coatings show how films of these 

block copolymers stratify and reconstruct under water.  The first sample had 50:50 

PEG:fluoroalkyl side groups.  Fitting of NR measurements, shown in Figure 4-4, 

shows the film composition of the film as cast in air.  The fitting has a χ
2
 of 2.54x10

-20
, 

indicating a good fit, and the fitting trace agrees with the collected data.  The SLD 

curve, shown in inset, shows the composition of the film normal to the silicon wafer.  
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It is observed that this film has a total thickness of 25.4 nm, and is modeled well by a 

two layer film stack.  The bottom layer is the bulk of the film, at 23.0 nm with a SLD 

of 0.411 Å
-2

, and is composed of the bulk of the siloxane block copolymer.  Directly at 

the surface is a very thin 2.4 nm layer with a SLD of 3.37 Å
-2

, which is the result of 

the surface segregation of the fluoroalkyl groups, which have a much higher surface 

concentration than the bulk of the material as shown in XPS. 

 

Figure 4-4: Specular neutron reflectivity (R x Q
4
) data for the 50:50 PEG:Fluoro 

functionalized siloxane block copolymer.  Open circles represent collected reflectivity 

data, and the solid line is the best fit based on SLD profiles which has a χ
2
 of 

2.54x10
-20

.  Inset shows SLD profiled extracted from the fitting. 

 

 Fitting of the reflectivity data while immersed in D2O shows a significant 

change in the composition of the film.  The fitting shown in Figure 4-5 was again very 

good with a χ
2
 of 4.09x10

-19
, agreeing with collected data very well.  This film was 

modeled with three layers and a total thickness of 48.1 nm, significantly thicker than 
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the dry sample.  The first layer again is the bulk of the film, at 32.0 nm with an SLD of 

1.62 Å
-2

, and is the siloxane block copolymer bulk which is thicker than the same 

layer of the dry film.  It also has a higher SLD, both of which come from the swelling 

of the layer with D2O.  The second layer, now thicker at 6.9 nm with an SLD of 7.77 

Å
-2

, is again a fluoroalkyl rich layer, though again thicker than in the dry film due to 

swelling.  The top layer new to this film, at 9.2 nm with an SLD of 4.65 Å
-2

, is a 

hydrated layer at the surface, made up of PEG hydrated with heavy water. 

 

Figure 4-5: Specular neutron reflectivity (R x Q
4
) data for the 50:50 PEG:Fluoro 

functionalized siloxane block copolymer measured under D2O.  Open circles represent 

collected reflectivity data, and the solid line is the best fit based on SLD profiles 

which has a χ
2
 of 4.09x10

-19
.  Inset shows SLD profiled extracted from the fitting. 

 

 The Zonyl® functionalized siloxane block copolymer has a very similar 

composition to the PEG:fluoroalkyl siloxane, but the neutron reflectivity data shows 

some significant differences.  The sample studied in air in Figure 4-6 is very similar to 
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that of the PEG:fluoro coating, and fitting of the data gives a χ
2
 of 7.20x10

-20
, with a 

total film thickness of 29.4 nm.  The first layer is again the bulk siloxane material, 

with a thickness of 24.4 nm and an SLD of 0.287 Å
-2

.  The top layer is enriched with 

fluoroalkyl groups, with a modeled layer thickness of 5.1 nm and an SLD of 2.70 Å
-2

.  

This film has a very similar structure as that of the 50:50 PEG:fluoroalkyl siloxane 

film, as in both the fluoroalkyl groups dominate the surface. 

 

 

Figure 4-6: Specular neutron reflectivity (R x Q
4
) data for the 50:50 PEG:Fluoro 

functionalized siloxane block copolymer.  Open circles represent collected reflectivity 

data, and the solid line is the best fit based on SLD profiles which has a χ
2
 of 

7.20x10
-20

.  Inset shows SLD profiled extracted from the fitting. 

 

 Upon immersion in water, however, the film shows a very different 

composition than the PEG:fluoroalkyl siloxane as shown Figure 4-7.  Fitting the data 

gives a χ
2
 of 6.74x10

-19
 and a total film thickness of 42.0 nm, again swelling compared 
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to the dry sample.  This film was fit very well by a model of two layers, instead of 

three as seen in the first sample.  The first layer is the siloxane block copolymer with a 

total thickness of 24.4 nm and an SLD of 1.29 Å
-2

.  Again, this layer is thicker than in 

the dry state, due to swelling with D2O, which also increases the SLD.  The top layer 

in this film is 17.7 nm thick having an SLD of 7.33 Å
-2

.  This layer is highly hydrated, 

and significantly thicker than in the dry state.  Unlike the 50:50 PEG:fluoroalkyl 

sample, the PEG and fluoroalkyl group are not able to separate from each other, and 

there is no surface localization on only PEG.  The fluoroalkyl group in this case is 

very intimately mixed with the PEG group. 

 

 

Figure 4-7: Specular neutron reflectivity (R x Q
4
) data for the 50:50 PEG:Fluoro 

functionalized siloxane block copolymer measured under D2O.  Open circles represent 

collected reflectivity data, and the solid line is the best fit based on SLD profiles 

which has a χ
2
 of 1.14x10

-18
.  Inset shows SLD profiled extracted from the fitting. 
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Laboratory Bioassays 

 Settlement of U. linza spores shown in Figure 4-8 shows little difference 

between these siloxane samples.  All had lower or similar settlement to the PDMSe 

standard, indicating that these samples are able to resist spore settlement well.  The 

highest settlement was observed for the coating which is a blend of the fluoroalkyl-

siloxane and the PEG-siloxane, followed closely by the Zonyl® functionalized 

siloxane. 

 

 

Figure 4-8: Settlement of Ulva spores on PEG, fluoroalkyl, and Zonyl® siloxane 

based coatings after 45 minutes of settlement.  Cell densities are given per mm2 and 

calculated from the mean of 90 counts on 3 replicate slides.  Bars show 95% 

confidence limit. 
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 After growth, greater differences in settlement between coatings were observed 

in Figure 4-9.  The lowest density of biomass was observed on the PS-PDMS control 

and the fluoroalkyl-siloxane coatings.  All coatings showed less biomass on the 

surface than the PDMSe standard again, but the PEG-siloxane and Zonyl®-siloxane 

showed the highest biomass of the set. 

 

 

Figure 4-9: The biomass of sporelings on the PEG, fluoroalkyl, and Zonyl® 

functionalized siloxane coatings.  Each point is the mean biomass from 6 replicate 

slides measured using a fluorescence plate reader (RFU is relative fluorescence unit).  

Bars show standard error of the mean. 
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 Removal of attached biomass with a water jet in Figure 4-10 showed the 

relative adhesion strength of the sporelings to these siloxane coatings.  The highest 

removal was observed from the PEG-siloxane coating, with nearly all sporeling 

biomass being removed from the surface.  The remaining coatings, all of which 

contain a fluorinated component, showed very similar removal, releasing less than half 

of the attached biomass. 

 

 

Figure 4-10: Percent removal of 7 day old sporelings from PEG, fluoroalkyl, and 

Zonyl® functionalized siloxane coatings due to an impact pressure of 50 kPa. Each 

point is the mean removal of biomass from 6 replicate slides measured using a 

fluorescence plate reader. Bars show standard error of the mean derived from arc-sine 

transformed data. 
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 Settlement of barnacle cyprids of B. amphitrite in Figure 4-11 show nearly no 

settlement on the PEG-siloxane coating or the blend of the PEG-siloxane and 

fluoroalkyl-siloxane.  The 50:50 PEG:fluoroalkyl functionalized siloxane showed 

slightly higher settlement than these coatings, but still very low.  The remaining three 

coatings, the PS-PDMS control, the fluoroalkyl-siloxane, and the Zonyl®-siloxane all 

show much higher settlement of barnacles at the surface. 

 

 

Figure 4-11: Settlement of 3-day-old B. amphitrite cyprids on siloxane-based polymer 

coatings.  Error bars represent standard error taken from 12 replicate slides. 

 

 Removal from these coatings in Figure 4-12 was overall low, with the 50:50 

PEG:fluoroalkyl siloxane coating showing the highest removal, followed by the 
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Zonyl® siloxane.  The remaining surfaces had very low removal, some of which could 

be related to the low settlement at the surface. 

 

 

Figure 4-12: Removal of 6-day-old juvenile B. amphitrite from siloxane-based 

coatings using a calibrated wall shear stress of 92 Pa.  Error bars represent standard 

error from 12 replicate slides counted. 

 

Discussion 

 A set of PEG and fluoroalkyl functionalized siloxane block copolymers was 

synthesized to study how these groups affect surface chemistry and reconstruction 

under water in antifouling coatings.  Anionic polymerization of the polystyrene-block-

poly(dimethylsiloxane-random-vinylmethylsiloxane)-block-polystyrene (PS-
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P(DMS/VMS)-PS) block copolymer produce block copolymers with precise control of 

molecular weight, block ratio, and distribution of vinyl groups used to attach side 

groups via thiol-ene “click” chemistry.  The PEG and fluoroalkyl side groups were 

attached in several combinations changing the proximity of these groups from directly 

bonded in the Zonyl® side groups, attached to the same polymer backbone in the 

50:50 PEG:fluoroalkyl side groups, and on separate polymers in a blend of PEG-

siloxane and fluoroalkyl-siloxane.  Coatings of these materials were made using a 

SEBS underlayer which gives the coatings desired mechanical properties.
21 

 As cast, the surfaces of these coatings show significant differences.  Because 

the PDMS is such a low surface energy material, it dominates the surface in block 

copolymers with PEG side groups alone as observed in XPS measurements.  The 

fluoroalkyl groups were introduced because they are able to populate the surface in a 

PDMS matrix, and potentially localize the PEG near to the surface when connected as 

in the Zonyl® side groups.  The block copolymer with exclusively fluoroalkyl side 

groups showed the lowest PDMS content at the surface, followed by the blend of the 

fluoroalkyl-siloxane and PEG-siloxane, then the 50:50 PEG:fluoroalkyl siloxane, and 

the Zonyl® fluorosurfactant had the highest PDMS surface content of the fluorinated 

coatings.  This trend shows that as the PEG and fluoroalkyl groups are localized nearer 

to each other, the less the side groups are able to populate the surface of the coating.  

Although the fluoroalkyl group is able to outcompete the PDMS at the surface alone, 

attachment to the PEG reduces the surface preference and allows PDMS to dominate 

the surface. 

 The high surface segregation of the fluoroalkyl groups in the dry coatings is 
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also observed in neutron reflectivity measurements.  Fitting measurements from both 

the 50:50 PEG:fluoroalkyl-siloxane and Zonyl® siloxane films shows that there is a 

significant increase in scattering length density (SLD) near the air interface of the 

film.  This increase in SLD comes from the increase in fluorine content near the 

surface, as it is the only element in the polymer composition which efficiently scatters 

neutrons.  Both of these coatings show similar composition normal to the surface, 

despite having very different side chain structure.  Because the fluoroalkyl group is at 

the end of the side group, it is able to extend to the surface easily, tethered by the PEG 

spacer to the siloxane block copolymer backbone. 

 Immersion in heavy water shows drastic changes in the film composition for 

both films.  In the PEG:fluoroalkyl siloxane film, a hydrated top layer is present in the 

film increasing the total thickness.  The thicknesses of the siloxane layer and 

fluoroalkyl concentrated layer do not change significantly after immersion in water, 

indicating that the PEG is extending out from the surface into the aqueous 

environment forming a highly hydrated surface.  The Zonyl® siloxane film has a very 

different behavior in the heavy water environment.  The entire film increases in 

thickness, but there is not a new layer formed as in the PEG:fluoro siloxane.  Instead, 

the fluorinated top layer becomes thicker and swells as it hydrates.  In this case, 

because the fluoroalkyl group and PEG are bound together, they are unable to 

segregate over length scales as great as in the PEG:fluoroalkyl siloxane film. 

 Coatings made of primarily PEG have been shown to be highly effective at 

resisting biofouling settlement of certain species of algae and diatoms, as they 

hydrated PEG is very protein resistant
42,43

.  Our coatings, particularly those where the 
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PEG has significant mobility on the siloxane backbone, are able to form a very thin 

hydrated layer directly at the surface.  This hydrated layer is likely responsible for 

increased antifouling performance, especially against barnacles.  Because the PEG is 

incorporated into a siloxane block copolymer, the mechanical properties and durability 

of the coating is improved when compared to a material such as a PEG hydrogel.  

These amphiphilic siloxane coatings are able to incorporate the benefits of both the 

siloxane and the PEG components by forming layered structures when immersed in 

water. 

 The addition of the fluoroalkyl group to these siloxane coatings does not seem 

to overall improve upon the antifouling and fouling release performance of PEG 

functionalized siloxanes as studied in Chapter 3.  Although the fluoroalkyl-siloxane 

does have lower U. linza spore settlement than the other coatings, it also shows low 

removal of the sporelings.  The PEG:fluoroalkyl-siloxane additionally does have 

higher removal of barnacles than any of the other samples, but the removal is still 

modest.  Overall, the PEG functionalized siloxane materials, or PEG combined with 

fluoroalkyl groups, showed the best performance against the algae and the barnacles.   

 

Conclusions 

 Although the fluoroalkyl groups do not provide enhanced antifouling 

performance, they do allow the study of surface properties in siloxane block 

copolymers and in particular allow for these coatings to be studied using neutron 

reflectivity, which provides very important insights into the structure of these coatings 

underwater.  The PEG functionalized siloxane coatings again are shown to be effective 
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at reducing barnacle settlement, and have very high release of U. linza sporelings from 

the surface.  The fluoroalkyl groups are able to populate the surface of siloxane 

coatings in air, which the PEG is not able to do as seen in XPS.  However, upon 

immersion in water, the PEG is able to migrate to the surface and hydrate as observed 

in neutron reflectivity studies.  Because the PEG is bound to the siloxane polymer, it is 

localized only a few nanometers from the surface in any condition, meaning that upon 

immersion in water it is able to surface segregate readily.  This surface hydration is 

suspected to play an important role in the antifouling performance of these coatings. 
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Chapter 5 Comparison of PEG and Fluoroalkyl Group 

Containing Amphiphilic Oligopeptides and Oligopeptoids 

attached to PDMS- and PEO-Based Block Copolymers as 

Antifouling/Fouling-Release Coatings 
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Abstract 

 Both PDMS and PEO block copolymer antifouling coatings functionalized 

with amphiphilic sequence-controlled oligopeptide and oligopeptoid side groups were 

studied to directly compare many of these functionalities for the first time.  

Structurally similar block copolymers and side groups were used to ensure that 

meaningful comparisons between the PDMS and PEO as well as the peptide and 

peptoid functional groups could be made.  The peptide and peptoid sequences were 

made from monomer units containing fluoroalkyl and PEG units, both commonly 

studied as components of antifouling and fouling release materials.  Biofouling assays 

using the macroalgae Ulva linza showed that the PDMS block copolymers had higher 

release of sporelings than the PEO coatings for all side groups.  This performance was 

correlated with enhanced underwater surface presentation of the side groups based on 

bubble contact angle measurements.  Additionally, the peptoid coatings showed higher 

removal of algae than the peptide coatings.  The hydrogen bonding present in the 

peptide bond contributes to the higher adhesion strength of algae to the surface.  The 

difference in sequence did not show significant effects on performance, as these 

sequences had a small number of repeat units. 

 

Introduction 

 Marine fouling is caused by the settling and adhering of wide range of marine 

organisms to surfaces immersed in seawater, and begins within just minutes of any 

surface being placed in seawater.
1
  When surfaces such as ship hulls or other manmade 

marine structures experience fouling, the costs of operation and maintenance are 
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significantly increased because this fouling increases drag, reduces performance, and 

removal can be very difficult.
2,3

  Drag penalties from surface fouling of marine vessels 

cause loss of efficiency for propelling a ship, meaning increased fuel consumption and 

greenhouse gas production for these ships.
4
  The US Naval fleet alone, which includes 

only roughly 0.5% of all vessels globally, incurs costs of $75-100M per year from 

biofouling.
2
  Paints that contain biocidal compounds have proven successful at 

reducing fouling and the associated maintenance and efficiency penalties,
5
 however 

some of these compounds are very persistent in waters and have effects on non-target 

organisms which causes damage to marine environments.
6,7

  Environmental concerns 

have lead to increased regulation of these biocidal compounds, which creates a 

demand for successful non-toxic alternative paints which are more environmentally 

benign. 

 An effective antifouling (AF) and fouling-release (FR) coatings must be able to 

both reduce settlement of marine organisms to the surface and reduce the adhesion 

strength of these marine organisms, to promote the release of fouling on the surface.  

To address the settlement and adhesion of these organisms, many strategies have been 

extensively studied including control of surface topology
8–10

 as well as chemically 

modifying surfaces to reduce fouling using bioactive molecules.
11–16

  Many chemical 

structures have been identified as being able to modify surfaces to reduce marine 

biofouling including zwitterionic groups,
17–21

 fluoroalkyl groups,
22,23

 and fluoroether 

networks.
24,25

  Particularly successful coatings have been produced using 

poly(ethylene glycol) (PEG) polymers and oligomers
26–30

 as well as 

polydimethylsiloxane (PDMS).
31–35

  PEG based block copolymers show excellent 
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protein adsorption resistance
36–38

 when compared to hydrophobic materials such as 

PDMS.  PDMS-based materials on the other hand exhibit high fouling release due to 

the low surface energy and low elastic modulus of these materials
39–44

 as was observed 

in the Baier curve in studying antifouling materials.
45–47

 

 The incorporation of both hydrophilic and hydrophobic components into 

amphiphilic block copolymers has been shown to produce highly effective AF and FR 

coatings.
29,34,36,48–56

  These surfaces incorporate the protein resistance of the 

hydrophilic components such as PEG with the low surface energy and high FR of the 

hydrophobic components such as PDMS, fluoroalkyl, or alkyl groups.  Because of the 

chemical complexity of these materials, the surfaces are environmentally responsive, 

exhibiting chemical reconstruction underwater.
56

  A wide range of amphiphilic side 

groups have been designed to be attached to a variety of polymer backbones to impart 

amphiphilicity and improved AF and FR performance.
30,35,48,51,53,57,58

 

 Amphiphilic side groups have been produced using peptide and peptoid 

chemistry to produce sequence-controlled oligomers with well-defined chemical 

composition.
30,35,59,60

  Subunits for these sequences can be designed to contain a wide 

range of chemical functionalities including PEG and fluoroalkyl groups as discussed.  

By controlling the sequence of an oligomer, both the chemical composition and spatial 

proximity of functional groups can be tuned.  Subtle changes in sequence and spatial 

distribution of functionalities can have large effects on surface chemistry,
61,62

 

highlighting an opportunity to study how sequence and composition can be used to 

optimize AF and FR performance in coatings using components commonly in use 

already. 
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 Previous work has been done to study oligopeptide sequences on PDMS block 

copolymers
35

 and similar oligopeptoid sequences on PEO block copolymers,
30,59

 both 

utilizing amphiphilic structures to modify the performance of a backbone material.  

Oligopeptoids have been used to study the effects of sequence on surface properties of 

PEO-based coatings.
30,59

  In these sequences, a fluoroalkyl group was placed at 

different positions within the sequence, exhibiting dramatically different surface and 

bulk properties.  The work showed that a fluoroalkyl group is necessary to surface 

segregate the peptoid within the PEO coating, and that positioning this sequence 

farthest from the block copolymer along the side group produced coatings with the 

highest fouling release.  Work with the oligopeptides has shown that using side groups 

of PEG and alkyl groups with a chain length close to that of the peptide backbone is 

necessary to enhance AF and FR performance.  This length, however, eliminate the 

effects of sequence on the surface properties of coatings produced.  However, no 

direct comparisons between oligopeptides and oligopeptoids or PDMS and PEO based 

block copolymers have been made. 

 In this study, structurally similar PEO and PDMS based block copolymers are 

produced and functionalized with both oligopeptides and oligopeptoids to determine 

how each of these components contributes to the AF and FR performance of a coating.  

By making sequences with nearly identical subunits that contain either PEG or 

fluoroalkyl groups in two different sequences, the effects of the linking group in these 

side groups can be compared directly.  Each sequence contains seven monomers, with 

three each being either PEG or fluoroalkyl containing and one being a thiol-containing 

unit which allows the structure to be functionalized onto the block copolymer by 
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thiol-ene “click” chemistry.  The sequences studied include one that alternates the 

hydrophilic and hydrophobic units to most intimately mix the units and a second with 

these groups in segments of three units of each type.  The primary difference between 

the two is that peptide bonds are able to hydrogen bond, whereas the peptoid with a 

nitrogen-linked functional group cannot.  Since almost all marine organisms use 

proteins as adhesives to attach to surfaces, interactions between these side groups and 

proteins will play an important role in determining adhesion strength of foulants at the 

surface. 

 By comparing these units, the role of hydrogen bonding and monomer linking 

chemistry of these sequence-controlled side groups will be better understood allowing 

more effective chemistries to be used in subsequent studies.  The importance of 

sequence and composition of side groups on AF and FR performance has been shown, 

this study compares how the production of these side groups affects the final 

performance of the coating.  Additionally, by studying how each side group performs 

when functionalized onto either a PEO or PDMS block copolymer backbone, a 

polymer platform which both produces the highest performance coatings as well as  

 

Experimental 

Materials 

Monomethylated poly(ethylene glycol) (Mn = 350), methanesulfonyl chloride, 

3-(aminopropyl)trimethoxysilane, diisopropylethylamine, diisopropylcarbonimide, 

styrene, sec-butyl lithium, sulfuric acid, sodium hydroxide, and 
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dimethoxyphenylacetophenone were purchased from Sigma-Aldrich., polystyrene-

block-poly(ethylene-ran-butylene)-block-polystyrene (SEBS, MD6945) and SEBS 

grafted with maleic anhydride (MA-SEBS, FG1901X) were generously provided by 

Kraton Polymers. Anhydrous chloroform (CHCl3), anhydrous tetrahydrofuran (THF), 

methylene chloride (CH2Cl2), methanol (CH3OH), benzene, sodium hydroxide 

(NaOH), sulfuric acid (H2SO4), 30 wt% hydrogen peroxide (H2O2) in water, 

anhydrous ethanol (CH3CH2OH), sodium hydride, and all other chemicals were 

purchased from Sigma-Aldrich and used without further purification unless otherwise 

noted.  Tetrahydrofuran (THF) was dried by stirring over sodium metal and 

benzophenone and distilled, and degassed by a freeze pump thaw process.  Styrene 

was dried by stirring over ground calcium hydride (CaH2), then distilled and degassed 

by a freeze pump thaw process.  Hexamethylcyclotrisiloxane (D3) purchased from 

Gelest was dried by stirring in benzene over CaH2.  After drying, the benzene was 

distilled and the D3 sublimed into a flask containing benzene and dried styrene 

polymerized with sec-butyl lithium.  The D3 was stirred at room temperature over the 

polymerization to further dry the D3 until the solution was clear, then the benzene was 

distilled and the D3 sublimed into a clean flask.  The benzene was then distilled off the 

D3 to yield dried trimer.  1,3,5-trivinyl-1,3,5-trimethylcyclotrisiloxane (V3) was dried 

by stirring over CaH2, then distilled and degassed by a freeze pump thaw process.  

Dichlorodimethylsilane and chlorotrimethylsilane were purified by simple distillation 

and degassed by bubbling dry nitrogen through the liquid prior to use. 

Synthesis of siloxane block copolymers 

A clean dry flask evacuated with nitrogen was filled with 50 mL of dried 
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benzene.  To this, 714 µL of 1.4 M sec-butyl lithium in hexanes was added and stirred, 

followed by the addition of 7.7 mL (7 g) of dried styrene to initiate the polystyrene 

polymerization and allowed to react for 24 hr to consume all monomer in the solution 

to produce a 7 kg/mol polystyrene block.  A sample was taken after 24 hr for analysis 

by GPC.  A 0.5 g/mL solution of D3 in dried benzene was prepared to add to the 

polymerization.  98 mL of this solution (49 g of D3) was added to the polymerization 

to initiate the D3 polymerization.  This was allowed to react for 24 hr until the solution 

was colorless.  At this time, 20 mL of distilled THF was added to the reaction to 

accelerate the polymerization of the D3.  After 2 hours, 1.42g of V3 in THF was added 

to the polymerization via syringe pump over 48 hours and reacted at room temperature 

for an additional 2 days.  A sample was taken from the polymerization for analysis by 

GPC and NMR.  To couple the polymer and form a triblock, dichlorodimethylsilane 

was added to the polymerization.  40 µL of the coupling agent was added directly to 

the reaction and allowed to stir for 16 hours.  An additional 22 µL of 

dichlorodimethylsilane in 2.5 mL of THF was added to the polymerization via syringe 

pump over 24 hours.  The polymer was precipitated in 1 L of methanol, filtered and 

dried.  The polymer was characterized by GPC to determine final molecular weight, 

and by NMR to determine vinyl content. 
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Scheme 5-1: Anionic polymerization of PS-b-P(DMS-stat-VMS)-b-PS 

 

Synthesis of amphiphilic oligopeptides 

 

 Oligopeptides were synthesized from two synthetic non-natural amino acids, 

one with a PEG side group and the other with a fluorinated side group.  The 

fluorinated amino acid was synthesized by first reacting 20g (75.8mmol) of 

3,3,4,4,5,5,6,6,6-nonafluoro 1-hexanol with 9.24g (80.6mmol) of methanesulfonyl 

chloride in 150mL of THF for 18 hours under nitrogen to form a mesylate.  The 

reaction was then passed through a plug of silica gel to remove excess 

methanesulfonyl chloride and formed salts, and the solvent was removed by rotary 

evaporation. 

 

 Serine-Fmoc (10g, 30.6mmol) was dissolved in 150mL of acetonitrile with 
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12mL of DIEA (68.8mmol).  To this, 11g of the mesylate (32mmol) was added, and 

the reaction was refluxed under nitrogen for 24 hours.  After cooling, the reaction was 

quenched with DI water (300mL) and then extracted with EtOAc, dried with sodium 

sulfate.  Solvent was removed by rotary evaporation to yield the fluorinated amino 

acid. 

 

Scheme 5-2: Synthesis of fluorinated amino acid 

 The PEG functionalized amino acid was synthesized in a very similar way, by 

first forming a PEG mesylate by reacting 20g of diethylene glycol monomethyl ether 

(168mmol) with 21.1g of methanesulfonyl chloride (185mmol) in 200mL of THF 

under nitrogen for 18hours.  The reaction was then passed through a plug of silica gel 

to remove excess methanesulfonyl chloride and formed salts, and the solvent was 

removed by rotary evaporation. 

 Serine-Fmoc (10g, 30.6mmol) was dissolved in 150mL of acetonitrile with 

12mL of DIEA (68.8mmol).  To this, 6.3g of the mesylate (32mmol) was added, and 

the reaction was refluxed under nitrogen for 24 hours.  After cooling, the reaction was 

quenched with DI water (300mL) and then extracted with EtOAc, dried with sodium 

sulfate.  Solvent was removed by rotary evaporation to yield the PEG functionalized 

amino acid. 
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Scheme 5-3: Synthesis of PEG containing amino acid 

 

 The synthesis of the oligopeptides via solid phase peptide synthesis was carried 

out using published procedures.
63

  Two sequences were made, one with three 

fluorinated amino acids followed by three PEG amino acids and the other alternating 

fluorinated amino acid then PEG amino acid three total times.  These will be 

respectively referred to as block peptide and alternating peptide.  3-mercaptopropionic 

acid was used to cap each oligopeptide at the N-terminus to provide a thiol which 

could be used to perform thiol-ene “click” chemistry to attach to the polymer 

backbone.  To prevent disulfide bonds from forming 1.5 equivalence of triethyl silane 

was added as a reducing agent. 

 

 

Scheme 5-4: Structure of Alternating and Block oligopeptides 

 



 

198 

 

Figure 5-1: Block and Alternating oligopeptide structures with thiol groups at the N-

terminus 

 

 For comparison to the siloxane block copolymer produced, a PS-b-P(EO-ran-

AGE)-b-PS block copolymer was provided by collaborators Georgios Rizis and 

Anastasia Patterson from Prof. Rachel Segalman’s research group at University of 

California Santa Barbara (UCSB).  The block copolymer has two 7kDa PS blocks, and 

the PEO block is 70kDa with 2.5mol% AGE content to provide vinyl functional 

groups. 

 

 

Figure 5-2: PS-b-P(EO-ran-AGE)-b-PS to be compared to the siloxane block 

copolymer produced as a base material for antifouling coatings 

 Additionally, collaborators at UCSB also provided two oligopeptoid sequences 
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for comparison to the oligopeptide sequences.  These sequences have identical side 

group structures and sequences, but change the linking chemistry from a peptide bond 

with a secondary amine which can hydrogen bond to a peptoid bond where the 

nitrogen does not have a hydrogen attached. 

 

 

Figure 5-3: Oligopeptoid sequences provided by UCSB which mimic the oligopeptide 

sequences as antifouling materials 

 

 These peptide and peptoid sequences were then attached to the siloxane and 

PEO backbone block copolymers using thiol-ene “click” chemistry.  For all cases, 

800mg of block copolymer was dissolved in 3mL of degassed dichloromethane with 

1g of peptide or peptoid and 26mg of DMPA.  The reaction solution was then 

irradiated with 365nm UV light from a handheld UV lamp for 1 hour.  After allowing 

the reaction to run, the functionalized polymer was then precipitated in 50mL of 

methanol, filtered, and dried.  This produced a total of eight samples, based on four 

peptide and peptoid sequences attached to two separate block copolymers. 
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Surface Preparation 

Coated glass slides for biofouling assays were prepared as previously reported 

using SEBS materials.
64

  Briefly, standard microscope glass slides (3 in × 1 in.) were 

treated with freshly prepared piranha solution (7:3 v/v, mixture of concentrated H2SO4 

and 30 wt% H2O2 solution) overnight, and then sequentially rinsed with distilled water 

and anhydrous ethanol before dried with nitrogen gas. The dried clean glass slides 

were then immersed in 3.5% (v/v, in anhydrous ethanol) 3-

(aminopropyl)trimethoxysilane solution at room temperature overnight, followed by 

washing with water, anhydrous ethanol, and drying using nitrogen. The aminosilane 

treated glass slides were cured by heating to 120 ºC in a vacuum oven at reduced 

pressure for 2 h before slowly cooling down to room temperature. The first layer 

coating were applied on the silane treated glass slides by spinning coated with 

SEBS/MA-SEBS solution (7% w/v SEBS and 2% w/v MA-SEBS) in Toluene (2500 

rpm, 30 sec), followed by baking the glass slides at 120 ºC in a vacuum oven at 

reduced pressure for 12 h, allowing the maleic anhydride groups in the polymer 

backbone react with amine groups on the glass surfaces, therefore improving the 

bonding of the coating to the glass. The second layer was spin coated with SEBS 

solution (12 % w/v SEBS solution) three times (2500 rpm, 30 sec.), followed by 

further baking at 120 ºC in a vacuum oven at reduced pressure for 12 h to give a base 

layer thickness about 1 mm. The modified siloxane and PEO-based block copolymers 

were finally spray coated on the surface using Badger model 250 airbrush and 50 psi 

nitrogen gas, and annealed in a vacuum oven at reduced pressure at 60 ºC for 12 h, and 

then 120 ºC for 12 h to ensure the complete removal of the solvents. 
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Characterization 

1
H NMR 

1
H NMR spectra were recorded using a Varian Gemini 400MHz spectrometer 

in CDCl3 solution. 

GPC 

GPC was performed on a Waters Ambient Temperature GPC with a Waters 

1515 Isocratic HPLC pump using THF as a solvent.  The machine is equipped with 

both a Waters 2414 differential refractive index detector as well as a Waters 2489 UV-

Vis detector for detection of polymer.  The machine is calibrated using polystyrene 

standards. 

Bubble Contact Angle 

 Water contact angle measurements were taken using an NRL contact angle 

goniometer (Rame-Hart model 100-00) at room temperature using deionized water.  

For each sample, three separate measurements were taken from separate bubbles at 

different locations on the surface.  The contact angle of an air bubble in contact with 

the surface underwater was determined using the captive bubble method previously 

described.
65,66

  An air bubble was trapped against the surface immersed upside-down 

in water by releasing it from the tip of a 22 gauge stainless steel needle.  These 

measurements were taken immediately after immersion in water, and at regular time 

intervals to determine how the wettability changes as the surfaces rearrange upon 

exposure to a water environment. 
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Laboratory Bioassays 

Settlement and removal of U. linza spores and sporelings 

For Ulva linza assays, nine slides were equilibrated in filtered artificial 

seawater for 72 hours before beginning the assays.  Zoospores were released into 

artificial seawater from mature plants using a standard method
67,68

 then suspended in a 

solution of artificial seawater to an optical density absorbance of 0.156 by 

spectrophotometry.  10mL of the suspension was added to each slide, and the spores 

were allowed to settle in complete darkness for 45 minutes.  After that time, all slides 

were rinsed gently using filtered artificial seawater.  Three of the slides for each 

material were then fixed using glutaraldehyde to determine the spore settlement 

values.  These slides were analyzed under a microscope using fluorescence 

microscopy and image analysis software.
69

  Counting was performed using an 

automated program. 

The remaining six slides were then immersed in a nutrient rich artificial 

seawater solution and allowed to incubate in light for seven days to sporelings.  The 

biomass on the surfaces was determined using a Tecan plate reader (GENios Plus)
70

 in 

unite or relative fluorescence units. 

The strength of sporeling attachment was determined using a water jet with an 

impact stress of 70 kPa.  The biomass on the surfaces was again determined using the 

Tecan plate reader to determine the removal of sporelings. 
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Results  

Materials Synthesis 

 A siloxane triblock copolymer, polystyrene-block-poly(dimethylsiloxane-

random-vinylmethylsiloxane)-block-polystyrene (PS-P(DMS/VMS)-PS) was 

synthesized by anionic polymerization.  The molecular weight of the PS block was 

determined to be 7.3 kDa with a dispersity of 1.03.  The total molecular weight of the 

siloxane block after polymerization and coupling of the siloxane to form the triblock 

copolymer was 68 kDa with a dispersity of 1.19.  The distribution of the vinyl groups 

within the siloxane block was controlled by adding the V3 cyclic trimer slowly via 

syringe pump.  V3 is much more reactive than D3, polymerizing 16 times as quickly 

in a solvent mixture of 3:1 benzene:THF.  The siloxane block had a 2.5 mol% vinyl 

content as confirmed by NMR.  This block copolymer was designed to be compared 

directly to a polystyrene-block-poly(ethylene oxide-random-allyl glycidal ether)-

block-polystyrene (PS-P(EO/AGE)-PS) provided generously by UCSB. 

 Oligopeptide sequences shown in Error! Reference source not found. 

synthesized by solid phase peptide synthesis were made with a fluorinated and a PEG 

containing amino acid.  The amino acids were prepared synthetically from serine.  

Two sequences were made from these amino acids, one alternating the two amino 

acids in a six repeat unit oligomer, and the other containing three fluorinated amino 

acids followed by three PEG containing amino acids.  Both sequences were terminated 

with mercaptopropionic acid, to add a thiol to the sequence which could be used to 

functionalized the block copolymers by thiol-ene “click” chemistry.  Oligopeptoids 

shown in Figure 5-3 with very similar fluoroalkyl and PEG side groups and identical 
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sequences were again provided generously by UCSB for comparison. 

Chemical and Surface Characterization 

 Bubble contact angle measurements were taken over a total of 7 days, with 

measurements taken every 24 hours to study the reconstruction of the surfaces upon 

immersion in water.  The bubble contact angle is a measurement of hydrophilicity of 

the surfaces, and because it involves a captive bubble, can be done in situ, allowing for 

measurements to reflect full immersion for the coatings underwater.  As the coatings 

are immersed in water, the surfaces reconstruct to have the most favorable surface to 

liquid interface, meaning that hydrophilic groups such as PEG segregate to the 

surfaces.  For ease of comparison, all coatings based on the siloxane block copolymer 

are presented in Figure 5-4 and those on the PEO block copolymer are presented in 

Figure 5-5. 

 

Figure 5-4: Bubble contact angle measurements taken every 24 hours for 168 hours for 

PDMS based block copolymers functionalized with oligopeptide and oligopeptoid side 

groups.  Error bars are determined based on four collected bubble contact angle 

measurements. 
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 As expected, all samples show the trend of becoming more hydrophilic when 

immersed in water, because over time a stable hydration layer forms at the 

surface,
22,55,71

 and hydrophilic groups present themselves to the surface of the coating.  

Initially, all coatings have a similar hydrophilicity, indicating that there is little surface 

presentation of either the oligopeptide or oligopeptoid groups in the coatings as cast.  

Very quickly, however, all functionalized siloxane coatings become more hydrophilic 

than the control siloxane coating, showing that the side groups begin to surface 

segregate, likely due to the PEG content in each side group.  It is observed that the 

oligopeptides more quickly rearrange than the oligopeptoids, reaching lower contact 

angle values earlier in the experiment.  After the 168 hours, all functionalized samples 

show very similar contact angle values, indicating that the final equilibrium state of 

these samples is quite similar, with hydrophilic components of the side groups 

presented at the surface.  However, the kinetics of these rearrangements seem to differ 

greatly, with the oligopeptides showing faster surface reconstruction than the 

oligopeptoids.  It seems that the oligopeptoid samples initially resist the formation of a 

hydration layer, which even the unfunctionalized PS-PDMS-PS control is able to do.  

Thus, the reconstruction process of these samples is distinct, and very different than 

the oligopeptides when attached to a siloxane-based block copolymer. 
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Figure 5-5: Bubble contact angle measurements taken every 24 hours for 168 hours for 

PEO based block copolymers functionalized with oligopeptide and oligopeptoid side 

groups.  Error bars are determined based on four collected bubble contact angle 

measurements. 

 

 For samples based on the PEO block copolymers, a similar trend of increased 

hydrophilicity with time is seen.  The PEO control coating shows the most 

reconstruction over time, settling as the most hydrophilic sample of the set by the end.  

However, initially it is the least hydrophilic material based on contact angle.  All 

functionalized samples seem to show similar reconstruction profiles and contact angle 

measurements between the oligopeptide and oligopeptoid samples. 

 

Laboratory Bioassays 

 AF and FR performance was evaluated using Ulva linza to perform settlement 

and adhesion strength bioassays.  Initial settlement studies using Ulva spores shows 
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that the PEO and PDMS controls have similar settlement.  Only two coatings show 

significantly reduced settlement, the alternating peptoid attached to the PEO and the 

alternating peptide on the PDMS backbone.  Both samples with the block peptoid 

showed higher spore settlement, with the PDMS sample having the highest settlement 

of the set.  However, most samples showed settlement very near that of the PEO and 

PDMS controls with no side groups. 

 

 

Figure 5-6: Settlement of Ulva spores on peptide and peptoid functionalized PEO and 

PDMS based coatings after 45 minutes of settlement.  Cell densities are given per 

mm2 and calculated from the mean of 90 counts on 3 replicate slides.  Bars show 95% 

confidence limits. 

 

 After a week of growth, differences in attached sporeling biomass were less 

dramatic than those seen in the initial spore settlement data.  The alternating peptoid 
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attached to PEO still had the lowest biomass, and the block peptoid on PDMS still had 

the highest observed biomass.  This data does show that the PDMS control has higher 

biomass than the PEO control.  Overall, all samples show similar adhered biomass, 

indicating that no coating significantly modifies settlement of Ulva on these surfaces. 

 

 

Figure 5-7: The biomass of sporelings on the peptide and peptoid functionalized PEO 

and PDMS coatings.  Each point is the mean biomass from 6 replicate slides measured 

using a fluorescence plate reader (RFU is relative fluorescence unit).  Bars show 

standard error of the mean. 

 

 The remaining biomass of sporelings after removal with a 70 kPa waterjet 

shows greater differences between these coatings.  The controls have similar 

remaining biomass, but the functionalized materials show significant differences.  

Within each set of materials, the peptoid functionalized materials have less remaining 
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biomass than the peptide functionalized materials.  Additionally, for each side group, 

there is far less sporeling biomass when PDMS is the base block copolymer.  This 

shows that the backbone has a significant effect on how each side group performs as a 

part of the coating.  The overall lowest biomass was observed on both the block and 

alternating peptoid sequences on the PDMS block copolymer, with almost all biomass 

removed. 

 

 

Figure 5-8: The biomass of sporelings remaining on peptide and peptoid 

functionalized PEO and PDMS coatings after exposure to a water jet of 70 kPa.  Each 

point is the mean biomass from 6 replicate slides measured using a fluorescence plate 

reader (RFU is relative fluorescence unit).  Bars show standard error of the mean. 

 

 The percent removal of biomass from each surface gives information about the 

adhesion strength of the Ulva sporelings.  Again, the PEO and PDMS control coatings 



 

210 

do not show significant differences.  The PEO-based materials do not show higher 

removal than the control for any side group, and the peptoid side groups reduce the 

removal of biomass from the surfaces.  A similar trend is observed when the PDMS 

backbone is used, that the peptoid side groups far outperform the peptides, actually 

exhibiting very high removal from the surface.  Again, the peptide side groups lower 

the release of biomass, though to a lesser extent than is observed on the PEO 

backbone.  The highest removal was observed from the block peptoid functionalized 

PDMS block copolymer. 

 

 

Figure 5-9: Percent removal of 7 day old sporelings from peptide and peptoid 

functionalized PEO and PDMS coatings due to an impact pressure of 70 kPa. Each 

point is the mean removal of biomass from 6 replicate slides measured using a 

fluorescence plate reader. Bars show standard error of the mean derived from arc-sine 

transformed data. 
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Discussion 

 The use of PEG and PDMS block copolymers has been extensively studied as 

AF and FR coating materials.  These materials have been functionalized with either 

amphiphilic oligopeptides and oligopeptoids to enhance the performance of these 

coatings
30,35,59

.  Until now, however, these materials had been studied independently 

with structures that made direct comparisons difficult.  By studying the use of each of 

these side group structures to incorporate sequence control functionalized onto both a 

PEG and PDMS block copolymer backbone, meaningful information about the role of 

subtle functional group differences and how a block copolymer platform changes 

surface chemistry and temporal response can be gathered.  Knowledge on how to 

better design AF and FR coatings by correlating this information with results of Ulva 

biofouling assays. 

 A set of PS-P(DMS/VMS)-PS and PS-P(EO/AGE)-PS block copolymers with 

the same block ratios, molecular weight, and vinyl content were produced to ensure 

that comparisons between each material yielded results based on differences between 

PDMS and PEO, not from differences in block copolymer design.  Similarly, 

submonomer units for the peptide and peptoid chemistry using PEG and fluoroalkyl 

groups of the same molecular weight and nearly identical architecture were produced.  

Oligomers of these subunits were produced with an alternating and block sequence 

producing very structurally similar materials, differing only at the peptide or peptoid 

linker in the sequence.  This difference is of importance to the study, as the peptide is 

capable of hydrogen bonding whereas the peptoid is not.  The PEG and fluoroalkyl 

groups are of low molecular weight to not mask the effect of the linking group on 
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performance.  These side groups were then functionalized onto the polymer backbones 

by thiol-ene “click” chemistry. 

 Bubble contact angle measurements showed how the side groups control 

surface chemistry differently for each block copolymer.  Measurements taken as soon 

as the surfaces were immersed in water showed little difference between the PDMS 

block copolymer and the peptide and peptoid functionalized materials showing that as 

cast PDMS dominates the surface in these coatings.  As the coatings hydrated, 

differences between the functionalized and control material became more prominent 

as the side groups migrated to the surface making the surfaces more hydrophilic.  This 

was very different than the performance on PEO, where the initial difference between 

the PEO block copolymer and the functionalized materials was quite large.  As the 

coatings hydrated, the difference between the samples was reduced, indicating that 

underwater the PEO is more likely to dominate the surface. 

 Assays using Ulva showed only a few differences in initial settlement of spores 

on these coatings.  However, the removal of the juvenile sporelings by a water jet 

showed how each of these materials affects adhesion strength of the marine algae.  

Overall, all samples based on the PDMS block copolymer exhibited higher removal 

than those based on the PEO backbone.  For each side group, the removal of algae was 

higher when functionalized onto PDMS than PEO.  When functionalized onto PEO, 

no side group was able to increase the removal above that of the control, where on 

PDMS the peptoids were able to increase removal to near complete clearing of the 

surface.  This difference agrees with the bubble contact angle data that suggests that 

the side groups are better able to surface segregate underwater on PDMS than on PEO. 
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 Sequence order of these side groups appears to play little role in performance 

of these coatings.  There are some differences between the alternating and block side 

groups in the peptides and peptoids; however, this difference is small when compared 

to trends observed in the study between differing chemistries.  Likely there are not 

enough monomer units in each side group for differences to appear between these two 

arrangements of the fluoroalkyl and PEG groups.  Previous work using much longer 

oligopeptoid sequences did show differences in performance based on sequence
30

.  

Further studies with longer sequences would likely show more significant differences. 

 Additionally, the peptoid samples showed higher removal than the peptide 

samples.  This observation is important, as the only significant difference between 

these groups is the linking chemistry between the monomer units.  It appears that the 

hydrogen bonding present in the peptide bond increases adhesion strength, likely 

because the protein adhesives in the algae are better able to adhere to these peptides 

than to the peptoids.  Previous work with oligopeptides has been able to increase 

removal from PDMS,
35

 however, those amino acids had side groups with higher 

molecular weight than those studied here.  This increased molecular weight likely 

masked the effect of the linking group, and increased performance based on the 

functional groups present in each sequence. 

 

Conclusions 

 This set of coatings enabled for the first time direct comparisons between 

oligopeptide and oligopeptoid functionalized PDMS and PEO block copolymers as 

antifouling coatings.  By comparing how each side group performs on each block 
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copolymer and making comparisons, it was observed that the oligopeptoid side groups 

are superior to those of the oligopeptides, likely because the peptide bond is able to 

hydrogen bond and increases adhesive strength of algae to the surface.  Comparisons 

of the block copolymer showed that these side groups performed best when 

functionalized onto a PDMS-based backbone.  These block copolymers appear to 

show better surface segregation of the side groups underwater than the PEO-based 

coatings based on bubble contact angle measurements.  The best performing coatings 

contain oligopeptide side groups on PDMS-based block copolymers, showing very 

high removal of algae from the surfaces. 
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Chapter 6 Siloxane-Based Coatings Incorporating TEMPO to 

Reduce Barnacle Adhesion Strength in Antifouling Coatings 
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Abstract 

 Coatings containing either siloxane and amphiphilic siloxane block 

copolymers blended with a stable radical (TEMPO) containing block copolymer were 

investigated as antifouling surfaces.  These surfaces combine the known soft foulant 

resistance of siloxane block copolymers with a redox active stable radical designed to 

interfere with the oxidative curing of the adhesive of some hard fouling organisms.  

Blends of these coatings showed that the TEMPO block copolymer does not surface 

segregate well within a siloxane polymer matrix as seen in XPS, but surface 

population can be achieved through high loading content.  All coatings undergo 

surface reconstruction under water as observed by bubble contact angle measurements, 

with the TEMPO block copolymer having a similar hydrophilicity as the amphiphilic 

siloxane material.  Biofouling assays using a diatom N. incerta and a barnacle B. 

amphitrite show that these coatings are able to decrease adhesion strength of barnacles 

to the surface of both siloxanes, but showed no trend against the diatom.  The success 

against barnacles points to a chemical interference of adhesion for this organism.  

These blend coatings were glassy, having brittle rigid surfaces.  Based on this 

observation, a TEMPO precursor monomer was polymerized by ATRP onto a siloxane 

block copolymer macroinitiator to produce an elastomeric stable radical containing 

block copolymer. 

 

Introduction 

 The process of marine biofouling, the settlement and adhesion of marine 

organisms in seawater to a surface, begins within just minutes.
1
  Fouling of ship hulls 
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increases their operating and maintenance costs by causing high drag penalties and 

increased maintenance frequency.
2,3

  This increased drag raises costs through greater 

fuel consumption, leading to increased greenhouse gas emissions.
2,4

  The US Naval 

fleet is estimated to incur costs of between $75-100M per year, and this fleet 

represents only 0.5% of all vessels worldwide.
2
  Development of effective antifouling 

(AF) and fouling-release (FR) coatings requires a reduction in settlement of marine 

organisms (AF) or facile release of these organisms once attached (FR) by reducing 

their adhesion strength to the coatings.  Paints that successfully prevent fouling 

currently in use have incorporated biocides such as copper and tin.
5,6

  The use of some 

of these coatings is more heavily regulated due to concerns over the environmental 

impact of biocide leachants, which can be persistent in marine environments and 

negatively affect non-target organisms.
7–9

  Environmental concerns and increased 

regulation has lead to an increased demand for high performance non-toxic 

alternatives.
7,10,11

 

 Marine organisms employ many settlement and adhesion strategies in marine 

fouling.  These strategies and the associated chemistries vary from species to species, 

and can include physical and chemical components.  Peptides and proteins containing 

phenols are used by barnacles not only because they can be readily crosslinked, but 

because they are inherently adhesive.  Studies using 3,4-dihydroxyphenylalanine 

(DOPA) containing peptides show that these materials, based on mussel adhesive 

proteins, are highly effective at anchoring materials to surfaces.
12

  Additionally, these 

materials have been used to attach antifouling coatings containing PEG groups to 

surfaces through the two hydroxyl groups on the molecule.
13,14
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 Barnacles, which are very aggressive macrofoulers, utilize a protein adhesive 

which is oxidatively crosslinked to form a very strong adhesive.
15,16

  A popular 

hypothesis about their adhesion involves a quinone based system that works with 

backbone or side chain amino groups to lengthen and crosslink cement proteins. EPR 

analysis showed banding patterns similar to free radicals, indicating the possible 

presence of the radical semiquinone species while sequencing indicated a high percent 

of Lys residues, providing free amino groups, in the hardened cement.
16,17

  These 

organisms first deposit an adhesive protein containing phenol residues.  The enzyme 

utilized by barnacles is a phenol oxidase which can oxidize the phenols of tyrosine 

residues to quinones, and oxidatively polymerize them to polyphenyl ethers, which are 

extremely tough materials.  This curing process is complete between 1 to 3 hours after 

secretion.  Barnacle cyprids secrete an adhesive protein which is high in tyrosine 

content, and from a second organ can secrete an enzyme which cures the protein resin.  

Phenol oxidase enzymes often use copper to catalyze this oxidation. 

 Cured barnacle cement solubilization studies have shown the presence Cys 

residues. Through the use of dithiothreitol or mercaptoethanol, solubilization of the 

cement was achieved indicating the presence of disulfide bonds as a possible 

intermolecular crosslinking mechanism.
18,19

  Reported contents of Cys residues appear 

to be low in sequenced proteins, indicating they may serve as an intramolecular rather 

than intermolecular linker. Further sequencing studies of isolated cement proteins have 

indicated alternating sections of hydrophobic and hydrophilic residues, particularly 

suited to the formation of beta sheet structures.
18

  Additional AFM and staining 

experiments suggested beta sheet structures in cured barnacle plaques.
20
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 The use of block copolymer-based materials was shown to be a successful 

strategy for developing non-toxic AF and FR coating.  Materials which have received 

particular attention include polydimethylsiloxane (PDMS) and poly(ethylene glycol) 

(PEG).  PDMS is an extremely  hydrophobic material
21

 that was shown to be effective 

at resisting fouling by the work of Baier identified it’s low surface energy as important 

to its antifouling performance.
22,23

  This hydrophobicity leads to decreased adhesion 

strength of attached foulants.  The elastic properties of PDMS also greatly contribute 

to its performance.
24,25

  Significant work has been done to modify PDMS materials to 

further enhance AF and FR performance including addition of oils,
26,27

 nanofillers,
28

 

and antimicrobials.
29

  PEG on the other hand, is a very hydrophilic material which is 

highly hydrated underwater
30

 which makes it resistant to protein adsorption and 

fouling.
31–33

 

 Development of amphiphilic coating from the combination of these 

hydrophilic and hydrophobic components has produced many highly effective AF and 

FR coatings.
34–42

  These coatings, with the properties of both components, produce 

“ambiguous” surfaces
43

 which are difficult for marine organisms to settle on.  

Additionally, these surfaces are very dynamic, reconstructing when immersed in 

water.
34,44

 

 This work seeks to interfere with the adhesive curing process observed in 

barnacles and other marine organisms.  Because these adhesives utilize an enzymatic 

oxidation process to crosslink and cure the resin, introduction of a redox active species 

should interrupt curing.  Stable radical groups, such as (2,2,6,6-Tetramethylpiperidin-

1-yl)oxyl (TEMPO), are capable of being both oxidized and reduced.  By combining 
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amphiphilic siloxane-based block copolymers with these active groups, a broad range 

of foulants could be targeted producing AF and FR coatings with a diverse set of 

chemical functionalities. 

 

 

Figure 6-1: Schematic representation of oxidative crosslinking of proteins in barnacle 

adhesive curing process.  Inhibition of crosslinking is shown by use of stable radicals 

to interfere with enzymatic oxidation process. 

 

 Two strategies of incorporating stable radical species was studied, the first was 

to blend a stable radical containing block copolymer with siloxane block copolymer to 

produce multifunctional coatings.  The second was to develop a set of block 

copolymers incorporating a siloxane with a stable radical group. 
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Experimental 

Materials.  

 Monomethylated poly(ethylene glycol) (Mn = 350), methanesulfonyl chloride, 

3-(aminopropyl)trimethoxysilane, diisopropylethylamine, styrene, sec-butyl lithium, 

sulfuric acid, 2,2,6,6-tetramethyl-4-piperidyl methacrylate, 3,3,4,4,5,5,6,6,7,7,8,8,8,-

tridecafluoroctyl methacrylate, poly(ethylene glycol) monomethyl ether methacrylate 

Mn = 350, CuBr, 2,2’-dipyridyl, trifluorotoluene, toluene  and 

dimethoxyphenylacetophenone were purchased from Sigma-Aldrich., polystyrene-

block-poly(ethylene-ran-butylene)-block-polystyrene (SEBS, MD6945) and SEBS 

grafted with maleic anhydride (MA-SEBS, FG1901X) were generously provided by 

Kraton Polymers. Anhydrous chloroform (CHCl3), anhydrous tetrahydrofuran (THF), 

methylene chloride (CH2Cl2), methanol (CH3OH), benzene, sodium hydroxide 

(NaOH), sulfuric acid (H2SO4), 30 wt% hydrogen peroxide (H2O2) in water, 

anhydrous ethanol (CH3CH2OH), sodium hydride, and all other chemicals were 

purchased from Sigma-Aldrich and used without further purification unless otherwise 

noted.  Tetrahydrofuran (THF) was dried by stirring over sodium metal and 

benzophenone and distilled, and degassed by a freeze pump thaw process.  Styrene 

was dried by stirring over ground calcium hydride (CaH2), then distilled and degassed 

by a freeze pump thaw process.  Hexamethylcyclotrisiloxane (D3) purchased from 

Gelest was dried by stirring in benzene over CaH2.  After drying, the benzene was 

distilled and the D3 sublimed into a flask containing benzene and dried styrene 

polymerized with sec-butyl lithium.  The D3 was stirred at room temperature over the 

polymerization to further dry the D3 until the solution was clear, then the benzene was 
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distilled and the D3 sublimed into a clean flask.  The benzene was then distilled off the 

D3 to yield dried trimer.  1,3,5-trivinyl-1,3,5-trimethylcyclotrisiloxane (V3), 

purchased from Gelest, was dried by stirring over CaH2, then distilled and degassed by 

a freeze pump thaw process.  Chlorotrimethylsilane purchased from Sigma-Aldrich 

was purified by simple distillation and degassed by bubbling dry nitrogen through the 

liquid prior to use. 

Synthesis of siloxane block copolymers 

A clean dry flask evacuated with nitrogen was filled with 50 mL of dried 

benzene.  To this, 714 µL of 1.4 M sec-butyl lithium in hexanes was added and stirred, 

followed by the addition of 7.7 mL (7 g) of dried styrene to initiate the polystyrene 

polymerization and allowed to react for 24 hr to consume all monomer in the solution 

to produce a 7 kg/mol polystyrene block.  A sample was taken after 24 hr for analysis 

by GPC.  A 0.5 g/mL solution of D3 in dried benzene was prepared to add to the 

polymerization.  98 mL of this solution (49 g of D3) was added to the polymerization 

to initiate the D3 polymerization.  This was allowed to react for 24 hr until the solution 

was colorless.  At this time, 20 mL of distilled THF was added to the reaction to 

accelerate the polymerization of the D3.  After 2 hours, 1.42g of V3 in THF was added 

to the polymerization via syringe pump over 48 hours and reacted at room temperature 

for an additional 2 days.  A sample was taken from the polymerization for analysis by 

GPC and NMR.  To terminate the polymerization, 2 mL chlorotrimethylsilane was 

added to the polymerization.  The polymer was precipitated in 1 L of methanol, 

filtered and dried.  The polymer was characterized by GPC to determine final 

molecular weight, and by NMR to determine vinyl content. 
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Scheme 6-1: Anionic polymerization of PS-b-P(DMS-stat-VMS) 

 

Synthesis of PEG Thiol 

 A thiol-terminated PEG was prepared using monomethyl poly(ethylene glycol) 

with a molecular weight of 350 g/mol.  20 g (57.1 mmol) of PEG was stirred in 40 mL 

of THF with 11 mL (63.1 mmol) of diisopropylethylamine (DIEA) at 0 °C.  To this 

solution, 5 mL of mesyl chloride in 20 mL of THF was added dropwise and allowed to 

stir overnight.  The reaction was purified by first drying over sodium sulfate, then 

passing over a plug of silica with excess THF.  The solution was dried yielding 24.81 

g of pale yellow liquid product. 

 
1
H NMR (300 MHz, CDCl3): δ (ppm) 4.30 (m, 2H, -CH2OSO2-), 3.45-3.83 

(m, -OCH2CH2O-), 3.35 (s, 3H, CH3O-), 3.07 (s, 3H, CH3SO3-). 
13

C NMR (300 

MHz, CDCl3): δ(ppm) 71.78, 70.34, 69.37, 68.38, 58.87, 37.56 

 This product was then added to 60 mL of ethanol with 5.5 g (71.5 mmol) of 
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thiourea.  This solution was refluxed for 18 hours under nitrogen.  At this point, 11 g 

(275 mmol) of NaOH in 20 mL of water was added to the reaction and refluxed for an 

additional 24 hours under nitrogen.  The solution was neutralized with 1M HCl and 

the product was extracted four times with dichloromethane.  The solution was dried 

using sodium sulfate and dried to produce 11.6 g of product. 

 1
H NMR (CDCl3): δ (ppm) = 3.5-3.8 (m, -OCH2CH2O-), 3.37 (s, 3H, CH3O-), 

2.88 (t, 2H, -CH2-SH), 1.6 (s, 1H, -SH) 

 

 

Scheme 6-2: Synthesis of thiol-terminated PEG for attachment to siloxane block 

copolymer 

 

 The thiol-functionalized PEG was then attached to the siloxane backbone using 

Thiol-ene “click” chemistry to react onto the vinyl groups in the VMS.  2 g of the 

siloxane block copolymer was dissolved in 5 mL dichloromethane.  Relative to the 

moles of vinyl groups in the polymer determined by NMR spectroscopy, 5 equivalents 

of the thiol and 0.2 equivalents of dimethoxyphenyl acetophenone (DMPA) were 

added to the solution.  The reaction vessel was purged with nitrogen and the solution 

was degassed by bubbling nitrogen for 20 minutes.  The solution was then irradiated 
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with 365 nm UV light for 1 hour.  The polymer was precipitated in 200 mL of 

methanol, filtered, and dried under vacuum to yield functionalized polymer. 

Synthesis of stable radical block copolymer 

 A polystyrene-block-poly(TEMPO methacrylate) (PS-PTMA) block 

copolymer was generously provided by Dr. Clemens Liedel for use in these coatings.  

The block copolymer was produced by anionic polymerization as shown and had a 15 

kDa PS block and a 45 kDa PTMA block based on GPC and NMR analysis. 

 

 

Scheme 6-3: PS-b-PTMA synthesis by anionic polymerization, a stable radical 

containing block copolymer used for coating preparation 

 

Synthesis of PS-PDMS ATRP Macroinitiator and Radical Copolymers 

 To produce block copolymers containing both a siloxane block and a stable 

radical block, an ATRP macroinitiator was synthesized from a PS-PDMS block 

copolymer polymerization.  The PS-PDMS block copolymer was produced as 

described above, without the addition of a vinyl siloxane component.  To terminate the 
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polymerization, a chlorosilane was reacted to the active polymerization that contained 

an ATRP initiator.  The polymer was worked up again by precipitating in methanol, 

filtering, and drying. 

 

 

Scheme 6-4: Synthesis of ATRP macroinitiator from a PS-PDMS block copolymer 

 

 This macroinitiator was then used to initiate ATRP reactions using three types 

of monomers, a TEMPO precursor, a fluorinated acrylate, and a PEG containing 

methacrylate.  ATRP was carried out in a degassed reaction solution.  In a typical 

polymerization, 4g of the PS-PDMS macroinitiator (0.0952 mmol) was added to a 

schlenk flask with 0.742 g (3 mmol) 2,2,6,6-tetramethyl-4-piperidyl methacrylate 

(TEMPO precursor), 1.297 g (3 mmol) 3,3,4,4,5,5,6,6,7,7,8,8,8,-tridecafluoroctyl 

methacrylate, and 40 mg (0.0952 mmol) CuBr, 13.5 mg (0.0952 mmol) 4,4’-dinonyl-

2,2’-dipyridyl in 10 mL trifluorotoluene with 2 mL toluene.  The reaction solution was 

degassed by 4 cycles of freeze pump thaw.  The polymerization was conducted at 

85 °C for 24 hours.  The reaction solution was extracted three times with sodium 

bicarbonate solution, and three times with deionized water.  The polymer was then 

precipitated into methanol, filtered, and dried.  The polymer was redisolved in THF 

and precipitated in methanol an additional two times.  This polymerization was done 

with each of the three monomers independently, as well as 1:1 mixtures of the 
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TEMPO precurson and the fluorinated acrylate (described here) or the PEG 

methacrylate as well as one polymerization with all three monomers. 

 

 

Scheme 6-5: ATRP polymerization of a TEMPO precursor, fluorinated acrylate, and 

PEG containing methacrylate.  Oxidation of the precursor to TEMPO creates side 

functionalized triblock copolymer. 

 

 The stable radical of the TEMPO was generated by oxidation of the precursor 

with mCPBA in DCM.  The polymer was again worked up by precipitation in 

methanol, filtration, and drying. 
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Surface Preparation 

 Coated glass slides for biofouling assays were prepared as previously reported 

using SEBS materials
45.

  Briefly, standard microscope glass slides (3 in × 1 in.) were 

treated with freshly prepared piranha solution (7:3 v/v, mixture of concentrated H2SO4 

and 30 wt% H2O2 solution) overnight, and then sequentially rinsed with distilled water 

and anhydrous ethanol before dried with nitrogen gas. The dried clean glass slides 

were then immersed in 3.5% (v/v, in anhydrous ethanol) 3-

(aminopropyl)trimethoxysilane solution at room temperature overnight, followed by 

washing with water, anhydrous ethanol, and drying using nitrogen. The aminosilane 

treated glass slides were cured by heating to 120 ºC in a vacuum oven at reduced 

pressure for 2 h before slowly cooling down to room temperature. The first layer 

coating were applied on the silane treated glass slides by spinning coated with 

SEBS/MA-SEBS solution (7% w/v SEBS and 2% w/v MA-SEBS) in Toluene (2500 

rpm, 30 sec), followed by baking the glass slides at 120 ºC in a vacuum oven at 

reduced pressure for 12 h, allowing the maleic anhydride groups in the polymer 

backbone react with amine groups on the glass surfaces, therefore improving the 

bonding of the coating to the glass. The second layer was spin coated with SEBS 

solution (12 % w/v SEBS solution) three times (2500 rpm, 30 sec.), followed by 

further baking at 120 ºC in a vacuum oven at reduced pressure for 12 h to give a base 

layer thickness about 1 mm. The block copolymer blends were finally spray coated on 

the surface using Badger model 250 airbrush and 50 psi nitrogen gas, and annealed in 

a vacuum oven at reduced pressure at 60 ºC for 12 h, and then 120 ºC for 12 h to 

ensure the complete removal of the solvents. 



 

240 

 Coatings were produced by blending together PS-PTMA with either PS-PDMS 

or PS-P(DMS-PEG) in solution for spray coating.  To determine the ratio of PS-

PTMA to siloxane block copolymer for coating, blends varying from 100% PS-PTMA 

to 100% siloxane were spray coated onto SEBS and analyzed by XPS.  These samples 

were studied for both the PS-PDMS and PS-P(DMS-PEG) coatings blends.  Samples 

were run both as cast and after 72 hours of immersion in water to determine an 

optimal ratio. 

 Coatings produced for biofouling assays included coatings of all three 

polymers, PS-PDMS, PS-P(DMS-PEG), and PS-PTMA, as well as blends of PS-

PTMA with both PS-PDMS and PS-P(DMS-PEG) to produce a total of five 

experimental coatings.  All coatings were produced by blending 85 wt% PS-PTMA 

with 15 wt% of the siloxane block copolymer and spray coating onto SEBS. 

 

Characterization.  

 NMR spectra were recorded using a Varian Gemini 400MHz spectrometer in 

CDCl3 solution.  

Molecular weights (Mn, Mw) and polydispersity indices (PDI) of all polymers 

were determined by GPC (Table 1) on a Waters 1515 Isocratic HPLC pump ambient 

temperature chromatograph using THF as a solvent.  The machine is equipped with 

both a Waters 2414 differential refractive index detector as well as a Waters 2489 

UV/Visible detector. Polystyrene standards were used for calibration. 
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X-ray Photoelectron Spectroscopy.  

 X-ray photoelectron spectroscopy (XPS) of surfaces was performed using a 

Surface Science Instruments SSX-100 with a monochromatic Al-K X-ray source at 

1486.6 eV, and an operating pressure of less than 2 × 10
–9

 Torr. Photoelectrons were 

collected at an emission angle, , of 55° from the surface normal and analysed using a 

hemispherical analyser with pass energy of 150 eV for survey scans and 50 eV for 

high resolution scans. The X-ray incidence angle, relative to the surface normal, was 

71°. Charge compensation was carried out using low-energy electrons from an 

electron flood gun. The spectra were analysed using CasaXPS v. 2.3.14 software. 

Atom concentrations were calculated using peak areas normalized on the basis of 

Scofield photoemission cross sections and sampling depths. For an Al-K X-ray 

photon and a photoelectron of 285 eV binding energy, the sampling depth for the AF 

polymer and PDMS was estimated to be ~2–3 nm based on similar materials studied
42

. 

The transmission function was assumed to be constant over the range of kinetic 

energies in the survey scans. 

Bubble Contact Angle. 

 Water contact angle measurements were taken using an NRL contact angle 

goniometer (Ramé-Hart model 100-00) at room temperature using deionized water.  

For each sample, three separate measurements were taken from separate bubbles at 

different locations on the surface.  The contact angle of an air bubble in contact with 

the surface underwater was determined using the captive bubble method previously 

described.
46,47

  An air bubble was trapped against the surface immersed upside-down 
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in water by releasing it from the tip of a 22 gauge stainless steel needle.  These 

measurements were taken immediately after immersion in water, and at regular time 

intervals to determine how the wettability changes as the surfaces rearrange upon 

exposure to a water environment. 

  

Laboratory Bioassays.  

Settlement and adhesion of N. incerta 

 For the assays with N. incerta,
48

 6 slides were equilibrated in filtered artificial 

seawater (ASW; Tropic Marin) for 72 hours before use. A suspension of diatom cells 

cultured in F/2 medium was filtered through 20 and 50 μm nylon meshes and then 

diluted to give a chlorophyll a content of 0.25 µgml
-1

.
49

 10 mL of the diatom 

suspension were  added to each slide placed into individual compartments of 

polystyrene 4-compartments plates (quadriPERM® dishes, Greiner Bio-One Ltd).  

After2 hours at room temperature (c. 20 °C) all slides were rinsed with filtered ASW 

to remove unsettled (unattached) cells from the surface. At this time, three the slides 

were fixed using 10 mL 2.5% (v/v) glutaraldehyde in filtered ASW and then washed 

in deionised water before air-drying overnight. Attached cells were counted by 

chlorophyll autofluorescence using an epifluorescent microscope (20 × objective; λ 

excitation and emission: 546 and 590 nm, respectively) and a video camera.
50 

 For 

each replicate slide, a total of 30 fields of view were counted (each 0.038 mm
2
). The 

mean count (x=90) was then converted to number mm
-2

. 

 The other three slides after rinsing with ASW were put directly into a 
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calibrated turbulent flow channel previously described
51

 to test the adhesion strength 

of the diatom cells. A turbulent flow of water with a wall shear stress of 56 Pa was 

flowed across the slides for 5 min.  Again, the cells were fixed using glutaraldehyde.  

The number of cells remaining after flow was counted as previously described and 

was compared to the unexposed slides to evaluate the percentage of cells removed.    

Settlement and adhesion of B. amphitrite 

Settlement assays were performed with cypris larvae of Balanus amphitrite.  

Prior to tests, the films were equilibrated in artificial sea water for 72 hours to prepare 

coatings for bioassays. 

Adult broodstock was supplied by the Duke University Marine Laboratory, 

North Carolina, USA, and reared at Newcastle University. Adults were maintained in 

semi-static culture, in natural seawater (exchanged daily), at 23 ± 2 °C and a salinity 

of 32. Nauplius larvae were released naturally and attracted to a point cold light 

source. Nauplii were stored in a beaker with a dilute concentration of Tetraselmis 

suecica until approximately 10,000 stage 1 nauplii had been collected (within 2–3 h), 

as described in Elbourne et al. (2008). Nauplii were then transferred into a bucket with 

10 L of 0.7 μm filtered seawater, 36.5 mg L
–1

 of streptomycin sulphate and 

21.9 mg L
-1 

of penicillin G and incubated at 28 °C.  The larvae were fed daily with an 

excess of Tetraselmis suecica and Skeletonema marinoi until metamorphosis to the 

cyprid. Cyprids for settlement assays were collected by filtration and stored in 0.22 

µm filtered natural seawater (FSW) at 6 °C for 3 days.  

Settlement assays were carried out using coated glass slides placed in 

quadriPERM dishes (Sarstedt, Germany). Approximately 20  3-day-old cyprids were 
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placed in a 1 mL drop of 0.22 µm FSW onto the surface of each coated slide, with six 

replicates per formulation.  The lids were placed on the quadriPERM dishes to 

minimise water evaporation and incubated in the dark at 28 °C. Settlement was 

enumerated after 24 and 48 h and expressed as percentage settlement. Polystyrene 24-

well plates, containing 2 mL of 0.22 µm FSW and 15 cyprids per well (n=6 

replicates), were used as a reference to check cyprid health and that settlement was at 

normal levels. 

 

Results 

Synthesis and Preparation of Coatings 

 A polystyrene-block-poly(dimethylsiloxane-random-vinylmethylsiloxane) (PS-

P(DMS/VMS)) block copolymer was produced by anionic polymerization.  To 

determine the molecular weight of the PS block shown in Table 6-2, a sample was 

removed before addition of the D3.  After polymerization of the D3 and V3, GPC 

results gave molecular weights shown also in Table 6-2.  NMR confirmed a vinyl 

content of 4.98 mol% relative to the PDMS in the siloxane block.  After 

functionalization with the PEG thiol, the siloxane block contained 3.8 mol% PEG 

functionalized siloxane repeat units as evidenced by NMR, giving a 79% conversion 

of vinyl groups to PEG side chains by thiol-ene “click” chemistry.  
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Table 6-1: Molecular weights and compositions of all block copolymers used in blend 

coatings 

 PS MW (kDa) 
(Ɖ) 

PDMS MW (kDa) 
(Ɖ) 

PTMA MW 
(kDa)  

PEG functionalization 
in siloxane 

PS-PTMA 15 (1.03)  45  

PS-P(DMS/VMS) 7.2 (1.02) 36 (1.18)   

PS-P(DMS/PEG) 7.2 (1.02) 36 (1.18)  3.8 mol% 

 

 

XPS Measurements of Blends 

 To determine the blend ratio of the siloxane and stable radical block 

copolymer, blend coatings were produced on SEBS varying the block copolymer ratio 

from 100% PS-PTMA to 100% siloxane in 12.5% increments.  This was done for both 

the PS-PDMS and PS-P(DMS/PEG) block copolymers.  XPS was performed on these 

surfaces after coating to determine the ratio at which both components were present at 

the surface, as PDMS is a very surface dominating material due to its low surface 

energy.
52

  The atomic percentages of carbon, silicon, and oxygen were observed as the 

blend ratio changed to determine at what point the surface had both components 

presented.  The results of the PS-PDMS and PS-PTMA blends are shown in Figure 

6-2.  As the ratio of PS-PTMA increased, little change was observed until over 80% of 

the weight percent was PS-PTMA, which is consistent with the low surface energy of 

PDMS. 

 The PS-P(DMS/PEG) blends with PS-PTMA showed a nearly identical trend, 

requiring loading percentages of PS-PTMA over 80%.  For both blends, immersion in 

water before XPS measurements did not affect the atom percentages at all.  Based on 
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these observations, test coatings were prepared using 85 wt% PS-PTMA and 15 wt% 

siloxane block copolymer for biofouling assays. 

 

 

Figure 6-2: Atom percentages of carbon, oxygen, and silicon based on XPS 

measurements of coatings of blends of PS-PDMS and PS-PTMA on SEBS showing 

surface presentation of PTMA as a function of loading percentage 

 

Bubble Contact Angle Measurements 

 Captive bubble contact angle measurements were taken in situ on surfaces 

immersed in water for 120 hours.  The change in contact angle shows how the surface 

hydrophilicity changes over time after immersion in water.  Initial measurements show 

that the PS-PDMS block copolymer is the most hydrophobic material and the PS-

PTMA is the most hydrophilic.  Blending either siloxane with the TEMPO block 
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copolymer increases the hydrophilicity of the surface.  After 120 hours, all coatings, 

except the PS-PDMS, have very similar contact angle values, which is still the most 

hydrophobic coating of the set. 

 

Figure 6-3: Bubble contact angle measurments taken of stable radical containing 

coatings.  Bubble contact angle measurements taken in situ over 120 hours at regular 

intervals to measure surface reconstruction under water 

 

Laboratory Bioassays 

 Settlement and removal assays using barnacles were performed to determine 

the effectiveness of stable radicals in reducing adhesion of these organisms.  The PS-

PTMA coating showed far higher settlement of barnacle cyprids than any of the other 

test coatings shown in Figure 6-4.  The lowest settlement was observed on the PEG 

functionalized siloxane material, with almost no settlement.  The blend of this material 

with PS-PTMA  did increase the initial settlement of barnacles. 
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Figure 6-4: 24 hour settlement of 3-day old crpris larvae of B. amphitrite on stable 

radical containing coatings.  Error bars represent standard error from 12 replicate 

slides counted. 

 Removal of these barnacles gives insight into their adhesion strength to the 

surface.  Additional cyprids were settled onto surfaces with low settlement, so that all 

surfaces had a sufficiently large population of barnacles to allow for better 

interpretation of the removal data.  After 6 days of growth, the juvenile barnacles were 

removed with a shear stress of 92 Pa, the fraction removed is shown in Figure 6-5.  

For the PEG functionalized siloxane, addition of the PS-PTMA into the blend 

significantly increased the removal of juvenile barnacles.  The highest removal was 

observed for the blend of the PS-PDMS and PS-PTMA, indicating that the 

combination of the siloxane with the stable radical block copolymer reduces adhesion 

strength of barnacles. 
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Figure 6-5: Percentage removal of 6-day old juvenile barnacles by exposure to a shear 

stress of 92 Pa.  Error bars represent standard error from 12 replicate slides counted. 

 

 Settlement studies using N. incerta show low initial settlement of the diatoms 

at the surface of the PS-PTMA block copolymer shown in Figure 6-6.  Higher 

settlements are observed in all other coatings, with the blend of the PS-PDMS and PS-

PTMA having the overall highest settlement. 
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Figure 6-6: The initial attachment density of attached N. incerta cells on stable radical 

containing coatings after washing.  Each point is the mean from 90 counts on 3 

replicate slides.  Bars show 95% confidence limits. 

 

 Applying a shear stress of 35 Pa to the surfaces was done to measure relative 

adhesive strength of the diatoms to the surface, the proportion of cells removed is 

shown in Figure 6-7.  The PS-PTMA, which had the lowest settlement of diatoms, 

also showed the highest removal.  The lowest removal was observed on the blend of 

the PS-PDMS and PS-PTMA which also had the highest settlement.  For this species, 

the stable radical component lowered release for the PS-PDMS block copolymer, 

while slightly improving removal from the PEG functionalized siloxane. 
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Figure 6-7: Percentage removal of N. incerta cells from radical containing surfaces 

exposed to a 35 Pa shear stress.  Error bars represent ± 2 x SE and were calculated 

from arcsine-transformed data. 

 

 Observations of these surfaces by optical microscopy give some valuable 

information about the coatings and effects that could have on settlement and adhesion.  

The PS-PTMA block copolymer surface shows cracks, indicating that this material is 

quite rigid and glassy.  Both siloxane materials show surface topology with small 

bubbles, derived from the soft rubbery nature of these materials.  Addition of the PS-

PTMA block copolymer to either siloxane has the effect of making the material glassy 

and cracked, as seen in Figure 6-8. 
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Figure 6-8: Optical microscopy images of stable radical containing coatings showing 

how the glassy properties of the PS-PTMA block copolymer affects the coating 

surfaces 

 

Block Copolymers from PS-PDMS Macroinitiator 

 Triblock copolymers containing stable radicals were produced from a PS-

PDMS ATRP macroinititator.  Combinations of a TEMPO containing monomer, a 

fluoroalkyl monomer, and a PEG containing monomer were polymerized and 

copolymerized from the macroinitiator.  Molecular weights of each block are 

calculated from NMR analysis in Table 6-2.  All polymers have a 7 kDa PS block, to 

enable blending with the thermoplastic elastomeric underlayer.  Additionally, all block 

copolymers have a 35 kDa PDMS block, which has been shown to be effective in 

reducing fouling of algaes and other soft foulers.  The final block contains a TEMPO 
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component which is expected to reduce barnacle adhesion strength as shown by the 

blend coatings studied in this chapter.  This TEMPO containing block was 

copolymerized with either PEGMA or a fluoroalkyl acrylate to study how amphiphilic 

and surface active components interact with the stable radical to modify surface 

chemistry and ultimately antifouling performance. 

 

Table 6-2: Molecular weights of PS-PDMS ATRP macroinitiaor polymerizations 

 

 

   

Discussion 

 A set of stable radical containing coatings was produced to target the 

enzymatic adhesive curing in certain barnacle species based on the ability of these 

groups to be reduced and oxidized reversibly.  Incorporating the stable radicals into 

block copolymer coatings immobilizes the active species in the coating, and allows us 

to control surface chemistry using knowledge gained in previous work in this thesis.  

This is the first study using the PS-PTMA block copolymer as an antifouling coating 
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material.  Blends of this stable radical containing block copolymer with siloxane block 

copolymers studied in Chapter 3 was intended to enhance the fouling release 

performance of these siloxane coatings against barnacles in particular.  All polymers 

in the first study were produced by anionic polymerization. 

 In order to establish the presence of stable radical species at the surface, XPS 

was used to characterize the silicon content at the surface which is directly related to 

the PDMS content.  With sufficient addition of PS-PTMA, the silicon content was 

observed to decrease.  XPS analysis showed that at least 85 wt% of the blends needed 

to be PS-PTMA for there to be a reduction in the surface silicon content and for any of 

these stable radicals to be present on the surface, even after immersion in water.  

Because of the low surface energy and high mobility of PDMS, it was very surface 

dominant at most blend ratios, as observed in other studies in this thesis (Chapters 2, 

3, 4).  Both coatings made with either the siloxane or the amphiphilic siloxane block 

copolymer required the same amount of the TEMPO block copolymer to populate the 

surface with stable radical groups, so 85 wt% PS-PTMA blends were used for all 

biological test coatings.  Bubble contact angle measurements show that the stable 

radical is more hydrophilic than the PDMS, meaning that it will have a higher 

preference for being at the surface underwater than in air. 

 Laboratory bioassays against the barnacle species Balanus amphitrite, and a 

diatom Navicula incerta were performed to show the AF and FR properties of these 

surfaces.  Because barnacles are the target organism of these stable radicals, this study 

was very critical to understanding the success of the materials.  The amphiphilic 

siloxane was shown to have very low barnacle settlement, but also low removal.  The 
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addition of the PS-PTMA block copolymer significantly increased the removal of 

juvenile barnacles from these surfaces in the amphiphilic siloxane.  Additionally, 

removal was increased modestly from the PS-PDMS coatings by the addition of the 

stable radical group.  The diatom studies showed that the PS-PTMA block copolymer 

alone was the most successful coating at preventing settlement of diatoms as well as 

releasing them.  This is consistent with the fact that N. incerta settles quite strongly on 

siloxane coatings.
21

 

 Despite the success of PS-PTMA as a surface component that reduces barnacle 

adhesion strength, PS-PTMA is a glassy material that is prone to cracking as observed 

by optical microscopy.  Materials which are more rigid typically show lower FR, as 

the surface is unable to release foulants by a peeling mechanism.
53,54

  Because many of 

the stable radical coatings were successful in spite of their having rigid mechanical 

properties, it was determined that a more elastomeric stable radical block copolymer 

coating would be expected to provide superior performance. 

 To address the surface mechanical properties of the coatings, an ATRP 

macroinitiator from a new PS-PDMS block copolymer was produced.  From this, a 

TEMPO precursor monomer along with combinations of fluoroalkyl and PEG 

containing methacrylate and acrylate monomers were polymerized.  This produced 

siloxane block copolymers containing stable radicals and combinations of hydrophilic 

and additional hydrophobic groups to determine how stable radical groups affect the 

performance of common AF and FR coatings materials.  These coatings have been 

produced, but extensive characterization and biofouling assays are yet to be 

completed. 
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Conclusions 

 Barnacles are one of the most persistent biofouling species.
55

  Because these 

organisms use an enzymatic oxidation to crosslink and cure their adhesive,
15,16

 it is 

possible to reduce attachment strength by inhibiting this process as shown by this 

study.  Stable radical containing coatings were prepared to interfere with adhesion, 

based on the redox potential of the stable radical TEMPO.  By combining this active 

group with siloxane and amphiphilic siloxane coatings, multifunctional antifouling 

coatings were produced.  Although the siloxane block dominated the surface in the 

PS-PTMA blend with PS-PDMS or PS-P(DMS/PEG) block copolymers, immersion in 

water showed that the stable radical block copolymers change the wettability of PS-

PDMS surfaces, indicating a preference for TEMPO surface interactions with water.  

These coatings were able to reduce adhesion strength of barnacles to both siloxane and 

amphiphilic siloxane block copolymers. 

 Although these coatings did show improved performance, the surfaces were 

brittle and contained cracks due to the high PS-PTMA content.  Because hard and 

rough surfaces promote fouling and strong adhesion, a set of elastomeric stable radical 

containing block copolymer was produced by ATRP which is expected to show higher 

fouling release.  By incorporating the TEMPO into the siloxane block copolymer, the 

stable radical should be more present on the surface, reducing the weight fraction of 

TEMPO necessary in the material.  We anticipate further improvements in fouling 

release and biological tests were still underway at the time of the thesis defense. 
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Chapter 7 - Kinetics of copolymerization of 

polydimethylsiloxane and poly(methyl vinylsilxoane) 
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Introduction 

 Siloxane coatings have been used extensively as antifouling coatings due to 

their low surface energy, high elasticity, and high chain mobility.
1–3

  Most coatings 

studied are network siloxanes, which require curing of the polymer on the surface.
4–6

  

It is possible to attain desired surface mechanical properties using block copolymer 

thermoplastic elastomers which can easily be tailored, functionalized, and coated on 

surfaces.  Hydrocarbon elastomers including polystyrene-block-poly(ethylene-co-

butylene)-block-polyisoprene (SEBI) and polystyrene-block-poly(ethylene-co-

butylene)-block-polystyrene (SEBS) have been modified and used extensively in 

antifouling coatings.
7–10

  Similar block copolymers can be produced using siloxanes, 

which have a polystyrene block that is compatible with hydrocarbon thermoplastic 

elastomers.
11,12

 

 Siloxane block copolymers with a range of functionalities can be produced via 

anionic polymerization.
13–15

  Particular interest is given to the incorporation of vinyl 

groups, which can be functionalized post-polymerization to produce antifouling 

coatings with highly controlled chemical composition.  By combining this with 

polydimethylsiloxane (PDMS), the side chain sites on the block copolymer can be 

controlled.  However, the reactivity of the different cyclosiloxanes varies significantly, 

which affects the distribution of these monomers throughout the polymer chain.  In 

order to control this localization of functionality, it is necessary to study the kinetics of 

these copolymerizations.  This work examines the copolymerization of 

hexamethylcyclotrisiloxane (D3) which produces PDMS, and 1,3,5-trimethyl-1,3,5-

trivynylcyclotrisiloxane (V3) which produces poly(methyl vinylsiloxane) (PVMS).  
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The polymerization is initiated by a polystyryl anion, which produces a polystyrene-

block-poly(dimethylsiloxane-co-methyl vinylsiloxane) (PS-P(DMS/VMS)) block 

copolymer. 

 

Experimental 

Materials 

 Benzene, tetrahydrofuran, calcium hydride (CaH2), sodium, benzophenone, 

methanol, and sec-butyl lithium were purchased from Sigma-Aldrich.  

Tetrahydrofuran (THF) was dried by stirring over sodium metal and benzophenone 

and distilled, and degassed by a freeze pump thaw process.  Styrene was dried by 

stirring over ground calcium hydride (CaH2), then distilled and degassed by a freeze 

pump thaw process.  Hexamethylcyclotrisiloxane (D3) purchased from Gelest was 

dried by stirring in benzene over CaH2.  After drying, the benzene was distilled and 

the D3 sublimed into a flask containing benzene and styrene polymerized with sec-

butyl lithium.  The D3 was stirred at room temperature over the polymerization to 

further dry the D3 until the solution was clear, then the benzene was distilled and the 

D3 sublimed into a clean flask.  The benzene was then distilled off the D3 to yield 

dried trimer.  1,3,5-trivinyl-1,3,5-trimethylcyclotrisiloxane (V3) was dried by stirring 

over CaH2, then distilled and degassed by a freeze pump thaw process.   

Anionic polymerization of PS-P(DMS/VMS) 

 A clean dry flask evacuated with nitrogen was filled with 40 mL of dried 

benzene.  To this, 892 µL of 1.4 M sec-butyl lithium in hexanes was added and stirred, 
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followed by the addition of 22 mL (20 g) of dried styrene to initiate the polystyrene 

polymerization and allowed to react for 24 hr to consume all monomer in the solution 

to produce a 16 kg/mol polystyrene block.  A sample was taken after 24 hr for analysis 

by GPC.  A 0.5 g/mL solution of D3 in dried benzene was prepared to add to the 

polymerization.  64 mL of this solution (32 g of D3) was added to the polymerization 

to initiate the D3 polymerization.  This was allowed to react for 24 hr until the solution 

was colorless.  2.5 mL of V3 was added to the polymerization to prepare for 

copolymerization.  At this time, 35 mL of distilled THF was added to the reaction to 

accelerate the polymerization of the D3.  5 mL samples were taken from the 

polymerization at regular intervals to study the polymerization over time.  The 

polymer samples were each precipitated separately in 100 mL of methanol, filtered 

and dried.  The polymers were characterized by GPC to determine final molecular 

weight, and by NMR to determine vinyl content. 

 

 

Scheme 7-1: Anionic polymerization of polystyrene-block-poly(dimethylsiloxane-stat-

vinyl methylsiloxane) to study kinetics of D3 and V3 polymerization 
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Characterization 

1
H NMR 

1
H NMR spectra were recorded using a Varian Gemini 400MHz spectrometer 

in CDCl3 solution. 

Gel permeation chromatography 

GPC was performed on a Waters Ambient Temperature GPC using THF as a 

solvent.  The machine is equipped with both a Waters 410 differential refractive index 

detector as well as a Waters 486 UV-Vis detector for detection of polymer.  The 

machine is calibrated using polystyrene standards. 

 

Results and Discussion 

 Samples were taken from the polymerization after 10 min, 30 min, 60 min, 100 

min, 150 min, 210 min, 300 min, 480 min, 720 min, 1440 min, and 2880 min.  Each 

sample was precipitated in methanol as a white powder, filtered, and dried in vacuo.  

Each sample was analyzed by GPC to determine molecular weight, and NMR to 

determine relative vinyl content.  Together, the rates of polymerization of both the D3 

and V3 monomers could be determined. 

 Because the siloxane block was polymerized from a polystyrene block, the 

molecular weight of the siloxane was determined as the difference between the total 

molecular weight by GPC and the PS molecular weight.  Comparison of the three 

monomers by NMR was done by comparing the PS peaks at δ 6.6 and δ 7.1 (5 H), the 

peaks associated with the vinyl group at δ 5.8 and δ 6.0 (3 H), and the methyl peaks of 
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the siloxane at δ 0.1 (6 H), all of which can be observed in Figure 7-1.  To determine 

the D3 content, the contribution to the methyl peak from the V3 (3 H) was subtracted.  

Comparison of the V3 vinyl peak to the corrected D3 methyl peak gives the vinyl 

content of the siloxane block.  Comparison of this siloxane to the styrene aromatic 

peaks also allows another way to check the block ratio of the styrene and siloxane 

blocks.  All GPC data, and processed NMR data showing relative ratios of each 

monomer is shown in Table 7-1. 

 

 

 

Figure 7-1: Stacked NMR spectra of samples taken during analysis of anionic 

copolymerization of D3 and V3 
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 From the block ratios determined by NMR, molecular weight of the block 

copolymer can also be calculated using the molecular weight of each monomer and the 

block ratio.  Molecular weights calculated by NMR are consistently slightly higher 

than those determined by GPC, likely because the hydrodynamic radius of the siloxane 

block copolymer scales differently with molecular weight in THF than the PS, making 

the calibration standards completely accurate for measuring this molecular weight.  

Additionally, NMR peaks at low field values such as those for the PDMS at δ 0.1 

often integrate higher than those at higher field values, which would also increase the 

apparent molecular weight by NMR. 

 

Table 7-1: Molecular weight and block ratio data collected by GPC and NMR of 

samples taken from copolymerization of D3 and V3 

Time 
(min) V3/Styrene DM/Styrene MW (NMR) 

MW 
(GPC) Ɖ (GPC) 

0 0 0 16613 16613 1.02 

10 0.061 0.202 19847 18259 1.02 

30 0.094 0.354 22093 19464 1.03 

60 0.121 0.404 23049 20841 1.03 

100 0.141 0.470 24098 22042 1.03 

150 0.151 0.584 25594 24323 1.04 

210 0.160 0.708 27178 26488 1.03 

300 0.158 0.943 29932 28351 1.05 

480 0.159 1.223 33261 31991 1.05 

720 0.161 1.509 36662 34803 1.05 

1440 0.164 1.842 40642 39203 1.05 

2880 0.170 2.315 46310 41050 1.06 
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 The molecular weight of the siloxane block determined by GPC can be plotted 

as a function of polymerization time, showing the rate of polymerization largely 

directed by the D3 rate.  The polystyrene molecular weight is subtracted from the 

molecular weight of each samples, giving a plot of the siloxane molecular weight as 

the polymerization runs.  These molecular weights are plotted in Figure 7-2.  The 

reaction has a half-life of 5.6 hours. 

 

Figure 7-2: Siloxane molecular weight of samples taken from the PS-P(DMS/VMS) 

polymerization as determined by GPC, calculated as the difference between the 

sample molecular weight and that of the initial PS block 

 

 Plotting the PVMS ratio to the PS block as a function of time in Figure 7-3 

gives information on the rate of polymerization of V3.  All of the data is plotted in 

Figure 7-3a, and an inset is shown in Figure 7-3b to highlight the early phase of the 

reaction.  From this data, it is obvious that the V3 polymerizes quickly, having a half 

life of 23 minutes. 
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Figure 7-3: V3 content in block copolymer relative to styrene block used as an internal 

standard as a function of polymerization time 

 

 The same analysis can be performed for the PDMS content determined by 

NMR and is shown in Figure 7-4.  The half life of the polymerization of D3 is 7.6 

hours, significantly slower than that of the V3 polymerization.  Additionally, in the 

initial phase of the polymerization, there is an apparent dip in the incorporation of 

PDMS, due to the V3 monomoer outcompeting the D3 monomer to polymerize onto 

the active block copolymer. 
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Figure 7-4: D3 content in block copolymer relative to styrene block used as an internal 

standard as a function of polymerization time 

 The V3 polymerizes roughly 20 times faster than the D3, meaning that any 

copolymerization of these two monomers produces a very strong gradient copolymer 

with almost all of the PVMS being localized near the initiation site, in this case near 

the PS block.  The V3 polymerizes faster, because there is a vinyl group attached to 

the silicon, which makes that silicon much more reactive to nucleophilic attack by the 

active polymer chain during propagation. 

 One way to control the distribution of the PVMS along the siloxane block is to 

add the monomer slowly during the reaction.  Because the V3 is much more reactive 

than the D3, it will be consumed quickly after addition to the polymerization, leading 

to a V3-starved polymerization.  Knowing the rate that the D3 polymerizes, it is 

possible to time the addition of the V3 using a syringe pump to distribute vinyl groups 

evenly along the siloxane block.  Additional distributions could be achieved by adding 

the V3 earlier or later in the polymerization, altering the gradient in a controlled way.  
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Conclusion 

 Based on analysis of samples taken from this polymerization, it was observed 

that the V3 polymerizes about 20 times faster than the D3.  This difference in 

reactivity means that copolymerizations of these two cyclic trimers produces a strong 

gradient copolymer, with almost all of the V3 polymerizing quickly.  Block 

copolymers of PS-P(DMS/VMS) are functionalized via thiol-ene “click” chemistry to 

attach chemical moieties to the vinyl groups in order to control surface chemistry and 

promote antifouling performance.  Localizing all of the side groups near the PS, which 

occurs in a copolymerization of these two monomers, makes surface segregation of 

these side groups more difficult.  Based on the kinetics observed, it is possible to add 

the V3 slowly via syringe pump to control location of vinyl groups along the siloxane 

block of the copolymer.  This monomer starved reaction leads to a siloxane block with 

vinyl groups distributed regularly along the chain. 
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Chapter 8 - Future Work 
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Introduction 

 Work presented in this thesis highlights how siloxane block copolymers can be 

synthetically modified to produce effective antifouling and fouling release coatings.  

By designing and controlling block copolymer architecture, we are able to tailor 

surface properties and performance very precisely.  Using chemical moieties known to 

be effective against marine fouling including polydimethylsiloxane (PDMS), 

poly(ethylene glycol) (PEG), and fluoroalkyl groups, we are able to produce 

multifunctional coatings.  The way these components are incorporated into the block 

copolymer has a significant effect on the performance by tuning surface properties and 

presentation of each group at the surface. 

Control of Block Copolymer Architecture 

Our recent work on the use of PDMS-based SABCs has shown that AB and 

ABA block copolymers, polystyrene-block-poly(vinyl methylsiloxane-stat-

dimethylsiloxane) (PS-b-P(VMS-stat-DMS) diblock and polystyrene-block-poly(vinyl 

methylsiloxane-stat-dimethylsiloxane)-block-polystyrene PS-b-P(VMS-stat-DMS)-b-

PS triblock) studied in Chapters 3-6 make a very versatile coating platform and have 

given us the ability to readily tailor surface chemistries to control marine fouling.  

Currently, siloxane-based block copolymer systems have been shown to be among the 

most effective antifouling structures we have ever studied.  Our block copolymer 

system is highly customizable, allowing for superior control of composition and 

architecture.  The incorporation of vinyl groups along the siloxane block of the 

copolymer provides an efficient chemical attachment point for modifying these 

materials via thiol-ene “click” chemistry. Work with the diblock (Figure 8-1a) and 
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triblock copolymers (Figure 8-1b) from Chapter 3 has shown us that composition and 

design of the polymer plays a significant role in the performance of fouling release 

coatings, and that a blend of both diblock and triblock materials into a coating yields 

enhanced performance against a wide range of hard and soft marine foulants, in 

particular when there is a highly water soluble component in the surface segment, such 

as PEG.  Work done with a range of side groups including hydrophilic PEG, 

perfluoroalkyl units, peptide, and peptoid side groups in this thesis has shown that 

these siloxane materials provide an excellent polymer substrate for many functional 

moieties that enhance antifouling performance.   

 

 

Figure 8-1:: Structures and representations of surface architecture of siloxane block 

copolymer architectures to be studied. a) AB diblock copolymer; a) ABA triblock 

copolymer; c) ABC triblock copolymer; d) ABCBA pentablock copolymer. 
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Up until now, we have focused on siloxane block copolymers with a 

styrene:siloxane volume fraction of 1:5 and block lengths of 7 kDa PS and 35 kDa 

PDMS in AB polymers and 70 kDa PDMS in ABA polymers
1
.  We plan to vary this 

overall block length and ratio to study the surface reconstruction effects of having 

different molecular weights for these segments.  Molecular weight can greatly affect 

the chain mobility and entanglement of polymer chains, properties which are 

important to the surface dynamics of our antifouling coatings.  Further, we can vary 

the vinyl content of these block copolymers quite easily, and this allows us to control 

functionalization of our polymer system in a very systematic way.  Up until now, we 

have focused on materials with vinyl content between 1 mol% and 10 mol%, dictated 

by the types of side groups being attached.  We plan to study vinyl content up to 50 

mol% to control the hydrophilicity, the amphiphilic character, and the surface 

concentration of chemical moieties of interest to fouling resistant surfaces.  This 

versatility leads us to focus on these block copolymers as the platform component of 

our antifouling systems. We plan to examine the effect of molecular weight and 

relative composition on anti-fouling performance, using PEG side groups in 

combination with the new hydrophilic functions we will introduce 

 From our work preparing PDMS block copolymers we have found that the 

relative polymerization rates of the substituted and unsubstituted cyclosiloxane 

monomers are very different. Using this observation we can design precisely 

controlled block copolymer architecture and perform detailed studies correlating this 

architecture to surface properties and antifouling performance.  We intend to prepare 

and study variations of the backbone block copolymers noted above by varying vinyl 
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content as well as building new block copolymer architectures to localize surface 

presentation of functional groups.  By designing ABCBA pentablock copolymers (see 

Figure 8-1d) of PS-b-PDMS-b-PVMS-b-PDMS-b-PS (vinyl groups for functionali-

zation in the middle) as substrate materials, a block of vinyl siloxane is surrounded in 

a larger siloxane blocks and capped with polystyrene. An ABC triblock variation, 

reminiscent of our effective hydrocarbon SABC based on PS-b-PE/B-b-PI backbone 

polymers studied several years ago, is also possible and will be explored (Figure 8-1c). 

We expect enhanced surface localization after incorporation of key AF/FR chemical 

moieties attached to the central block copolymer segment.  Because these triblock (and 

pentablock) copolymers have a surface segregating siloxane middle section, we expect 

the polymer structure to form a “loop”-like conformation.  With the functionalized 

material concentrated in the center of this loop, the presentation of surface-active 

groups at the surface will be increased. The effect of this architecture on fouling 

behavior will be studied.  

Stable Radicals 

 The term “stable radical” refers to a chemical functional group, typically a 

nitroxide, which contains an unpaired electron stabilized against thermal reaction or 

decomposition. Examples of stable radicals are given in Figure 8-2. Since many hard 

foulers rely on polyphenol oxidase and a quinone pathway for cementation as 

discussed in Chapter 6, stable radicals offer a novel approach to interfere with or 

inhibit marine cement curing. Interference in cementation by stable radicals could 

occur in several ways, including reduction of the copper in polyphenol oxidase that 

catalyzes the oxidation and interference with the semiquinone radical intermediate to 



 

285 

prevent the crosslinking of phenolic side groups,
2–4

 also shown in Figure 8-2. This 

interference can inhibit the formation of a stable cement, increasing the ease of fouling 

release of hard foulers, and preliminary work discussed in this thesis indicates that this 

approach is successful. 

 

 

Figure 8-2: a) Mechanism of stable radical interference with adhesive protein 

crosslinking; b) Stable radical species to be used in antifouling coatings targeting hard 

foulers. R is function involved in attachment to polymer backbone. 
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 Results from the first set of elastomeric stable radical coatings are anticipated 

to show how these groups can be incorporated into the siloxane coatings to produce 

highly effective coatings against a broad range of fouling organisms.  Based on these 

results, we intend to explore additional stable radicals, shown in Figure 8-2, to vary 

the redox potential and more precisely tune the interference mechanism to the fouling 

organisms. 

Polar Groups as Alternatives to PEG 

 Hydrophilic components are key to crafting a robust anti-fouling coating based 

on amphiphilic materials. Poly(ethylene glycol) (PEG) is today arguably the most 

commonly used material to impart hydrophilic character in antifouling coatings 

because of its hydrophilicity, lack of charge, and hydrogen bonding capability.
5–7

 

These characteristics allow for the formation of a hydration layer, which has been 

shown to be beneficial to anti-fouling properties: PEG directs water molecules to 

reside on the surface, which form a barrier to fouler adhesion.
8
 PEG, however, lacks 

long term stability, it tends to oxidize forming aldehydes in the presence of oxygen, 

and has been shown to degrade in artificial seawater in under two months.
9
 Despite its 

shortcomings, little work has been done to find alternatives to PEG. Our studies of 

active groups will provide a worthwhile opportunity to study new hydrophilic groups 

since: i) the active groups are not necessarily hydrophilic and we may need to include 

hydrophilic groups as part of our overall strategy and ii) PEG may not be the best 

material for long term studies since it degrades. Our need for alternative hydrophilic 

groups, our ability to introduce new components into SABCs in a systematic way and 

our need to make direct comparisons between materials types, all provide an 
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opportunity for exploration of alternative hydrophilic groups.  

 The literature on drug delivery offers a number of alternatives to PEG for 

effective, fouling resistant hydrophilic units.
10,11

 In drug delivery, one important 

criterion that correlates with strong fouling resistance is the absence of protein 

binding. Both PEG and zwitterions possess this attribute and can circulate in the body 

for extended periods of time, thereby enhancing the effectiveness of hydrophobic 

drugs.
12–14

 Recently several other moieties have been shown to possess these 

properties and include morpholine
10,11

 and pyrrolidinone segments (Figure 8-3).
15

 

These uncharged groups are straightforward to include in a variety of chemistries and 

architectures and we will examine them as stable alternatives to PEG. 

 

 

Figure 8-3: New hydrophilic groups to be introduced into peptoid sequence of 

amphiphilic coating. New structures allow for tunable hydrophilicity, surface 

segregation, and increased stability over PEG. a) morpholine b) pyrrolidinone 

 

 We plan to use several chemistries to incorporate these hydrophilic and active 

chemical structures into our block copolymer design.  Thiol-ene “click” chemistry will 

continue to be our reaction of choice for attachment directly to the block copolymer, 
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through which we can use any thiol-functionalized structure.  We have extensive 

experience in converting alcohols to thiols to create potential thiols.  Additionally, by 

synthesizing multifunctional side groups through sequence defined chemistries such as 

peptoid chemistry, we are able to make complex functional groups with precise 

sequence and composition control.  These sequences are readily functionalized with a 

thiol which can be attached to the block copolymer.  Finally, we plan to use 

polymerization techniques initiated from the polymer backbone, much the same way 

as we have used in our prior light-mediated polymer brush growth with Prof. Hawker.  

This is a very powerful method for making short polymer segments and will enable us 

to form a "bottle brush" architecture, a structure well suited for surface modification. 

By functionalizing a radical polymerization initiator via thiol-ene “click” chemistry to 

the polymer backbone, we will be able to polymerize short sequences of acrylate or 

methacrylate bound groups such as PEG-methacrylate, morpholine acrylamide, 

TEMPO methacrylate, and others directly onto the block copolymer backbone. 

Comparison between these architectures will be very indicative of the best architecture 

to produce the most effective AF/FR coatings.  We propose therefore to incorporate 

hydrophilic units directly onto the PDMS backbone using the following methods 

shown in Figure 8-4: i) thiol-ene click chemistry, ii) as portions of a peptoid sequence 

paired with active groups and as iii) short chains polymerized from initiator sites 

placed on the PDMS backbone. 
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Figure 8-4: Attachment strategies for functionalizing block copolymers by thiol-ene 

“click” chemistry, peptoid chemistry, and side chain graft polymerization using 

morpholine as an example.  Other structures can be functionalized in a similar manner. 

 

Summary 

 Marine biofouling remains a major challenge given the impact that current 

toxicant loaded paints provide have on the environment. At the same time, the energy 

and maintenance costs demand effective anti-fouling and fouling resistant coatings. 

We recognize that the current approaches using non-toxic amphiphilic coatings while 

effective against soft foulers have still not successfully resolved the problem of hard 

foulers. With this program we propose to focus on active components introduced to 

amphiphilic coatings designed to interfere with marine adhesive curing. This will lead 

to weak interfaces between the coating and the foulant and enable better and more 
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effective foulant removal. With the planned studies we will carry out systematic 

investigations in order to identify new structure–property relationships and molecular 

scale design rules for antifouling and fouling release polymers. Focusing on hard 

foulers, we will explore active components that interfere with both oxidative 

crosslinking. In addition to the creation of new coatings strategies, we will continue 

our use of NEXAFS as a tool for surface characterization and also develop super-

resolution microscopy. NEXAFS gives us information about surface composition and 

will be ideal in providing information about the new active materials. 
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