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A major problem of naval vessels is the surface fouling caused by marine organisms 

on any surface exposed to the marine environment.  Biofouling leads to increased weight, 

drag, and noise when ships are underway creating an energy and security penalty.  Instead of 

the toxic paints used currently to partially control fouling, we seek to develop new non-toxic, 

anti-fouling coatings by controlling the surface energy.  In the last few years, there is an 

increasing amount of evidence that surfaces with amphiphilic character can confer both 

enhanced resistance to biofouling and improved fouling release.  Such an approach is finding 

its way into commercial coatings. We are designing, preparing, and testing “ambiguous 

surfaces” chemically patterned at various length scales with different moieties whose 

chemical functions are selected to hinder settlement and improve fouling release, creating 

materials that can exceed the current performance of fouling release silicone coatings.   Our 

approach has been to make amphiphilic polymers from block copolymers to which functional 

groups have been attached.  In this dissertation, we discuss different strategies for designing 

new block copolymers for antifouling applications in terms of synthesizing new side groups, 

using different block copolymers, and changing the architecture of the surface.  These 

structures were then tested against two different biofouling species to determine the 

effectiveness for their antifouling and fouling release properties.  With these results we can 
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gain some insight into creating a more optimized surface, and gain a greater understanding of 

the mechanisms of biofouling. 
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INTRODUCTION 

 

Biofouling takes place when organisms settle on a surface, which generally happens 

when a surface is immersed in a natural water supply.  Biofouling takes place in four stages: 1) 

the conditioning stage: accumulation of organic matter creating a conditioning film (usually 

proteins, polysaccharides, and glycoproteins [1]); 2) the formation of a microbial film: settlement 

and growth of bacteria creating a biofilm matrix [1].  (First, planktonic bacteria reversibly adhere 

weakly to the surface, generally through electrostatic or Van der Waals forces. Over time the 

bacteria adhere more strongly to a surface using its cellular appendix and exopolymers); 3) the 

maturation of biofilms: microbial colonies grow and mature and allowing for the settlement of 

algae by providing a sufficient amount of food and 4) hard fouling: settlement of marine 

organisms such as barnacles, mussels, bryozoans, tubeworms in conjunction with further algal 

growth [1].  Settlement and colonization of biofoulers on a surface can occur within minutes of 

immersion in water [2]. 

The complexity and variety of biofoulers makes it difficult for the design of an effective 

coating that will address each stage of fouling. My work will discuss different approaches 

towards designing fouling resistant and anti-fouling coatings using block copolymers with 

modifications to enhance their anti-fouling properties. Block copolymers allow for the design of 

surface materials that are versatile and easily optimize for different applications. Biofouling, 

despite its challenges, is a significant issue that needs to be solved due to its great economic 

impact through increased fuel consumption during ship transport, clogging of membranes and 

heat exchangers, disabled underwater sensors, and growth of biofoulers in aquaculture systems 

[3]. 
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Settlement of biofoulers creates serious negative effects.  For ships it causes increased 

drag, which reduces the fuel efficiency of the vessel, decreases obtainable speeds, and requires a 

higher frequency of maintenance.  In addition, marine life can be placed in a non-native 

environment by ship transport, which can cause problems to the ecosystem especially in the case 

of an invasive species.  These problems cost billions of dollars per year in transportation and 

energy costs for the US Navy [4].   A study, by the National Oceanic and Atmospheric 

Administration at the University of Colorado at Boulder, reported that the world fleet emits 

about 3% of the of all anthropogenic CO2 and nitrogen oxide gas, which can produce smog.  In 

addition, they found that exhaust from the world fleet produces 30% of total worldwide 

emissions [5]. The world fleet consumes 300 million tons of fuel annually.  This number could 

double in the case of heavy hull fouling [6]. 

For piping systems and heat-exchanger tubes, biofouling causes an overall decline in 

efficiency.  In membrane filtration systems, biofouling leads to a significant reduction of the 

permeate flux and a higher energy consumption.  If the biofoulers are not adequately addressed 

by the filtration systems, they will eventually fail to meet regulatory standards. Membranes used 

in desalination plants or in reverse osmosis for water purification gets clogged by biofoulers and 

need to be replaced often, which increases the price of water [3]. Protein absorption can reduce 

the sensitivity for in vitro diagnostics and the effectiveness of biological implants, which can 

result in harmful side effects [7].  In addition, the proteins absorbed on the surface, which is the 

first phase of biofouling, allows for the more advanced stages of biofouling to occur.  This could 

potentially lead to infection and other complications. 
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Figure 1-1. Development processes of marine fouling. Adapted with permission from [8]. 

Copyright 2005 EDP Sciences. 

Anti-fouling coatings have been produced to combat biofoulers.  The first known anti-

fouling coatings were pitch, wax, lead, or arsenic based [9].  In the 1960s, tributyl tin (TBT) 

coatings displayed long-lasting antifouling properties at a high efficiency for low costs.  

However, the TBT in the coatings would leach out into the water and act as a biocide, to 

biofouling and non-fouling aquatic life.  Over a decade later, several studies observed that TBT 

had strong negative effects on all marine life, and on the ecosystem due to its high persistence 

and toxicity [10, 11].   

In the 1960s and 1970s, the most successful anti-fouling coatings were block copolymers 

modified with the toxic and self-cleaning TBT pendent groups and cuprous oxides as an 

additional biocidal filler and pigment.  This block copolymer undergoes hydrolysis, which 

releases the biocides and removes the biofoulers from the surface.  The TBT and cuprous oxides 

leached into the seawater leading to significant pollution and causing damaging effects on non-

fouling marine organisms including extinction [12]. These negative effects caused many 

governments to restrict TBT’s use, eventually leading to its ban from manufacture in new anti-

fouling coatings in January 2003 [13]. 
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The current industrial generation of anti-fouling coatings still incorporates high levels of 

copper.   While copper is less toxic than TBT and other heavy metals, it still acts as a biocide and 

is strongly suspected to create environmental problems [14].   Currently, there has been 

development of nontoxic low-energy surfaces for anti-fouling coatings due to new restrictive 

legislation towards newer copper-based and other heavy metal biocides.  The two properties that 

are being pursued in these new surfaces are anti-fouling behavior, which is the initial prevention 

of biofoulants adhering to a surface, and fouling release, which is the detachment of biofoulants 

from a surface through shear stresses such as those caused by water pressure from a boat moving 

through water. 

  

Usually non-toxic, non-biocidal anti-fouling coatings, are designed to minimize the 

intermolecular forces between the biofoulers and the synthetic surface coating, allowing for the 

biofoulers to detach from the surface at low shear stresses [15].  Much of the early work on non-

toxic coatings utilizes amphiphilic surfaces including both hydrophobic and hydrophilic systems.   

Hydrophobic surfaces, such as poly(dimethylsiloxane) (PDMS), have demonstrated 

strong fouling release properties both because of their low surface energy and their low modulus 

[16-21].  Low surface energies reduce the adhesion properties of a surface, which prevents the 

biofoulers from attaching as strongly.  A low modulus makes it easy to propagate a crack along 

the foulant-PDMS interface, allowing for the foulant to be more easily removed from the surface. 

Having a lower modulus, and thus a more elastic surface, prevents biofoulers from attaching as 

strongly to the surface.  However, once the modulus is as low as 4 MPa, there appears to be no 

additional fouling release benefit gained from decreasing the modulus [22]. PDMS based 

coatings have shown to have significant fouling release properties towards Ulva, a marine 
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microalgae [22, 23].  However, hydrophobic surfaces are not effective at fouling release with 

every species.  Navicula, a marine diatom, adheres strongly to PDMS [24].  The differences in 

the adhesion between the two species is suspected to be from the differences in surface 

interactions of the adhesive extracellular polymeric substances (EPS) secreted by each organism 

[15].   In addition, non-polar hydrophobic surfaces tend to have high interfacial energy with 

water.  PDMS has an interfacial energy with water of 52 mJ m
-2

[15].  When a hydrophobic 

surface contacts amphiphilic biomolecules, such as proteins, the biomolecules adsorbs onto the 

surface in order to limit the interactions between the water and the surface, causing hydrophobic 

surfaces to generally not have strong antifouling properties.   

Hydrophilic surfaces, such as poly(ethylene glycol) (PEG), demonstrate the ability to 

resist protein absorption and cell adhesion due to its low polymer-water interfacial energy values 

[15]. These surfaces tend to have a lower interfacial energy with water.  PEG has an interfacial 

energy with water of 5 mJ m
-2

 [25, 26], which is an order of magnitude lower than PDMS.  Thus, 

when a submerged hydrophilic surface contacts an amphiphilic biomolecule, the surface will 

favor being in contact with the water more than the biomolecule.  However, hydrophilic surfaces 

tend to have higher surface energies and higher Young’s modulus than many hydrophobic 

surfaces, which causes hydrophilic surfaces to be generally less effective at fouling release as 

hydrophobic surfaces.  Despite this, hydrophilic surfaces have been shown to be effective at 

fouling release for species such as the diatom Navicula [1, 27-30]. 

Hydrophobic and hydrophilic materials to make amphiphilic surfaces have been 

combined in block copolymers to achieve the beneficial anti-fouling and fouling release 

properties from both components. In addition, it is suspected that these amphiphilic coatings may 

create “ambiguous” surface activated block copolymers (SABC).  “Ambiguous” surfaces are 
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designed to be dynamic and rearrange in response to settlement of biofoulers, hindering the 

biofoulers from attaching as strongly to the surface.  For example, when in air the hydrophobic 

component of the amphiphilic block copolymer populates the surface, and when in water, the 

hydrophobic component in the block copolymer buries itself into the coating to reveal the 

hydrophilic part of the block copolymer [15]. 

Amphiphilic block copolymer surfaces have been created using three distinct methods: 1) 

a hydrophobic backbone with hydrophilic side groups 2) a backbone with hydrophobic and 

hydrophilic side groups 3) a hydrophilic backbone with patterned hydrophobic and side groups. 

 In order to study marine life settling on our surfaces, we use standardized tests that can 

differentiate the performance of multiple coatings in a controlled way on the laboratory scale.  

Two of the most common tests that meet these requirements to measure anti-fouling and fouling 

release performance utilize a marine alga, Ulva linza [31] and a diatom species, Navicula 

perminuta [24].  Both of these species have different mechanisms for attachment and settlement, 

which allows for a more in depth profile of the surfaces abilities. 

For the attachment assay, surfaces are immersed in artificial seawater along with the Ulva 

linza tests, and then exposed to a standardized suspension of diatoms.  After this initial 

settlement time, surfaces are rinsed to remove unattached cells and the density of cells on the 

surface is quantified by microscopy, which is used to determine the anti-fouling performance of 

the coatings.  Next, the surfaces with attached diatoms are placed into a water flow channel or 

exposed to a pressurized water jet at a controlled pressure to remove the cells.  The proportion of 

removed cells indicates the adhesion strength of the diatoms to the surface and helps to evaluate 

the fouling release properties of the coatings studied. 
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In addition to amphiphilic surfaces, charged surfaces have been examined as materials for 

anti-fouling and fouling resistant surfaces. Quaternary ammonium salts are well known to be 

anti-microbial materials which have been used to produce surfaces that kill bacteria. Charged 

surfaces can be a fouling deterrent and these surfaces have been combined with other anti-

fouling strategies to explore their effectiveness. 

 

ALGAE AND DIATOM ANTI-FOULING AND FOULING RELEASE ASSAYS 

 

 To be able to understand how marine organisms settle and grow on different 

experimental coatings, these coatings must be tested against living biofoulers.  Antifouling and 

fouling release tests must to be standardized and able to differentiate the performance of multiple 

coatings in a controlled method in a laboratory setting.  Two of the most common standardized 

tests for antifouling and fouling release performance utilize two different biofoulers: a marine 

alga, Ulva linza [31] and a diatom species, Navicula perminuta [24].  Due to the different nature 

in the mechanisms for attachment of these two species, these tests are able to probe and 

antifouling and fouling release properties of the surfaces.  

 Ulva linza is a marine algae, which is harvested from natural marine environments for 

experimental purposes [31].  After harvesting, the zoospores are released from the mature plants 

for use in the antifouling experiments.  Surfaces, prepared by immersion in sterile artificial 

seawater, are then immersed in a suspension of freshly released zoospores in darkness.  After a 

short period of time, the surfaces are rinsed, and the attachment of zoospores to the surface is 

measured.  Ulva linza zoospores are considered to be somewhat selective settlers, i.e. they are 

able to move across surfaces to settle on the most preferential surfaces.   
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 After the initial settlement, the attached Ulva linza spores are then incubated and allowed 

to mature into sporelings, or young plants over a period of several days.  The sporeling biomass 

is then determined by measuring the autofluorescence of the chlorophyll in the sporelings.  The 

adhesion strength is determined by placing the surfaces into a water flow channel and exposing 

them to a turbulent flow of water at a controlled wall shear stress[32].  This shear stress is able to 

remove some of the more weakly attached sporelings.  This water flow channel is designed to 

mimic water flowing across the hull of a ship. Modeling has been performed to relate the flow 

rate and pressure in laboratory setups to vessels moving through water [23].   

 The second major organism studied as a test for anti-fouling and fouling release 

performance is a single-celled diatom, Navicula perminuta [24].  Diatom slimes are major 

contributors to persistent marine fouling which can be difficult to prevent.  These single-celled 

organisms are cultured in a laboratory to be used in these standardized assays.  Because they are 

simple single-celled organisms, they approach surfaces simply by settling out of solution by the 

forces of gravity.  This non-selective settlement forces the cells to attach at any location where 

they are deposited.  Once settled onto a surface, the cells secrete adhesive molecules to firmly 

attach themselves to the surface. 

The diatom attachment assays are first performed by immersing surfaces in artificial 

seawater, similarly as the Ulva linza tests, and then exposed to a standardized suspension of 

diatoms for a short amount of time.  After which, the surfaces are then rinsed to remove any 

unattached cells.  The density of diatoms on the surface is quantified by microscopy allowing for 

the anti-fouling performance of the coatings to be determined.  Next, these surfaces are placed 

into a water flow channel or exposed to a pressurized water jet at a controlled pressure to remove 
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any weakly attached diatoms.  The proportion of removed diatoms is indicative of the adhesion 

strength of the cells to the surface. 

 

BLOCK COPOLYMERS WITH AMPHIPHILIC BRUSHES 

 

Given the inability of single component surfaces to act as broad spectrum anti-fouling 

and fouling resistant coatings [29], studies have focused on creating new materials rather than 

pursuing a rigorously hydrophobic or hydrophilic structure to induce antifouling and fouling 

release. Block copolymers with either hydrophobic or hydrophilic side chains were tested against 

two complementary ubiquitous types of marine algae.  For example, hydrophilic block 

copolymers containing PEG side chains exhibited strong fouling release for Navicula diatoms. 

Hydrophobic side chains containing either fluorinated or PDMS-based side groups performed 

well for fouling release against Ulva.  However, none of the surfaces performed well against 

both of the biofoulers.  Therefore a significant amount of research has been focused on 

producing ambiguous amphiphilic coatings containing both hydrophobic and hydrophilic 

moieties at the surface. 

One method to create an amphiphilic surface is to introduce both the hydrophobic and 

hydrophilic moieties in the same side unit attached to the block copolymer backbone.  This 

allows both moieties access to the surface as shown schematically in Figure 1-2.  In addition, the 

side chains can respond to the environment when in contact with the surface to expose either the 

hydrophobic or hydrophilic segment of the side group.  As a result the surface constantly 

readjusts to form a responsive surface. The ability to respond creates an ambiguous surface, one 

in which the foulant has to deal with a changing surface and which inhibits biofoulers from 
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adhering to the surface as strongly as a surface of fixed compositions.  Initial studies of 

amphiphilic block copolymers were produced using a surface active block copolymer made 

using ATRP to be combined with block copolymers of an epoxidized polystyrene-block-

poly(ethylene-ran-butylene)-block-polyisoprene as shown in Table 3. 

 

Figure 1-2. Different arrangements of a Zonyl™ side group in the presence of a non-polar and 

polar environment [33]. 

 

Despite the similarity to the single component surfaces described above, these new 

amphiphilic surfaces proved to be very effective against both test foulers. Tests against Ulva 
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linza and Navicula showed that the amphiphilic Zonyl™ derived surface was more effective than 

either a polar glass or a non-polar silicone surface. This behavior can be seen in Figure 1-3 in 

which fouling release behavior of Ulva linza and Navicula on a surface subjected to a jet of 

water is displayed [33]. The amphiphilic surfaces are easily cleaned in this process as shown in 

the image showing a microscope slide before and after exposure to the water jet. 

 

 

Figure 1-3. A) Percent removal of Ulva 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.[33] 

 

Method for preparing side groups for the polystyrene-block-poly(ethylene-ran-butylene)-block-

polyisoprene (PS-b-P(E/B)-b-PI) triblock copolymer:   

 

The PS-b-P(E/B)-b-PI triblock copolymer was epoxidized on the isoprene block using m-

chloroperoxybenzoic acid (mCBPA) to prepare the block copolymer.  Side groups were 
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amphiphilic alcohols that were either prepared commercially or synthesized specifically for this 

purpose in a two step process.  These alcohols were then allowed to react with the epoxy groups 

on the block copolymer, catalyzed with BF3
.
Et2O.  The ring opening step usually produced <50% 

attachment of the side groups due to steric hindrance by the already reacted side groups.  

 

 

 

Table 1: Table of different block copolymers and different amphiphilic side groups that have 

been used for antifouling and fouling release applications 

 

Ober et al. grafted a single side chain containing a PEG segment and a fluorinated 

segment (Zonyl™) to their PS-b-P(E/B)-b-PI triblock copolymer where the PEG segment was 

directly grafted to the triblock copolymer.  XPS was used to determine that both the fluorinated 

and PEG segments populated the surface [33].  The XPS was taken at 0
o
 and 75

o
 which showed 

that the PEG and fluorinated segments dominated the top few nanometers of the surface, which 

suggests the preferential segregation of the side chains on the surface.  The samples exhibited 

Polymer Side Group 
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strong antifouling and fouling release properties of Ulva sporelings.  These surfaces were 

especially effective at fouling release because at low flow pressures, the samples exhibited near 

quantitative removal of Ulva foulant.  The surfaces also demonstrated strong fouling release 

properties against Navicula diatoms.   

Ober et al. have also grafted a single side chain containing a PEG segment and an alkyl 

segment to a PS-b-P(E/B)-b-PI triblock precursor copolymer, where the PEG segment was 

directly grafted to the triblock copolymer.  The PEG portion of the side group was determined to 

be at the surface of the coating using NEXAFS and XPS data analysis, indicating that the PEG 

segments were present in the top few nanometers of the surface.  Samples that had the same 

length of alkyl segment and progressively larger PEG segments were shown to be more 

hydrophilic by dynamic contact angle measurements despite that fact that PEG was the interior 

segment, suggesting that a larger portion of the hydrophilic PEG segment is exposed at the 

surface.  Smaller PEG segments (two and 10 repeat units) were more similar in dynamic contact 

angle studies than when comparing the 10 repeat unit with the 20 repeat unit side groups, 

suggesting that there is a length where the PEG segment is more easily brought to the surface.  

These coatings were determined to possess strong properties for fouling release of Ulva 

sporelings (Figure 1-4A).  Two of the samples, also exhibited strong fouling release properties 

for Navicula diatoms (Figure 1-4C).  These coatings were the assembled from the lengthier PEG 

and unsaturated alkyl segments [34]. 

More recently, Ober et al. reversed the order of the these side groups, thus having the 

PEG segments further away from the alkyl segments and closer to the backbone (Brij™), grafted 

to the same (PS-b-P(E/B)-b-PI) triblock copolymer [34].  It was determined by dynamic contact 

angle that the reversed side group samples were more hydrophilic on the surface, indicating that 
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being placed in the terminal part of the side chain allowed the PEG segments to more densely 

populate the surface.  Bubble contact angle measurements were able to determine that the 

surfaces rearranged after being submerged in water, and came to equilibrium after 72 hours.  

AFM also demonstrated the same difference in the surface’s microstructure after being 

submerged in water for over 72 hours.  One of these structures demonstrated near quantitative 

removal of Ulva sporelings (Figure 1-4B).  The same sample prevented almost any diatoms from 

adhering to the surface and provided some fouling removal of the same Navicula diatoms (Figure 

1-4D).  Similarly the original PEG-hydrocarbon side groups with the longest PEG segments also 

performed the best. 

 

Figure 1-4. A) removal of Ulva on Brij™coatings, B) Removal of Ulva on reverse-brij coatings, 

C) Removal of Navicula on Brij™ coatings, D) removal of Navicula on reverse-brij coatings.  

K3 72, K3 76, K3 78 all have the same length alkyl segments, with progressively longer PEG 

chains.  Reversebrij350 and Reversebrij550 have the same alkyl chain length and Reversebrij550 

has a longer PEG segment. [34] 
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An alternate version of creating an amphiphilic surface is to create either a hydrophilic or 

hydrophobic block copolymer backbone, and graft on side groups of the opposite polarity.  

Kramer et al. were able to produce such an example using fluorinated side groups attached to the 

PEG segment of a polystyrene-block-poly[(ethylene oxide)-stat-(allyl glycidyl ether)] [PS-b-

P(EO-stat-AGE)] [34, 35].  The diblock copolymer backbone contained the PEG-like 

hydrophilic structures, while the side groups contained the hydrophobic portion.  The allyl 

glycidyl ether unit was used as the point of attachment of the fluorinated side groups using thiol-

ene ‘click’ chemistry.  Several different polymers were prepared with incorporation of the AGE 

ranging from 0 to 17 percent allowing for the amount of the hydrophobic content to be readily 

tuned over that range.  XPS and NEXAFS were able to determine that the increased amount of 

AGE monomer in the second block led to an increase in the number of fluorinated groups that 

were able to come to the surface of the coatings.  NEXAFS also demonstrated that the 

polystyrene block itself was present at lower concentrations at the surface with increasing 

fluorine content, indicating that the side groups  occupied the surface and thereby inhibited other 

structures from populating the surface.  However, the PEG-like portion of the diblock copolymer 

stayed relatively constant with its presence on the surface due its direct attachment to the 

fluorinated side groups.  All of the samples showed strong antifouling release properties with 

Ulva sporelings. The samples with the higher fluorinated content showed excellent fouling 

release properties overall. 

Similarly a non-polar polymer backbone with polar side groups can be used.  Webster et 

al. have synthesized a siloxane-based polymer with a 25 and 50 percent incorporation of vinyl 

groups [36].  Using thiol-ene click chemistry carboxylic acid groups were attached to create an 

amphiphilic surface.  Water contact angles show that the surfaces are still quite hydrophobic, 
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similar to the dry surface, after one month of water immersion, but become more hydrophilic 

after an additional week in artificial seawater.  The surface energies of the dry and submerged  

samples were similar, but the coatings that were submerged in artificial seawater for one week 

had significantly increased surface energy.  The acid functionalized coatings showed high 

removal of Navicula diatoms at 138 kPa.  However the samples showed a low percent removal 

of Ulva sporelings; lower than the percent removal of the base polymer.  These samples also 

showed near quantitative removal of A. amphitrite. C. lytica and H. pacifica were also tested for 

removal with results comparable to the standards used in testing [36]. 

Koh et al. synthesized a poly(vinylidene fluoride-co-chlorotrifluoroethylene)-graft-

poly(oxyethylene methacrylate) (P(VDF-co-CTFE)g-POEM) polymer via ATRP [37].  The 

concentration of the CTFE copolymer was varied between 0 – 10 percent of the polymer. 

Dynamic contact angles of the surfaces showed the trend that a higher incorporation of the CTFE 

copolymer decreased the contact angle.  This indicated that the PEG chains on the polymer were 

able to populate the surface.  XPS data indicated that the higher the concentration of the CTFE 

copolymer, the lower the concentration of fluorine, and a higher concentration of oxygen on the 

surface.  This suggests that PEG was able to populate the surface quite effectively.  This surface 

was evaluated for water filtration systems, so it was tested by the water flux through the 

membrane over time.  There was a trend where the higher fractional CTFE incorporation enabled 

the membrane to maintain the same amount of water flux [37]. 

Zonyl™ side groups were further pursued by Galli et al. who attached the Zonyl™ 

groups to a modified styrene block of a PDMS-b-PS diblock copolymer.  The coatings were 

obtained from blends of the block copolymer (1-10 wt%) in a PDMS matrix.  XPS measurements 

demonstrated that there was a higher amount of fluorine and a lower amount of silicone at the 
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top few nanometers than would be present in the bulk of the coating.  This observation suggests 

that the Zonyl™ side groups of the diblock copolymer were dominating the surface over the 

PDMS block and the PDMS matrix.  This behavior was observed in both dry and wet samples.  

These surfaces were tested for fouling removal against Ulva sporelings and showed superior 

results.  The samples allowed 50-80% removal of the sporelings at a low shear stress of 13.6 Pa, 

greatly outperforming the PDMS-based standard.  In addition, the best fouling removal samples 

were then further optimized by the addition of 0.1 wt% multiwall carbon nanotubes.  These 

coatings also showed excellent fouling release of the Ulva sporelings; however, there was not a 

significant difference from the earlier coatings indicating that the multiwall carbon nanotubes did 

not have a significant effect on the fouling release properties [38]. 

BLOCK COPOLYMERS WITH RANDOMLY MIXED POLAR AND NON-POLAR SIDE 

GROUPS 

 

Polymer R
1
 R

2
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Table 2: Chemical Structures of the block copolymer and side groups used for mixed side 

groups. 

In addition to the homogeneous surfaces that uniformly contain hydrophilic or 

hydrophobic side groups described above, heterogeneous surfaces containing mixed polar and 

non-polar side groups have received some attention, as they have been demonstrated to be 

effective at antifouling and fouling release behavior.  A rationale for the development of such 

materials was the observation that generally for block copolymers with mixed side groups, there 

are two types of side groups that are used:  polar and  non-polar to create an amphiphilic 

environment on the surface.  Predominately, the hydrophilic surfaces have focused on PEG, due 

to its high resistance to protein adsorption and cell adhesion [27, 39, 40]. While the hydrophobic 

surfaces come from fluorinated side chains [28, 41] which display strong fouling-release 

properties due to their low Young’s modulus and their low surface energy [16-17].   

Several examples of heterogeneous surfaces for anti-fouling and fouling release 

applications have used combinations fluorinated and PEGylated side groups. Gudipati et al. 

reported the development of coatings consisting of an amphiphilic network of hyperbranched 

fluoropolymer groups combined with linear PEG moieties that shower better release of Ulva 

sporelings than a PDMS coating [42].  In two other studies, Krishnan et al. and Martinelli et al. 

both report block copolymers with side chains containing grafted ethoxylated perfluoralkyl 

groups that were able to release both Ulva and Navicula, even though these test species have 

different fouling release mechanisms and favor attachment to opposite polarity surfaces [43, 44].  

However, these examples are limited by their use of nonionic surfactant moieties as a basis of the 

amphiphilic structure [45] which limits the range of compositions possible.  While covalently 

attaching the hydrophobic and hydrophilic groups as a single unit the heterogeneous surface is 
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guaranteed, the ability to rearrange and alter their relative composition is restricted by the 

polymer modification reactions [45].  If the hydrophobic and hydrophilic units are introduced as 

individual side chains where the relative ratio can be modified, it allows the surface chemistry to 

be easily modified to enhance antifouling and fouling release properties. 

Ober et al. grafted two different side chains to their PS-b-P(E/B)-b-PI triblock copolymer 

where one side chain was a PEG segment, and the other side chain was a fluorinated side chain 

[45].  The side chains were added in 100:0, 80:20, 60:40, 40:60, 20:80, 0:100 feed ratios.  XPS 

was used to determine that the population of the fluorinated segment on the surface increased 

proportionally to the feed ratio.  XPS also determined that the PEG side group also present on the 

surface.  NEXAFS was able to show the progressively increasing amount of the fluorinated 

segments at the surface.  These surfaces demonstrated excellent antifouling and fouling release 

behavior against Ulva sporelings even at low surface pressures as shown in Figure 1-5. The 

coatings were then tested against Navicula diatoms for fouling release and formed a trend where 

the samples with the most fluorine content demonstrated the strongest fouling release (Figure 1-

6). 
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Figure 1-5. Percent removal of Ulva from a PS-b-P(E/B)-b-PI triblock copolymer with  

Fluorine/PEG mixed side groups (40:60 and 60:40 refer to the feed ratio of the fluorinated and 

PEG side groups respectively) at an array of surface pressures. [45] 
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Figure 1-6. Percent removal of Navicula from a PS-b-P(E/B)-b-PI triblock copolymer with  

Fluorine/PEG mixed side groups (20/80, 40/60, 60/40, and 80/20 refer to the feed ratio of the 

fluorinated and PEG side groups respectively) tested against a PDMS coating and the SEBS 

underlayer. [45] 

While the majority of antifouling surfaces have incorporated fluorinated segments as the 

hydrophobic moiety in amphiphilic systems, it has been shown that fluorinated segments with 

more than four consecutive CF2 units can bioaccumulate in mammalian blood, which causes 

them to be recognized as environmentally hazardous materials [46-49].  For these reasons,  

several alternative hydrophobic side groups have been developed for block copolymers with 

mixed side groups: 

A wide variety of alkyl groups used in combination with PEG side units have been 

grafted to the PS-b-P(E/B)-b-PI triblock copolymer backbone for antifouling and fouling release 

applications.  Two types of alkyl side chains that differed in length were used, and four different 

PEG chains of various lengths were used.  After these samples were analyzed the most promising 
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surfaces were then optimized by adjusting the feed ratio of the two side groups.  These surfaces 

were characterized using dynamic water contact angle, captive air-bubble contact angle, AFM, 

XPS, and NEXAFS, which were able to indicate that the surfaces “reconstruct” when submerged 

in water [49].  When immersed in water, the PEG side chains rise to the surface [49].  Bubble 

contact angles showed that all of the samples rearranged at roughly the same rate, reaching 

equilibrium after one day.  All of the samples demonstrated excellent antifouling and fouling 

release properties against Ulva sporelings (some shown in Figure 1-7).  There is a trend where 

the heterogeneous samples do provide better fouling release than the homogeneous alkyl 

samples.  Against diatoms, there was a trend where higher feed ratios that favored a higher PEG 

content exhibited stronger antifouling properties. 

 

Figure 1-7. Percent removal of Ulva from a PS-b-P(E/B)-b-PI triblock copolymer with alkyl and 

PEG mixed side groups (O0 is 100% PEG side groups, O75 has 75% alkyl and 25% PEG) at an 

array of surface pressures against a PDMS coating and the SEBS underlayer [49]. 
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Polypropylene glycol (PPG) has been used as a hydrophobic moiety as well [49].  PPG 

and PEG chains have been grafted to PS-b-P(E/B)-b-PI triblock copolymer for antifouling and 

fouling release applications.  The side chains were added in 100:0, 75:25, 50:50, 25:75, 0:100 

feed ratios.  AFM illustrated that the cylinder microstructure that forms doubles to triples in size, 

after the coatings have been immersed in water after 7 days.  This indicates the reorganization of 

the P(E/B) block and the side chains on the functionalized end block.  All of the heterogeneous 

coatings show strong affinity for antifouling and fouling release of Ulva sporelings, while the 

homogeneous coatings tended to not perform as well.  This result strongly suggests that it is an 

important aspect of non-toxic antifouling coatings to present both polar and non-polar units in 

order to be effective against a broad range of fouling species. 

Ober et al. have also investigated other polar:non-polar combinations by attaching to the 

PS-b-P(E/B)-b-PI triblock copolymer both a PEG segment, and a PDMS side unit [49].  These 

side chains were added at 0:100, 25:75, 50:50, 75:25, and 100:0 feed ratios.  NEXAFS and XPS 

were used to show that the varying degree of PEG and PDMS side groups that were at the 

surface were roughly proportional to the feed ratios of the two side chains.  Dynamic contact 

angles were able to show that the surfaces with the higher PEG content were more hydrophilic.  

Bubble contact angles were used to demonstrate that the surfaces with a higher PEG content 

could rearrange their surface structure faster than samples with a higher PDMS content.  Only 

the sample with a PEG:PDMS feed ratio of 75:25 was able to show strong fouling release 

properties; however it showed a near quantitative release at pressures of 50 Pa.  At lower 

pressures as shown in Figure 1-8 the samples with a PEG:PDMS feed ratio of 75:25 still show a 

moderate amount of fouling release for Ulva sporelings.  The samples with higher PDMS content 

showed poorer fouling release, despite the fact that the most successful commercial coatings are 
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built from PDMS.  When tested against Navicula diatoms at low pressures, the coating showed a 

modest amount of fouling release. 

 

Figure 1-8. Percent removal of Ulva from a PS-b-P(E/B)-b-PI triblock copolymer with PDMS 

and PEG mixed side groups (Si0 is 100% PEG side groups, Si25 has 25% PDMS and 75% PEG 

side groups, Si50 has 50% PDMS and 50% PEG side groups, Si75 has 75%  PDMS and 25% 

PEG side groups, and Si100 has 100% PDMS side groups) at an array of surface pressures 

against a PDMS coating and the SEBS underlayer [49]. 

 



26 
 

Figure 1-9. Percent removal of Navicula from a PS-b-P(E/B)-b-PI triblock copolymer with  with 

PDMS and PEG mixed side groups (Si0 is 100% PEG side groups, Si25 has 25% PDMS and 

75% PEG side groups, Si50 has 50% PDMS and 50% PEG side groups, Si75 has 75%  PDMS 

and 25% PEG side groups, and Si100 has 100% PDMS side groups)  tested against a PDMS 

coating and the SEBS underlayer [49]. 

Zonyl™ and PDMS side groups were utilized by Galli et al. on a copolymer for 

antifouling and fouling release applications [50].  The coatings were prepared by blending 1 or 4 

wt % of the copolymer into the PDMS matrix.  Dynamic contact angles were taken of the 

surfaces over a week of being submerged in water, which indicated that the surface became 

progressively more hydrophilic after each day.  This suggests that the surface was still 

rearranging for the PEG segments of the Zonyl™ side groups after seven days under water.  

Similarly the surface energy was shown to increase over the course of a week, indicating that 

less of the PDMS side groups and PDMS matrix were populating the surface the longer the 

samples were submerged [50].  All of the coatings under XPS showed that the upper five 

nanometers contained a higher amount of fluorine and a lower amount of silicon than would be 

present in the average composition of the surface.  The difference in the experimental and 

averaged amounts increased with the higher composition of the Zonyl™ side group in the 

copolymer.  This suggests that the Zonyl™ side group is able to populate the surface more 

effectively than the PDMS from the side groups and the matrix [50].  The samples with the lower 

percentage of incorporation of the Zonyl™ copolymer demonstrated high fouling removal of 

Ulva sporelings. However, the other coatings with higher Zonyl™ content show poorer results 

[51].  In addition the coatings with lower Zonyl™ incorporation show the best results for 
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removal of barnacles, and show good antifouling properties against B. amphitrite cyprids, while 

the coatings with the higher incorporation of the Zonyl™ side group against perform poorly.  

These higher performing coatings were tested in the ocean against Intersleek 700™, a high- 

performing antifouling industry coating.  The Zonyl™ coatings showed significantly improved 

results over the PDMS based standards, and equivalent results for the Intersleek 700™ coating 

[51]. 

Galli et al. then studied fluorinated and PDMS side groups on a random copolymer.  

Coatings were prepared by blending the copolymers (0.15 to 10 wt%) in a PDMS matrix [52].  

Similar to their previous studies, under XPS all of the samples containing fluorinated side groups 

showed that  the upper five nanometers contained a higher amount of fluorine and a lower 

amount of silicon than would be present in the average composition of the surface.  The 

difference in the experimental and averaged amounts increased with the higher composition of 

the fluorinated side group in the copolymer and with higher copolymer loading in the sample 

[52].  Dynamic contact angles in water indicated that the surfaces were hydrophobic, and much 

more hydrophobic than the similar random copolymers that Galli et al. used before with the 

Zonyl™ side groups [50, 53].  Similarly, the surface energies of these coatings were much lower 

than the surface energies with the Zonyl™ groups [50, 53].  These findings seem to be the results 

of the absence of a PEG group in these coatings.  If there was a PEG segment present, it would 

likely rise to the surface to interact with the water, making the surface more hydrophilic and 

increasing the surface energy.  When tested against Ulva sporelings, these coatings showed good 

fouling release properties.  A trend formed when the coatings were used against cyprid larvae 

showing that there was less settlement of the larvae with the higher loading of the random 

copolymer in the PDMS matrix.  The samples were also tested against barnacles, and the 
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coatings were able to prevent the barnacles from adhering as strongly to the surface as the PDMS 

control did [53]. 

 

CATIONICALLY CHARGED SURFACES  

 

 The combination of polycations with hydrophobic alkyl groups have been shown to 

produce compounds that disrupt lipid bilayer formation in aqueous environments [54].  Some of 

the cations that have been studied include ammonium [55-65], pyridinium [66-72], phosphonium 

[73-79], and sulfonium [80] groups (Table 3), which are toxic to the environment when released 

[81-82].  These toxic groups can be prevented from being releasing to the ecosystem by tethering 

them to a polymeric backbone.  The coatings are not able to leach these toxic groups into the 

local environment where they are being used [59, 83-90].  Quaternary ammonium salts have 

specifically displayed advantages over other antibacterial agents by penetrating cell membranes 

very efficiently, having low toxicity to mammalian organisms, being environmentally stable, 

displaying minimal corrosiveness, and remaining biologically active on surfaces for an extended 

period of time [86, 91].  

 

Table 3: Cations studied as a part of antifouling coatings 
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 The presence of bacterial biofilms has been shown to promote more attachment and 

growth of fouling organisms than surfaces without bacterial films [92, 93].  Thus, minimizing the 

growth of bacterial biofilms on marine surfaces through the use of antibacterial surfaces would 

be advantageous for reducing the overall growth of marine biofoulers on a surface.  So the 

antibacterial effects of cationic structures may be able to produce surfaces that inhibit fouling.  

Bacterial cell membranes consist of a lipid bilayer containing such molecules as phosphatidyl 

ethanolamine and phosphatidyl glycerol.  Molecular modeling of the interactions of these 

polycations with the lipid bilayers has demonstrated that the negatively charged phosphate 

strongly associates with the positively charged component of the cation in the coatings.  

Additionally the hydrophobic region of the polymer coatings can insert itself into the lipid 

bilayer itself, thus resulting in the disorganization of the membrane along with leakage and cell 

death [94]. 

While the exact mechanism of disruption is unknown, the activity of these compounds is 

suspected to be caused by electrostatic interactions between the polycations from the coating and 

the lipid bilayer membranes [54-56, 95, 96].  It has been theorized that the insertion of the 

hydrophobic groups of these coatings is the primary cause of the cell membrane disruption [94].  

However, [97] other theories suggest that the insertion of the cations, from the coating, causes a 

release of cations from the membranes, leading to the disruption of membrane functions by 

displacing the Mg
2+

 and Ca
2+

 divalent cations which bridge the phosphate groups the bacterial 

cell membranes [97].  In either theory, the polycation’s ability to destabilize the membranes of 

the cells leads to the antibacterial properties. 
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POLYMER-BOUND QUATERNARY AMMONIUM CATIONS AS ANTIBACTERIAL AND ANTIFOULING 

SURFACES 

 

 Surface-tethered polymer brushes of N-hexylpyridinium have demonstrated a strong 

resistance against airborne bacteria [69].  These surfaces were able to effectively kill a numerous 

species of airborne bacteria on contact.  The polymers were prepared from poly(4-vinylpyridine) 

(P4VP) by quaternizing the amines through the N-alkylation of the pyridine rings of the P4VP 

with n-alkyl bromides of different lengths.  The n-hexyl ammonium salt was shown to be the 

most effective against S. aureus. 

 The relationship between molecular weight of the surface-tethered brushes and the 

antimicrobial properties was studied.  Surfaces were prepared from P4VP polymers of 60kDa 

and 160kDa in molecular weight.  The surfaces with a greater main chain length of P4VP 

showed increased antibacterial activity.  It is speculated that the longer polymer chains were 

more able to penetrate into the 30 nm thick cell walls of the bacteria studied.  This further 

suggests that penetration of the polycations into cell membranes is a significant factor to the 

antibacterial function of these structures. 

 Similar structures containing alkyl and fluorinated alkyl groups have been prepared by to 

investigate the effect of the hydrophobic groups attached to the quaternary ammonium units as 

antibacterial surfaces [87].  The fluorinated unit was of particular importance, due to their ability 

via surface directed phase separation, to bring the quaternary ammonium to the surface.  

Polystyrene (PS) and poly(4-vinylpyridine) (P4VP) block copolymers were prepared by anionic 

polymerization  to have molecular weights either of 11 and 21 kDa respectively or 62 and 66 

kDa respectively.  The pyridines were quaternizated with 1-bromohexane to produce non-
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fluorinated quaternary ammonium containing block copolymers or.  6-perfluorooctyl-1-

bromohexane and 1-bromohexane to give block copolymers with semifluorinated side groups, 

where 30% of the quaternary ammonium groups were fluorinated.  Bacterial bioassays were 

performed with S. aureus cells where it was observed that the non-fluorinated ammonium salt 

structures were able to reduce the amount of viable bacteria by 15-30% compared to glass, and 

the polymers containing semi-fluorinated ammonium salts were able to demonstrate a 

nearly100% decrease in the viable cell counts at the surface (Figure 1-10).  Further analysis on 

the surfaces determined that the polymers containing the semi-fluorinated structures also had a 

higher surface population of the quaternary ammonium structures, which likely linked to the 

increased antibacterial properties of the surfaces.   

 

Figure 1-10. Fluorescence microscopy of S. aureus cells.  Green cells indicate live cells, and red 

indicated dead cells.  Surfaces are a) untreated glass b) coated surface 

 Other fluorinated quaternary ammonium groups have been investigated using a polymer 

backbone of polystyrene-b-poly(ethylene-ran-butylene)-b-polyisoprene (SEBI) as shown in 

Figure 1-11 [98].  The polymer was functionalized from the double bonds of the polyisoprene 

block in a few steps to attach 3-(dimethylamino)-1-propylamine (DMAPA) as a method to 
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introduce amines onto the polymer.  The amine was quaternized using a semifluorinated alkyl 

bromide similar to that used by Krishnan et al. [87].  The remaining amine groups were 

quaternized using 1-bromohexane.  Surfaces were prepared in a similar manner as done by 

Krishnan et al. [87], utilizing an elastomeric underlayer of SEBS on glass slides.  

 

Figure 1-11. Synthesis of Quaternary Ammonium Salt Functionalized SEBI [87] 

 When comparing bacterial colonies of S. aureus grown on the polycationic coatings, no 

colonies of bacteria were able to colonize on the coated surface after being incubated overnight, 

suggesting a high antibacterial performance of this polymer.  Furthermore, a LIVE/DEAD assay 
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was performed to determine how readily bacteria in contact with the surface were killed, which 

showed that these coatings were able to kill roughly 20% of cells at the surface in one hour, 

compared to 5-10% killed by a glass surface. 

 Further studies have investigated the antimicrobial effects of combining a quaternary 

amine with a poly(ethylene glycol) (PEG) side group on a SEBI block copolymer [99].  The 

block copolymer was functionalized similar as before this time using an amine functionalized 

PEG.  The amine groups were then quaternized using 1-bromohexane.  Similarly, two polymers 

were prepared, one containing only quaternary ammonium salt side groups, and one with only 

30% of available sites functionalized with the quaternary ammonium salts and the remaining 

70% being functionalized with the PEG side groups.  Functional coatings were prepared in the 

same manner as by Krishnan et al. [87] and Park et al. [98] by using a SEBS coated glass surface 

spray coated with the functionalized block copolymer.  

 The incorporation of the PEG side groups to the polymer was able to significantly reduce 

the non-specific absorption of bovine serum albium (BSA) to the surfaces relative to both the 

control as well as to the polymer containing only quaternary ammonium salts [99].  S. aureus, E. 

coli, and C. Marina were used to determine how readily surfaces could be colonized as well as 

the ratio of live cells to dead cells at the surface.  Consistant with the studies by Krishnan et al. 

[87], the quaternary ammonium salt containing polymers were highly effective at killing cells at 

the surface for all three bacteria studied, while the PEG containing block copolymer was not as 

effective at killing the cells, possibly due to the lower amount ofof quaternary ammonium salts 

able to populate the surface.  However, the PEG containing block copolymers was able to 

significantly reduce the amount of bacteria that was able to attach to the surface for both S. 

aureus and C. Marina, and performed as well as the block copolymer without PEG against E. 
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coli.  Since the surface remains cleaner when PEG is incorporated, this suggests that the PEG 

incorporated surfaces perform better. 

 

 

Table 4: Quaternary ammonium structures used in block copolymer coatings. 

 

SUMMARY 

Producing fouling resistant and anti-fouling coatings that address all the fouling species 

remains a daunting challenge. With the current efforts to create coatings that contain no biocidal 

material, the challenge is even greater. Block copolymers appear to be ideal platforms to test new 

concepts in antifouling coatings and in developing practical new materials that can be applied to 

a broad range of surfaces. This dissertation  describes the design and study of a variety of di- and 

triblock copolymers which examined a variety of strategies for creating a surface active block 
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copolymer incorporation of uncharged amphiphilic materials, blocks with mixed polar and non-

polar units and even charged polymers in the form of zwitterionic salts. 

Using a block copolymer combination, in which a thermoplastic elastomer block provides 

the basic coating and the appropriate mechanical properties for fouling release, enables the fine-

tuning of the surface composition in the surface-active block copolymers. Strategies for making 

self-healing structures using this strategy have been undertaken, but were not discussed in this 

dissertation. Coating strategies, also not discussed here, are important in creating the final 

coating material. When done properly, this strategy enables a head-to-head comparison of subtle 

changes in the structure of the anti-fouling units. 

It is now possible to demonstrate that single polarity coatings are insufficient to prevent 

fouling by the host of species that can settle on surfaces in the aquatic environment. Amphiphilic 

materials have broad-spectrum action and can prevent fouling by a broad range of species. The 

availability of many non-ionic surfactants makes amphiphilic materials easily available and low 

cost, but the nature of the side group is fixed by the supplier (and subject to the whims of the 

manufacturer, as we learned in our studies). If tuning of the ratio of polar and non-polar 

components is necessary, then amphiphilic units become limiting. For this reason the use of 

mixed structures shows great promise. Surprisingly, in most compositions, coatings with a molar 

excess of PEG as the polar unit show better fouling resistance than those with a majority of the 

non-polar component. To date there is little known about the combination of charged groups 

with amphiphilic or combined polar/non-polar surfaces. In future, this is likely to be a rich area 

to examine. 

 



36 
 

ACKNOWLEDGEMENTS: The authors would like to thank their collaborators of many years, 

Prof. Ed Kramer (UCSB), Profs. Jim and Maureen Callow (U. Birmingham), Dr. Dan Fischer, 

(NIST and Brookhaven National Lab), Dr. Cherno Jave (Brookhaven National Lab), Prof. 

Gilbert Walker (Toronto), Prof. Craig Hawker (UCSB), Dr. John Finley (Newcastle), and Prof. 

Giancarlo Galli (Pisa). We also thank the previous graduate students and post-doctoral fellows 

whose research is referred to in this work. And we would finally like to thank the Office of 

Naval Research for research funding in this exciting area and other members of the anti-fouling 

team. 

 

REFERENCES: 

 

[1] Lejars M, Margaillan A, Bressy C. (2012) Fouling Release Coatings: A Nontoxic Alternative 

to Biocidal Antifouling Coatings Chem. Rev. , 112:4347-4390. 

[2] Callow JA , Callow ME (2006) Biofilms . In: Fusetani N , Clare AS (eds) Antifouling 

compounds. 

Progress in Molecular and Subcellular Biology, Sub-series Marine Molecular Biotechnology . 

Springer , Berlin Heidelberg New York , pp 141 – 169. 

[3] Rosenhahn A, Schilp S, Kreuzer HJ, Grunze M. (2010) The Role of “Inert” Surface 

Chemistry in Marine Biofouling Prevention Phys. Chem. Chem. Phys. 12:4275. 

[4] Callow ME, Callow JA. (2002) Biologist  49:1. 

[5] Lack DA, Corbett JJ, Onasch T, Lerner B, Massoli PK, Bates TS, Covert DS, Coffman D, 

Sierau B, Herndon S, Allan J, Baynard T, Lovejoy E, Ravishankara AR, Williams E. (2009) 



37 
 

Particulate Emissions from Commercial Shipping: Chemical, Physical, and Optical Properties J. 

Geophys. Res. 114:D00F04. 

[6] Corbett JJ, Koehler HW. (2003) Updated Emissions from Ocean Shipping J. Geophys. Res. 

108:4650. 

[7] Werner C, Maitz CF, Sperling C. (2007) Current Strategies Towards Hemocompatible 

Coatings J. Mater. Chem. 17:3376-3384. 

[8] Haras D. (2006) Biofilms et Altérations des Matériaux : de L'analyse du Phénomène aux 

Stratégies de Prévention Mater. Tech.  93:s.27. http://www.mattech-journal.org/ 

[9] Woods Hole Oceanographic Institution. Marine fouling and its prevention; U.S. Naval 

Institute: (1952) Annapolis, MD. 

[10] Alzieu CL, Sanjuan J, Deltreil JP, Borel M. (1986) Mar. Pollut. Bull.  17:494-498. 

[11] Alzieu C. (2000) Environmental Impact of TBT: the French Experience Sci. Total Environ. 

258:99-102. 

[12] Ruiz JM, Bachelet G, Caumette P, Donard OFX. (1996) Three Decades of Tributyltin in the 

Coastal Environment with Emphasis on Arcachon Bay, France Environ. Pollut. 93:195-203. 

[13] Pereira M, Ankjaergaard C. (2009) In Advances in Marine Antifouling Coatings and 

Technologies; Woodshead Publishing: Cambridge, U.K., pp 240. 

[14] Ytreberg E, Karlsson J, Eklund B. (2010) Comparison of Toxicity and Release Rates of Cu 

and Zn from Anti-Fouling Paints Leached in Natural and Artificial Brackish Seawater Sci. Total 

Environ.  408:2459-2466. 

[15] Krishnan S, Weinman CJ, Ober CK. (2008) Advances in Polymers for Anti-Biofouling 

Surface J. Mater. Chem. 18:3405-3414. 



38 
 

[16] Beigbeder A, Degee P, Conlan SL, Mutton RJ, Clare AS, Pettitt ME, Callow ME, Callow 

JA, Dubois P. (2008) Preparation and Characterisation of Silicone-Based Coatings Filled with 

Carbon Nanotubes and Natural Sepiolite and their Application as Marine Fouling-Release 

Coatings. Biofouling 24:291–302. 

[17] Wynne KJ, Swain GW, Fox RB, Bullock S, Ulik J. (2000) Two Silicone Nontoxic Fouling 

Coating Hydrosilation Cured PDMS and CaCO3 Filled, Ethoxysiloxane Cured RTV11 

Biofouling 16:277–288. 

[18] Brady RF. (2000) ABC Triblock Surface Active Block Copolymer with Grafted 

Ethoxylated 

Fluoroalkyl Amphiphilic Side Chains for Marine Antifouling/Fouling-Release Applications 

Polym. Paint Colour J. 190:18–20. 

[19] Wendt DE, Kowalke GL, Kim J, Singer IL. (2006) Factors that Influence Elastomeric 

Coating Performance: the Effect of Coating Thickness on Basal Plate Morphology, Growth and 

Critical Removal Stress of the Barnacle Balanus Amphitrite Biofouling 22:1–9. 

[20] Kim J, Chisholm BJ, Bahr J. (2007) Adhesion Study of Silicone Coatings: the Interaction of 

Thickness, Modulus and Shear Rate on Adhesion Force Biofouling 23:113–120. 

[21] Kim J, Nyren-Erikson E, Stafslien S, Daniels J, Bahr J, Chisholm BJ. (2008) Release 

Characteristics of Reattached Barnacles to Non-Toxic Silicone Coatings Biofouling 24:313–319. 

[22] Chaudhury MK; Finlay JA, JChung JY, Callow ME, Callow JA. (2005) The Influence of 

Elastic Modulus and Thickness on the Release of the Soft-Fouling Green Alga Ulva Linza  (Syn. 

Enteromorpha Linza ) from Poly(dimethylsiloxane) (PDMS) Model Networks Biofouling 21:41–

48. 

[23] Schultz MP, Finlay JA, Callow ME, Callow JA. (2003) Biofouling 19:17-26. 



39 
 

[24] Holland R, Dugdale TM, Wetherbee R, Brennan AB, Finlay JA, Callow JA, Callow ME. 

(2004) Adhesion and Motility of Fouling Diatoms on a Silicone Elastomer Biofouling 20:323-

329. 

[25] Andrade JD, King RN, Gregonis DE, Coleman DL. (1979) Surface Characterization of 

Poly(hydroxyethyl methacrylate) and Related Polymers. I. Contact Angle Methods in Water J. 

Polym. Sci., Polym.Symp. 66:313–336. 

[26] Ikada Y. (2001) in Water in Biomaterials Surface Science, ed. M. Morra, John Wiley & 

Sons, New York, 1st edn,, ch. 11, pp. 291--306. 

[27] Schilp S, Kueller A, Rosenhahn A, Grunze M, Pettitt ME, Callow ME, Callow JA. (2007) 

Settlement and Adhesion of Algal Cells to Hexa(ethylene Glycol)-Containing Self-Assembled 

Monolayers with Systematically Changed Wetting Properties Biointerphases 2:143–150. 

[28] Youngblood JP, Andruzzi L, Ober CK, Hexemer A, Kramer EJ, Callow JA, Finlay JA, 

Callow ME. (2003) Coatings Based on Side-Chain Ether-Linked Poly (Ethylene Glycol) and 

Fluorocarbon Polymers for the Control of Marine Biofouling Biofouling 19:91–98. 

[29] Krishnan S, Wang N, Ober CK, Finlay JA, Callow ME, Callow JA, Hexemer A, Sohn KE, 

Kramer EJ, Fischer DA. (2006) Comparison of the Fouling Release Properties of Hydrophobic 

Fluorinated and Hydrophilic PEGylated Block Copolymer Surfaces:  Attachment Strength of the 

Diatom Navicula and the Green Alga Ulva Biomacromolecules 7:1449–1462. 

[30] Statz A, Finlay JA, Dalsin J, Callow ME, Callow JA, Messersmith PB. (2006) Algal 

Antifouling and Fouling-Release Properties of Metal Surfaces Coated With a Polymer Inspired 

by Marine Mussels Biofouling 22:391–399. 



40 
 

[31] Callow ME, Callow JA, Pickett-Heaps JD, Wetherbee R. (1997) Primary Adhesion of 

Enteromorpha (Chlorophyta, Ulvales) Propagules: Quantitative settlement Studies and Video 

Microscopy J. Phycol. 33:938-947. 

[32] Schultz MP, Finlay JA, Callow ME, Callow JA. (2000) A Turbulent Channel Flow 

Apparatus for the Determination of the Adhesion Strength of Microfouling Organisms 

Biofouling  15:243-251. 

 [33] Weinman CJ, Finlay JA, Park D, Paik MY, Krishnan S, Sundaram HS, Dimitriou M, Sohn 

KE, Callow ME, Callow JA, Handlin DL, Willis CL, Kramer EJ, Ober CK. (2009) ABC 

Triblock Surface Active Block Copolymer with Grafted Ethoxylated Fluoroalkyl Amphiphilic 

Side Chains for Marine Antifouling/Fouling-Release Applications Langmuir 25:12266–12274. 

 [34] Cho Y, Sundaram HS, Weinman CJ, Paik MY, Dimitriou MD, Finlay JA, Callow ME, 

Callow JA, Kramer EJ, Ober CK. (2011) Triblock Copolymers with Grafted Fluorine-Free, 

Amphiphilic, Non-Ionic Side Chains for Antifouling and Fouling-Release Applications 

Macromolecules 44:4783–4792. 

[35] Dimitriou MD, Zhou Z, Yoo H-S, Killops KL, Finlay JA, Cone G, Sundaram HS, Lynd NA, 

Barteau KP,  Campos LM, Fischer DA, Callow ME, Callow JA, Ober CK, Hawker CJ, Kramer 

EJ. (2011) A General Approach to Controlling the Surface Composition of Poly(ethylene oxide)-

Based Block Copolymers for Antifouling Coatings Langmuir 27:13762–13772 

 [36] Bodkhea RB, Stafslien SJ, Cilz N, Daniels J, Thompson SEM, Callow ME, Callow JA, 

Webster DC. (2012) Polyurethanes with Amphiphilic Surfaces Made Using Telechelic 

Functional PDMS Having Orthogonal Acid Functional Groups Progress in Organic Coatings 

75:38–48. 



41 
 

[37] Koh JK, Kim YW, Ahn SH, Min BR, Kim JH. (2010) Antifouling Poly(vinylidene fluoride) 

Ultrafiltration Membranes Containing Amphiphilic Comb Polymer Additive  J. of Poly. Sci. Part 

B: Polym. Phys. 48:183–189. 

 [38] Martinelli E, Suffredini M, Galli G, Glisenti A, Pettitt ME, Callow ME, Callow JA, 

Williams D, Lyall G. (2011) Amphiphilic Block Copolymer/Poly(dimethylsiloxane) (PDMS) 

Blends and Nanocomposites for Improved Fouling-Release Biofouling 27:529–541. 

[39] Prime KL, Whitesides GM. (1993) Adsorption of Proteins onto Surfaces Containing End-

Attached Oligo(ethylene oxide): a Model System Using Self-Assembled Monolayers J. Am. 

Chem. Soc. 1993, 115:10714−10721. 

[40] Ma H, Hyun J, Stiller P, Chilkoti A. (2004) “Non-Fouling” Oligo(ethylene glycol)- 

Functionalized Polymer Brushes Synthesized by Surface-Initiated Atom Transfer Radical 

Polymerization Adv. Mater. 16:338−341. 

[41] Yarbrough JC, Rolland JP, DeSimone JM, Callow ME, Finlay JA, Callow JA. (2006) 

Contact Angle Analysis, Surface Dynamics, and Biofouling Characteristics of Cross-Linkable, 

Random Perfluoropolyether-Based Graft Terpolymers Macromolecules 39:2521−2528. 

[42] Gudipati CS, Finlay JA, Callow JA, Callow ME, Wooley KL. (2005) The Antifouling and 

Fouling-Release Perfomance of Hyperbranched Fluoropolymer (HBFP)−Poly(ethylene glycol) 

(PEG) Composite Coatings Evaluated by Adsorption of Biomacromolecules and the Green 

Fouling Alga Ulva Langmuir 21:3044-3053. 

[43] Krishnan S, Ayothi R, Hexemer A, Finlay JA, Sohn KE, Perry R, Ober CK, Kramer EJ, 

Callow ME, Callow JA, Fischer DA. (2006) Anti-Biofouling Properties of Comblike Block 

Copolymers with Amphiphilic Side Chains Langmuir 22:5075-5086. 



42 
 

[44] Martinelli E, Agostini S, Galli G, Chiellini E, Glisenti A, Pettiitt ME, Callow ME, Callow 

JA, Graf K, Bartels FW. (2008) Nanostructured Films of Amphiphilic Fluorinated Block 

Copolymers for Fouling Release Application Langmuir 24:13138-13147. 

[45] Park D, Weinman CJ, Finlay JA, Fletcher BA, Paik MY, Sundaram HS, Dimitriou MD, 

Sohn KE, Callow ME, Callow JA, Handlin DL, Willis CL, Fischer DA, Kramer EJ, Ober CK. 

(2010) Amphiphilic Surface Active Triblock Copolymers with Mixed Hydrophobic and 

Hydrophilic Side Chains for Tuned Marine Fouling-Release Properties Langmuir 26:9772–9781.  

[46] Kannan K, Koistinen J, Beckmen K, Evans T, Gorzelany JF, Hansen KJ, Jones OPD, Helle 

E, Nyman M, Giesy JP. (2001) Accumulation of Perfluorooctane Sulfonate in Marine Mammals 

Environ. Sci. Technol. 35:1593−1598. 

[47] Martin JW, Mabury SA, Solomon KR, Muir DCG. (2003) Bioconcentration and Tissue 

Distribution of Perfluorinated Acids in Rainbow Trout (Oncorhynchus mykiss) Environ. Toxicol. 

Chem. 22:196−204. 

[48] Olsen GW, Huang HY, Helzlsouer KJ, Hansen KJ, Butenhoff JL, Mandel JH. (2005) 

Historical Comparison of Perfluorooctanesulfonate, Perfluorooctanoate, and Other 

Fluorochemicals in Human Blood Environ. Health Perspect. 113:539−545. 

[49]  Cho Y, Sundaram HS, Finlay JA, Dimitriou MD, Callow ME, Callow JA, Kramer EJ, Ober 

CK. (2012) Reconstruction of Surfaces from Mixed Hydrocarbon and PEG Components in 

Water: Responsive Surfaces Aid Fouling Release Biomacromolecules 13:1864−1874. 

[50] Martinelli E, Sarvothaman MK, Alderighi M, Galli G, Mielczarski E, Mielczarski JA. 

(2012) PDMS Network Blends of Amphiphilic Acrylic Copolymers with Poly(ethylene glycol)-

Fluoroalkyl Side Chains for Fouling-Release Coatings. I. Chemistry and Stability of the Film 

Surface J. Poly. Sci. Part A: Polym. Chem. 50:2677–2686. 



43 
 

[51] Martinelli E, Sarvothaman MK, Galli G, Pettitt ME, Callow ME, Callow JA, Conlan SL, 

Clare AS, Sugiharto AB, Davies C, Williams D. (2012) Poly(dimethyl siloxane) (PDMS) 

Network Blends of Amphiphilic Acrylic Copolymers with Poly(ethylene glycol)-Fluoroalkyl 

Side Chains for Fouling-Release Coatings. II. Laboratory Assays and Field Immersion Trials 

Biofouling, 28:571–582. 

[52] Mielczarski JA, Mielczarski E, Galli G, Morelli A, Martinelli E, Chiellini E. (2010) The 

Surface-Segregated Nanostructure of Fluorinated Copolymer−Poly(dimethylsiloxane) Blend 

Films Langmuir 26:2871–2876. 

[53] Marabotti I, Morelli A, Orsini LM, Martinelli E, Galli G, Chiellini E, Lien EM, Pettitt ME,  

Callow ME, Callow JA, Conlan SL, Mutton RL, Clare AS, Kocijan A, Donik C, Jenko M. 

(2009) Fluorinated/Siloxane Copolymer Blends for Fouling Release: Chemical Characterisation 

and Biological Evaluation with Algae and Barnacles Biofouling, 25:481–493. 

[54] Ikeda T, Lee B, Yamaguchi H, Tazuke S. (1990) Time-Resolved Fluorescence Anisotropy 

Studies on the Interaction of Biologically Active Polycations with Phospholipid Membranes 

Biochem.Biophys. Acta, Biomembranes 1021:56-62. 

[55] Ikeda T, Hirayama H, Yamaguchi H, Tazuke S, Watanabe M. (1986) Polycationic Biocides 

with Pendant Active Groups: Molecular Weight Dependence of Antibacterial Activity 

Anitmicrob. Agents Chemother. 30:132-136. 

[56] Ikeda T, Tazuke S, Suzuki Y. (1984) Biologically Active Polycations, 4. Synthesis and 

Antimicrobial Activity of Poly(trialkylvinylbenzylammonium Chloride)s Makromol. Chem. 

185:869-876. 



44 
 

[57] Ikeda T, Yamaguchi H, Tazuke S. (1990) Phase Separation in Phospholipid Bilayers 

Induced by Biologically Active Polycations Biochim. Biophys. Acta, Biomembranes 1026:105-

112. 

[58] Ikeda T, Yamaguchi H, Tazuke S. (1990) Molecular Weight Dependence of Antibacterial 

Activity in Cationic Disinfectants J. Bioactive Compatible Polym. 5:31-41. 

[59] Chen CZ, Beck-Tan NC, Dhurjati P, van Dyk TK, LaRossa RA, Cooper SL. (2000) 

Quaternary Ammonium Functionalized Poly(propylene imine) Dendrimers as Effective 

Antimicrobials:  Structure−Activity Studies Biomacromolecules 1:473-480. 

[60] Sauvet G, Fortuniak W, Kazmierski K, Chojnowski (2003) Amphiphilic Block and 

Statistical Siloxane Copolymers with Antimicrobial Activity JJ. Polym. Sci. Part A: Polym. 

Chem. 41:2939-2948. 

[61] Thome J, Hollander A, Jaeger W, Trick I, Oehr C. (2003) Ultrathin 

Antibacterial Polyammonium Coatings on Polymer Surfaces Surf. Coat. Technol. 174-175:584-

587. 

[62] Gelman MA, Weisblum B, Lynn DM, Gellman SH. (2004) Biocidal Activity of 

Polystyrenes That Are Cationic by Virtue of Protonation Org.Lett. 6:557-560. 

[63] Ilker MF, Nusslein K, Tew GN, Coughlin EB. (2004) Tuning the Hemolytic and 

Antibacterial Activities of Amphiphilic Polynorbornene Derivatives J. Am. Chem. Soc. 

126:15870-15875. 

[64] Lee SB, Koepsel RR, Morley SW, Matyjaszewski K, Sun Y, Russell AJ. (2004) Permanent, 

Nonleaching Antibacterial Surfaces. 1. Synthesis by Atom Transfer Radical Polymerization 

Biomacromolecules 5:877-882. 



45 
 

[65] Waschinski CJ, Tiller JC. (2005) Poly(oxazoline)s with Telechelic Antimicrobial Functions 

Biomacromolecules 6:235-243. 

[66] Kawabata N, Nishiguchi M. (1988) Antibacterial Activity of Soluble Pyridinium-Type 

Polymers Appl. EnViron.Microbiol. 54:2532-2535. 

[67] Li G, Shen J, Zhu Y. (1998) Study of Pyridinium-Type Functional Polymers. II. 

Antibacterial Activity of Soluble Pyridinium-Type Polymers J. Appl. Polym.Sci. 67:1761-1768. 

[68] Li G, Shen J. (2000) A Study of Pyridinium-Type Functional Polymers. IV. Behavioral 

Features of the Antibacterial Activity of Insoluble Pyridinium-Type Polymers  J. Appl. 

Polym.Sci. 78:676-684. 

[69] Tiller JC, Liao C-J, Lewis K, Klibanov AM. (2001) Designing Surfaces that Kill Bacteria 

on Contact Proc. Natl. Acad.Sci. U.S.A. 98:5981-5985. 

[70] Grapski JA, Cooper SL. (2001) Synthesis and Characterization of Non-Leaching Biocidal 

Polyurethanes Biomaterials 22:2239-2246. 

[71] Cen L, Neoh KG, Kang ET. (2003) Surface Functionalization Technique for Conferring 

Antibacterial Properties to Polymeric and Cellulosic Surfaces Langmuir 19:10295-10303. 

[72] Park ES, Kim HS, Kim MN, Yoon JS. (2004) Antibacterial Activities of Polystyrene-Block-

Poly(4-vinyl pyridine) and Poly(styrene-random-4-vinyl pyridine) Eur. Polym. J. 40:2819-2822. 

[73] Kanazawa A, Ikeda T, Endo T. (1993) Novel Polycationic Biocides: Synthesis and 

Antibacterial Activity of Polymeric Phosphonium Salts J. Polym. Sci., Part A: Polym. Chem. 

31:335-343. 

[74] Kanazawa A, Ikeda T, Endo T. (1993) Polymeric Phosphonium Salts as a Novel Class of 

Cationic Biocides. III. Immobilization of Phosphonium Salts by Surface Photografting and 



46 
 

Antibacterial Activity of the Surface-Treated Polymer Films J. Polym. Sci., Part A: Polym. 

Chem. 31:1467-1472. 

[75] Kanazawa A, Ikeda T, Endo T. (1993) Polymeric Phosphonium Salts as a Novel Class of 

Cationic Biocides. IV. Synthesis and Antibacterial Activity of Polymers with Phosphonium Salts 

in the Main Chain J. Polym. Sci., Part A: Polym. Chem. 31:3031-3038. 

[76] Kanazawa A, Ikeda T, Endo T. (1994) Polymeric Phosphonium Salts as a Novel Class of 

Cationic Biocides. VII. Synthesis and Antibacterial Activity of Polymeric Phosphonium Salts 

and their Model Compounds Containing Long Alkyl Chains J. Appl. Polym.Sci. 53:1237-1244. 

[77] Kanazawa A, Ikeda T, Endo T. (1994) Polymeric Phosphonium Salts as a Novel Class of 

Cationic Biocides. VIII. Synergistic Effect on Antibacterial Activity of Polymeric Phosphonium 

and Ammonium Salts J. Appl. Polym.Sci. 53:1245-1249. 

[78] Kenawy E-R, Abdel-Hay FI, El-Shanshoury AE-RR, El-Newehy M. (2002) Biologically 

Active Polymers. V. Synthesis and Antimicrobial Activity of Modified Poly(glycidyl 

methacrylate-co-2-hydroxyethyl methacrylate) Derivatives with Quaternary Ammonium and 

Phosphonium Salts HJ. Polym. Sci., Part A: Polym. Chem. 40:2384-2393. 

[79] Popa A, Davidescu CM, Trif R, Ilia Gh, Iliescu S, Dehelean Gh. (2003) Study of Quaternary 

‘Onium’ Salts Grafted on Polymers: Antibacterial Activity of Quaternary Phosphonium Salts 

Grafted on ‘Gel-Type’ Styene-Divinylbenzene Copolymers React. Funct. Polym. 55:151-158. 

[80] Kanazawa A, Ikeda T, Endo T. (1993) Antibacterial Activity of Polymeric Sulfonium Salts 

J. Polym. Sci., Part A: Polym. Chem. 31:2873-2876. 

[81] Nonaka T, Noda E, Kurihara S. (2000) Graft Copolymerization of Vinyl Monomers Bearing 

Positive Charges or Episulfide Groups onto Loofah Fibers and Their Antibacterial Activity J. 

Appl. Polym. Sci. 77:1077–1086. 



47 
 

[82] Li GJ, Shen JR, Zhu YL. (2000) A Study of Pyridinium-Type Functional Polymers. III. 

Preparation and Characterization of Insoluble Pyridinium-Type Polymers J. Appl. Polym.Sci. 

78:668–675. 

[83] Tashiro T. (2001) Antibacterial and Bacterium Adsorbing Macromolecules Macromol. 

Mater. Eng. 286:63–87. 

[84] Dizman B, Elasri MO, Mathias LJ. (2006) Synthesis and Characterization of Antibacterial 

and Temperature Responsive Methacrylamide Polymers Macromolecules 39:5738–5746. 

[85] Huang JY, Murata H, Koepsel RR, Russell AJ, Matyjaszewski K. (2007) Antibacterial 

Polypropylene via Surface-Initiated Atom Transfer Radical Polymerization Biomacromolecules 

8:1396–1399. 

[86] Kenawy ERJ. (2001) Biologically Active Polymers. IV. Synthesis and Antimicrobial 

Activity of Polymers Containing 8-Hydroxyquinoline Moiety J. Appl. Polym. Sci. 82:1364–

1374. 

[87] Krishnan S, Ward RJ, Hexemer A, Sohn KE, Lee KL, Angert ER, Fischer DA, Kramer EJ, 

Ober CK. (2006) Surfaces of Fluorinated Pyridinium Block Copolymers with Enhanced 

Antibacterial Activity Langmuir 22:11255–11266. 

[88] Kurt P, Wood L, Ohman DE, Wynne KJ. (2007) Highly Effective Contact Antimicrobial 

Surfaces via Polymer Surface Modifiers Langmuir 23:4719–4723. 

[89] Cheng ZP, Zhu XL, Shi ZL, Neoh KG, Kang ET. (2005) Polymer Microspheres with 

Permanent Antibacterial Surface from Surface-Initiated Atom Transfer Radical Polymerization 

Ind.Eng. Chem. Res.  44:7098–7104. 

[90] Park D, Wang J, Klibanov AM. (2006) One-Step, Painting-Like Coating Procedures To 

Make Surfaces Highly and Permanently Bactericidal Biotechnol.Prog. 22:584–589. 



48 
 

[91] Kawabata N, Fujita I, Inoue T. (1996) Removal of Virus from Water by Filtration Using 

Microporous Membranes Made of Poly(N-benzyl-4-vinylpyridinium chloride) J. Appl. 

Polym.Sci. 60:911–917. 

[92] Mieszkin S, Martin-Tanchereau P, Callow ME, Callow JA. (2012) Effect of Bacterial 

Biofilms Formed on Fouling-Release Coatings from Natural Seawater and Cobetia Marina, on 

the Adhesion of Two Marine Algae Biofouling,  28:953-968. 

[93] Mieszkin S, Callow ME, Callow JA. (2013) Interactions Between Microbial Biofilms and 

Marine Fouling Algae: a Mini Review Biofouling, 29:1097-1113. 

[94] Ivanov I, Vemparala S, Pophristic V, Kuroda K, DeGrado WF, McCammon JA, Klein ML. 

(2006) Characterization of Nonbiological Antimicrobial Polymers in Aqueous Solution and at 

Water−Lipid Interfaces from All-Atom Molecular Dynamics J. Am. Chem. Soc. 128:1778-1779. 

[95] Lin J, Qiu S, Lewis K, Klibanov AM. (2003) Mechanism of Bactericidal and Fungicidal 

Activities of Textiles Covalently Modified with Alkylated Polyethylenimine Biotechnol. Bioeng. 

83:168-172. 

[96] Milovic NM, Wang J, Lewis K, Klibanov AM. (2005) Immobilized N-Alkylated 

Polyethylenimine Avidly Kills Bacteria by Rupturing Cell Membranes with No Resistance 

Developed Biotechnol.Bioeng. 90:715-722. 

[97] Kugler R, Bouloussa O, Rondelez F. (2005) Evidence of a Charge-Density Threshold for 

Optimum Efficiency of Biocidal Cationic Surfaces Microbiology 151:1341-1348. 

[98] Park D, Finlay JA, Ward RJ, Weinman DJ, Krishnan S, Paik M, Sohn KE, Callow ME, 

Callow JA, Handlin DL, Willis CL, Fischer DA, Angert ER, Kramer EJ, Ober CK. (2010) 

Antimicrobial Behavior of Semifluorinated-Quaternized Triblock Copolymers against Airborne 

and Marine Microorganisms Applied Materials and Interfaces 2:703-711. 



49 
 

[99] Zhou Z. “Adjustment of Surface Chemical and Physical Properties with Functionalized 

Polymers to Control Cell Adhesion”, (2013) Ph.D. Dissertation, Cornell University, Ithaca, NY. 

 

 

  



50 
 

CHAPTER 2: AMPHIPHILIC TRIBLOCK COPOLYMERS WITH 

PEGYLATED HYDROCARBON STRUCTURES AS 

ENVIRONMENTALLY FRIENDLY MARINE ANTIFOULING 

AND FOULING-RLEASE COATINGS  

 

 

 

 

 

 

 

 

 

 

 

 

Zhou, Z.; Calabrese, D.; Taylor, W.; Finlay, J; Callow M. E.; Callow J. A.; Fischer, D.; Kramer E. J.; Ober C. K. 

Biofouling 2014, 30, 589-604. 

 



51 
 

ABSTRACT 

Amphiphilic polymeric materials have recently shown been to be able to provide antifouling and 

fouling releasing coatings due to their surface dual functionality. Herein, we use poly(ethylene 

glycol) (PEG) of different molecular weights (Mw = 350, 550) coupled to a saturated difunctional 

alkyl alcohol to produce amphiphilic surfactants (PEG-hydrocarbon-OH). The resulting 

surfactants were then used as side chains by covalently modifying a pre-synthesized PS8K-b-

P(E/B)25K-b-PI10K (SEBI or K3) triblock copolymer.  The resulting modified polymers were then 

spray coated onto glass slides treated by an established multilayer surface coating technique. The 

coated surfaces were characterized with AFM, XPS, and NEXAFS, and evaluated in laboratory 

assays with two important fouling algae viz. Ulva linza, (a green macroalga) and Navicula 

incerta, a biofilm-forming diatom. The modified polymer coatings displayed promising results 

for both antifouling and fouling-release coatings, particularly the sample with longer PEG chain 

lengths (Mw=550 g/mol) performed excellently against both algae highlighting.  This work 

highlights the effects of the length and order of the hydrophobic and hydrophilic segments of the 

side groups on the physical and antifouling properties of the coatings. 

 

INTRODUCTION: 

In previous work in the Ober group [1-7] many surface active block copolymers (SABCs) 

with amphiphilic side chains showed good antifouling and fouling release properties towards 

marine species.  In particular, SABCs with side chains that included a segment of PEG 

connected to a non-polar segment had both antifouling and fouling-release abilities towards the 

attachment of zoospores and adhesion of sporelings of Ulva linza, respectively [8]. One of the 
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more effective compositions consisted of side groups with a short PEG segment and then a 

straight alkyl chain, which are available as the Brij
TM

 series of non-ionic surfactants.  The Brij
TM

 

material is available in a form that enables only the PEG segment to be directly linked to the 

polymer backbone.  

Recently we prepared polymer systems with the reverse of the Brij
TM

 based side chains to 

better understand the role of attachment geometry towards the response to fouling organisms. 

This change in placement allows for an increase in the flexibility of the PEG chain away from 

the polymer backbone and may enhance the amount of the PEG segments on the surface. In this 

chapter, we will investigate the new PEG/hydrocarbon side groups with well-controlled inverted 

structures (PEG-HC-OH).  

The PEG-HC-OH structures feature a short hydroxyl-terminated alkyl chain of twelve 

carbons terminated by mono-methylated PEG groups with different lengths in their chemical 

formulae, CH3O(CH2CH2O)nCH2(CH2)10CH2OH, n = 7 or 12. These well-defined surfactants 

were then used as side groups to modify PS8K-b-P(E/B)25K-b-PI10K (SEBI or K3) triblock 

copolymer, which can then be spray-coated onto surfaces to create amphiphilic surface coatings 

for antifouling/fouling-release studies [5, 7]. The low surface energy of the alkyl chain can allow 

for more flexibility of the PEG segments, facilitating the antifouling effects of hydrophilic PEG. 

We will investigate the effect that the length of the PEG chain has on the antifouling/fouling-

release properties of the coating, as previous studies have demonstrated that PEG chain lengths 

and steric exclusion effects are significant factors in resisting protein and cell adhesion [9]. 

Together, with the previous observations and knowledge on PEG/hydrocarbon based materials, 

we hope to provide a better platform to understanding the structure-cell behavior relationships, 
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and the results may also provide insights for the design and optimization of future generations of 

antifouling/fouling-release materials with these new amphiphilic materials.   

 

EXPERIMENTAL SECTIONS 

MATERIALS 

Monomethylated poly(ethylene glycol) (Mw = 350, 550), 1,12-dodecanediol, 

methanesulfonyl chloride, 3-(aminopropyl)trimethoxysilane, m-chloroperoxybenzoic acid 

(mCPBA), and BF3•Et2O were purchased from Sigma-Aldrich. Polystyrene8k-block-

poly(ethylene-ran-butylene)25k-block-polyisoprene20k (PS-b-P(E/B)-b-PI, or SEBI) triblock 

copolymer, 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), toluene, sodium hydroxide (NaOH), sulfuric acid 

(H2SO4), 30 wt% hydrogen peroxide (H2O2) in water, anhydrous ethanol (CH3CH2OH), and all 

other chemicals were purchased from Sigma-Aldrich and used without further purification unless 

otherwise noted.  

1
H and 

13
C NMR spectra were recorded on a Varian Gemini 300 MHz spectrometer with 

deuterated chloroform, chemical shifts (δ) were reported in parts per million (ppm) relative to 

trimethyl silane (TMS). IR spectrum of the polymer cast as a film from THF solution on a 

sodium chloride plate was collected using a Mattson 2020 Galaxy series FTIR spectrometer. 

Elemental analysis for C, H, and N weight percent of the modified block copolymers was 

performed by Quantitative Technologies, Inc. (QTI). Gel permeation  chromatography of a THF 
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solution of polymers (1 mg/mL) was carried out using four Waters styrene Styragel HT columns 

operating at 40 
o
C in conjunction with Waters 490 ultraviolet (λ = 254 nm) and Waters 410 

refractive index detectors. THF was used as the eluent at a flow rate of 1 ml/min, and toluene 

was used as a marker for flow calibration.  

 

POLYMER SYNTHESIS AND CHARACTERIZATION  

Synthesis of the target polymers was carried out in two parts and depicted in scheme 1 

and 2. The first part was the synthesis of PEG-HC-OH amphiphilic side chains with hydrophobic 

hydrocarbon and hydrophilic PEG segments. The second part included the epoxidization reaction 

of polyisoprene block of the PS-b-P(E/B)-b-PI triblock copolymer, and the reaction to covalently 

attach the amphiphilic side chains to triblock copolymer backbone. The details of each reaction 

and product characterization were listed below.  

 

General procedure for synthesis of monomethylated poly(ethylene glycol) mesylate (mPEG-Ms, 

2). A dry 500 mL round bottom flask was charged with mPEG (10.0 g, 18.2 mmol) and 

anhydrous dichloromethane (250 mL), triethylamine (9.2 g, 90.9 mmol) and methanesulfonyl 

chloride (10.4 g, 90.9 mmol) were added and then the reaction mixtures were stirred overnight 

under nitrogen at room temperature. After the completion of the reactions, the precipitated 

triethylammonium hydrochloride salts were removed by vacuum filtration, and the filtrate was 

rotary evaporated to dryness, the filtrate was then dissolved in 200 mL distilled water. After 

extraction with dichloromethane, the dichloromethane layer was dried over anhydrous MgSO4, 

and the concentration of the solution yielded the desired mPEG mesylates as pale yellow liquid. 
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mPEG350-Ms:  
1
H NMR (300 MHz, CDCl3, δ): 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): 

71.78, 70.34, 69.37, 68.38, 58.87, 37.56.  

mPEG550-Ms: 
1
H NMR (300 MHz, CDCl3, δ): 4.34 (m, 2H, -CH2OSO2-), 3.50-3.73 (m, -

OCH2CH2O-), 3.34 (s, 3H, CH3O-), 3.05 (s, 3H, CH3SO3-). 
13

C NMR (300 MHz, CDCl3, δ): 

71.88, 70.46, 69.43, 68.97, 58.97, 37.68.  

 

General procedure for synthesis of methylated poly(ethylene glycol)-dodecane-1-ol (PEG-HC-

OH, 3). Sodium hydride and 1, 12-dodecandiol (3.6 g, 8 mmol) were also dissolved in anhydrous 

THF and were stirred at room temperature for 1 h before Poly(ethylene glycol) mesylate in 

anhydrous THF solution was added to the reaction mixture. The molar ratio of PEG, 

dodecandiol, and NaH was 1:1.5:5. The reaction mixture was refluxed for 2 days and then 

quenched with water. The solvent was partially removed via rotary evaporation, and the 

precipitated salts were eliminated by vacuum filtration. The filtrate was then evaporated to 

dryness and dissolved in CH2Cl2 and passed through a silica gel column with CH2Cl2 to remove 

any residual salts, unreacted reagents, and disubstituted products. The desired products were 

concentrated through rotary evaporation and the purity of the hydrocarbon block PEG surfactants 

were confirmed by 
1
H and 

13
C NMR.  

PEG350-HC-OH: 
1
H NMR (300 MHz, CDCl3, δ): 3.55-3.30 (m, -OCH2CH2O-, CH2CH2OH), 

3.38 (s, 3H, CH3O-), 1.40 (s, -CH2CH2CH2OH), 1.12 (b, -CH2CH2CH2-) 
13

C NMR (300 MHz, 

CDCl3, δ): 71.34, 70.35, 69.91, 67.06, 62.42, 58.84, 32.65, 29.35, 29.33, 25.95, 25.71.  
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PEG550-HC-OH: 
1
H NMR (300 MHz, CDCl3, δ): 3.60-3.30 (m, -OCH2CH2O-, CH2CH2OH), 

3.38 (s, 3H, CH3O-), 1.50 (s, -CH2CH2CH2OH), 1.20 (b, -CH2CH2CH2-) 
13

C NMR (300 MHz, 

CDCl3, δ): 71.80, 70.45, 69.93, 67.06, 62.53, 58.91, 32.68, 29.51, 29.37, 25.97, 25.72.  

 

 

Scheme 1, Synthesis of methylated reverse-brij poly(ethylene glycol)-dodecane-1-ol amphiphilic 

side chains.  

 

Epoxidation of PS-b-P(E/B)-b-PI.  In a typical epoxidation reaction, the PS8K-b-P(E/B)25K-b-

PI10K triblock copolymer (5.0 g, 14.5 mmol of reactive isoprene sites) was dissolved in 

cyclohexane (4 % w/v) in a round-bottomed flask. 3-meta-Chloroperoxybenzoic acid (mCPBA, 

3.9 g, 17.4 mmol) was added to the mixture, and the solution was stirred vigorously for 6 h at 

room temperature. Subsequently, the polymer was precipitated in 500 mL methanol, collected by 

filtration, and re-precipitated to remove residual mCPBA and its respective byproducts. The 

white rubbery product was dried at room temperature under reduced pressure for 48 h to remove 

remaining solvent. 
1
H NMR for epoxidized PS8K-b-P(E/B)25K-b-PI10K (300 MHz, CDCl3, δ): 

6.58, 7.07, (5H, styrene), 2.65 (br s, 1H, epoxidized isoprene, -CH2CH(O)C(CH3)CH2-), 0.80, 

0.85, 1.25, 1.48, 1.87 (backbone). Elemental analysis: C 82.56 %, H 12.06 %. IR (dry film) υmax 
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(cm
-1

): 2926, 2855 (C-H stretching); 1465, 1380 (C-H bending); 906 (C-O-C asymmetric 

stretching); 700 (C-H bending, aromatic).  

 

General procedure for synthesis of hydrocarbon-PEG modified polystyrene8k-block-

poly(ethylene-ran-butylene)25k-block-polyisoprene20k. (K3-HC-PEG)  Modified triblock 

copolymers were produced through a straight forward etherification reactions using PEG-HC-

OH and epoxidized polymer. For each molar of epoxidized PS-b-P(E/B)-b-PI polymer, 3 molar 

excess of PEG-HC-OH added, and the reagents were dissolved in anhydrous chloroform, 

followed by drying in 4 Ǻ molecular sieves for 1 day. The reaction mixture was then transferred 

to a clean reaction bottle through a cannula under the protection of Ar gas. After add 0.3 mL of 

BF3.Et2O, the reaction was stirred at room temperature for 3 days under Ar gas before quenched 

with 6N NaOH solution. K3-HC-PEG350 was precipitated in methanol, and K3-HC-PEG550 

was precipitated in hot DI water. The resulting polymers were dissolved in chloroform again, and 

re-precipitated in appropriate solvents. Finally, the reaction products were dried in vacuum oven 

for 48 h to remove residual solvents.  

K3-HC-PEG350: 
1
H NMR (300 MHz, CDCl3, δ): 6.5, 7.1 (5H, styrene), 3.30-3.60 (br, -

OCH2CH2O-), 0.82, 1.07, 1.59, 1.85 (polymer backbone). Elemental analysis: C 79.38%, H 

12.75%. IR (dry film): ν max (cm
-1

) 3361 (br, O-H stretching), 2929, 2855 (C-H stretching), 1462, 

1382 (C-H bending), 1000-1200 (C-O stretching), 765, 703 (C-H bending, aromatic).   

K3-HC-PEG550: 
1
H NMR (300 MHz, CDCl3, δ): 6.5, 7.1 (5H, styrene), 3.30-3.60 (br, -

OCH2CH2O-), 0.82, 1.07, 1.59, 1.85 (polymer backbone). Elemental analysis: C 75.75%, H 

12.31%. IR (dry film): ν max (cm
-1

) 3400 (br, O-H stretching), 2929, 2855 (C-H stretching), 1462, 

1382 (C-H bending), 1000-1200 (C-O stretching), 765, 703 (C-H bending, aromatic).   
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Scheme 2. Covalently modification of SEBI (K3) triblock copolymer with reverse-brij 

PEGylated hydrocarbon (PEG-HC-OH) side chains.  

 

SURFACE PREPARATION AND CHARACTERIZATION 

Surfaces modified with the K3 triblock copolymer were prepared for study using a similar 

previously reported method [4, 7] with some optimization. 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 silane 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 
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h, allowing the maleic anhydride groups in the polymer backbone react with epoxy 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 PS-b-P(E/B)-b-PI solutions (16 mg/mL, toluene) 

was 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.  

Water contact angles were measured using an NRL contact angle goniometer (Ramé-Hart 

model 100-00) at room temperature. Three measurements from different locations on the sample 

were taken. The contact angle of an air bubble over the polymer surface immersed in water was 

determined using the captive bubble method [10, 11]. In the measurement, an air bubble was 

snapped off the tip of a 22 gauge stainless steel syringe needle (0.7 mm O.D. and 0.4 mm I.D.), 

and then contacted by the surface immersed in water. The advancing and receding contact angles 

were measured between the surfaces and the air bubble. 

 

XPS measurements were performed using a Kratos Axis Ultra Spectrometer (Kratos 

Analytical, Manchester, UK) with a monochromatic Al Ka X-ray source (1486.6 eV) operating 

at 225 W under a vacuum of 1.0 x 10
-9

 Torr. Charge compensation was carried out by injection 

of low-energy electrons into the magnetic lens of the electron spectrometer. The pass energy of 

the analyzer was set at 40 eV for high resolution spectra, and 80 eV for survey scans, with an 

energy resolution of 0.05 eV and 1 eV, respectively. The spectra were analyzed using CasaXPS 

v.2.3.14 software. The C-C peak at 285 eV was used as the reference for binding energy 
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calibration. NEXAFS experiments were carried out on the U7A NIST/Dow materials 

characterization end-station at the National Synchrotron Light Source at Brookhaven National 

Laboratory (BNL). The general underlying principles of NEXAFS and a description of the beam 

line at BNL have been previously reported [12]. The PEY C 1s spectra were normalized by 

subtracting a linear pre-edge baseline and setting the edge jump to unity at 320 eV [13].   Further 

surface characterization data (atomic force microscopy, contact angle, 
1
HNMR, and 

13
CNMR) 

can be found in the supplemental information. 

 

BIOFOULING ASSAYS ON POLYMER COATED GLASS SURFACES  

All amphiphilic polymer-coated glass slides and control samples were equilibrated in 

deionised water for 72 hours and then in 0.22μm filtered artificial seawater (Tropic Marin®) for 

2 hours prior to testing.  

 

SETTLEMENT OF ZOOSPORES OF ULVA LINZA  

A detailed description of the assay can be found in ref 5 and 14. In brief, a suspension of 

zoospores (10 ml; 1 x 10
6
 spores ml

-1
) was added to individual compartments of Quadriperm 

dishes (Greiner Bio-One Ltd), each containing a test surface. The dishes were immediately 

placed in darkness at about 20
o
C. After 45 minutes, the slides were washed by passing 10 times 

through a beaker of seawater to remove unsettled (i.e. swimming) spores. Slides were fixed using 

2.5% glutaraldehyde in seawater. The density of zoospores attached to the surface was counted 

on each of 3 replicate slides using an Axiovision 4 image analysis system attached to a Zeiss 

epifluorescence microscope (excitation 546nm; emission 590nm). Spores were visualized by 
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autofluorescence of chlorophyll. Counts were made for 30 fields of view (each 0.15 mm
2
) on 

each slide. 

  

GROWTH AND ATTACHMENT STRENGTH OF SPORELINGS OF ULVA LINZA 

Spores were allowed to settle for 45 mins on the coatings (6 replicate slides of each 

treatment) as described above [5]. After washing away unsettled spores, the spores attached to 

the coatings were cultured in supplemented seawater medium for 7 days by which time they had 

grown into sporelings (young plants). The sporeling growth medium was refreshed every 48 

hours. Sporeling biomass was determined in situ by measuring the fluorescence of the 

chlorophyll contained within the sporelings in a fluorescence plate reader (Tecan GENios Plus). 

Biomass was quantified in terms of relative fluorescence units (RFU), the value for each slide 

being the mean of 70 point fluorescence readings taken from the central portion of the slide. The 

sporeling biomass data are expressed as the mean RFU of 6 replicate slides; bars show SEM 

(standard error of the mean). Slides coated with Silastic® T2 (Dow Corning), a polydimethyl 

siloxane elastomer were included as a fouling-release standard in the assay [1, 5, 6]. 

The attachment strength of sporelings to the coatings was assessed using a shear stress of 

52 Pa generated in a water channel [15, 16]. Biomass remaining was determined using a 

fluorescence plate reader (as above). The percentage removal was calculated from readings taken 

before and after exposure to shear stress. 

 

ATTACHMENT AND ADHESION STRENGTH OF NAVICULA INCERTA 

SETTLEMENT AND ADHESION STRENGTH OF CELLS  
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Cells were cultured in F/2 medium contained in 250 ml conical flasks [17]. After 3 days 

the log phase cells were washed 3 times in fresh medium and diluted to give a suspension with a 

chlorophyll a content of approximately 0.25 μg ml
-1

. Ten ml of the cell suspension were added to 

test surfaces (6 replicates of each coating) in Quadriperm dishes. After 2 hours the slides were 

exposed to a submerged wash in seawater to remove cells that had not attached.  Three replicate 

samples were fixed in 2.5% glutaraldehyde, air dried and the density of cells attached to the 

surface was counted on each slide by autofluorescence of chlorophyll using the image analysis 

system described above. Counts were made for 30 fields of view (each 0.15 mm
2
) on each slide.  

 

To measure the attachment strength of cells, the remaining 3 slides were exposed to a 

shear stress of 33 Pa in a water channel as described above. Samples were fixed and the number 

of cells remaining was counted using image analysis as described above.  

 

BIOFILM FORMATION IN FLOWING SEAWATER  

Biofilms were formed on coatings placed in two biofilm channels [13]. Briefly, two replicates of 

each test surface were arranged alternately in the mid-section of two 1 m long channels. One 

hundred and fifty ml of a cell culture (chlorophyll a content of 0.125 μgml
-1

) in 50% F2 medium 

(see above) were added to each plugged channel. Flow was initiated after a 2 h settlement period. 

A pump re-circulated seawater medium (50% strength F2; reservoir volume 2 L) at a flow rate of 

1500 ml min
-1

 creating a bed shear stress of 0.19 Pa in each channel. The channels were 

illuminated (10 µmol m
-2

 s
-1

) and turbulent flow was maintained for 72 h.  
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 After 72 h, the slides were removed from the biofilm channels and the density of cells 

was quantified on the wet surfaces. Counts were made for 15 fields of view (each 0.025 mm
2
) on 

each of the 4 replicate slides.  

To measure the attachment strength of the cells, the slides were transferred to a closed 

turbulent flow water channel that generates greater hydrodynamic forces that the biofilm channel 

and were exposed to a shear stress of 50 Pa for 5 minutes [15, 18]. The density of cells remaining 

attached was quantified as described above.  

 

 

POLYMER SYNTHESIS AND CHARACTERIZATION  

The synthesis of the target modified block copolymers, K3-HC-PEG350 and K3-HC-

PEG550, was successfully carried out in two parts as described above. The ether linkages are a 

desirable linker for the side groups because of their resistance towards various forms of 

metabolism from marine organisms, and the details of each step are depicted in Scheme 1 and 2. 

In the first part (Scheme 1), the hydrocarbon-block-poly(ethylene glycol), (PEG-HC-OH), is 

composed of an alkyl chain attached to a PEG segment. PEG methyl ethers (1, Mw = 350 or 550) 

with one free hydroxyl end group were substituted with a methanesulfonyl group (2), to provide 

better leaving groups for the next step. The coupling reaction of PEG methyl ether and 1,12-

dodecandiol was carried out under basic conditions at reflux in THF (3). The mono-substituted 

product was isolated with an 89% yield for PEG350-HC-OH and a 95% yield for the PEG550-

HC-OH. The remaining hydroxyl group was then ready to open the epoxy-ring to couple the 

surfactants with the K3 triblock copolymer.  
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In the second step, the double bonds in the isoprene block of the K3 triblock copolymer 

were oxidized to epoxy-rings using mCPBA. Next the two the epoxide was opened with the 

PEG-HC-OH side chains by using a lewis acid catalysis of BF3•Et2O. After the reaction ran for 

three days at room temperature, the resulting polymers were purified by precipitation methods. 

K3-HC-PEG350 was precipitated in methanol. However, K3-HC-PEG550 showed good 

solubility in methanol, therefore, it was precipitated and washed in DI water. GPC was used to 

measure the molecular weight (Mn) and dispersity of the polymers after each step in the reaction 

synthesis. After each reaction, both Mn and polydispersity increased for Epoxi-K3, while for the 

final substituted polymers, K3-HC-PEG350 had larger Mn and PDI than K3-HC-PEG550, likely 

through reduced steric hindrance in the reaction and the fact that more amphiphilic side chains 

can be attached to the K3 polymer backbone. Elemental analysis further confirmed that polymers 

with the longer PEG chains had a decrease in the percentage of carbon in the system to 

compensate the increased amount of oxygen (Table 1).  

 



65 
 

Table 1. GPC, elemental analysis and static water contact angles of reverse-brij amphiphilic side 

chain modified K3 triblock copolymer. N/A stands for “Not Applicable”.   

Name Mn Dispersity   

Elemental 

Analysis   

Water Contact 

Angles 

  (Daltons)   C% H% N% (Mean ± SD) 

K3 41,485 1.61 86.26 13.56 <0.05 89° ± 1° 

Epoxi-K3 43,162 1.78 82.56 12.06 0.07 N/A 

K3-HC-

PEG350 58,694 1.78 79.38 12.75 <0.05 85° ± 3° 

K3-HC-

PEG550 48,652 1.26 75.75 12.31 0.02 86° ± 1° 

SEBS N/A N/A N/A N/A N/A 82° ± 2° 

 

1
H NMR was used to confirm the product of each reaction step (Figure 2-1). In K3, the 

chemical shifts at 5.01 and 5.71 ppm indicated the presence of unsaturated C=C double bonds 

from the isoprene block. After the epoxidation reaction, a new broad peak at 2.6 ppm appeared 

indicating the presence of protons directly adjacent to the newly formed epoxy-rings on the 

isoprene block backbone.  In addition, the peaks at 5.01 and 5.71 ppm had disappeared 

suggesting that this reaction was nearly quantitative. After the epoxide opening reaction, there 

were new peaks between 3.3 and 3.6 ppm from the PEG side chain, demonstrating successful 

attachment of the PEG-HC-OH side groups.   
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Figure  2-1. 
1
H NMR spectra of starting polymer K3, epoxidized K3 (Epoxi-K3), and 

amphiphilic side chain (PEG-HC-OH) modified K3 triblock copolymers (K3-HC-PEG350 and 

K3-HC-PEG550).  

 

IR spectroscopy (Figure 2-2) was used to confirm the formation of amphiphilic side chain 

modified polymer products. K3 showed a distinct sharp absorption associated with unsaturated 

carbon carbon double bonds at 960 cm
-1

 . After the epoxidization reaction, the peak at 960 cm
-1

 

is absent, while new broad peaks around 1000-1200 cm
-1

 indicating carbon-oxygen single bond 

stretching and at 3300 cm
-1

, indicating hydroxide stretching, appeared. This further suggests that 

all of the residual unsaturated alkene groups were successfully converted to the hydroxylated 

form. After the PEG-HC-OH was covalently attached to epoxidized K3 polymer, there is an 
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appearance of significantly stronger peaks at 2929 and 2855 cm
-1

, indicating carbon-hydrogen 

stretching. This suggests the successful induction of the amphiphilic side chains in the polymer 

system.  

 

Figure 2-2. IR spectroscopy of K3, epoxidized K3 and PEG-HC-OH amphiphilic side chain-

modified K3 triblock copolymers.   

 

SURFACE PREPARATION AND CHARACTERIZATION 
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Chemical [19-20], mechanical, topographical [21-22], and biological [23] cues have all 

been shown to be important factors that can affect the settlement and adhesion of marine 

organisms. In response, for coatings in the Ober group we have developed a multilayer coating 

method to prepare the antifouling/fouling-release surfaces with modified triblock copolymers. 

This method allows for the modulus and the surface chemistry of the coatings to be controlled 

independently.  In addition, a sufficiently thick polymer film can be applied on the surfaces 

without using excessive amounts of the polymers [24]. Thicker coatings require less energy to 

fracture the bond between the foulant and the coating [25]. By using the multilayer coating 

method, we successfully applied 1 mm thick layers of SEBS elastomer to glass substrates, which 

has been shown to give the surface a lower modulus [7]. Finally, the modified amphiphilic 

polymers (16 mg/mL toluene solution) were spray coated on the SEBS base layers.  

Underwater bubble contact angles were used as a method to monitor the dynamic surface 

properties of the side chains (Figure 2-3). The angles were measured between the surfaces and 

the air bubble on the water side. With this method, a low captive-bubble contact angle indicates a 

hydrophilic surface, while a higher angle indicates a more hydrophobic surface. The contact 

angles on the amphiphilic side chain modified surfaces are significantly lower than those on 

SEBS base layer coated glass slides (89
o
), with 59

o
 and 56

o
 for K3-HC-PEG350, K3-HC-

PEG550, respectively. After of immersion in DI water over 3 days, the contact angles reached an 

equilibrium value of around 55
o
 and 40

o
 for SEBS and K3-HC-PEG coated surfaces respectively, 

which suggests that the surface reconstruction occurs over a period of days. The decrease of the 

contact angle can be attributed to the reorganization of the surface caused by the migration of the 

polystyrene block and the hydrocarbon block away from the interface. It is also possible that 

there is a reorientation of the PEG segments towards the interface, since surface-tethered 
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PEGylated polymer brushes [26] have been shown to have an equilibrium value of the captive-

bubble contact angle of 31
o
 in contact with water. The rearrangement of the side chains to the 

surface would facilitate the enthalpically favorable interaction of PEG with water while 

simultaneously minimizing the water contact of the hydrophobic alkyl segments. This would 

suggest that the equilibrium surface structure likely consists of the polystyrene block and 

hydrocarbon segments largely buried under the PEG groups. The contact angles of K3-HC-

PEG350 and K3-HC-PEG550 are similar, probably due to having a similar surface structure 

dominated with PEG chains.  

 

Figure 2-3. Captive air bubble contact angles of PEGylated hydrocarbon modified SEBI (K3) 

triblock copolymer on top of SEBS base layers. The underwater reconstruction of the 

amphiphilic surfaces reached equilibrium value after three days in contact with water.  

 

A more quantitative analysis of the block copolymer surfaces was performed by X-ray 

photoelectron spectroscopy (XPS) measurements on thin films of the copolymers. Figure 2-4 
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shows high resolution C1s and survey scan of XPS spectra of the amphiphilic polymers coatings 

at two different electron emission angles of 0
o
 and 75

o
. The figure also includes the spectra after 

the coatings were immersed into DI water for three days. The high resolution spectra are 

normalized so that the total area under the carbon peaks is equal to unity. The amphiphilic 

surfaces showed a strong intensity C-C peak near 285 eV, most likely indicative of a 

combination of the polymer backbone and the low surface energy saturated hydrocarbon chains 

segregated at the interface. Additionally, a pronounced shoulder at ~ 287 eV is indicative of C-O 

and shows the presence of the PEG segments near the surface. Analysis of XPS survey scans 

given in Figure 2-4 shows the surfaces were dominated by the peaks associated with C1s and O 

1s, located at ~ 285 eV and ~ 535 eV, respectively. Angle-dependent XPS analysis was also 

carried out on the same samples after 3 days of immersion in water, to help determine if the 

surface can undergo reconstruction as a consequence of its amphiphilic nature. The surface 

composition of the wet films is expected to be that corresponding to a kinetically trapped 

condition, rather than the equilibrium state when in contact with water, due to the use of vacuum 

during XPS measurement. The results suggest that, after immersion in water for 3 days, the top 

few nanometers of the surface is enriched with the PEG side chains with respect to the bulk. This 

can be explained by the swelling of the polymer layer by water during zeta-potential 

examination.  This is a consequence of polar ethylene oxide groups migrating to the sample 

surface during the rearrangement under water. The elemental composition varied with 

photoemission angle, and both of the carbon and oxygen atomic percentages followed the same 

trends discussed for the dry surfaces. Furthermore, the C1s signal of the wet films also exhibited 

the same shape and dependence as the photoemission angle for the dry films. However, when 

comparing the elemental analysis values obtained between the dry and wet polymer surfaces, at 
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any investigated angle, the C percentage decreased, after contact with water, whereas the O 

percentage increased, thus further supporting the idea of a surface reorganization.  Thus, the film 

surface responds to its environment because of its amphiphilic nature.   

 

Figure 2-4, XPS images of K3-HC-PEG350 and K3-HC-PEG550 coated surfaces after dry 

annealing at 120 
o
C for 12 h and after immersion underwater for three days.  

 

Furthermore, the measured XPS data for the Brij
TM

 samples show higher signal intensity 

for the O 1s and C-O peaks measured at 0º than those at 75º [8]. However, the intensities of those 

peaks are similar to the reverse-brij samples measured at 0º and at 75º, which suggests that the 
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Brij
TM

 samples have a higher percentage of the PEG segments blocked from the surface, thus 

leaving the hydrocarbon segments at the surface. 

As a complementary technique to XPS analysis, near edge x-ray absorption fine structure 

(NEXAFS) was used to determine both bond orientation and composition of chemical groups at 

the surface. NEXAFS spectroscopy is able to distinguish between aliphatic or aromatic carbons, 

and therefore it can be used to determine the relative concentration of polystyrene at the surfaces. 

Figure 2-5 shows the carbon edge of NEXAFS spectra of the amphiphilic polymers at four 

different electron emission angles (30
o
, 50

o
, 90

o
 and 120

o
). The figure also includes the spectra 

after the surfaces have been immersed in DI water for three days.  The sharp peak near 288 eV 

can be attributed to the C 1s→σ ⃰ C-H signal, indicating a surface dominated by the low surface 

energy, poly(ethylene-ran-butylene) block, with possible contributions from the alkyl segment of 

the side chains. . The signals near 293 eV are indicative of the C 1s→σ ⃰ C-O resonances, showing 

the presence of the PEG containing side chains groups at the surfaces. While the characteristic C 

1s→π⃰ C=C signals derived from the polystyrene block were observed near 285 eV, the intensity of 

this peak was very low relative to other peaks showing that the other blocks of the polymer 

dominate the surface. For the coating that were immersed in water for 3 days, the signal at 293 

eV for C 1s→σ ⃰ C-O increased, suggesting that more PEG segments have rearranged segregated 

onto the surfaces.  The NEXAFS data for the Brij
TM

 surfaces have a slightly lower C 1s→σ ⃰ C-O 

signal than the reverse-brij surfaces suggesting that the reverse-brij surfaces have a notably 

higher PEG content [8]. 
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Figure 2-5. NEXAFS images of K3-HC-PEG350 and K3-HC-PEG550 after dry annealing at 120 

o
C for 12 h and after immersion underwater for three days.  

 

ZOOSPORE SETTLEMENT AND ADHESION STRENGTH OF SPORELINGS OF U. LINZA.  

The spore settlement density on the PEGylated hydrocarbon modified K3 triblock 

copolymer coatings was higher on the K3-HC-PEG350 than on the K3-HC-PEG550 coating 

(Figure 2-6A). Settlement density was similar on the K3-HC-PEG550 and SEBS standard.  
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Biomass generation after 7 days of culture broadly reflected the spore settlement density 

(Figure 2-6B). However, observation of the samples suggested that sporelings were more weakly 

attached to the K3-HC-PEG550 coating than the others coatings as some sporelings were able to 

be detached by gentle movement of the dishes when the culture medium was refreshed. 

 Fouling release was determined at a shear stress of 52 Pa.  The K3-HC-PEG550 coating 

had almost a 100% of the algae from the surface (Figure 2-6C), which was comparable to that 

from the PDMS standard of 89%. The detachment of sporelings from the K3-HC-PEG550 

coating prior to exposure to shear would suggest that it would out-perform PDMS at lower shear 

stress values as well. However, the removal of sporelings from the K3-HC-PEG350 coating was 

lower at 56% indicating that the length of the PEG chain is important for the fouling release for 

these coating as well. Both coating were superior to the SEBS coating, which only exhibited 

31% removal of the sporelings. 
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Figure 2-6. A) The density of attached spores on amphiphilic PEGylated triblock copolymer 

coatings after 45 minutes settlement. Each point is the mean from 90 counts on 3 replicate slides. 

Bars show 95% confidence limits. B) The biomass of sporelings on amphiphilic PEGylated 
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triblock copolymer coatings after 7 days. Each point is the mean biomass from 6 replicate slides 

measured using a fluorescence plate reader (RFU; relative fluorescence unit). Bars show 

standard error of the mean. The low biomass on PEG550 is a consequence of loss during 

handling of the samples. C) Percent removal of 7 day old sporelings from amphiphilic 

PEGylated triblock copolymer coatings due to a shear stress of 52 Pa. 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 arcsine transformed data. 

The Brij
TM

 modified K3 polymer coatings were about as effective as the reverse-brij K3-

HC-PEG550 coating for removal of the sporelings based on release performance relative to 

PDMS standard [8].  The of removal of the sporelings has been show shown to be correlated to a 

high amount of hydrophobic content of the surface, which suggests that enough of the alkyl 

segment of the PEG550 was able to come to the surface, as shown by the sample being able to 

retain similar sporeling removal properties to the Brij
TM

 modified K3 polymer surfaces.  This 

further suggests that the length of the PEG chain in the K3-HC-PEG550 coating might be long 

enough to rearrange so that the alkyl chain can come to the surface if needed. 

 

SETTLEMENT AND ADHESION STRENGTH OF CELLS OF NAVICULA INCERTA 

 Diatoms were sunk in the water column and landed on the coated surfaces by gravity. 

Therefore, before washing, the cell density on all the test surfaces is identical, irrespective of 

chemistry. Washing the samples removes the unattached and weakly attached cells, so the 

differences in initial attachment density reflects the differences in the ability of cells to firmly 
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attach to the surfaces and resist the hydrodynamic forces of washing. The initial attachment 

densities of diatoms on the two amphiphilic triblock copolymer coatings after a 2 h settlement 

period were lower than on the SEBS coating and PDMS standards (Figure 2-7A). Furthermore, 

the density of attached cells was lower on K3-HC-PEG550 than on K3-HC-PEG350. 

Fouling release was determined by the application of a shear stress of water at 33 Pa to 

each coating.  The percent removal of the diatom was relatively low from all coatings; however, 

the removal from K3-HC-PEG550 coating was greater than the K3-HC-PEG350 coating (Figure 

2-7B). However, the initial attachment of diatoms to the K3-HC-PEG550 coating was low (c. 50 

cells mm
-2

), both surfaces still provide a good antifouling surface despite the relatively low 

fouling release. 

BIOFILM FORMATION OF DIATOM N. INCERTA IN FLOW 

The density of cells after 72h culture under dynamic flow is shown in Figure 2-7A. The 

cell density was the lowest on the K3-HC-PEG550 coating.  The K3-HC-PEG350 had a high 

density of cells, but was significantly lower than that of the SEBS coating. This agrees with the 

results of the standard 2 hour assay and indicates that diatoms are not able to adhere and/or 

subsequently proliferate on the K3-HC-PEG550 coating and thus develop into a coherent 

biofilm. 

Fouling release of cells was determined by an exposure to a shear stress of 50 Pa is 

shown in Figure 2-7B. One way analysis of variance and Tukey test showed that there was no 

significant difference between the percent removals from the two amphiphilic PEGylated 

hydrocarbon polymer coatings (F2,132 = 14.9, P<0.05). However, the removal from both 

amphiphilic coatings was significantly greater than from the SEBS coating. The cell density after 
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exposure of the dynamically-cultured biofilms to the 50 Pa shear stress emphasizes the superior 

performance of K3-HC-PEG550 compared to the K3-HC-PEG350 coating.  

 

Figure 2-7. A) The density of attached N. incerta cells on amphiphilic PEGylated triblock 

copolymer coatings after washing (e.g. initial attachment density). Each point is the mean from 

90 counts on 3 replicate slides. Bars show 95% confidence limits. B) The percentage removal of 

cells from the amphiphilic PEGylated triblock copolymer coatings due to exposure to a shear 

stress of 33Pa. Each point is the mean from 90 counts on 3 replicate slides. Bars show 95% 

confidence limits derived from arcsine transformed data. 
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The biofilm growth data confirmed the results reported above for the single cell 2 hour 

assay, which indicated that the diatom cells were more weakly attached to the K3-HC-PEG550 

than to the K3-HC-PEG350 coating. The biomass of diatoms generated on the K3-HC-PEG550 

coating was only 8% of that on the SEBS and only 16% of that on the K3-HC-PEG350 coatings. 

The low cell density on the K3-HC-PEG550 coating suggests that the majority of cells were 

unable to remain attached to the surface under the dynamic conditions employed causing them to 

be easily removed. Diatoms produced by cell division on the surface must also have been unable 

to form strong attachments that were sufficient enough to remain attached to the surface. 

It is also worth noting that the distribution of cells was significantly different on the two 

amphiphilic polymer-coated surfaces. The cells on the K3-HC-PEG550 coating existed mostly as 

single cells, while the cells on the K3-HC-PEG350 coating tended to form clumps 

The Brij
TM

 modified K3 polymer coatings [8] did not have fouling release properties as 

strong as that of either reverse-brij coating for diatoms in the 2h single cell assay.  Diatom cells 

have been shown to adhere more weakly to hydrophilic surfaces compared to hydrophobic 

surfaces (Finlay et al. 2010); this is in agreement with our results as the reverse-brij coatings 

have a higher PEG content on the surface than the Brij
TM

 coatings.  The PEG content has been 

indicated to be higher on the surface for the reverse-brij by contact angle, XPS and NEXAFS 

measurements, which is able to have an impact on the antifouling behavior of these coatings.   
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Figure 2-8. A) N. incerta cell density remaining on the amphiphilic PEGylated triblock 

copolymer coatings after exposure to a shear stress of 50Pa. Each point is the mean from 45 

counts on 4 replicate slides. Bars show 95% confidence limits. B) Percentage removal of N. 

incerta cells from the amphiphilic PEGylated triblock copolymer coatings due to exposure to a 

shear stress of 50Pa. Each point is the mean from 45 counts on 4 replicate slides. Bars show 95% 

confidence limits derived from arc-sine transformed data. 
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SUMMARY 

We have synthesized two new amphiphilic polymers based on a PS-b-P(E/B)-b-PI triblock 

copolymer, and coated these polymers onto glass sides.  The surface characterization results of 

these samples suggested that these structures undergo rearrangement after immersion in water, 

and that the surfaces are largely populated with PEG moieties after contact with water for 3 days.  

Bioassays of the hydrated surfaces showed that both amphiphilic surfaces have good 

antifouling/fouling release properties compared to standards (PDMS and base layer SEBS 

surfaces), especially the K3-HC-550PEG coating.  The antifouling/fouling release effectiveness 

was dependent on the surface chemical compositions.  The order of the PEG and hydrocarbon 

segments in the side chains of the triblock copolymer has a direct impact into changes in the 

antifouling and fouling release properties.  
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CHAPTER 3: AMPHIPHILIC OLIGOPEPTIDES GRAFTED TO 

PDMS-BASED DI- AND TRIBLOCK COPOLYMERS FOR THE 

USE OF ANTIFOULING AND FOULING-RELEASE COATINGS  
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ABSTRACT 

Amphiphilic surfaces, having both hydrophobic and hydrophilic properties, have been 

considered for marine antifouling and fouling release applications, as they may provide an 

environmentally friendly nonbiocidal alternative for surface coating.  In previous studies by our 

group, hydrophobic- and hydrophilic-based polymers have been modified using either 

epoxidation and etherification or click reactions to attach different functional groups, including 

amphiphilic side chains.  The side chains predominately used are hydrocarbons, silicone, 

perfluorinated carbon chains, and PEG.  Currently we are proposing a new class of amphiphilic 

side chain using natural and non-natural oligopeptides.  These amino acids have a diverse array 

of functionalities and polarities that can be arranged in any sequence to optimize antifouling and 

fouling release behavior.  Due to advances in solid state peptide synthesis, these peptides can be 

synthesized on a multiple gram scale in a short period of time.
 
 The first two natural 

oligopeptides that were used were a Val4Cys residue and a Ser4Cys residue that were ‘clicked 

onto PS-b-P(DMS-co-VMS) diblock copolymer.  The first class of non-natural peptides that are 

used incorporates a lysine amino acid which is functionalized with PEG, hydrocarbon, or 

perfluorinated carbon chains.  Different orders of the amino acids were synthesized to determine 

the effect on the sequence order on the physical and antifouling properties of the surface.  The 

functionalized PS-b-P(DMS-stat-VMS) diblock copolymer was annealed onto treated glass 

sides.  The polymer surface has been characterized with bubble contact angle measurements, 

XPS, NEXAFS, protein absorption, and antifouling ability.  It was determined that the non-

natural amino acids were able to perform well against Ulva sporelings in terms of antifouling and 

fouling release properties.  Further experiments were conducted to better understand the change 

in the structural effects from a triblock copolymer system compared to a diblock copolymer 
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system.  It was determined that the triblock copolymer had a higher surface coverage of side 

groups at the surface with poorer antifouling properties. 

 

INTRODUCTION 

 Amino acids are one of the most versatile organic building blocks and are capable of 

forming peptides and proteins which possess a wide array of functions and applications [1-6].  

The 20 natural amino acids have a great diversity in physical properties due to the nature of the 

side groups ranging between polar and non-polar, and between acidic and basic[1].  Changing 

the side group of just one amino acid in a peptide or protein can change its functionality [7].  In 

oligopeptides of generally fewer than 10 residues, functional groups affect the physical and 

functional properties of the oligopeptide [8-10] while not forming a secondary structure. Small 

oligopeptide chains, due to the wide array of natural and non-natural amino acids that have been 

discovered, can be customized to have a broad range of physical properties [8-10].  Recently 

oligopeptides have been investigated for their ability to form amphiphilic surfactants [10-12].  

Oligopeptides are particularly attractive for these studies due to their ability to form a diverse set 

of physical structures [10].   

 Previously in our research group we have explored different amphiphilic surfactants to 

produce mixed surfaces for antifouling and fouling release applications [13-17].  These mixed 

surfaces generally consisted of a polymer backbone with a non-ionic, amphiphilic surfactant 

attached as a side chain.  The non-polar component to the amphiphilic side chain is typically 

alkyl, fluorinated, or PDMS-based, while PEG is the only polar component studied to date [13-

17].  In one study, it was determined that the order of the polar and non-polar components of a 
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side group had a significant impact on the physical properties of the surface which in turn caused 

a significant change to the antifouling and fouling release properties [17].  In general, having 

side groups with two different segments of different polarities has shown to be surface active and 

mixed surfaces have excelled in antifouling and fouling release testing.   

While it is desirable for future studies of antifouling surfaces to be able to systematically 

alter an amphiphilic surface, it remains a challenge to synthesize anything other than a complex 

side chain.  Furthermore, it is difficult to specifically tailor the structure of a side chain so that 

having exact control of the amphiphilic properties of the middle of a non-ionic side chain, for 

example, is extremely taxing and challenging by any direct synthesis method.  This dilemma can 

be addressed by using custom tailored oligopeptides, as they may contain any functionality 

desired, in any order or sequence.  This will allow for the amphiphilic properties of the non-ionic 

surfactants to be tuned into an exact, sophisticated structure.  The synthesis of selected 

oligopeptides may be fully automated using a protein synthesizer and can be achieved in near 

quantitative yields. 

In this work, we will explore using amphiphilic oligopeptides to prevent non-specific 

protein absorption, and antifouling and fouling release behavior in order to achieve a greater 

understanding of biofouling prevention.  We will explore how a range of polarity and the 

ordering of side group sequence affect antifouling properties.  To achieve some of the desired 

polarities and structures, we will also explore the use of non-natural amino acids. 

A)  B)  

Figure 3-1. Chemical structures the A) diblock copolymer and the B) triblock copolymers 
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For these oligopeptide surfactants we used PDMS-based block copolymers (Figure 3-1) 

as backbones designed to enhance the non-polar component for the amphiphilic surfaces, since 

even the most hydrophobic oligopeptide will still contain the polar amides in the oligopeptide 

backbone.  Vinyl groups randomly incorporated in the PDMS block were used to attach the 

oligopeptide side groups via thiol-ene ‘click’ chemistry.  For this reason, the thiol-containing 

cysteine amino acid was incorporated into the C-terminus end of every oligopeptide chain used.  

Polystyrene blocks were used as an anchor block towards the PS-b-P(E/B)-b-PS (SEBS) 

underlayer.   

Diblock and triblock copolymers were both explored as polymer backbones for the 

oligopeptides in order to determine their most effective manner of populating the polymer 

surface.  The diblock copolymers contain one polystyrene anchor block, causing the polymers to 

stick up from the surface like a brush and the triblock copolymers contain two anchor blocks on 

both ends of the polymer, forcing the polymer to behave more like an arch, where the PDMS 

block may reach the surface (Figure 3-2).  NEXAFS was used to determine the surface 

population of the oligopeptides on the surface. 

 

 

Figure 3-2. Idealized surface architectures of block copolymer systems 
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EXPERIMENTAL 

 

MATERIALS 

Monomethylated poly(ethylene glycol) (Mw = 350), methanesulfonyl chloride, 3-

(aminopropyl)trimethoxysilane, diisopropylethylamine, diisopropylcarbonimide, styrene, sec-

butyl lithium, mesyl chloride, serine-Fmoc, triethyl silane, valine-Fmoc, lysine-Fmoc, chromium 

trioxide, isopropanol, sulfuric acid, chlorobenzene, dimethoxyphenylacetophenone, HBTU, 

Wang resin, and N-hydroxysuccidimide 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), dimethylformamide (DMF), toluene, sodium hydroxide (NaOH), sulfuric acid 

(H2SO4), 30 wt% hydrogen peroxide (H2O2) in water, anhydrous ethanol (CH3CH2OH), and all 

other chemicals were purchased from Sigma-Aldrich and used without further purification unless 

otherwise noted. Table 1 shows the components of the polymer with varying incorporations of 

methyl vinyl siloxane in the second block.  PDMS-A and PDMS-B were synthesized by Hee-Soo 

Yoo, and PDMS-C was synthesized by Brandon Wenning. 
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Name 

PS block 

(kDa) 

PDMS block 

(kDa) 

PS block 

(kDa) 

% vinyl 

groups 

PDMS-A 10 50 0 7 

PDMS-B 12 77 0 5 

PDMS-C 7 70 7 2.5 

Table 1: Composition and size of block copolymers. 

 

OLIGOPEPTIDE SYNTHESIS AND POLYMER MODIFICATION 

 

(1). To a solution of acetone (100 ml), triethylene glycol monomethyl ether (8.01 g, 48.8 mmol) 

was added.  The solution was cooled to 0 
oC

.  To the solution,  a solution of chromium trioxide 

(2.3 M) in H2O : H2SO4 (2 : 1) was added drop wise.  The Jones reagent solution was added until 

the solution remained a muddy brown color rather than a pine green color.  The solution was 

then quenched with isopropanol, and diluted with DI water (100 ml) and EtOAc (125 ml).  The 

solution was washed with DI water (50 ml x 3).  The organic layer was dried with Na2SO4 and 

concentrated down into a pure oil affording 5.39 g (62 %). 

 

 

(2a). To a solution of THF (30 ml), N-hydroxysuccidamide (4.09 g, 35.5 mmol), DIC (4.47 g, 

35.5 mmol), and octanoic acid (4.63 g, 32.1 mmol) was added.  The solution was stirred for 8 
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hours at room temperature.  The solution was quenched in saturated NaHCO3 (40 ml) and 

extracted with EtOAc (30 ml x 3), and dried over Na2SO4.  The solution was concentrated down 

and the crude product was purified by flash chromatography (Dichloromethane : Methanol 19:1) 

affording 5.81 g (75%). 

 

  

(2a)  To a solution of THF (35 ml), Fmoc-lys (3.22 g, 8.74 mmol), DiPEA (2.30 g, 17.8 mmol), 

and 4a (2.11 g, 8.74 mmol) was added.  The solution was stirred for 15 hours at room 

temperature.  The solution was then quenched in saturated NH4Cl (30 ml) and extracted in 

EtOAc (30 ml x 3), and dried over Na2SO4.  The solution was concentrated down and was pure 

enough to be used for peptide synthesis yielding 2.63 g (61%). 
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(2b). To a solution of THF (40 ml), N-hydroxysuccidamide (3.34 g, 29.1 mmol), DIC (3.67 g, 

29.1 mmol), and 1 (4.74 g, 26.6 mmol) was added.  The solution was stirred for 8 hours at room 

temperature.  The solution was quenched in saturated NaHCO3 (50 ml) and extracted with 

EtOAc (40 ml x 3), and dried over Na2SO4.  The solution was concentrated down and the crude 

product was purified by flash chromatography (Dichloromethane : Methanol 9:1) affording 5.27 

g (72%). 

 

 

(3d)  To a solution of THF (25 ml), Fmoc-lys (2.79 g, 7.59 mmol), DiPEA (2.05 g, 15.9 mmol), 

and 3d (2.09 g, 7.59 mmol) was added.  The solution was stirred for 15 hours at room 

temperature.  The solution was then quenched in saturated NH4Cl (40 ml) and extracted in 

EtOAc (30 ml x 3), and dried over Na2SO4.  The solution was concentrated down and was pure 

enough to be used for peptide synthesis yielding 2.32 g (58%). 

 

General procedure for peptide synthesis The synthesis of the cys-val4 via solid phase peptide 

synthesis was carried out using published procedures [18].  Cysteine was used as the amino acid 
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on the C-terminus end in each case.  To prevent disulfide bonds from forming 1.5 equivalence of 

triethyl silane was added as a reducing agent.  The resulting product was purified with a 

triteration in hexanes. 

 

 

(5a). To a solution of methanol (40 ml) and toluene (15 ml), peptide (0.843 g, 1.01 mmol) was 

added.  The solution was cooled to 0
o
C.  To the solution, 2 M TMS-diazomethane (0.50 ml) was 

added drop wise to the solution until the solution remained a yellow color.  The solution was 

quenched by adding two drops of acetic acid.  The solution was concentrated down, and was 

pure enough to carry to the next step 0.822 g (96%). 

 

 

(5b). To a solution of methanol (40 ml) and toluene (15 ml), peptide (0.981 g, 1.26 mmol) was 

added.  The solution was cooled to 0
o
C.  To the solution, 2 M TMS-diazomethane (0.63 ml) was 

added drop wise to the solution until the solution remained a yellow color.  The solution was 

quenched by adding two drops of acetic acid.  The solution was concentrated down, and was 

pure enough to carry to the next step 0.949 g (95%). 
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(5c). To a solution of methanol (40 ml) and toluene (15 ml), peptide (1.21 g, 0.638 mmol) was 

added.  The solution was cooled to 0
o
C.  To the solution, 2M TMS-diazomethane (32 ml) was 

added drop wise to the solution until the solution remained a yellow color.  The solution was 

quenched by adding two drops of acetic acid.  The solution was concentrated down, and was 

pure enough to carry to the next step 1.20 g (96%). 
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(5d).  To a solution of methanol (40 ml) and toluene ( 15 ml), peptide (1.43 g, 0.690 mmol) was 

added.  The solution was cooled to 0
o
C.  To the solution, 2M TMS-diazomethane (34 ml) was 

added drop wise to the solution until the solution remained a yellow color.  The solution was 

quenched by adding two drops of acetic acid.  The solution was concentrated down, and was 

pure enough to carry to the next step 1.42 g (97%). 
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(5e).  To a solution of methanol (40 ml) and toluene (15 ml), 4e (1.13 g, 0.548 mmol) was added.  

The solution was cooled to 0
o
C.  To the solution, 2M TMS-diazomethane (27 ml) was added 

drop wise to the solution until the solution remained a yellow color.  The solution was quenched 

by adding two drops of acetic acid.  The solution was concentrated down, and was pure enough 

to carry to the next step 1.11 g (97%). 

 

(6) Valine.  To a solution of DCM (5 ml), dimethoxyphenylacetophenone (56 mg, 0.218 mmol), 

PDMS-A (0.932 g), and 5a (1.53 g, 2.22 mmol) was added.  It is important that the reaction is as 

concentrated as possible for the highest possible yield.  The solution was bubbled with argon for 

30 minutes to remove all of the oxygen from the solution.  After 30 minutes, the reaction was 

subjected to 365 nm radiation for 1 hour.  The resulting modified polymer was then precipitated 
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in methanol (50 ml), and then filtered.  For purification, the polymer was redissolved in TFH (10 

ml), and then quenched again in methanol (100 ml).  The polymer was then dried under vacuum 

for 1 day yielding 1.20 g (84%). 

 

(7) Serine.  To a solution of DCM (5 ml), dimethoxyphenylacetophenone (54 mg, 0.211 mmol), 

PDMS-A (0.902 g), and 5b (1.50 g, 2.13 mmol) was added.  It is important that the reaction is as 

concentrated as possible for the highest possible yield.  The solution was bubbled with argon for 

30 minutes to remove all of the oxygen from the solution.  After 30 minutes, the reaction was 

subjected to 365 nm radiation for 1 hour.  The resulting modified polymer was then precipitated 

in methanol (50 ml), and then filtered.  For purification, the polymer was redissolved in TFH (10 

ml), and then quenched again in methanol (100 ml).  The polymer was then dried under vacuum 

for 1 day 1.08 g (36%). 

 

(8a) Alternating.  To a solution of DCM (10 ml), dimethoxyphenylacetophenone (56 mg, 0.218 

mmol), PDMS-B (0.894 g), and 5c (4.32 g, 2.18 mmol) was added.  It is important that the 

reaction is as concentrated as possible for the highest possible yield.  The solution was bubbled 

with argon for 30 minutes to remove all of the oxygen from the solution.  After 30 minutes, the 

reaction was subjected to 365 nm radiation for 1 hour.  The resulting modified polymer was then 

precipitated in methanol (100 ml), and then filtered.  For purification, the polymer was 

redissolved in TFH (10 ml), and then quenched again in methanol (100 ml).  The polymer was 

then dried under vacuum for 1 day 1.76 g (78 % attachment). 
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(8b) Block.  To a solution of DCM (10 ml), dimethoxyphenylacetophenone (56 mg, 0.218 

mmol), PDMS-B (0.901 g), and 5d (4.33 g, 2.18 mmol) were added.  It is important that the 

reaction is as concentrated as possible for the highest possible yield.  The solution was bubbled 

with argon for 30 minutes to remove all of the oxygen from the solution.  After 30 minutes, the 

reaction was subjected to 365 nm radiation for 1 hour.  The resulting modified polymer was then 

precipitated in methanol (10 ml), and then filtered.  For purification, the polymer was redissolved 

in TFH (10 ml), and then quenched again in methanol (100 ml).  The polymer was then dried 

under vacuum for 1 day 1.62 g (82% attachment). 

 

(8c) DA.  To a solution of DCM (10 ml), dimethoxyphenylacetophenone (47 mg, 0.184 mmol), 

PDMS-C (0.781 g), and 5c (3.65 g, 1.84 mmol) was added.  It is important that the reaction is as 

concentrated as possible for the highest possible yield.  The solution was bubbled with argon for 

30 minutes to remove all of the oxygen from the solution.  After 30 minutes, the reaction was 

subjected to 365 nm radiation for 1 hour.  The resulting modified polymer was then precipitated 

in methanol (10 ml), and then filtered.  For purification, the polymer was redissolved in TFH (10 

ml), and then quenched again in methanol (100 ml).  The polymer was then dried under vacuum 

for 1 day 1.78 g (89% attachment). 

 

(8d) DB.  To a solution of DCM (10 ml), dimethoxyphenylacetophenone (42 mg, 0.163 mmol), 

PDMS-C (0.690 g), and 5d (3.24 g, 1.63 mmol) were added.  It is important that the reaction is 

as concentrated as possible for the highest possible yield.  The solution was bubbled with argon 

for 30 minutes to remove all of the oxygen from the solution.  After 30 minutes, the reaction was 

subjected to 365 nm radiation for 1 hour.  The resulting modified polymer was then precipitated 
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in methanol (10 ml), and then filtered.  For purification, the polymer was redissolved in TFH (10 

ml), and then quenched again in methanol (100 ml).  The polymer was then dried under vacuum 

for 1 day 1.58 g (79% attachment). 

 

(8e) DF.  To a solution of DCM (10 ml), dimethoxyphenylacetophenone (40 mg, 0.158 mmol), 

PDMS-C (0.667 g), and 5e (3.23 g, 1.58 mmol) was added.  It is important that the reaction is as 

concentrated as possible for the highest possible yield.  The solution was bubbled with argon for 

30 minutes to remove all of the oxygen from the solution.  After 30 minutes, the reaction was 

subjected to 365 nm radiation for 1 hour.  The resulting modified polymer was then precipitated 

in methanol (10 ml), and then filtered.  For purification, the polymer was redissolved in TFH (10 

ml), and then quenched again in methanol (100 ml).  The polymer was then dried under vacuum 

for 1 day 1.58 g (85% attachment). 

 

SURFACE PREPARATION AND CHARACTERIZATION 

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 drying 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 silane 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 was applied on the silane treated glass 

slides by spin-coating with SEBS/MA-SEBS solution (7% w/v SEBS and 2% w/v MA-SEBS) in 
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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 epoxy 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 PS-b-P(E/B)-b-PI 

solutions (16 mg/mL, toluene) 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.  

Water contact angles were measured using an NRL contact angle goniometer (Ramé-Hart 

model 100-00) at room temperature. Three measurements from different locations on the sample 

were taken. The contact angle of an air bubble over the polymer surface immersed in water was 

determined using the captive bubble method [19-20]. In the measurement, an air bubble was 

snapped off the tip of a 22 gauge stainless steel syringe needle (0.7 mm O.D. and 0.4 mm I.D.), 

and then contacted by the surface immersed in water. The advancing and receding contact angles 

were measured between the surfaces and the air bubble. The topography of the polymer coated 

glass slides was characterized by atomic force microscopy (AFM) using a Dimension Icon AFM 

(Bruker Corporation, Karlsruhe, Germany). An area of 500 x 500 nm was scanned using tapping 

mode with 357.5 KHz drive frequency and 4.0-4.5 V voltage. The drive amplitude of AFM was 

64.1 mV and the scan rate was 0.996 Hz. An arithmetic mean of the surface roughness (Ra) was 

calculated from the roughness profile determined by AFM. 

NEXAFS experiments were carried out on the U7A NIST/Dow materials characterization 

end-station at the National Synchrotron Light Source at Brookhaven National Laboratory (BNL). 
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The general underlying principles of NEXAFS and a description of the beam line at BNL have 

been previously reported [21]. The PEY C 1s spectra were normalized by subtracting a linear 

pre-edge baseline and setting the edge jump to unity at 320 eV [22].  

 

BIOFOULING ASSAYS ON POLYMER COATED GLASS SURFACES  

All amphiphilic polymer-coated glass slides and control samples were equilibrated in 

deionised water for 72 hours and then in 0.22μm filtered artificial seawater (Tropic Marin®) for 

2 hours prior to testing.  

 

ANTIFOULING AND FOULING RELEASE EXPERIMENTS OF ULVA LINZA 

A detailed description of the assay can be found in refs 23, 31, and 32. A detailed 

description of the growth and attachment strength of sporelings of Ulva linza can be found in ref. 

23.   Slides coated with Silastic® T2 (Dow Corning), a polydimethyl siloxane elastomer were 

included as a fouling-release standard in the assay [23-25].  The attachment strength of 

sporelings to the coatings was assessed using a shear stress of 52 Pa generated in a water channel 

as detailed in ref. 26 and 27.  

 

PROTEIN ABSORPTION TESTS 

The polymer-coated glass slides were tested for the protein absorption experiments. The 

coated slides were immersed in isothiocyanate labeled bovine serum albumin (FITC-BSA, 0.1 

mg/mL in PBS) solution. The samples were kept at dark for 2 h at room temperature, and then 

taken out of the solution and rinsed with deionized water. The rinsed slides were immediately 

imaged and analyzed with a fluorescent microscope. Fluorescence microscopy was performed 

using an Olympus BX51 upright microscope with a 406 UPlan Fluorite 10 × dry objective (N.A. 
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0.75). Fluorescing of FITC were observed with a 450 nm excitation and 550 nm emission filter 

set. Images were acquired using a Roper Cool Snap HQ CCD camera and analyzed using Image 

Pro image acquisition and processing software.  

 

RESULTS AND DISCUSSION: 

 Three different polymer backbones were used for these experiments.  PDMS-A and 

PDMS-B were originally designed to have the same molecular weight and composition, 

however, PDMS-B has a longer PDMS-based second block, and a smaller vinyl composition, 

which was determined by 
1
HNMR and GPC analysis.  Since PDMS-A was not able to be exactly 

replicated, PDMS-B was the closest substitute and was used for further experiments.  PDMS-B 

was thought to be an adequate substitute because both groups had approximately the same 

number of vinyl groups over the second block (about 50 per polymer).  This would allow for a 

similar amount of the oligopeptides be able to attach to the diblock copolymer.  However, 

PDMS-A and PDMS-B do have different molecular weights which could affect its antifouling 

and fouling release properties.  The motivation for using the triblock copolymer system PDMS-C 

will be discussed below.   

 An oligovaline peptide chain was synthesized because valine shows a similar dielectric 

constant to a PEG chain, ranging from 11-15 in polar solvents
 
[33].  PEG chains exhibit a range 

for a dielectric constant of 8-13
 
[34], which tends to be larger the shorter the chain

 
[35].  The 

second non-ionic oligopeptide surfactant synthesized was the oligoserine peptide.  Serine is more 

hydrophilic than valine, due to the primary alcohol on the side group compared to the isopropyl 

side group of valine, and therefore should be more polar than the PEG side chain used previously 
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[1].  As a control, the unmodified diblock copolymer (A) with no side chain functionalization 

was used.  We hypothesize that the oligovaline sample should have similar antifouling properties 

with respect to the PEG samples that we have previously tested.  The serine samples, due to their 

increased polarity, should exhibit different fouling characteristics. 

 The serine and valine oligopeptides were synthesized via solid phase peptide synthesis.  

The carboxylic acid on the C-terminus end was methylated using TMS-diazomethane. With the 

free carboxylic acid, the thiol-ene ‘click’ chemistry for the following reaction could not occur 

due to the inability of the oligopeptide and the PDMS-based polymer to mix, as they are both 

large and have very different polarities.  With a methyl ester, the polarity of the oligopeptide was 

reduced enough so the ‘click’ reaction could take place.  However, it is important to note that the 

more polar serine oligopeptide suffered poorer yields compared to the hydrophobic valine 

oligopeptide.  The modified block copolymers were then spray coated onto SEBS treated glass 

slides to be tested for antifouling and fouling release properties. 

Underwater bubble contact angle measurements were used to monitor the dynamic 

surface capability of facile reordering of the natural oligopeptide side chains.  The value of the 

bubble contact angles were reduced quickly indicating that the surface became increasingly 

hydrophilic after rearranging in DI water for each surface (Figure 3-3). After 2-3 days of 

immersion in DI water, the contact angle measurements reached equilibrium values for each 

surface, suggesting that the surface reconstruction occurred over a period of days. The increase 

in the hydrophilicity may be attributed to the molecular reorganization of the surface, which can 

occur by the migration of the natural oligopeptide side chains towards the water-polymer 

interface.  The polymers modified with the valine-based natural oligopeptides were more 

hydrophobic than the polymers modified with the serine-based natural oligopeptides.  This 
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suggests that despite the fact that fewer serine-based oligopeptides were able to attach to the 

triblock copolymer, the exposed alcohols increased the hydrophilic properties of the surface 

compared to the isopropyl groups of the valine amino acids. 

  

 

     A                B 

Figure 3-3.  Static, advancing, and receding bubble contact angle measurements of (A) 

oligovaline, and (B) oligoserine modified diblock copolymers taken over 7 days.  Each point was 

measured 5 times, and the average was recorded. 

 

To further analyze the surfaces, near edge x-ray absorption fine structure (NEXAFS) 

measurements were taken (Figure 3-4).  Small peaks at 285 eV were present in the NEXAFS 

measurements of the surface for every sample. This can be attributed to C 1s→π ⃰ C=C signals, 

which indicates the presence of polystyrene at the surface.  Since the peak is so small, this 

suggests that the polystyrene block is behaving as the ‘anchor’ block as was its intended 

function.  If the peak were higher, it would indicate that the surface active block is unable to 



107 
 

fully populate the surface, reducing the surface’s ability for antifouling and fouling release.  

There are peaks around 410 eV due to signals from the nitrogen edge that are only found in the 

wet valine modified polymers.  The dry natural oligopeptide modified diblock copolymers do not 

exhibit any peaks in the nitrogen edge indicating that there is not a sufficient population of the 

oligopeptide side groups at the surface.  After being submerged under water for 3 days, the 

surfaces rearranged enough so that the oligopeptides were able to populate the surface.  

However, it must be mentioned that NEXAFS measurements were recorded under vacuum, and 

so the wet surfaces are not the same as those observed by bubble contact angles.  However, since 

bubble contact angles indicate that it takes days for the surfaces to completely rearrange, the 

NEXAFS images are still representative of what the surface can look like.   The peaks at 287 eV 

can be attributed to C 1s→σ ⃰ C-Si signals from carbon-silicon single bonds from the PDMS middle 

block of the diblock copolymer. 

 

  A    B 

Figure 3-4. NEXAFS measurements of serine, valine, and valine immersion in water for 3 days 

modified diblock copolymers, and an unmodified diblock copolymer at an emission angle of 50
o
.  

(A) shows the NEXAFS signal from 270 to 440 eV.  (B) is a magnified portion of (A). 
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 In order more accurately observe what functional groups were at the surface are the 

surfaces rearrange underwater, NEXAFS measurements of both the valine and serine modified 

diblock copolymers were taken after the surfaces were submerged in DI water for over 3 days 

(Figure 3-5).  Both surfaces exhibit minor peaks at 285 eV which indicates the lack of 

polystyrene populating the surface.  Both surfaces have peaks over 410 eV indicating the 

presence of nitrogen at the surface from the natural oligopeptide side groups at the surface.  The 

peaks are larger for the valine modified diblock copolymers than the serine modified samples 

likely due to the fact that valine was able to be attached to the diblock copolymer in a 

significantly higher yield.  Since there are more oligopeptides on the diblock copolymer, more 

can populate the surface. 

A)  B)  

Figure 3-5.  NEXAFS measurements of serine (A) and valine (B) modified diblock copolymers 

taken at an emission angle of 30
o
, 50

o
, 90

o
, and 120

o
.  Both samples had just been submerged 

under DI water for 3 days. 

 

Spore settlement density on the oligopeptide modified diblock copolymer coatings was 

similar between the valine coating and the serine coating (Figure 3-6). Settlement density was 

also similar compared to the unmodified control, suggesting that the oligopeptide side groups 
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did not have an effect on the initial antifouling properties of the surfaces.  However all three 

coatings showed less spore settlement than a PDMSe standard and an SEBS standard.  

Biomass generation after 7 days of culture broadly reflected the spore settlement density 

(Figure 3-7).  All of the modified and unmodified diblock copolymers again had similar biomass 

generated, again suggesting that the oligopeptides did not have an effect on the antifouling 

properties of the surfaces.  After a week,  the surfaces had similar biomass on the surface as the 

PDMSe and SEBS standards, indicating that the surfaces are not an improvement in preventing 

fouling compared to the standards over a period of time.  

Of the unmodified and modified diblock copolymer surfaces, the percentage removal of 

sporelings due to a shear stress of 52 Pa was the highest for the diblock copolymers modified 

with the valine oligopeptides (20%) (Figure 3-8).  Both the diblock copolymer coatings modified 

with the serine oligopeptide, and the unmodified diblock copolymer showed almost no fouling 

release.  This indicates that the more non-polar oligopeptide causes an improvement in the 

fouling release properties towards Ulva than the more polar serine oligopeptides, and those 

without a side group.  However, the PDMSe coating exhibited a far superior response for fouling 

release than any of the diblock copolymer coatings.   

When under an impact pressure of 70 kPa, the modified and unmodified diblock 

copolymer coatings exhibit a greater fouling release (Figure 3-9).  Similar to the 52 Pa shear 

stress tests, the diblock copolymer coating modified with valine oligopeptides has a greater 

fouling release than the other coatings. 
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Figure 3-6. The density of attached spores on oligopeptide functionalized block copolymer 

coatings after 45 minute settlement. Each point is the mean from 90 counts on 3 replicate slides. 

Bars show 95% confidence limits. Settlement density on glass (not shown) was 1456 spores mm
-

2
 (±102).  The control is unmodified PDMS-A. 

 

Figure 3-7. The biomass of sporelings on oligopeptide functionalized block copolymer coatings 

after 10 days. Each point is the mean biomass from 6 replicate slides measured using a 
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fluorescence plate reader (RFU; relative fluorescence unit). Bars show standard error of the 

mean.  The control is unmodified PDMS-A. 

 

Figure 3-8. Percent removal of 10 day old sporelings from oligopeptide functionalized block 

copolymer coatings due to a shear stress of 52Pa in the water channel. 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.  The control is 

unmodified PDMS-A. 
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Figure 3-9. Percent removal of 10 day old sporelings from oligopeptide functionalized block 

copolymer coatings due to an impact pressure of 70 kPa from the water jet. Each point is the 

mean removal of biomass from 4 replicate slides measured using a fluorescence plate reader. 

Bars show standard error of the mean derived from arc-sine transformed data.  The control is 

unmodified PDMS-A. 

 

Results from the valine-modified diblock copolymer indicated that there was some 

promise for oligopeptides to be used for fouling release applications.  Two of the potential 

problems with the serine and valine oligopeptide side groups were that the hydrogen bond-

donating amides in the oligopeptide backbone were too exposed, and allowed the spores to attach 

more strongly to the surface.  Secondly, the side groups on the amino acids were too small, and 

were not able to cover the surface as efficiently as other structures.  To combat these problems, 

non-natural amino acids were used.  Alkyl and PEG chains were attached to a lysine amino acid 

to create a longer chain, and to sterically block the amides on the interior chain.  These two non-
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natural amino acids were constructed using solid phase peptide synthesis in two different types 

of oligopeptide chains: block and alternating.  These oligopeptides were attached to a diblock 

copolymer via thiol-ene ‘click’ chemistry, and spray coated to make surfaces.  For these studies 

PDMS-B was used, where PDMS-A was used for the natural oligopeptide studies. 

To understand how these non-natural oligopeptide side chains would affect the surface 

properties, different surface characterization techniques were utilized. Underwater bubble 

contact angle measurements were used to monitor the dynamic surface capability of facile 

reordering of the non-natural oligopeptide side chains over the course of a week.  The bubble 

contact angle measurements dropped to a small degree indicating that the surface became 

slightly more hydrophilic after being immersed in water. This suggests that the more polar non-

natural oligopeptides were populating the surface over time (Figure 3-10). After 3 days of 

immersion in DI water, the hydrophilicity of the surface reached equilibrium values for both 

coatings, suggesting that the surface reconstruction occurred over a period of days.  The block 

coating was more hydrophilic than the alternating coating, which might be due to the presence of 

more polar groups on the terminal end of the oligopeptide side chain, allowing for more surface 

coverage of the polar side group.  Additionally, it suggests that the surfaces rearrange to a 

different surface topology, which could have an effect on the antifouling and fouling release 

properties of the surface. 
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   A     B 

Figure 3-10. Static, advancing, and receding bubble contact angle measurements of (A) Block 

and (B) Alternating modified diblock copolymers over 7 days of being submerged under DI 

water.  For each data point 5 measurements were taken, and the average was reported. 

 

NEXAFS measurements of the block and alternating surfaces showed a lack of the non-

natural oligopeptides populating the surface (Figure 3-11).  The lack of any peak around 400 eV 

indicates the lack of nitrogen at the surface, and in turn a lack of the oligopeptides populating the 

surface.  Indeed, the most significant peak at the surface is the strong peak at 287 eV which can 

be attributed to C 1s→σ⃰ C-Si signals from carbon-silicon single bonds from the PDMS middle 

block of the diblock copolymer.  In addition to the small peak at 285 eV, which can be attributed 

to C 1s→π⃰ C=C signals from the polystyrene block, the NEXAFS measurements results suggest 

for both surfaces that PDMS is dominating the surface population and that no other group is 

coming to the surface.  It is possible that the lower amount of vinyl groups PDMS-B compared to 

PDMS-A used in the valine and serine coatings shown above led to a lower amount of non-

natural oligopeptides on the surface and low concentration on the surface as measured by 

NEXAFS. 
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A) B)  

C) D)  

E)  F)  

Figure 3-11. NEXAFS measurements taken at different emission angles of 30
o
, 50

o
, 90

o
, and 

120
o
 of unmodified diblock copolymer coatings (A, D), block modified diblock copolymer 

coatings (B, E), and alternating modified diblock copolymer coating (C, F) after being 

submerged under water for 3 days. 



116 
 

 

The polymer coated surfaces were also exposed to fluorescently labeled protein solution 

(FITC-BSA) to test the polymers against non-specific protein absorption (Figure 3-12).  The 

non-specific protein absorption was similar between the block and alternating coatings.  Both 

modified surfaces showed superior resistance to protein absorption compared to the unmodified 

control and an SEBS standard.  This suggests that the non-natural oligopeptide chains are able to 

increase the surfaces’ protein absorption resistance. 

 

Figure 3-12. Relative fluorescence intensities of BSA-FITC adsorbed on block and alternating 

oligopeptide side chain modified PS-b-P(DMS-stat-MVS) in comparison to SEBS base layers.  

The control is unmodified PDMS-A.  

 

Ulva was allowed to settle on the coatings for 45 minutes, and the spore settlement 

density of the surfaces was measured (Figure 3-13A). Spore settlement density on modified 

diblock copolymer coatings was significantly improved over the unmodified control, indicating 

that the oligopeptides were able to increase the antifouling properties on the surface (Figure 3-6). 

The settlement density was similar between the block and alternating coatings, suggesting that 

the order of the oligopeptides did not have a significant effect on preventing initial spore 
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settlement.  The spore settlement density on the modified diblock copolymers was also less than 

on a PDMSe standard, and similar to a SEBS standard. 

Biomass generation after 7 days of culture broadly reflected the spore settlement density 

(Figure 3-13B).  The block coating shows a lower biomass generated than the alternating 

sample.  This shows that the order of the non-natural amino acids in the oligopeptide chain has 

an effect on the long-term antifouling properties of the surface.  Both the block and alternating 

surfaces do show better antifouling than the unmodified control, and the PDMSe control.  The 

alternating surface also shows improved antifouling properties compared to the SEBS control.  

After an applied shear stress of 52 Pa, the block and alternating coatings show similar 

fouling release properties.  Both surfaces display significantly higher fouling release properties 

compared to the unmodified control and the SEBS standard.  While the PDMSe standard does 

have a higher percent release of the Ulva sporelings, due to the higher biomass attached to the 

surface initially, the block surface has less biomass attached after the shear stress is applied 

(Figure 3-13C). The alternating coating after the shear stress has a similar amount of biomass 

still attached to the surface compared to the PDMSe standard. 

The tests against Ulva sporelings indicate that the larger non-natural oligopeptides are 

able to significantly improve on the antifouling and fouling release properties of an unmodified 

control.  It is likely that the increased size of the oligopeptide side groups is able to have a 

greater affect on the surface properties.  The larger side groups are also able to block the amides 

in the oligopeptide backbone from interacting with the biofoulers and potentially decomposing. 
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A B  

C   

Figure 3-13. A) The settlement of sporelings on the oligopeptide-modified diblock copolymer 

after 7 days. B) The biomass of sporelings on the oligopeptide modified diblock copolymer 

coatings after 7 days. C) Percent removal of 7 day old sporelings from the oligopeptide modified 

diblock copolymer coatings due to a shear stress of 52 Pa.  Control is unmodified PDMS-B. 

 

 The different block copolymers used for the natural and non-natural oligopeptides, 

PDMS-A and PDMS-B respectively, resulted in different antifouling results compare to each 

other.  In Figure 3-7, the biomass of Ulva on PDMS-A (control) after 7 days is similar to the 

amount on SEBS, the internal standard.  However, in Figure 3-13B, the biomass of Ulva on 

PDMA-B (control) noticeably higher than on SEBS.  This implies that the PDMS-B has worse 

antifouling properties than PDMS-A, which further demonstrates the improvements on the non-

natural oligopeptides from the natural oligopeptides for antifouling properties.  It also shows that 
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changes in the block copolymer can have a significant impact on the antifouling results.  

However, there is no significant change to the fouling release properties that can be observed. 

 Kinetic studies were performed, and were able to determine that the vinyl content of the 

PS-b-P(DMS-stat-MVS) diblock copolymers were more heavily weighted towards the 

polystyrene block rather than evenly distributed throughout the PDMS block [36]. To  enable 

more side groups to reach the surface, we designed a PS-b-P(DMS-stat-MVS)-b-PS triblock 

copolymer (Scheme 2).  The ABA triblock copolymer, due to the ‘anchor’ polystyrene blocks, 

would form arches on the surface and expose the side groups more to the surface than they 

would with the diblock copolymer (Figure 3-2).  This theory was tested using the alternating and 

block oligopeptides.  These oligopeptides were then attached to copolymers and spray coated on 

to a treated glass slide.  These surfaces were analyzed using NEXAFS.  For the diblock 

copolymer in Figure 3-15A, there is only a tiny peak at 288 eV to indicate a C 1s→σ ⃰ C-O C-O 

single bond at 288 eV and there is no evidence of nitrogen around 410 eV.  However, for the 

triblock copolymer in Figure 3-15B, there is a clear signal at 288 eV indicating the presence of a 

C-O single bond, located in the polar non-natural amino acid.  In addition, there are peaks around 

410 eV indicating the presence of nitrogen at the surface, which can be only found in the 

oligopeptide side groups.  This suggests that there is greater amount of oligopeptides reaching 

the surface for the triblock copolymers than the diblock copolymers. Because of the rate of 

reaction of the DMS and VMS monomers, the diblock copolymers bury the side groups, but with 

the triblock copolymers, the polymers arch and force the oligopeptides to the surface. 
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   A        B 

Figure 3-15. NEXAFS showing increased surface segregation of (A) block on a diblock 

copolymer system and (B) DB on a Triblock system.  Both samples were taken at an emissions 

angle of 50
o
. 

 

Underwater bubble contact angle measurements were used to monitor the dynamic 

surface capability of facile reordering of the non-natural oligopeptide side chains on the triblock 

copolymers over the course of a week.  Similar to the diblock copolymer coatings, the measured 

bubble contact angles were reduced significantly indicating that the surface became slightly more 

hydrophilic after being immersed in water.  This suggests that the more polar non-natural 

oligopeptides were populating the surface over time (Figure 3-16). After 3 days of immersion in 

DI water, the contact angles reached equilibrium values for both coatings, suggesting that the 

surface reconstruction occurred over a period of days.  The fluorinated coating was found to be 

more hydrophobic than the alternating and block coatings likely due to the non-polar nature of 

the fluorinated chain, and the lack of the polar PEG groups on the non-natural amino acids.  

When compared to the diblock copolymers the block and alternating surfaces were more 
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hydrophobic on the triblock copolymers.  This might be explained by the lower percentage of 

vinyl groups of PDMS-C and so in turn fewer oligopeptides per polymer are present on the 

triblock copolymer than the diblock copolymer.  However, this is unexpected due to the fact that 

the NEXAFS measurements show that the triblock copolymer gets better surface coverage of the 

oligopeptide under dry conditions. 

 

 

Figure 3-16. Static bubble contact angle measurements of Block (DB), Alternating (DA), and 

fluorinated (DF) modified triblock copolymers over 7 days of being submerged in DI water.  

Each data point was from the average of 5 measurements.  Control is unmodified PDMS-C. 

 

 To determine how the triblock copolymer was rearranging after being submerged 

underwater, NEXAFS measurements were taken of the coating after being treated in DI water for 

3 days (Figure 3-17).  All three coatings show a strong peak at 285 eV, which can be attributed 

to C 1s→π⃰ C=C
 
signals.  The only place where these double bonds would be located would be the 
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polystyrene ‘anchor’ blocks.  This suggests that some of the polymers are not behaving like 

arches but are in fact behaving more like brushes exposing a significant amount of polystyrene at 

the surface.  It is important to note that in the NEXAFS measurements of the dry block modified 

triblock copolymer shown in Figure 3-15B, that the peak at 285 eV is much lower than in the 

same coating that has been submerged underwater (Figure 3-17C).  This indicates that before the 

rearrangement underwater, which most of the triblock copolymers are behaving as arches, but 

after being submerged, some of the arches change into brush structures.  This discovery creates 

an additional rationale for the more hydrophobic surfaces in the triblock copolymer than the 

diblock copolymer as there is a higher amount of polystyrene populating the surface for the 

triblock copolymer coatings.  Despite the high content of polystyrene at the surface, there are 

peaks around 410 eV, which indicates the presence of nitrogen at the surface, which can be only 

found in the oligopeptide side chains.  This shows that the oligopeptides are still able to populate 

the surface in the triblock copolymer system even with the higher polystyrene content at the 

surface. 

  

   A    B 
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Figure 3-17. NEXAFS measurements of a Block triblock copolymer coatings (DB) (A, B), 

alternating modified triblock copolymer coatings (DA) (C, D), and fluorinated modified triblock 

copolymer coating (DF) (E, F) at emissions angles of 30
o
, 50

o
, 90

o
, and 120

o
.  Each sample was 

being submerged under water for 3 days prior to measurement. 

 

Spore settlement densities on the unmodified PS-b-P(DMS-stat-MVS)-b-PS (VMS) 

control were lower than on the glass and PDMS standards (Figure 3-18). Spore settlement was 

highest on the fluorinated modified polymer coating (DF).  Both of the non-fluorinated modified 

polymer coatings had lower spore settlements than the PDMS standard the unmodified control. 

This is consistent with previous findings, which have demonstrated that Ulva spores settle at 

higher densities on surfaces with lower surface energies [30]. 
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Figure 3-18. The density of attached spores on the modified oligopeptide coatings after 45 mins 

exposure. Each point is the mean from 90 counts on 3 replicate slides. Bars show 95% 

confidence limits.  

 

Biomass generation (Figure 3-19) showed little variation between coatings and was 

broadly in line with spore settlement densities. Due to competition for nutrients there is a 

tendency for spores settled at low densities to develop into slightly longer plants producing 
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proportionally higher biomass than when settled at high density. As a consequence of this, the 

differences in biomass between surfaces are reduced. 

 

 

Figure 3-19. The biomass of sporelings on modified oligopeptide coatings after 7 days. Each 

point is the mean biomass from 5 replicate slides measured using a fluorescence plate reader 

(RFU; relative fluorescence unit). Bars show standard error of the mean. 

 

The percent removal of sporelings due to an impact pressure of 70 kPa using the water jet 

is shown in Figure 3-20. Removal from the PDMS standard was higher than from the modified 
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oligopeptide and unmodified control coatings.  The removal from the three modified 

oligopeptide coatings was equal to or lowers than the unmodified control, suggesting that the 

oligopeptides were not aiding in the fouling release properties of the surfaces.  It is possible that 

the surfaces were not improved on the diblock copolymer coatings due to the populating on 

polystyrene at the surface as indicated by the NEXAFS. 

 

 

Figure 3-20. Percent removal of 7-day-old sporelings from modified oligopeptide coatings due to 

an impact pressure of 70 kPa. Each point is the mean removal of biomass from 5 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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CONCLUSIONS 

 Oligopeptides and amphiphilic surfactants on a PDMS based block copolymer have been 

shown to have good antifouling and fouling release properties.  Our results suggest that having 

large side groups that are able to sterically hide the hydrogen bond donating amides in the 

oligopeptide backbone are able to significantly aid these properties, which is noted by the larger, 

non-natural oligopeptides performing better than the smaller, natural oligopeptides. This would 

also explain the poor performance of the oligoserine modified polymers, as they have an 

additional hydrogen bond donating alcohol readily exposed at the surface compared to the 

oligovaline surfaces.   

Using the non-natural amino acids, we are able to control the exact order and therefore 

the location of the hydrophobic and hydrophilic components of the side chains. We have shown 

that the order of the non-natural amino acids in the oligopeptide chain can have an effect on 

these antifouling properties from the difference between the block and alternating coatings, as 

they have the same overall composition.  This further supports earlier work in the group that 

order of the different segments effects how the surface can be rearranged on the surface, which 

in turn changes the performance of these materials. We were able to observe through our surface 

characterization of the block and alternating surface, that their equilibrium they have different 

hydrophilicities implying that they have form different structures at the surface.  Further work 

will be dedicated to understanding how these different confirmations are able to change the 

antifouling properties of the surfaces..   

 Through these studies we have also explored using different triblock and diblock 

copolymer systems.  Diblock copolymer systems with a lower amount of vinyl groups seem to 



128 
 

have little surface coverage of the oligopeptide side groups.  It appears that the vinyl content and 

the length of the polymer chain can have an effect on whether the side groups are able to be 

observed by NEXAFS measurements.  While not observable at the surface the oligopeptides are 

still able to have a significant effect on the antifouling and fouling release properties of the 

surface..  The triblock copolymer system, while have a smaller vinyl content then PDMS-B is 

able to have a higher surface content of the non-natural oligopeptides.  Since no method to 

change the rate of addition of the vinyl group into the triblock copolymer, it implies that a 

significant amount of the polymers are forming arches, as expected, exposing the oligopeptide to 

the surface. However, through our surface characterizations we have observed that the surfaces 

with the triblock copolymer systems have a higher content of the polystyrene blocks, suggesting 

that some of the triblock copolymers are forming brushes rather than arches.  This is likely 

having a negative effect on the surface for antifouling and fouling release applications.  For 

future work this will be investigated for improving the surface topology to include more surface 

coverage by the oligopeptide without a significant amount of polystyrene at the surface. 
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CHAPTER 4: COMPARISON OF HYDROPHOBIC AND 

HYDROPHILIC POLYMER BACKBONES WITH OLIGOPEPTIDE 

SURFACTANTS FOR ANTIFOULING AND FOULING-RELEASE 

COATINGS 
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Abstract 

Amphiphilic block copolymers have been greatly studied for their antifouling and fouling release 

properties.  Herein we will explore two triblock copolymers with opposing polarities: PS-b-

P(DMS-stat-MVS)-b-PS which contains a hydrophobic middle block and PS-b-P(EO-stat-AGE)-

b-PS which contains a hydrophilic middle block.  These two triblock copolymers were modified 

with two different non-natural oligopeptide surfactants, one non-fluorinated and one fluorinated.  

These oligopeptides were attached to the triblock copolymers using thiol-ene ‘click’ chemistry.  

The modified polymers were spray coated onto treated glass slides, and characterized using 

bubble contact angles and NEXAFS.  The coatings were tests for antifouling and fouling release 

properties against Ulva sporelings and Navicula diatoms.  The modified P(DMS-stat-MVS)-b-PS 

coatings performed well against the Ulva sporelings, and the PS-b-P(EO-stat-AGE)-b-PS coating 

performed well against both biofoulers. 

 

INTRODUCTION: 

 In a previous chapter, we have explored the use of oligopeptides as non-ionic amphiphilic 

surfactants for use in antifouling and fouling release studies with some promising results.  They 

have the advantage being able place small customizable segments of a desired amphiphilic 

content in an exact order.  In our previous studies, we have theorized that groups on the 

oligopeptide side chains allow for an increased ability for antifouling and fouling-release 

properties due to the increased size of the amphiphilic surfactant, and that they block the amide 

functional groups from the surface.  This work was designed as a collaboration that is still in 

progress to compare oligopeptide to oligopeptoid (where the R group is attached to the nitrogen 
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rather than the alpha-carbon) side groups with the Segalman group.  Smaller oligopeptides were 

selected to better expose the backbone of the side groups and of the polymer, in order to more 

directly compare the different structures.  However, this chapter will focus only on the work of 

the oligopeptide and not of the oligopeptoids. 

 Amphiphilic polymers with pendent side groups have been shown to have strong 

antifouling and fouling-release properties [1-13].  The architecture of polymers with amphiphilic 

properties follows a few strategies: 1) hydrophobic and hydrophilic side chains, (Figure 4-1A), 

2) side chains that have both hydrophobic and hydrophilic moieties (Figure 4-1B), 3) 

hydrophobic polymers with hydrophilic side groups (Figure 4-1C), and 4) hydrophilic polymers 

and hydrophobic polymers [1-14].  The interest for this work was inspired by the structures of 

Figure 4-1C and Figure 4-1D.  As polarity of oligopeptides can be customized, the 

hydrophobicity or hydrophilicity of the polymer backbone should play a significant role in the 

amphiphlic qualities of the surface, and the affect the antifouling and fouling release properties.  

 

Figure 4-1. Different chemical architectures of common amphiphilic block copolymers with side 

groups used for antifouling and fouling release application, where green is hydrophilic and red is 

hydrophobic. 
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 Recently the Ober group and the Segalman group have developed two new ABA triblock 

copolymers designed for antifouling and fouling release applications (Figure 4-2).  PS-b-P(DMS-

stat-MVS)-b-PS (Figure 4-2B) is designed similarly to Figure 4-1C, where the middle block of 

PDMS functions as the hydrophobic component of the amphiphilic surface.  Conversely, PS-b-

P(EO-stat-AGE)-b-PS (Figure 4-2A) is designed similarly to Figure 4-1D, where the middle 

block of PEO functions as the hydrophilic component of the amphiphilic surface.  Vinyl groups 

are incorporated into the middle block to be used to attach the side group via thiol-ene ‘click’ 

chemistry. Our goal in this work is create antifouling coatings with these new triblock 

copolymers, and by using these similar but opposite strategies achieve a better understanding of 

the mechanism for antifouling and fouling release of different species. 

 

   A      B 

Figure 4-2. Chemical structures of PS-b-P(DMS-stat-MVS)-b-PS and PS-b-P(EO-stat-AGE)-b-

PS 

 

For this study to be effective, the same type of side groups must be used for both ABA 

triblock copolymers.  However, due to the drastic difference in the polarity of the surface, to 

create an amphiphilic surface, amphiphilic side groups must be used.  This will allow for the 

surface to be amphiphilic regardless of the polymer used.  To achieve these parameters, 
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oligopeptides were selected to be the side groups, as they can have both hydrophobic and 

hydrophilic functionalities attached to them in a controlled order.  An even number of polar and 

non-polar groups will be added to the oligopeptide to maintain an even polarity. The groups will 

also be distributed in an alternating pattern to provide the most evenly amphiphilic surface 

possible. 

 We will be testing these surfaces against Ulva sporelings and Navicula diatoms.  These 

two species have shown to have opposing mechanisms for biofouling.  Ulva generally is able to 

attach more strongly to hydrophilic surface, while it is less able to attach as strongly to 

hydrophobic surfaces with less surface energy [7].  Conversely, Navicula diatoms are more 

likely to strongly attach to hydrophobic structures, and are easily removed from hydrophilic 

surfaces [7].  Due to the different nature in the two polymer backbones, testing against these two 

different types of biofoulers will provide insight into what polymer is more versatile against a 

wider array of biofoulers. 

 

EXPERIMENTAL 

MATERIALS 

Monomethylated poly(ethylene glycol) (Mw = 350), methanesulfonyl chloride, 3-

(aminopropyl)trimethoxysilane, diisopropylethylamine, diisopropylcarbonimide, styrene, sec-

butyl lithium, mesyl chloride, serine-Fmoc, triethyl silane, valine-Fmoc, lycine-Fmoc, chromium 

trioxide, isopropanol, sulfuric acid, chlorobenzene, dimethoxyphenylacetophenone, HBTU, 

wang resin, and N-hydroxysuccidimide were purchased from Sigma-Aldrich. Polystyrene8k-

block-poly(ethylene-ran-butylene)25k-block-polyisoprene20k (PS-b-P(E/B)-b-PI, or SEBI) triblock 

copolymer, polystyrene-block-poly(ethylene-ran-butylene)-block-polystyrene (SEBS, MD6945) 
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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), dimethylformamide (DMF), toluene, sodium hydroxide 

(NaOH), sulfuric acid (H2SO4), 30 wt% hydrogen peroxide (H2O2) in water, anhydrous ethanol 

(CH3CH2OH), and all other chemicals were purchased from Sigma-Aldrich and used without 

further purification unless otherwise noted.  

 

The PS-b-P(DMS-stat-MVS)-b-PS the P(EO-stat-AGE)-b-PS was synthesized and provided by 

Brandon Wenning [personal communication] the Seagalman group respectively.  Both triblock 

copolymers had polystyrene blocks of 7 kDa, and a middle block of 70 kDa.  There was a 2.6% 

vinyl inclusion in the middle block in both triblock copolymers. 

 

 

(1) To a solution of THF (50 ml), alcohol (10.0 g, 37.9 mmol) DiPEA (5.21 g, 40.3 mmol) and 

methanesulfonyl chloride (4.62 g, 40.3 mmol) were added and then the reaction mixtures were 

stirred overnight under nitrogen at room temperature. After the completion of the reactions, the 

precipitated triethylammonium hydrochloride salts were removed by vacuum filtration, and the 

filtrate was rotary evaporated to dryness, the filtrate was then dissolved in 200 mL distilled 

water. After extraction with dichloromethane, the dichloromethane layer was dried over 

anhydrous MgSO4, and then concentrated down yielding 10.76 g (83 %). 
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(2) To a solution of acetonitrile (30 ml), 1 (2.31 g, 6.75 mmol) NaH (0.24 g, 10.0 mmol), and 

serine-Fmoc (0.733 g, 2.24 mmol) was added.  The solution was stirred at reflux for 20 hours.  

The solution was cooled to room temperature and then quenched with DI water (40 ml).  The 

solution was extracted with EtOAc (30 ml x 3) and dried over Na2SO4.  The solution was 

concentrated down and was considered pure enough to be used in for peptide synthesis yielding 

2.98 g (56 %). 

 

 

(3a). To a solution of THF (40 ml), N-hydroxysuccidamide (6.89 g, 59.9 mmol), DIC (7.55 g, 

59.9 mmol), and butyric acid (4.83 g, 54.8 mmol) was added.  The solution was stirred for 8 

hours at room temperature.  The solution was quenched in saturated NaHCO3 (50 ml) and 

extracted with EtOAc (30 ml x 3), and dried over Na2SO4.  The solution was concentrated down 

and The crude product was purified by flash chromatography (Dichloromethane : Methanol 4:1) 

affording 8.12 g (80%). 
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(3b). To a solution of THF (30 ml), N-hydroxysuccidamide (6.24 g, 54.2 mmol), DIC (6.83 g, 

54.2 mmol), and methoxyacetic acid (4.35 g, 48.3 mmol) was added.  The solution was stirred 

for 8 hours at room temperature.  The solution was quenched in saturated NaHCO3 and extracted 

with EtOAc (30 ml x 3), and dried over Na2SO4.  The solution was concentrated down and The 

crude product was purified by flash chromatography (Dichloromethane : Methanol 4:1) affording 

7.05 g (78%). 

 

 

(4a)  To a solution of THF (25 ml), Fmoc-lys (4.53 g, 12.3 mmol), DiPEA (3.30 g, 25.6 mmol), 

and 3b (2.28 g, 12.3 mmol) was added.  The solution was stirred for 15 hours at room 

temperature.  The solution was then quenched in saturated NH4Cl and extracted in EtOAc (30 ml 

x 3), and dried over Na2SO4.  The solution was concentrated down and was pure enough to be 

used for peptide synthesis yielding 3.51 g (65%). 
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(4b)  To a solution of THF (25 ml), Fmoc-lys (4.53 g, 12.3 mmol), DiPEA (3.30 g, 25.6 mmol), 

and 3a (2.30 g, 12.3 mmol) was added.  The solution was stirred for 15 hours at room 

temperature.  The solution was then quenched in saturated NH4Cl (25 ml) and extracted in 

EtOAc (30 ml x 3), and dried over Na2SO4.  The solution was concentrated down and was pure 

enough to be used for peptide synthesis yielding 3.68 g (68%). 

 

General procedure for peptide synthesis The synthesis of the cys-val4 via solid phase peptide 

synthesis was carried out using published procedures [18].  Cysteine was used as the amino acid 

on the C-terminous end in each case.  To prevent disulfide bonds from forming 1.5 equivalence 

of triethyl silane was added as a reducing agent.  The resulting product was purified with a 

triteration in hexanes. 
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(6a). To a solution of methanol (40 ml) and toluene (15 ml), peptide (0.873 g, 0.565 mmol) was 

added.  The solution was cool to 0 
oC

.  To the solution, TMS-diazomethane (0.28 ml) was added 

dropwise to the solution until the solution remained a yellow color.  The solution was quenched 

by adding two drops of acetic acid.  The solution was concentrated down, and was pure enough 

to carry to the next step 0.854 g (97%). 
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(6b). To a solution of methanol (40 ml) and toluene (15 ml), peptide (0.780 g, 0.509 mmol) was 

added.  The solution was cool to 0 
oC

.  To the solution, TMS-diazomethane (25 ml) was added 

dropwise to the solution until the solution remained a yellow color.  The solution was quenched 

by adding two drops of acetic acid.  The solution was concentrated down, and was pure enough 

to carry to the next step 0.764 g (97 %). 

 

(DPH).  To a solution of DCM (10 ml), dimethoxyphenylacetophenone (41 mg, 0.159 mmol), 

PS-b-P(DMS-stat-MVS)-b-PS (0.675 g), and 6a (2.47 g, 1.59 mmol) was added.  It is important 

that the reaction is as concentrated as possible for the highest possible yield.  The solution was 

bubbled with argon for 30 minutes to remove all of the oxygen from the solution.  After 30 

minutes, the reaction was subjected to 365 nm radiation for 1 hour.  The resulting modified 

polymer was then precipitated in methanol (100 ml), and then filtered.  For purification, the 

polymer was redissolved in TFH (10 ml), and then quenched again in methanol (100 ml).  The 

polymer was then dried under vacuum for 1 day yielding 1.22 g (74% attachment). 

 

(DFH).  To a solution of DCM (10 ml), dimethoxyphenylacetophenone (43 mg, 0.167 mmol), p 

PS-b-P(DMS-stat-MVS)-b-PS (0.711 g), and 6b (3.27 mmol, 1.67 mmol) was added.  It is 

important that the reaction is as concentrated as possible for the highest possible yield.  The 

solution was bubbled with argon for 30 minutes to remove all of the oxygen from the solution.  

After 30 minutes, the reaction was subjected to 365 nm radiation for 1 hour.  The resulting 

modified polymer was then precipitated in methanol (100 ml), and then filtered.  For 

purification, the polymer was redissolved in TFH (10 ml), and then quenched again in methanol 
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(100 ml).  The polymer was then dried under vacuum for 1 day yeidling 1.17 g (72% 

attachment). 

 

(APH).  To a solution of DCM (10 ml), dimethoxyphenylacetophenone (36 mg, 0.142 mmol), 

PS-b-P(EO-stat-AGE)-b-PS (0.829 g), and 6a (2.20 g, 1.42 mmol) was added.  It is important 

that the reaction is as concentrated as possible for the highest possible yield.  The solution was 

bubbled with argon for 30 minutes to remove all of the oxygen from the solution.  After 30 

minutes, the reaction was subjected to 365 nm radiation for 1 hour.  The resulting modified 

polymer was then precipitated in methanol (100 ml), and then filtered.  For purification, the 

polymer was redissolved in TFH (10 ml), and then quenched again in methanol (100 ml).  The 

polymer was then dried under vacuum for 1 day yielding 1.08 g (87% attachment). 

 

(AFH).  To a solution of DCM (10 ml), dimethoxyphenylacetophenone (38 mg, 0.147 mmol), p 

PS-b-P(EO-stat-AGE)-b-PS (0.860 g), and 6b (2.76 mmol, 1.47 mmol) was added.  It is 

important that the reaction is as concentrated as possible for the highest possible yield.  The 

solution was bubbled with argon for 30 minutes to remove all of the oxygen from the solution.  

After 30 minutes, the reaction was subjected to 365 nm radiation for 1 hour.  The resulting 

modified polymer was then precipitated in methanol (100 ml), and then filtered.  For 

purification, the polymer was redissolved in TFH (10 ml), and then quenched again in methanol 

(100 ml).  The polymer was then dried under vacuum for 1 day yielding 1.52 g (83% 

attachment). 

 

SURFACE PREPARATION AND CHARACTERIZATION 
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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 silane 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 epoxy 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 PS-b-

P(E/B)-b-PI solutions (16 mg/mL, toluene) was 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.  

Water contact angles were measured using an NRL contact angle goniometer (Rame-Hart 

model 100-00) at room temperature. Three measurements from different locations on the sample 

were taken. The contact angle of an air bubble over the polymer surface immersed in water was 

determined using the captive bubble method [15-16]. In the measurement, an air bubble was 

snapped off the tip of a 22 gauge stainless steel syringe needle (0.7 mm O.D. and 0.4 mm I.D.), 
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and then contacted by the surface immersed in water. The advancing and receding contact angles 

were measured between the surfaces and the air bubble. The topography of the polymer coated 

glass slides was characterized by atomic force microscopy (AFM) using a Dimension Icon AFM 

(Bruker Corporation, Karlsruhe, Germany). An area of 500 x 500 nm was scanned using tapping 

mode with 357.5 KHz drive frequency and 4.0-4.5 V voltage. The drive amplitude of AFM was 

64.1 mV and the scan rate was 0.996 Hz. An arithmetic mean of the surface roughness (Ra) was 

calculated from the roughness profile determined by AFM. 

NEXAFS experiments were carried out on the U7A NIST/Dow materials characterization 

end-station at the National Synchrotron Light Source at Brookhaven National Laboratory (BNL). 

The general underlying principles of NEXAFS and a description of the beam line at BNL have 

been previously reported [13]. The PEY C 1s spectra were normalized by subtracting a linear 

pre-edge baseline and setting the edge jump to unity at 320 eV [17].  

 

ANTIFOULING AND FOULING RELEASE EXPERIMENTS OF ULVA LINZA 

A detailed description of the assay can be found in refs 23, 31, and 32. A detailed 

description of the growth and attachment strength of sporelings of Ulva linza can be found in ref. 

23.   Slides coated with Silastic® T2 (Dow Corning), a polydimethyl siloxane elastomer were 

included as a fouling-release standard in the assay [23-25].  The attachment strength of 

sporelings to the coatings was assessed using a shear stress of 52 Pa generated in a water channel 

as detailed in ref. 26 and 27.  

 

ATTACHMENT AND ADHESION STRENGTH OF NAVICULA INCERTA 
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Navicula incerta cells were cultured and measured for settlement and adhesion towards 

the coatings in methods outlined in ref. 20.  

 

RESULTS AND DISCUSSION 

The goal of this work is to further the study of oligopeptide surfactant on PS-b-P(DMS-

stat-MVS)-b-PS and PS-b-P(EO-stat-AGE)-b-PS triblock copolymer for marine 

antifouling/fouling release applications and compare the results between the two sets of 

polymers.  The oligopeptides that were used a non-ionic amphiphilic surfactants were designed 

to be smaller than previously studied.  While we suspect that smaller oligopeptides will not have 

as strong antifouling and fouling release properties than the larger oligopeptides, this exposes 

more of the oligopeptide backbone and polymer backbone to the surface.  This will allow us to 

be able to investigate the differences in the mechanism of antifouling and the role of the 

backbone in these surfaces.  It has been suspected in previous work in the Segalman group [14] 

that fluorinated groups are needed to direct the non-ionic amphiphilic surfaces towards the 

surface for the PS-b-P(EO-stat-AGE)-b-PS triblock copolymer.  In response to these findings, 

two different oligopeptides were selected: one fluorinated, and one non-fluorinated in order to 

investigate the difference in the surface coverage of these oligopeptides.   

The unnatural amino acids were synthesized using two different synthetic methodologies.  

For the synthesis of the polar and non-polar unnatural amino acids, the carboxylic acids of 3a 

and 3b were converted into activated esters using N-hydroxysuccidamide in good yield in a 80 

and 78% yields respectively after purification by column chromatography.  Then the activated 

esters (4a, and 4b) were attached to the epsilon amine of Fmoc-lysine under coupling conditions 

with  yields of 65 and 68% (schemes 1 and 2).  These reactions can be performed on a multi-
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gram scale, which is necessary for solid phase peptide synthesis which requires several fold 

excess of each non-natural amino acid for each step.  A fluorinated non-natural amino acid  

could not be synthesized in decent yields through the previous methods, likely caused by the 

strong differences in the polarity of the Fmoc-lysine and the perfluorinated chain.  Instead the 

fluorinated non-natural amino acid (2) was synthesized in two steps by first reacting the alcohol 

of 1H, 1H, 2H, 2H-perfluor-1-hexanol with a mesyl group with good yield 83% to produce (1).  

Then the alcohol of Fmoc-serine was used to attack the mesyl alcohol of (1) and link the 

fluorinated chain to the amino acid.  This required several equivalence of base as the carboxylic 

acid would be deprotonated first.  Since the alcohol is a stronger nucleophile than the carboxylic 

acid, the alcohol predominately was able to attack (1) to achieve (2) in a modest yield of 56%.   

 

Scheme 1. Synthesis of polar unnatural amino-acid. 
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Scheme 2:  Synthesis of non-polar unnatural amino-acid. 

 

From these three different non-natural amino acids, solid phase peptide synthesis was 

used to design two oligopeptide chains.  Each oligopeptide was alternating to fully mix the 

amphiphilic properties of the surfactant.  Equal amounts of the hydrophobic and hydrophilic 

amino acids were used to be able to best compare how the surfactants worked on the different 

ABA triblock copolymers.  The difference between the two oligopeptides was that one contained 

alkyl groups for the hydrophobic segments, while the other oligopeptide contained fluorinated 

groups.   

Each oligopeptide was then methylated using TMS-diazomethane, which worked in near 

quantitative yields for both oligopeptides. The carboxylic acid needed to be methylated to 

decrease the hydrophilicity of the oligopeptide adjacent to the thiol.  This was necessary for the 

thiol-ene ‘click’ chemistry to attach to the PS-b-P(DMS-stat-MVS)-b-PS triblock copolymer to 

occur.  The two oligopeptides were then reacted via thiol-ene ‘click’ chemistry to PS-b-P(DMS-

stat-MVS)-b-PS and PS-b-P(EO-stat-AGE)-b-PS triblock copolymers to create the four modified 

polymers DPH, DFH, APH, and AFH in yields of 74, 72, 87, and 84% yield respectively.  The 

PS-b-P(EO-stat-AGE)-b-PS triblock copolymers were able to achieve a higher attachment of the 
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oligopeptide surfactants, likely due to the more similar polarities of the polymer and the 

oligopeptide.  None of the thiol-ene ‘click’ reactions were able to occur at quantitative yields 

possibly because of the size of the two groups being brought together.   

The modified triblock copolymers were then spray coated onto SEBS treated glass slides. 

Near edge x-ray absorption fine structure (NEXAFS) was used to characterize the type of 

functional groups present at the surface of the coatings (Figure 4-3).  All four oligopeptide 

modified surfaces showed peaks around 410 eV indicating the presence of nitrogen, 

demonstrating that oligopeptides were at the surface.  The peaks around 410 eV were smaller in 

Figure 4-3A than in Figure 4-3B.  Both of these structures are on the PS-b-P(DMS-stat-MVS)-b-

PS triblock copolymer, where the difference is that Figure 4-3A has the non-fluorinated 

oligopeptide surfactants, while Figure 4-3B has the fluorinated oligopeptide surfactants.  This 

suggests that the fluorinated groups are better able to surface direct the oligopeptide side groups 

to the surface more effectively.  However for oligopeptide on the PS-b-P(EO-stat-AGE)-b-PS 

triblock copolymers (Figure 4-3C and 4-3D), there is a similar height in peaks around 410 eV, 

suggesting that the fluorinated side groups are not as significant in being able to surface direct 

for these polymers. In Figure 4-3B and Figure 4-3D the peaks at 293 and 297 eV indicate the 

presence of C 1s→σ ⃰ C-F signals at the surface.  This demonstrates that both of the fluorinated 

oligopeptide chains were able to populate the surface.  The peaks at 293 and 297 eV are greater 

in the PS-b-P(DMS-stat-MVS)-b-PS coating, which correlates to the higher peaks around 410 

eV indicating that there is more of the oligopeptide at the surface in the DFH coating than the 

AFH coating. Peaks at 287 eV indicate the presence of C 1s→σ ⃰ C-Si signals at the surface in 

Figures 4-3A and 4-3B, which can be attributed to the PDMS middle block of the polymer 

backbone.  This peak is greater for the fluorinated coating, indicating that more of the middle 
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block is able to come to the surface.  All four grafts show a peak at 285 eV which indicates a C 

1s→π⃰ C=C signal, which is primarily located in the polystyrene blocks of the triblock polymer.  

This suggests that the arches are not able to have the middle block fully dominate the surface, 

and that some of the arches are not closed, exposing one of the polystyrene blocks, which will 

likely lead to poorer antifouling and fouling release results. This peak was the smallest for both 

of the coatings with the fluorinated oligopeptides, but especially for the fluorinated PS-b-

P(DMS-stat-MVS)-b-PS coating (Figure 4-3B).  This is likely due to the PDMS and fluorinated 

oligopeptide side groups being more easily surface segregated than the non-fluorinated 

oligopeptides and the more polar PS-b-P(EO-stat-AGE)-b-PS triblock copolymer.  This makes it 

more likely that the fluorinated surfaces will have stronger fouling release properties than their 

non-fluorinated counterpart. 

 

A) B)  

 

C) D)  
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Figure 4-3. NEXAFS of A) DPH B) DFH C) APH and D) AFH taken at an emission angle of 

51
o
.  Each sample prior to being measured was submerged in DI water for 3 days. 

 

Spore settlement density (Figure 4-4) on the PS-b-P(DMS-stat-MVS)-b-PS and PS-b-

P(EO-stat-AGE)-b-PS triblock copolymer coatings with oligopeptide surfactants were 

significantly lower than the PDMSe standard and lower than the unmodified PS-b-P(DMS-stat-

MVS)-b-PS control.  This suggests that the oligopeptides were able to increase the antifouling 

properties of the non-polar unmodified PS-b-P(DMS-stat-MVS)-b-PS triblock copolymer 

towards Ulva sporelings.  All of the modified coatings performed similarly to the P(EO-stat-

AGE)-b-PS control, which suggests that the oligopeptides did not improve the antifouling 

properties from the unmodified PS-b-P(EO-stat-AGE)-b-PS triblock copolymer.  There does not 

appear to be any significant difference between the two modified ABA triblock copolymers for 

initial fouling. 

Sporeling growth (Figure 4-5) appeared normal on all coatings indicating that toxicity 

was not an issue. The non-fluorinated oligopeptide modified PS-b-(DMS-stat-MVS)-b-PS 

triblock copolymer exhibited the least amount of sporeling biomass on the surface (Figure 4-5A). 

All of the oligopeptide modified coatings had a lower sporeling biomass on the surface than the 

PDMS standard and the PS-b-(DMS-stat-MVS)-b-PS.  This again suggests that both sets of the 

oligopeptides were able to increase the antifouling properties of the surface towards Ulva 

sporelings.  The modified PS-b-P(EO-stat-AGE)-b-PS triblock copolymer coatings performed 

similarly to the unmodified standard.  This further demonstrates that the oligopeptides did not 

significantly improve the antifouling properties of the coatings for the PS-b-P(EO-stat-AGE)-b-
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PS triblock copolymer.  This is overall consistent with the knowledge that the Ulva sporelings 

are more able to attach strongly a hydrophilic surface than a hydrophobic surface.  The lesser 

attachment to the non-fluorinated PDMS based polymer has less of the more polar oligopeptides 

at the surface and can have less of the sporelings attach.  For the PEO based polymer, the 

oligopeptides are not able to effect the polarity of the as dramatically as with the PDMS based 

polymer, so there is little difference in the initial attachment. 

For fouling release of Ulva (Figure 4-5), the non-fluorinated modified PS-b-P(DMS-stat-

MVS)-b-PS surface had the least amount of sporelings still attached the surface, after an impact 

pressure of 60 kPa, showing improvements over the fluorinated modified, and unmodified PS-b-

P(DMS-stat-MVS)-b-PS surfaces.  Both of the modified PS-b-P(DMS-stat-MVS)-b-PS surfaces 

showed less sporeling biomass after removal than the PDMS standard, and showed great fouling 

release properties.  It should be noted that the percent removed from the fluorinated surface was 

greater than the non-fluorinated surface.  This is consistent with the knowledge from the 

NEXAFS results were the fluorinated coating has less of the polystyrene block at the surface.    

Surfaces with modified PS-b-P(EO-stat-AGE)-b-PS triblock copolymers had more biomass 

before and after being subjected to an impact pressure of 60 kPa.  However, all surfaces showed 

less of biomass after removal than the PDMS standard, with the fluorine modified P(DMS-stat-

MVS)-b-PS triblock copolymer surfaces performing the best.  The oligopeptides were able to 

show increased fouling release properties compared to the modified triblock copolymers.  Again, 

the fluorinated coating showed a higher percent removal of the sporelings than the non-

fluorinated coating for the PEO based polymer.  This is again consistent with the knowledge that 

there was less polystyrene at the surface for the fluorinated coating leading to improved fouling 

release results. 
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Figure 4-4. The density of attached spores on the peptide / peptoid coatings after 45 mins 

exposure. Each point is the mean from 90 counts on 3 replicate slides. Bars show 95% 

confidence limits.  The color circle represent the oligopeptides attached to the surface, where the 

bottom of the chain is the part of the oligopeptide chain directly attached to the polymer.  Where 

blue is 4a (polar) red is 4b (non-polar, non-fluorinated), and purple is 2 (fluorinated). 
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Figure 4-5. The biomass of sporelings on peptide /peptoid coatings after 7 days before and after 

an impact pressure of 60 kPa from a water jet. Each point is the mean biomass from 6 replicate 

slides measured using a fluorescence plate reader (RFU; relative fluorescence unit). Bars show 

standard error of the mean. 

 

Diatoms were allowed to sink in the water column and land on the coating surfaces by 

gravity. Therefore, before washing, the cell density on all the test surfaces is the same, 

irrespective of chemistry. The process of washing removes unattached and weakly attached cells 

and thus differences in initial attachment density reflect differences in the ability of cells to 

attach firmly to the surfaces and resist the hydrodynamic forces of washing. 
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Diatom settlement density (Figure 4-6) on the modified PS-b-P(DMS-stat-MVS)-b-PS 

coatings was worse than on the unmodified PS-b-P(DMS-stat-MVS)-b-PS coating.  While the 

oligopeptides are able to improve the PDMS based triblock copolymer against Ulva sporeling, 

they seem to hinder the antifouling properties against Navicula.  However the modified PS-b-

P(EO-stat-AGE)-b-PS coatings are better than the unmodified control. In fact, the coatings 

modified with the fluorinated oligopeptides are far superior to all of the coatings for antifouling 

against Navicula diatoms including the PDMS standard.  This shows that for the PS-b-P(EO-stat-

AGE)-b-PS backbone, the oligopeptides are able to improve the antifouling properties against 

the diatoms.  This is consistent with the knowledge of the mechanism of Navicula attachment, 

where the diatoms are able to attach more strongly to hydrophobic surfaces than hydrophilic 

ones. It is interesting to note that the oligopeptides have opposite effects on the antifouling 

ability of the surfaces depending on the polymer backbone. 
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Figure 4-6. The density of attached N. incerta on the test coatings after washing i.e. initial 

attachment density. Each point is the mean from 90 counts on 3 replicate slides. Bars show 95% 

confidence limits.  

 

After an exposure to a shear stress of 20 Pa to remove the diatoms from the surfaces, only 

the two modified coatings PS-b-P(EO-stat-AGE)-b-PS coatings were able to successfully 

remove any of the diatoms from the surface (Figure 4-7).  The lack of any removal of the 

diatoms from the unmodified PS-b-P(EO-stat-AGE)-b-PS coating shows that the oligopeptides 

on the PS-b-P(EO-stat-AGE)-b-PS triblock copolymer are able to have a significant effect on the 

fouling release properties of the surfaces.  None of the modified PS-b-P(DMS-stat-MVS)-b-PS 

based coatings showed any significant fouling release of the diatoms, indicating poor fouling 

release properties against the diatoms.  
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Figure 4-7. The removal of N. incerta from the test coatings due to exposure to a shear stress of 

20Pa. Each point is the mean from 90 counts on 3 replicate slides. Bars show 95% confidence 

limits derived from arc-sine transformed data. 

 

The density of diatoms remaining on the coatings after the shear stress of 20 Pa is shown 

in Figure 4-8. The low numbers on the fluorinated PS-b-P(EO-stat-AGE)-b-PS coating 

demonstrated the best antifouling and fouling-release properties with respect to diatoms of all of 

the modified coatings and controls. 
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Figure 4-8. Final density of attached N. incerta on the test coatings after washing and exposure to 

a shear stress of 20Pa. Each point is the mean of 30 counts on 3 replicate slides. Bars show 95% 

confidence limits. 

 

CONCLUSION 

Overall, the modified PS-b-P(EO-stat-AGE)-b-PS and PS-b-P(DMS-stat-MVS)-b-PS 

coatings showed good surface segregation at the surface.  The modified PS-b-P(DMS-stat-

MVS)-b-PS coatings showed strong antifouling and fouling release properties towards Ulva 

sporelings compared to the standards, and the PS-b-P(EO-stat-AGE)-b-PS coatings.  However, 

against diatoms, these modified surfaces performed poorly for antifouling and fouling release. 

This indicates that while the oligopeptides on a PDMS based triblock copolymer can be very 
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effective towards one type of mechanism for antifouling, it is not effective for all mechanisms.  

The modified PS-b-P(EO-stat-AGE)-b-PS coatings did exhibit good antifouling and antifouling 

release on Ulva sporeling; however, they performed excellently against Navicula diatoms for 

antifouling and fouling release data.  Particularly the fluorinated oligopeptide modified PS-b-

P(EO-stat-AGE)-b-PS coatings performed the best overall for both samples showing 

improvement against the PDMS standard for both biofoulers. Diatoms generally attach more 

strongly to hydrophobic surfaces than hydrophilic surfaces and it is interesting that the inclusion 

of fluorine containing groups in the increased the release of the diatoms. 
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CHAPTER 5: INVESTIGATION OF AMPHIPHILIC DIBLOCK 

COPOLYMERS WITH ZWITTERIONIC STRUCTURES AS NON-

SPECIFIC PROTEIN RESISTANT, ANTIFOULING AND 

FOULING-RLEASE COATINGS  
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ABSTRACT 

Zwitterionic surfactants were explored for antifouling, fouling release, and protein absorption 

resistance properties.  We used the methacryloyloxyethylphosphoryl-choline (MPC)-based 

zwitterions due to their versatility in being further functionalized on both sides.  We designed a 

new synthetic scheme to synthesize multiple MPC-functionalized surfactants in a short synthetic 

scheme that would also contain a thiol group.  The surfactants varied with different terminal 

groups after the MPC functional group.  The zwitterionic surfactants were attached to a 

polystyrene-block-poly(dimethylsiloxane-stat-methylvinylsiloxane)-block-polystyrene (PS-b-

P(DMS-stat-MVS)-b-PS) triblock copolymer using thiol-ene ‘click’ chemistry.  These modified 

triblock copolymers were then spray coated onto treated glass slides and were tested for 

antifouling and fouling release application against Ulva sporelings, and were tested for non-

specific protein absorption.  The coatings had little effect against the Ulva sporelings, but 

showed significant improvement over an unmodified control for non-specific protein absorption. 

 

INTRODUCTION 

 In addition to studying amphiphilic surfaces for fouling resistance, charged materials 

have also been investigated for anti-fouling and fouling release behavior [1-19].  These charged 

surfaces function similarly to other hydrophilic surfaces, providing a surface with a higher 

affinity to water than most biofoulers [20].  The surface hydration of these coatings is considered 

to be critical in the resistance to nonspecific protein adsorption at the surface.  This aspect of 

their behavior impedes the progress of the first stages of biofouling that includes the initial 

accumulation of absorbed organics, which frequently contain large proportions of proteins 
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secreted by marine organisms [21-23] and the settlement and growth of pioneering bacteria 

creating a biofilm matrix, which is often the first stage of subsequent fouling by macrofoulers 

[24]. Most of the time, non-specific adsorption of proteins onto essentially all non-natural 

surfaces results from the combination of many weak electrostatic and hydrophobic interactions 

between the biological macromolecules and the substrate, and will spoil the specific surface 

properties [25]. The associated minimization of polymer-water interfacial energy is expected to 

lower the driving force for adsorption of biomacromolecules at the surface, which can be easily 

done with charged surfaces [26]. 

Two of the most common moieties for creating these charged surfaces use quaternary 

ammonium or pyridinium salts, which are known to produce effective anti-microbial surfaces.  

Surface-tethered brushes were prepared using poly(4-vinylpyridine) (P4VP) which was then 

quaternized through the N-alkylation of the pyridine rings of the P4VP with n-alkyl bromides of 

different lengths [16]. These modified polymers have been shown to be highly effective against 

bacteria, including airborne bacteria [16].  These surfaces effectively killed a number of types of 

airborne bacteria on contact.  Similar structures containing alkyl and fluorinated alkyl groups 

have been investigated [27] as antibacterial surfaces.  Fluorinated quaternary ammonium groups 

were designed by Park et al. [28] for antimicrobial and antifouling studies.  These groups were 

attached to a polymer backbone of polystyrene-b-poly(ethylene-ran-butylene)-b-polyisoprene 

(SEBI).  The fluorinated segment on the ammonium group was a semifluorinated alkyl bromide 

similar to that used in amphiphilic antifouling work by Krishnan et al. [27].   

 Work by Zhou et al. [29] demonstrated that combining a quaternary amine with a 

poly(ethylene glycol) (PEG) side group on the same SEBI block copolymer used by Park et al. 

[28] shows antimicrobial behavior.  The incorporation of the PEG segments created a surface 
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that was able to significantly reduce the adsorption of bovine serum albumin (BSA) to the 

surfaces relative to the control as well as to the polymer only containing quaternary ammonium 

salts without any PEG segments.  This overall response indicates a better performing anti-fouling 

coating, as the surface remains cleaner when PEG is incorporated. 

 In work by Xie et al. [30], crosslinked surfaces with a different ratio of poly(methyl 

methacylate) (PMMA), poly(acrylic acid) (PAA), and poly(tributylsilyl methacrylate) (PTBSM) 

were used in different ratios to create antifouling surfaces.  In aqueous conditions, the PAA 

would form free anions at the surface, which the PTBSM would over time decompose to also 

form a anionic surface.  These surfaces were tested in seawater for over two months, which 

revealed that the additional inclusion of the PTBSM component led to a more hydrophilic 

surface, which in turn led to improved antifouling properties.  

 While singly-charged structures have shown good antimicrobial behavior and can resist 

protein adsorption, if larger biofoulers are able to become attached to the surface, they can be 

very difficult to remove. Zwitterionic doubly-charged structures have been shown in more cases 

to have stronger properties for antifouling and fouling release [20]. Two of the most common 

zwitterionic structures that are used are sulfobetaine and carboxybetaine groups due to their ease 

of synthesis and favorable antifouling properties [31-39].In one of the more impressive 

zwitterionic surfaces, Jiang et al. grew polymer brushes from glass slides containing side groups 

of sulfobetaines [20,40].  These surfaces demonstrated low attachment of Ulva, a marine alga, 

compared to a PDMS reference surface, and untreated glass. In addition to the significantly low 

amount of attachment to the surface, under a shear stress of 70 kPa, the majority of the Ulva 

sporelings were removed compared to less than a quarter of the sporelings on the PDMS 

standard.  The zwitterionic coatings also showed resistance to the attachment of Navicula, a 
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marine diatom, which adheres to surfaces in a different mechanism to the Ulva sporelings, 

demonstrating the versatility of the zwitterionic surfaces.  In addition the surface showed strong 

fouling release properties of the diatoms from the surface. The majority of zwitterionic 

structures that have been used for antifouling and fouling release studies have had the zwitterion 

be the terminal component of the side group.  In work done by Tew et al. [41], an ammonium 

and carboxylic acid were attached to a furan that was formed by a ring opening mediated 

polymerization (ROMP) at the 3 and 4 positions respectively.  The ammonium had either a 

fluorinated, alkyl, or poly(ethylene glycol) (PEG) group attached as the terminal segment of the 

side chain.  These additional chain segments had a profound effect on the non-specific protein 

absorption to their coatings, where the PEG and some fluorinated samples were able to excel.  

These surfaces are able to demonstrate that being able to customize a zwitterion with an 

additional segment at the terminal end can improve its antifouling and fouling release properties.  

However, the zwitterions are several atoms away and are suspected to not function as ideally as 

possible. 

 One of the less-used zwitterionic structures is the methacryloyloxyethylphosphoryl-

choline (MPC)-based functional group, due to the difficulty in its synthesis [42].  Unlike the 

sulfobetaine- and carboxybetaine-based groups, the zwitterionic component does not have to be 

the terminal end of the side group.  In fact, hydrocarbons, ammonium, or more zwitterions can be 

further attached beyond the initial side group [43-45].  However, most of the polymers that use 

MPC groups only attach a methyl group to the end, limiting the versatility of the functional 

group. 

 In work by Emrick et al. [46], a methacryloyloxyethyl phosphorylcholine (MPC) 

zwitterions were used as side groups in a random reversible addition-fragmentation chain 
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transfer (RAFT) copolymerization for semiconductors in material and biological applications.  

The MPC zwitterions were able help the surface display non-fouling properties in the presence of 

live cells, showing that the MPC structure is an effective antifouling motif.  However, this motif 

was commercially purchased to be used in a radical polymerization, and was not able to be 

further customized beyond the MPC group being the end of the side group. 

 In this work, we will demonstrate a straighforward synthetic route to synthesize MPC 

groups with a customizable terminal chain to modify antifouling, fouling release, and protein 

adsorption properties, and a thiol group to allow attachment to the side group to a polymer 

backbone easily via thiol-ene ‘click’ chemistry.  The end groups that we will pursue in this work 

will be a hydrophobic segment from an alkyl chain, a hydrophilic segment from a PEG chain, 

and an ethyl group to have the zwitterion as the terminal part of the chain.  The thiol allows for 

the MPC group to be easily customizable, while able to be attached to the polymer backbone in 

high yields.  MPC groups allow for other chains to be easily added to either side of the zwitterion 

while maintaining a closeness between the two charges that is not possible in other structures.  

Due to the polar nature of the zwitterionic groups, and that amphiphilic structures have shown 

promising antifouling properties, we selected our PS-b-P(DMS-stat-VMS)-b-PS triblock 

copolymer for the polymer backbone for its hydrophobic properties.   

 

EXPERIMENTAL 

MATERIALS 

Monomethylated poly(ethylene glycol) (Mw = 350), methanesulfonyl chloride, 3-

(aminopropyl)trimethoxysilane, triethylamine, dimethylethanolamine, dimethyldecylamine, 

ethylene chlorophosphate, trityl chloride, calcium hydride, trifluoroacetic acid, styrene, 
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hexamethylcyclotrisiloxane, and dimethylethylamine were purchased from Sigma-Aldrich. 

Trimethyltrivinylcyclotrisiloxane was purchased from Gelest   Anhydrous chloroform (CHCl3), 

anhydrous tetrahydrofuran (THF), methylene chloride (CH2Cl2), methanol (CH3OH), toluene, 

sulfuric acid (H2SO4), 30 wt% hydrogen peroxide (H2O2) in water, anhydrous ethanol 

(CH3CH2OH), and all other chemicals were purchased from Sigma-Aldrich and used without 

further purification unless otherwise noted.  

1
H and 

13
C NMR spectra were recorded on a Varian Gemini 300, 400, and 500 MHz 

spectrometer with deuterated chloroform, chemical shifts (δ) were reported in parts per million 

(ppm) relative to trimethyl silane (TMS). IR spectrum of the polymer cast as a film from THF 

solution on a sodium chloride plate was collected using a Mattson 2020 Galaxy series FTIR 

spectrometer. Gel permeation chromatography of a THF solution of polymers (1 mg/mL) was 

carried out using four Waters styrene Styragel HT columns operating at 40 
o
C in conjunction 

with Waters 490 ultraviolet (λ = 254 nm) and Waters 410 refractive index detectors. THF was 

used as the eluent at a flow rate of 1 ml/min, and toluene was used as a marker for flow 

calibration.  

 

 

Scheme 1.  Synthesis of the protected thiol phosphate. 
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Trityl protected thiol, hexanol. (2).  To a solution of 25 ml of DCM, 6-mercaptohaxanol (5.00 g, 

37.3 mmol) and trityl chloride (10.40g, 37.3 mmol) was added.  The solution was stirred for 1 

hour, and then concentrated.  The crude product was purified by flash chromatography resulting 

in a white solid (DCM : Methanol 19:1) in 86% yield (11.89 g). 
1
H NMR (400 MHz, cdcl3) δ 

7.44 – 7.37 (m, 1H), 7.31 – 7.25 (m, 1H), 7.24 – 7.17 (m, 1H), 3.58 (t, J = 6.6 Hz, 1H), 2.14 (t, J 

= 7.3 Hz, 1H), 1.54 – 1.44 (m, 1H), 1.39 (dd, J = 14.5, 7.3 Hz, 1H), 1.33 – 1.17 (m, 1H). 

 

 

Trityl protected thiol phosphate.  3.  To a solution of 30 ml of THF, 2 (2.58 g, 6.97 mmol), and 

TEA (0.810 g, 8.02 mmol) was added.  The solution was stirred for 30 minutes.  Then ethylene 

chlorophosphate (1.143g, 8.02 mmol) was added, and the solution turned into a milky color.  The 

solution was stirred for 4 hours.  The solution was then filtered through celite.  The crude 

product was purified by flash chromatography (DCM : Methanol 19:1) (81%, 2.73 g) .  
1
H NMR 

(400 MHz, cdcl3) δ 7.42 – 7.36 (m, 4H), 7.29 – 7.22 (m, 5H), 7.22 – 7.16 (m, 2H), 4.46 – 4.35 

(m, 1H), 4.35 – 4.26 (m, 1H), 4.06 (dd, J = 8.7, 6.6 Hz, 1H), 2.13 (t, J = 7.2 Hz, 1H), 1.87 – 1.81 

(m, 1H), 1.64 – 1.55 (m, 1H), 1.42 – 1.33 (m, 1H), 1.27 – 1.21 (m, 4H). 

 

 

Scheme 2:  Synthesis of PEG dimethyl amine from 350 Mn PEG. 

 



172 
 

 

PEG350-OMs (5). To a flask, PEG 350 (10.0 g, 28.6 mmol), was added to 50 ml of THF.  To the 

solution, TEA (4.36 ml, 31.4 mmol) and mesyl chloride (2.43 ml, 31.4 mmol) were added 

slowly.  The solution was stirred for 3 hours.  The reaction was quenched with DI water (25 ml).  

EtOAc (100 ml) was added.  The solution was washed with saturated NH4Cl (3x 50 ml).  The 

solution was dried over NaSO4, and then concentrated down.  The resulting liquid did not require 

further purification (7.02 g, 63%).
 1

H NMR (300 MHz, CDCl3) δ 4.41 – 4.34 (m, 2H), 3.80 – 

3.73 (m, 2H), 3.69 – 3.61 (m, 10H), 3.54 (dd, J = 5.7, 3.1 Hz, 2H), 3.37 (s, 3H), 3.08 (s, 3H) 
13

C 

NMR (75 MHz, CDCl3) δ 71.9, 70.6, 70.6, 70.6, 70.5, 69.3, 69.0, 59.0, 37.7. 

 

Amine-PEG350 6.  To a flask, dimethylethanolamine (1.11 g, 12.5 mmol), was added to 50 ml of 

THF.  At room temperature, 95% sodium hydride (2.77 g, 37.6 mmol) was slowly added.  After 

the solution finished bubbling, the solution was then heated to reflux, and then PEG350-OMs 

(5.00 g, 11.4 mmol) was added.  The solution was stirred at reflux for 14 hours.  The solution 

was then cooled down to room temperature, and quenched with DI water.  Next 100 ml of 

EtOAc was added, and the solutionwas washed with saturated NH4Cl (50 x 3 ml).  The solution 

was dried over Na2SO4 and concentrated down.  The crude product was purified by flash 

chromatography (DCM : Methanol 9:1) (74%, 3.554 g). 
1
H NMR (300 MHz, cdcl3) δ 3.67 – 3.61 

(m, 1H), 3.56 (dt, J = 6.2, 5.1 Hz, 1H), 3.38 (d, J = 0.4 Hz, 1H), 2.27 (s, 1H). 
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Scheme 3:  Synthesis of unprotected thiols with PEG, decyl, and ethyl tails. 

 

 

Trityl protected thiol-PEG zwitterion 7a. To a solution of 30 ml of THF, 6 (1.26 g, 2.99 mmol) and 

3 (1.44 g, 2.99 mmol) was added.  The solution was then heated to reflux and run for 48 hours.  

The solution was concentrated down.  The resulting solid was triturated in hexanes (80%, 2.17 

g). 

 

 

Trityl protected thiol-decyl zwitterion 7b. To a solution of 30 ml of THF, dimethyldecylamine 

(0.439 g, 2.37 mmol) and 3 (1.14 g, 2.37 mmol) was added.  The solution was then heated to 

reflux and run for 48 hours. The solution was concentrated down.  The resulting solid was 

triturated in hexanes (84%, 1.383 g). 
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1
H NMR (400 MHz, cdcl3) δ 7.47 – 7.33 (m, 1H), 7.25 (t, J = 7.6 Hz, 2H), 7.18 (t, J = 7.2 Hz, 

1H), 4.50 – 4.25 (m, 1H), 4.17 (s, 1H), 4.05 – 3.89 (m, 1H), 3.78 (d, J = 4.3 Hz, 1H), 3.73 (t, J = 

6.6 Hz, 1H), 3.57 (t, J = 6.6 Hz, 1H), 2.12 (td, J = 7.2, 3.4 Hz, 1H), 1.93 – 1.76 (m, 1H), 1.56 

(dd, J = 12.3, 6.1 Hz, 1H), 1.41 – 1.29 (m, 1H), 1.23 (dd, J = 11.4, 4.6 Hz, 1H). 

 

 

Trityl protected thiol-ethyl zwitterion 7c. To a solution of 30 ml of THF, dimethylethylamine 

(0.199 g, 2.72 mmol) and 3 (1.31 g, 2.72 mmol) was added.  The solution was then heated to 

reflux and run for 48 hours. The solution was concentrated down.  The resulting solid was 

triturated in hexanes (78%, 1.18 g). 

 

 

Thiol-PEG zwitterion 8a.  To a solution of 30 ml of DCM, 7a (2.02 g, 2.22 mmol), triethylsilane 

(5 ml), and TFA ( 3.5 ml) was added.  The solution was stirred for 1 hour.  Then 5 ml of toluene 

was added to the solution.  The solution was then concentrated down, titrated in hexanes, and the 

product was collected (96%, 1.41 g). 
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Thiol-decyl zwitterion 8b.  To a solution of 30 ml of DCM, 7b (1.28g, 1.84 mmol), triethyl 

silane (4 ml), and TFA (3 ml) was added.  The solution was stirred for 1 hour.  Then 5 ml of 

toluene was added to the solution.  The reaction was then concentrated down, triturated in 

hexanes, and the product was collected (95%, 0.791 g). 

 

 

Thiol-ethyl zwitterion 8c.  To a solution of 30 ml of DCM, 7c (1.09 g, 1.96 mmol), triethylsilane 

(4 ml), and TFA (3 ml) was added.  The solution was stirred for 1 hour.  Then 5 ml of toluene 

was added to the solution.  The reaction was then concentrated down, triturated in hexanes, and 

the product was collected (96%, 0.588 g). 

 

 

Scheme 10: Attachment of zwitterionic structures to PS-b-P(DMS-stat-MVS)-b-PS triblock 

copolymer via thio-ene ‘click’ chemistry. 

 

Z-PEG 10a.  To a solution of 5 ml of DCM, 8a (1.02 g, 1.13 mmol), the PDMS triblock 

copolymer (0.35 g), and dimethoxyphenylacetophenone (67 mg, 0.26 mmol) was added.  The 

solution was bubbled under argon for 30 minutes.  Then the solution was exposed to uv radiation 

for 1 hour.  The solution was quenched with 50 ml of methanol.  The resulting precipitate was 
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filtered.  The solid was then redissolved in DCM and precipitated in methanol two more times.  

The resulting solid was then placed under vacuum for 24 hours.  The resulting 
1
HNMR showed a 

37% yield. 

 

Z-Decyl 10b.  To a solution of 5 ml of DCM, 8b (0.78 g, 1.84 mmol ), the PDMS triblock 

copolymer (0.34 g), and dimethoxyphenylacetophenone (94mg,  0.37 mmol) was added.  The 

solution was bubbled under argon for 30 minutes.  Then the solution was irradiated with uv 

radiation for 1 hour.  The solution was quenched with 50 ml of methanol.  The resulting 

precipitate was filtered.  The solid was then redissolved in DCM and precipitated in methanol 

two more times.  The resulting solid was then placed under vacuum for 24 hours.  The resulting 

1
HNMR showed a quantitative yield. 

 

Z-Ethyl 10c.  To a solution of 5 ml of DCM, 8c (1.01 g, 3.23 mmol), the PDMS triblock 

copolymer (0.62 g), and dimethoxylphenylacetophenone (1.63 0.64) was added.  The solution 

was bubbled under argon for 30 minutes.  Then the solution was irradiated with uv radiation for 

1 hour.  The solution was quenched with 50 ml of methanol.  The resulting precipitate was 

filtered.  The solid was then redissolved in DCM and precipitated in methanol two more times.  

The resulting solid was then placed under vacuum for 24 hours.  The resulting 
1
HNMR showed a 

quantitative yield. 

 

SURFACE PREPARATION AND CHARACTERIZATION 

Surfaces with modified with the PDMS based triblock copolymer was prepared for study 

using a similar previously reported method [47-48] with some optimization. Briefly, standard 
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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 silane 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 epoxy 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 PS-b-P(E/B)-b-PI 

solutions (16 mg/mL, toluene) was 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.  

Water contact angles were measured using an NRL contact angle goniometer (Rame-Hart 

model 100-00) at room temperature. Three measurements from different locations on the sample 

were taken. The contact angle of an air bubble over the polymer surface immersed in water was 

determined using the captive bubble method [49-50]. In the measurement, an air bubble was 

snapped off the tip of a 22 gauge stainless steel syringe needle (0.7 mm O.D. and 0.4 mm I.D.), 
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and then contacted by the surface immersed in water. The advancing and receding contact angles 

were measured between the surfaces and the air bubble. 

NEXAFS experiments were carried out on the U7A NIST/Dow materials characterization 

end-station at the National Synchrotron Light Source at Brookhaven National Laboratory (BNL). 

The general underlying principles of NEXAFS and a description of the beam line at BNL have 

been previously reported [51]. The PEY C 1s spectra were normalized by subtracting a linear 

pre-edge baseline and setting the edge jump to unity at 320 eV [52].   Further surface 

characterization data (atomic force microscopy, contact angle, 
1
HNMR, and 

13
CNMR) can be 

found in the supplemental information. 

 

PROTEIN ADSORPTION TESTS  

The polymer-coated glass slides were tested for protein adsorption. The coated slides 

were immersed in isothiocyanate labelled bovine serum albumin (FITC-BSA, 0.1 mg/mL in 

PBS) solution. The samples were kept at dark for 2 h at room temperature, and then taken out of 

the solution and rinsed with deionized water. The rinsed slides were immediately imaged and 

analyzed with a fluorescent microscope. Fluorescence microscopy was performed using an 

Olympus BX51 upright microscope with a 406 UPlan Fluorite 10 × dry objective (N.A. 0.75). 

Fluorescein of FITC were observed with a 450 nm excitation and 550 nm emission filter set. 

Images were acquired using a Roper Cool Snap HQ CCD camera and analyzed using Image Pro 

image acquisition and processing software 

 

BIOFOULING ASSAYS ON POLYMER COATED GLASS SURFACES  
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All amphiphilic polymer-coated glass slides and control samples were equilibrated in 

deionised water for 72 hours and then in 0.22μm filtered artificial seawater (Tropic Marine®) for 

2 hours prior to testing.  

 

SETTLEMENT, ATTACHMENT, AND ADHESION STRENGTH OF ZOOSPORES OF ULVA LINZA  

A detailed description of the assay can be found in refs 53 and 54. A detailed description 

of the growth and attachment strength of sporelings of Ulva linza can be found in ref. 23.   Slides 

coated with Silastic® T2 (Dow Corning), a polydimethyl siloxane elastomer were included as a 

fouling-release standard in the assay [53, 55-56].  The attachment strength of sporelings to the 

coatings was assessed using a shear stress of 52 Pa generated in a water channel as detailed in 

ref. 57 and 58.  

 

RESULTS AND DISCUSSION: 

The goal of this work is to investigate zwitterionic structures with amphiphilic properties 

for marine antifouling/fouling release applications. By incorporating a phosphorous-based 

surfactant on PS-b-P(DMS-stat-MVS)-b-PS triblock copolymer, three surfaces were produced 

with the ethyl, decyl, and PEG based zwitterions, which were synthesized as described earlier.  

The modified triblock copolymers were spray coated on SEBS treated slides.  

The zwitterionic side groups were synthesized in three parts: 1) the preparation of the 

phosphate, 2) the preparation of the amine, 3) synthesis of the PMC and associated deprotection 

reactions.  In the first part (scheme 1), the thiol of 6-mercapto-1-hexanol was protected using 

trityl chloride.  The thiol had to be protected to prevent side reactions from occurring during a 

later ring opening step.  In the next step, the alcohol reacted with ethylene chlorophosphate under 
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basic conditions to incorporate the phosphate in high yields.  Compound 3 was used to 

synthesize all of the zwitterionic side groups.  Unlike dimethyl-PEG-amine, dimethylethylamine 

and dimethyldecylamine were both commercially available, and therefore were not synthesized 

in the second part of the synthesis.  The synthesis of dimethyl-PEG-amine, shown in scheme 2, 

started with the alcohol on monomethylated poly(ethylene glycol) (Mw = 350) being protected 

with a mesyl group under basic conditions.  The mesyl group was used to convert the alcohol 

into a good leaving group for the addition of the amine. The mesyl-protected monomethylated 

poly(ethylene glycol) was then reacted with dimethylethanolamine under basic conditions at 

reflux. The ethanol group attached to the amine extends the PEG chain by another repeat unit, 

and attaches the amine to the PEG chain.  In the third step (scheme 3) the amines then were used 

to open the ring on the phosphate, attaching one of the two carbons in the chain.  The resulting 

PMC was formed, thereby creating a chain containing both the trityl protected thiol, and either 

the ethyl, decyl, or PEG end group on the amine.  The trityl group was easily removed using 

trifluoroacetic acid (TFA).  The silane was added to the reaction as a reducing agent to prevent 

disulfide bridges from forming.  The thiols were then reacted with the PS-b-P(DMS-stat-VMS)-

b-PS via thiol-ene ‘click’ chemistry to attach the zwitterionic side groups onto the polymer 

backbone.  The ethyl and decyl side groups were attached to the triblock copolymer in 

quantitative yields; however, the PEG side groups were added in only a 37% yield.  It is possible 

that with the PEG chain and the zwitterion, the surfactant is too large and polar to fully mix with 

the triblock copolymer, preventing complete conversion of the vinyl group on the polymer. 

Near edge x-ray absorption fine structure (NEXAFS) was used to determine composition 

of chemical groups at the surface (Figure 5-1).  Peaks around 285 eV were all present at the 

surface of all of the samples, which can be attributed to the C 1s→π ⃰ C=C signal.  This indicates 
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the presence of polystyrene at the surface, which further suggests that a significant amount of the 

triblock copolymers are not able to properly form arches, causing the polystyrene block to 

populate the surface.  Its presence is not generally advantageous for antifouling and fouling 

release properties, and indicates that there needs to be an improvement of the polymer 

composition to provide better surface coverage of the surface active middle block, and less of the 

polystyrene anchor block.  The small peaks around 289 eV can be attributed to C 1s→σ ⃰ C-O 

signal.  This shows the presence of carbon-oxygen single bonds populating the surface, which 

are only present in the zwitterionic side groups, in either the PEG segment or the phosphate.  

Since the peak is present in all of the structures, including those without PEG, this indicates that 

the zwitterionic surfactants are present on the surface.  The large peak at 287 eV, present in 

every surface, can be attributed to C 1s→σ ⃰ C-Si
 
signals.  These types of bonds are only found in 

the PDMS middle block of the triblock copolymer, showing a high surface population of the 

PDMS block.  The ethyl coating has the highest 285 eV peak and the smallest 289 eV peak, 

suggesting that less of the zwitterionic side group is able to populate the surface.  It can be 

speculated that this is due to the side groups being more than half the size of the other samples. 
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Figure 5-1. NEXAFS of a) ethyl, b) decyl and c) PEG zwitterionic samples  

Underwater bubble contact angle measurements were used to monitor the dynamic 

surface capability of facile reordering of the zwitterionic side chains.  The angles in each sample 

decreased quickly, indicating that the surfaces became more hydrophilic after being submerged 

in DI water (Figure 5-2).  The decrease of the contact angle may be attributed to the molecular 

reorganization of the surface, which can occur by the migration of the polar zwitterionic side 

chains towards the water-polymer interface. After 3 days of immersion in DI water, all the 

bubble contact angles stopped lowering suggesting that the surfaces had rearranged to reach an 

equilibrium structure, which occurred over a period of days.  The ethyl surface was the most 

polar of the three indicating that those zwitterions were more easily able to access the surface 

due to a small terminal group attached to the MPC.  The PEG surface was less hydrophilic which 
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is likely due to the fact that the PEG zwitterions had a significantly lower attachment to the 

PDMS-based triblock copolymer.   The decyl surface was the least hydrophilic of the three 

zwitterionic species due to the hydrophobic terminal alkyl chain attached to the MPC; however, 

it was a more polar surface than the unreacted triblock copolymer chain. 

 

 

Figure 5-2. Bubble contact angles of PS-b-P(DMS-stat-MVS)-b-PS triblock copolymer as a 

control, and the PS-b-P(DMS-stat-MVS)-b-PS triblock copolymer with either ethyl, decyl or 

PEG zwitterionic surfactants. 

 

The polymer coated surfaces were exposed to a solution of fluorescently labeled protein 

(FITC-BSA) to test the polymers against non-specific protein adsorption (Figure 5-3).  The 

protein adsorption for the all of the samples was significantly improved over the unmodified 

control.  The ethyl sample showed the best protein absorption resistance, likely due to the ease of 

access to the surface for the zwitterions. 
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Figure 5-3. Relative fluorescence intensities of BSA-FITC adsorbed of PS-b-P(DMS-stat-MVS)-

b-PS triblock copolymer as a control, and the PS-b-P(DMS-stat-MVS)-b-PS triblock copolymer 

with either ethyl, decyl or PEG zwitterionic surfactants compared to SEBS. 

  

Spore settlement densities on the zwitterionic coatings were equal to or slightly higher 

than the VMS control (Figure 5-4).   The ethyl sample did provide the most antifouling resistant 

surface of the three zwitterionic coatings.  All of the samples improved on the PDMS standard 

that was used. 
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Figure 5-4. The density of attached spores on the zwitterionic coatings after 45 mins exposure. 

Each point is the mean from 90 counts on 3 replicate slides. Bars show 95% confidence limits.  

 

Biomass generation after 1 week of sporeling growth was broadly similar on all the test 

coatings and in line with spore settlement densities (Figure 5-5). The percent removal of 

sporelings due to an impact pressure of a 70 kPa sheer stress is shown in Figure 5-6. The 

removal of the sporelings from the PDMS standard and VMS control was significantly greater 

than from the three zwitterionic coatings. The percent removal was marginally higher from the 

decyl coating compared to the other two zwitterionic coatings, but still considerably lower than 

from the VMS control.  The non-polar alkyl chain helps increase the fouling release properties 

towards the sporelings, which is consistent with other studies that show that non-polar surfaces 

tend to have a higher percent release with sporelings. 
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Figure 5-5. The biomass of sporelings on zwitterionic coatings after 7 days. Each point is the 

mean biomass from 5 replicate slides measured using a fluorescence plate reader (RFU; relative 

fluorescence unit). Bars show standard error of the mean. 
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Figure 5-6. Percent removal of 7-day-old sporelings from zwitterionic coatings due to an impact 

pressure of 70 kPa. Each point is the mean removal of biomass from 5 replicate slides measured 

using a fluorescence plate reader. Bars show standard error of the mean derived from arc-sine 

transformed data.  

 

CONCLUSION: 

 In this work, we have synthesized three new zwitterionic modified polymers using PS-b-

P(DMS-stat-VMS)-b-PS triblock copolymer.  The zwitterions were synthesized via a new 

synthetic route that allows for easy customization on either end of the zwitterion.  Being able to 

have thiol functionalization creates the ability to easily attach the zwitterions in high yields, in 

most cases, to block copolymers.  The final polymers were coated onto SEBS treated glass slide 
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substrates via spray coating.  The surface characterization results of these samples suggested that 

these coatings are surface active and can rearrange upon immersion in water.   

All of the zwitterionic modified triblock copolymers display promising results for the 

resistance towards protein adsorption, showing significant improvement over the unmodified 

control.  The Z-ethyl coatings were likely able to show the more promising results from having 

the zwitterion more easily exposed at the surface, attracting water rather than the amphiphilic 

proteins.  Future work on this project would be to investigate the anti-microbial properties of 

these coatings which charged surfaces have shown promise in other studies. 

NEXAFS measurements have shown that all of the zwitterionic modified triblock 

copolymer surfaces contain a significant amount of the polystyrene block, which would reduce 

the surfaces’ effectiveness for antifouling and fouling release applications.  These are similar 

problems that have been observed in other studies shown in Chapter 3 of this dissertation.  

Creating a surface of a mixture of triblock and diblock copolymers to allow the surface to be 

sufficiently populated with the zwitterionic surfactants with none of the polystyrene block at the 

surface is currently being developed. Once we can create these surfaces then we can truly 

evaluate the ability of the zwitterionic groups for antifouling and fouling release properties.  In 

addition, it is possible that this new design will also improve upon our promising protein 

absorption results as well since more of the surface will be populated with the zwitterionic 

groups.  
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CHAPTER 6: DESIGN, SYNTHESIS AND USE OF NEW, BINARY 

Y-SHAPED ATRP/NMP SURFACE TETHERED INITIATOR BY 

MEANS OF PASSERINI CHEMISTRY 
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ABSTRACT 

Heterogeneous polymer brushes on surfaces can be easily formed from a binary initiator on a 

silicon oxide substrate where two different types of polymers can be grown side-by-side. Herein, 

we designed a new Y-shaped binary initiator using straightforward chemistry for ‘grafting from’ 

polymer brushes.  This synthesis takes advantage of the Passerini reaction, a multi-component 

reaction combining two initiator sites and one surface linking site.  This Y-shaped binary 

initiator can be synthesized in 3 steps with a higher yield than other similar initiators reported in 

the literature, and can be performed on a multi-gram scale.  We were able to attach the initiator 

to a silicon oxide substrate and successfully grow polymer brushes from both initiators 

(separately and in combination), confirmed by NEXAFS, AFM, and contact angle. 

 

INTRODUCTION 

 Mixed homopolymer brushes contain two or more distinct homopolymer chains that are 

randomly dispersed [1-21].  These mixed brush surfaces have received interest in fundamental 

studies and been explored in practical applications, such as ‘smart’ surfaces, because they can 

form responsive surfaces [1, 22-23].   When two or more types of polymer brushes are present of 

different polarities and there is sufficient mobility, they will rearrange themselves to minimize 

the brush surface energy in response to the polarity of the local environment [1].  These mixed 

surfaces have been used to create polarity switches on the surface to reversibly change the 

wettability of a surface [22].  Hucknall and co-workers have utilized the amphiphilic qualities of 

mixed polymer brushes to create dynamic surfaces that resist protein absorption [23].  Mixed 

polymer brushes, because each component segregates to form domains of similar brushes, have 
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also been shown to form different morphologies on surfaces [12-21, 25-26].  Theoretical studies 

have been performed on different constructions of mixed polymer brushes that indicate that 

desirable phase morphologies could be formed at the surface [25]. 

When producing mixed homopolymer brushes, it can be quite difficult to demonstrably 

uniformly disperse the two or more different types of polymer chains when attaching preformed 

chains or growing the polymer chains from well-mixed initiators [24].  This can lead to the 

formation of ‘islands’ where there is a distinct zone of one type of polymer.  However, using a 

single anchor site via a Y-shaped binary initiator, the possible difference in attachment point 

between the two polymers or the formation of single brush islands is eliminated [22, 24, 27, 28].  

Theoretical studies show that a Y-shaped molecule with a modest length for its ‘arm’ should be 

able to create uniform mixed surfaces [22, 29, 30].   

Previous Y-shaped binary initiators have been synthesized by Julthongpiput and co-

workers [24] and Zhao and co-workers [27, 28, 31-33].  Julthongpiput created a Y-shaped 

initiator which could be used to polymerize polystyrene (PS) on one end, and PtBA on the other 

end [24].  At the middle point between both polymerizations was a carboxylic acid to be used to 

‘graft to’ a silicon wafer.  Zhao and co-workers created a Y-shaped binary initiator with NMP 

and ATRP initiator functions using multiple reaction steps with a trichlorosilane, 

dimethylchlorosilane, and triethoxysilane anchor units [27. 28, 32, 33].  Such Y-shaped binary 

initiators can be hard to produce due to their many reaction steps and low yields.  For our studies, 

we wished to design a Y-shaped binary initiator using a synthetic scheme that would be easier to 

synthesize, requiring few purification steps, produce a high yield in larger scale, and have the 

versatility to readily change the functionality of each arm of the initiator so that other initiator 

pairs could be used. 
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 The challenging aspect to designing a Y-shaped binary initiator is that there are at least 

three potentially reactive functional groups that might interfere during the synthesis: a TEMPO 

component of the NMP initiator which reacts with high temperatures, a bromine atom which 

reacts with acids and metal complexes, and a silane unit which reacts with alcohols and acids.  In 

addition to these reactive groups, other functional groups are needed to attach all of the 

components together.  To best accomplish this combination, Passerini multi-component 

chemistry was utilized.  Multi-component reactions allow for high bond forming efficiency and 

generally have simple experimental procedures [34].  This brings several advantages in that it 

allows for all three of the reactive components to be combined together in one step.  If the multi-

component reaction is performed as the last step in the synthesis, then there are no intermediates 

with multiple reactive functional groups other than the completed initiator, which leads to fewer 

low yielding purification steps. 

 The Passerini reaction is a multi-component reaction first discovered in 1921 [35].  It 

involves the reaction of a carboxylic acid, with a ketone or aldehyde, and an isonitrile (scheme 

2).  The preparation of the isonitrile is perhaps the most complex part of the synthesis. The 

reaction is benign to most functional groups that might be of interest for brush formation 

including silanes, TEMPO, and aliphatic bromines [34].  Thus the Passerini reaction is ideal for 

the synthesis of a Y-shaped binary initiator that incorporates ATRP and NMP reactive sites. 

 

Scheme 1: General Passerini reaction. 

 

EXPERIMENTAL 
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MATERIALS 

3-Triethoxysilane-propylamine, methyl formate, para-toluene sulfonic acid monohydrate, 

triphenylphosphine, carbontetrachloride, triethyl amine, silver nitrate, Na2S2O8, and 2-bromo-2-

methyl propionic acid were purchased from Sigma-Aldrich.  Ethyl Acetate, dichloromethane, 

methanol, hexanes, acetone, and chloroform were purchased from Fisher Scientific. All other 

chemicals were purchased from Sigma-Aldrich and used without further purification unless 

otherwise noted.  

1
H and 

13
C NMR spectra were recorded on either a Varian Gemini 300 MHz, a Varian 

Gemini 400 MHz, or a Varian Gemini 500 MHz spectrometer with deuterated chloroform, 

chemical shifts (δ) were reported in parts per million (ppm) relative to trimethyl silane (TMS). 

IR spectrum of the polymer cast as a film from THF solution on a sodium chloride plate was 

collected using a Mattson 2020 Galaxy series FTIR spectrometer.  

Water contact angles were measured using an NRL contact angle goniometer (Ramé-Hart 

model 100-00) at room temperature. Five measurements from different locations on the sample 

were taken by measuring the contact angle of a water bubble over the polymer brush surface. 

The advancing and receding contact angles were measured between the surfaces and the water 

bubble. 

NEXAFS experiments were carried out on the U7A NIST/Dow materials characterization 

end-station at the National Synchrotron Light Source at Brookhaven National Laboratory (BNL). 

The general underlying principles of NEXAFS and a description of the beam line at BNL have 

been previously reported (Dimitriou et al. 2011). The PEY C 1s spectra were normalized by 

subtracting a linear pre-edge baseline and setting the edge jump to unity at 320 eV (Samant et al. 

1996).  
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Ellipsometery experiments were carried out on the Accurion EP3 Ellipsometer at the 

Nanotechbiology Center (NTBC) facility at Cornell University. 

Atomic force microscopy was performed with a Dimension (R) Icon (R) from Veeco (TM) 

Instruments Inc. / Bruker AXS GmbH. All images were taken in TappingMode.  

 

SYNTHETIC PROCEDURES: 

 

 

 

Scheme 2. Synthesis of Y-shaped initiator 

 

(5), AgNO3 (0.17 g, 1.00 mmol) and deionized water (30.0 ml, 1.66 mol) were added to a 

250 ml Erlenmeyer flask. The contents of the flask were stirred until the solids dissolved, and the 

solution was added to a 500 ml three-neck round-bottom flask. A stir bar was added to the flask 

and the solution was stirred rapidly. TEMPO (7.80 g, 50.0 mmol) and acetone (30.0 ml, 0.409 
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mol) were added to a 250 ml Erlenmeyer flask and stirred until the solids dissolved. The solution 

was added to the stirring three-neck round-bottom flask. Na2S2O8 (11.90 g, 50.0 mmol) and 

deionized water (45.0 ml, 2.49 mol) were added to a 250 ml Erlenmeyer flask. The solution was 

stirred until the solids dissolved, and then placed in a dropping funnel, which was fitted to a side-

neck of the three-neck flask. The other side-neck was closed with a glass stopper, and the 

middle-neck was fitted with a condenser. The flask was heated to reflux at 62°C. The dropping 

funnel was then opened to allow the sodium persulfate solution to drop into the reaction at a rate 

of 0.5 drops per second. The reaction was stopped once enough of the sodium persulfate solution 

was added so that the red color in the three-neck round-bottom flask was replaced by a pale-

yellow color (approximately 25 ml, 4 hours). The mixture was cooled to 25°C, neutralized with 

NaHCO3 and saturated with NaCl. The mixture was then extracted with 3x30ml pentane. The 

volatiles were removed by evaporation. The product was pure enough to continue with no 

additional purification.  (6.20 g, 29.1 mmol, 58%)  
1
H NMR (400 MHz, cdcl3) δ 4.35 (s, 2H), 

2.19 (s, 3H), 1.53 (dd, J = 19.2, 8.4 Hz, 1H), 1.43 (dd, J = 8.7, 4.3 Hz, 4H), 1.30 (d, J = 13.0 Hz, 

1H), 1.12 (d, J = 8.3 Hz, 12H). 
13

C NMR (101 MHz, cdcl3) δ 206.6, 83.2, 60.0, 39.5, 32.8, 27.2, 

20.1, 16.9. FTIR (neat) 1720 cm
-1

 (s), 2930 cm
-1

 (s), 2970 cm
-1

 (s). 

 

3-Formaminopropyltriethoxysilane. 3-aminopropyltriethoxysilane (11.05 g, 0.050 mol) 

and p-toluenesulfonic acid monohydrate (13.0 mg, 0.070 mmol) were added to a 250 ml round-

bottom flask. Methyl formate (50.0 ml, 0.816 mol) and a stir bar were added to the flask. The 

flask was fitted with a condenser and heated to reflux at 48°C for 24 hours. The volatiles were 

removed by evaporation. The product is then continued to the next step without further 

purification.  The formamide and its rotomer are present.  
1
H NMR (500 MHz, cdcl3) δ 8.12 (s, 
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1H), 6.10 (s, 1H), 3.78 (q, J = 7.0 Hz, 6H), 3.26 (dd, J = 12.8, 6.4 Hz, 2H), 1.62 (dt, J = 14.8, 7.2 

Hz, 2H), 1.19 (t, J = 7.0 Hz, 9H), 0.64 – 0.58 (m, 2H). 
13

C NMR (126 MHz, cdcl3) δ 161.1, 58.5, 

40.4, 22.8, 18.3, 7.7. 

Minor isomer: 
1
H NMR (500 MHz, cdcl3) δ 8.00 (d, J = 12.0 Hz, 1H), 5.95 (s, 1H), 3.78 (q, J = 

7.0 Hz, 6H), 3.19 (q, J = 6.5 Hz, 2H), 1.61 (dd, J = 15.0, 7.7 Hz, 2H), 1.19 (t, J = 7.0 Hz, 9H), 

0.64 – 0.58 (m, 2H).  
13

C NMR (126 MHz, cdcl3) δ 164.7, 58.5, 43.9, 24.9, 18.3, 7.2.  FTIR 

(neat) 1662 cm
-1

 (s), 2881 cm
-1

 (s), 2923 cm
-1

 (s), 2974 cm
-1

  (s), 3282 cm
-1

 (b). 

 

(3), 3-formaminopropyltriethoxysilane (9.65 g, 0.039 mol) and dichloromethane (92.0 

ml, 1.44 mol) were added to a 250 ml round-bottom flask. A stir bar was added and the reaction 

was stirred rapidly. Triethylamine (3.91 g, 0.039 mol), triphenylphosphine (12.16 g, 0.046 mol), 

and CCl4 (5.94 g, 0.039 mol) were added to the flask in this order. The flask was fitted with a 

condenser and heated to reflux at 45°C for four hours. The volatiles were removed using a rotary 

evaporator (30 mTorr). The resulting powder was extracted with hexanes (5 aliquots of 50 ml). 

The combined extracts were dried with MgSO4 and the mixture was filtered. The hexanes were 

removed using a rotary evaporator (30 mTorr). The crude product was purified by flash 

chromatography (Hexanes : Ethyl acetate 19:1) (4.60 g, 0.020 mmol, 40% over two steps).  
1
H 

NMR (300 MHz, cdcl3) δ 3.79 (q, J = 7.0 Hz, 6H), 3.40 – 3.33 (m, 2H), 1.83 – 1.71 (m, 1H), 

2.19 (t, J = 7.0 Hz, 9H), 0.74 – 0.66 (m, 2H).  
13

C NMR (75 MHz, cdcl3) δ 155.6 (t, J = 5.9 Hz), 

58.5, 43.9 (t, J = 6.4 Hz), 23.2, 18.2, 7.3.  FTIR (neat) 2144 cm
-1

 (s), 2881 cm
-1

 (s), 2923 cm
-1

 

(s), 2974 cm
-1

 (s). 
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(1), 2-bromo-2-methyl propionic acid (127.2 mg, 0.76 mmol), (3) (220.0 mg, 0.95 mmol), and 

(5) (135.2 mg, 0.63 mmol) were added to a 50 ml round-bottom flask. THF (3.2 ml, 39.5 mmol) 

and a stir bar were added to the flask. The flask was fitted with a condenser and heated to reflux 

at 50°C for 30 hours. The volatiles were removed using a rotary evaporator (30 mTorr). The 

crude product was purified by flash chromatography (Hexanes: Ethyl acetate 9:1) (255.6 mg, 

0.42 mmol).  The product was stored in a freezer to prevent decomposition.  
1
H NMR (500 MHz, 

cdcl3) δ 6.51 (t, J = 5.2 Hz, 1H), 4.25 (d, J = 9.6 Hz, 1H), 4.03 (d, J = 9.6 Hz, 1H), 3.81 (q, J = 

7.0 Hz, 6H), 3.40 – 3.33 (m, 1H), 3.29 – 3.22 (m, 1H), 1.98 (s, 3H), 1.95 (s, 3H), 1.72 – 1.59 (m, 

2H), 1.64 (s, 3H), 1.46-1.40 (s, 4H), 1.33 – 1.27 (m, 2H), 1.21 (t, J = 7.0 Hz, 9H), 1.15 (s, 3H), 

1.13 (s, 3H), 1.10 (s, 3H), 1.05 (s, 3H), 0.66 (t, J = 8.4 Hz, 2H).  
13

C NMR (126 MHz, cdcl3) δ 

170.1, 169.4, 84.4, 77.5, 60.3, 60.1, 58.4, 57.0, 42.2, 39.8, 32.9, 32.7, 30.9, 30.9, 23.0, 20.2, 20.2, 

19.3, 18.3, 17.0, 7.8.   FTIR (neat) 1662 cm
-1

 (s), 1740 cm
-1

 (s), 2930 cm
-1

 (s),  2940 cm
-1

 (s), 

3390 cm
-1

 (b). 

 

DEPOSITING INITIATOR ON OXIDE SURFACE: 

A plasma-cleaned silicon wafer was added to a 25 ml round bottom flask.  To the flask, 10 ml of 

a 0.01 M solution of 1 in toluene was added.  The solution was then heated to 70
o
C for 24 h.  

After the silicon wafers were removed the surface was rinsed with toluene and dichloromethane 

for five minutes each.  The silicon wafers were then dried with N2. 

 

ATRP POLYMERIZATION WITH THE BINARY INITIATOR: 

MMA was prepared by running through a column of inhibitor remover resin designed to remove 

quinone based inhibitors.  10 g MMA was combined with 2 ml H2O and 8 ml methanol.  The 
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solution was bubbled through with argon for over 30 minutes.  To a Schlenk flask, the Y-shaped 

initiator treated silicon wafer and 3.7 mg Cu(II)Br, 25.7 mg bpy, and 27 mg ascorbic acid were 

added.  The solution was pumped down under vacuum for over five minutes and then backfilled 

with argon five times.  Then the PMMA/H2O/methanol solution was cannulated over to the 

Schlenk flask.  The solution was stirred to disperse the solids.  The solution was left at room 

temperature for a given length of time.  The solution was quenched by opening the flask to the 

atmosphere.  The wafers were rinsed with methanol and then dichloromethane for five minutes 

each.  The silicon wafer was then dried with N2. 

 

NMP POLYMERIZATION WITH THE BINARY INITIATOR: 

Styrene was purified by first running through a column of basic alumina to remove inhibitors.  

10 g of styrene was then freeze-pump-thawed by backfilling with argon 5 times.  To a Schlenk 

flask, the Y-shaped initiator was added and pumped under vacuum for over five minutes and 

then backfilled with argon five times.  The styrene was then cannulated over to the Schlenk flask.  

The solution was heated to 100
o
C and let run for a given length of time.  The solution was 

quenched by opening the flask to the atmosphere.  The wafers were rinsed with toluene and then 

dichloromethane for five minutes each.  The silicon wafer was then dried with N2. 

 

RESULTS AND DISCUSSION: 

The isonitrile 3 is produced over two steps from 2 performed similar to methods from 

Berry and co-workers [36]. The amine is first reacted to form a formamide by reacting with 

methyl formate at reflux for 24 hours.  The formamide can be isolated as a mixture of cis and 

trans isomers.  The formamide is then reduced using triphenylphosphine, carbon tetrachloride 
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and triethyl amine to easily produce the isonitrile.  The isonitrile is reactive on silica gel and 

therefore chromatography will reduce the yield.  The crude product is however pure enough to 

carry to the next reaction.  TEMPO (4) was gently oxidized with AgNO3 and Na2S2O8 in acetone 

to produce 5. Utilizing the Passerini reaction, 3, 5, and 2-bromo-2-methyl propionic acid were 

combined to form the Y-shaped initiator 1 with gram-scale quantities of product (Scheme 1). 

It is important to note that we selected triethoxysilane as the anchor for the Y-shaped 

initiator.  Other ATRP initiators typically use either a mono- or trichlorosilane derivative [27, 28, 

31, 37-40].  While these initiators do have the advantage of high reactivity on silicon wafers, the 

reaction has to be carried out in a dried aprotic solvent, which can be difficult, to prevent 

unfavorable side reactions that ruin the density of the initiator attachment [41].  Conversely, 

trialkoxysilane groups can be attached to an oxide surface in protic solvents such as ethanol or 

water [41].  Since our Y-shaped initiator is hydrophilic, there will be better dispersion of the 

initiator in a protic solvent.   

 

 

Scheme 3: Polymerization of polymer brushes with Y-shaped initiator. 

The binary Y-initiator was deposited on a silica surface by immersing plasma-cleaned 

silicon wafers in 0.01 M toluene solution of 1 at 70
o
C for 24 h.  AFM was used to confirm a 

smooth layer of initiator present at the surface.  Ellipsometery determined that there were two or 

fewer layers of initiator on the surface with a height of 2.0 nm.  The PS growth on the surface 

was performed via NMP by the addition of styrene at 100
o 

C (scheme 3) for 90 minutes.  
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Ellipsometery determined that the height was 18 nm.  Due to the absence of any metal on the 

surface, ATRP could not have been carried out under these conditions.  The PMMA growth on 

the surface was performed via ATRP using Cu(II)Br with ascorbic acid added to create reducing 

conditions for the copper at room temperature for 2 hours. (scheme 3) [42]. Ellipsometery 

showed that the height of the polymer brushes was 24 nm.  The ATRP was carried out at room 

temperature to ensure that concurrent NMP reaction was not possible.  NMP has been shown in 

similar systems to occur at temperatures of ~80
o 

C or greater, which we observed as well [31, 

43]. 

 

Figure 6-1.  Static, advancing, and receding water contact angles for PS, PMMA, and a 

PMMA/PS mixed brush surfaces.  Error bars indicate standard deviation. 

 

The mixed PMMA/PS brushes demonstrated a static water contact angle between that of 

a pure PMMA and pure PS surface (Figure 6-1).  This indicates that the polarity of the surface of 

the mixed-surface is in between those of PMMA and PS as might be expected.  The value is 

closer to the PMMA surface which could imply that there is more PMMA present at the surface 

of the mixed surface, which is consistent with the ellipsometery and the NEXAFS study shown 
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below. This trend holds for the advancing and receding contact angles (Figure 6-1).  The 

advancing contact angles are not significantly larger than the static angles, suggesting a smooth 

and uniform surface. 

 

A) B)  

C)  

Figure 6-2. NEXAFS measurements of silicon wafers with a) PS brushes, b) PMMA brushes, c) 

PS/PMMA brushes(you need to explain the different angles in the caption) 

 

Near edge x-ray absorption fine structure (NEXAFS) measurements may be used to 

determine both bond orientation and composition of chemical groups at the surface. Specifically, 

because NEXAFS spectroscopy can distinguish between aromatic carbon atoms of polystyrene 

and carbonyl carbons of poly(methyl methacrylate), it can be used to determine the relative 
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concentrations of PS and PMMA at the film surfaces. Figure 6-2 shows the carbon edge of 

NEXAFS spectra of the polymer brushes at four different electron emission angles (30
o
, 50

o
, 90

o
 

and 120
o
).   

In Figure 6-2A, the PS surface contains a sharp resonance peak near 285 eV which can be 

attributed to the C 1s→π⃰ C=C signal.  This peak indicates the presence of aromatic carbons from 

the phenyl groups of PS.  The great height of the peak indicates that the benzyl groups of PS 

dominate the surface.  In Figure 6-2B, the PMMA surfaces contain a strong sharp resonance near 

289 eV. The characteristic signals near 293 eV can be attributed to the C 1s→π ⃰ C=O signal.  The 

carbonyl peak is distinct to the PMMA and is shown to dominate the surface for the PMMA 

brushes.  Figures 6-2A and 6-2B do not show any significant changes between the four different 

electronic emission angles indicating a lack of bond orientation of the polymer brushes.  In 

Figure 6-2C, the mixed PMMA/PS surface contains both the peak near 285 eV and the peak near 

289 eV indicating the presence of both PS and PMMA.  The intensity of the peak at 289 eV is 

more intense than the peak at 285 eV implying that there is more PMMA at the surface.  In fact, 

at the most surface sensitive angle of 120
o
, the peak at 285 eV is decreased, showing a reduced 

amount of PS at the top few nanometers of the surface.  This is consistent with the ellipsometery 

measurements that showed that the PMMA grew longer than the PS brushes.  
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Figure 6-3. AFM topography images (a,b) and averaged sample height of all scan lines in the y-

direction (c) (blue: height profile of a, red: height profile of b). The color bar represents a height 

range of 50 nm from dark to bright for a,b. The scale bar corresponds to sub-figures a,b. The 

averaged vertical distance between the areas marked by blue and red dots in a and b, 

respectively, was used to determine the film thickness.   

 

For investigating the growth of both polymerizations we studied the brush thickness after 

each step using ellipsometry and atomic force microscopy (AFM). While ellipsometry 

measurements give averaged film thicknesses over a large area due to measurement spot size, the 

resulting values are prone to errors from dust on the samples or uncertainties in the optical 

properties of the sample. AFM experiments require removal of brush by scratching away the 

polymer but give the precise film thickness in that spot. In the case of inhomogeneous brush 

thickness, however, the results will be not be representative for the whole sample. 
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Figure 6-3 shows a comparison of the brush thickness after NMP growth of polystyrene 

and subsequent ATRP of methyl methacrylate. In Figures 6-3a and b, the left part of the images 

shows areas where the polymer was removed and the right part of each figure is intact polymer 

brush. Figure 6-3c shows the height of the AFM probe above the surface (averaged height in y-

direction of Figures 6-3a,b; blue curve corresponds to sub-figure a, red curve to sub-figure b). 

The height difference between the respective dotted areas in Figures 6-3a,b is 18.0 nm after 

NMP of styrene (Figure 6-3a) and 21.6 nm after subsequent ATRP of methyl methacrylate 

(Figure 6-3b). These values are in good agreement with ellipsometry measurements (18 nm and 

24 nm, respectively). 

 

 

 

 

Figure 6-4. AFM height (a,c,e) and phase (b,d,f) images of brush samples after NMP of styrene 

(a,b) and after ATRP of methyl methacrylate (c,d on untreated initiator-coated surfaces and e,f 

on samples where styrene brushes were grown beforehand by NMP). The color bar represents a 

height range of 10 nm (a,c,e) and a phase range of 5° (b,d,f) from dark to bright. The scale bar 

corresponds to all images. Dotted lines show the position of cross-sections in Figure 6-5. 
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Figure 6-5. Cross-sections through AFM topography images along the dotted lines in Figures 6-

4a,c,e. The colors match the colors of that figure. 

 

To further confirm the mixed surface composition after sequential polymerization 

techniques the surface topography and phase behavior of the brush surface were measured by 

tapping mode AFM imaging. Three samples were compared: we polymerized a brush of 

polystyrene by NMP (90 minutes) on the first sample and a brush of PMMA by ATRP (2 hours) 

on the second sample, while in the third sample ATRP of MMA (2 hours) was performed on a 

sample that already contained a polystyrene brush. Figure 6-4 summarizes representative AFM 

topography and phase images of these samples. 

When comparing the surface topography of hompopolymer brushes (Figures 6-4a and c) 

with the brush after NMP and subsequent ATRP (Figure 6-4e), the latter appears rougher and 

indeed has an averaged roughness of 0.465 nm compared to 0.264 nm after only NMP and 0.294 
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nm after only ATRP (averaged Rq values over the whole images from AFM processing 

software). Cross-sections through the topography images along the dotted lines in Figures 6-

4a,c,e illustrate this increased roughness (Figure 6-5). The colors in Figure 6-5 represent the 

different samples and match the colors of the lines in Figures 6-4a,c,e (blue: sample after NMP 

of styrene; black: sample after ATRP of MMA, red: sample after NMP of styrene and subsequent 

ATRP of MMA). 

The AFM phase images in Figures 6-4b,d,f confirm the mixed surface composition: while 

the phase images are almost uniformly colored, indicating a homogeneous surface composition 

after only NMP or only ATRP (Figures 6-4b,d), there are areas of two distinctly different phase 

values in Figure 4f (uniformly bright and uniformly dark colored areas). We note that phase 

contrast may not only be caused by different mechanical properties of the surface but can also by 

high variations in sample topography. In Figure 6-4f, the borders between bright and dark 

colored areas do not match the surface topography (Figure 6-4e) and the changes in the height 

signal are small (in the range of +/- 1 nm, cf. Figure 6-5). This indicates that the phase contrast in 

Figure 6-4f is indeed a result of changes in surface composition, and areas of two distinctly 

different material compositions are present at the brush surface, in agreement with results from 

NEXAFS measurements (cf. Figure 6-2c). Domains of predominantly polystyrene or 

predominantly poly(methyl methacrylate) phase separate at the surface, and the domain sizes are 

in the range of 100 nm or less. 

 

CONCLUSION: 

We have demonstrated the synthesis of a new Y-shaped binary initiator via simple and 

high yielding reactions.  The initiator itself can form a uniform surface layer on a silicon oxide 
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surface.  The initiator was subsequently used to grow brushes via both ATRP and NMP.  PMMA 

brushes could be grown through thick PS brushes already formed on the surface.  We were able 

to demonstrate that both brush types populated the mixed brush surface using both NEXAFS, 

AFM, and contact angle measurements, and consistent with other studies of binary initiators that 

the two brushes undergo phase separation at the surface despite being grown from the same 

initiator.  While we have not observed any regular patterns, we have noticed changes in the phase 

morphology at the surface.  With more control of the polymer brush length it might be possible 

to create regular patterns in the phase morphology. 

 The use of the Passerini reaction in the synthesis of the Y-shaped binary initiator provides 

multiple advantages including increasing the total yield of the synthesis to 22% and reducing the 

number of steps to three.  By combining the three components at the end it limits the amount of 

side reaction possible during the synthesis by limiting the number of functional groups present.  

The late stage addition of the three components can also allow for possible customizations of 

other Y-shape binary initiators. 
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CHAPTER 7:  

TRACKING CULLULAR INTERACTIONS ON SURFACES VIA A 

NEW POLYMER BRUSH DEVICE 
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ABSTRACT 

To produce a method to image cell interactions with surfaces under dynamic real-time 

conditions, we have designed a new polymer brush system.  To these polymer brushes, our goal 

is add a substrate that would fluoresce after contact with an enzyme on the cell surface, causing 

the surface to fluoresce where the cell had interacted with the surface.  Random copolymer 

brushes of poly(2-hydroxyethyl methacrylate) (PHEMA) and modified poly(glycidyl 

methacrylate) (PGMA) were grown on silicon dioxide.  A plasmin-specific coumarin-based 

fluorogenic substrate was synthesized, with the help of a peptide synthesizer for synthetic ease.  

The fluorogenic substrate was attached to the polymer brushes via amide bonds.  The attachment 

of the fluorogenic substrates was confirmed using FT-IR and fluorescence. 

 

INTRODUCTION 

Currently it is difficult to have a robust and effective method for image cell interactions 

with surfaces under dynamic, real-time conditions [1-3].  Most methods that exist, involve 

studying the edge of the cells on the surface inferring the total cell-surface interactions.  

However, it is exceedingly challenging to understand what is happening between the edges. 

Designing a surface with the ability to observe these interactions would allow for a greater 

understanding of cellular activity on surfaces via a clear temporal and spatial record of individual 
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cells.  Our goal for this work is to design such a surface using polymer brushes as our molecular 

scaffold for specific fluorogenic substrates, and utilize proteases on the cell surfaces to trigger 

switching on these labels. 

Proteases are enzymes which catalyze the hydrolytic cleavage of peptide bonds in 

proteins, and are responsible for a vast amount of biological processes including cell motility, 

invasion, tissue remodeling, wound healing, and signal transduction [4-5].  There are over 550 

known proteases in the human genome, with around 10% of these found on cell surfaces [4-5].  

Similarly, in other species proteases make up a significant number of enzymes and a substantial 

amount of those are located on cell surfaces.  Proteases on cell surfaces allow for a potential 

reaction with a peptide segment when a cell surface comes into contact with the target substrate. 

To detect the presence of proteases in and on a cell, synthetic peptides with a fluorescent 

tag, as a marker, have been successfully used [6-8].  The fluorescent tag commonly contains a 

coumarin core, which is attached by an amide linkage to a synthetic peptide segment [6-9].  The 

peptide consists of a sequence that is specific for the target protease [6-8]. With the amide group 

attached to the coumarin core, the fluorescence of the coumarin is significantly diminished 

compared to the unmodified dye. The cleavage site for the protease is between the synthetic 

peptide and the fluorescent tag and when the amide linker is cleaved, the coumarin then exposes 

an amine functionalization, significantly increasing its fluorescence.   

 

Figure 7-1. Chemical structure of the coumarin core. 
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Polymer brushes, i.e. polymer chains covalently attached to a surface, should be able to 

provide an ideal surface substrate for this sensing system [10].  Polymer brushes with a high 

grafting density have beneficial properties such as providing dense surface coverage of polymer 

chains, suitable mechanical interface, and the molecular attachment sites needed to bind 

biomacromolecules such as oligopeptides, antibodies, or dye molecules, while preventing non-

specific binding [11-12]. Due to these properties, polymer brushes have recently been used in 

microelectronics, nanofluidic devices, biosensing, and other areas of nanotechnology [13-17].  

Our design will have the fluorescent coumarin with a specific oligopeptide chain attached, that 

will be attached as a substrate to the polymer brushes.  These fluorogenic substrates can then 

detect the presence of the proteases from the cell surfaces when the cell interacts with the 

polymer brush surface. 

We designed our detection system in two parts: 1) the synthetic peptide sequence with a 

fluorescent tag and 2) the growth and functionalization of the polymer brushes.  We used a 

plasmin-specific peptide sequence (D-lys-leu-val) attached to a coumarin core (VLKF) with a 

carboxylic acid linker specifically synthesized to attach to the polymer brushes [8].  For the 

polymer brushes, we grew random copolymer brushes composed of poly(2-hydroxyethyl 

methacrylate) (PHEMA) and poly(glycidyl methacrylate) (PGMA). This specific peptide was 

chosen because as the cell moves across the brush surface, cell surface plasmin will cleave the 

peptide thus activating the coumarin dye to display the interactions between the cell and the 

surface via fluorescence microscopy (Figure 7-2). 
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Figure 7-2. Illustration of a cell moving across a VLKF functionalized polymer brush surface 

(not to scale). 

 

EXPERIMENTAL SECTION 

MATERIALS:  

Allyl-2-bromo-2-methylpropionate, chlorodimethyl-hydrosilane, Pt on activated carbon 

(10 wt %), 3-aminophenol, 1,3,diacarboxylic acid acetone, ethyl chloroformate, surfuric acid, 

fmoc-valine, fmoc-leucine, fmoc-lycine, wang resin (details), sodium hydroxide (NaOH), 

trifluoroacetic acid (TFA), pyridine, copper (I) chloride, copper (II) dibromide, inhibitor 

remover, glycidyl methacrylate, N-hydroxysuccinimide, 2-hydroxyethyl methacrylate, N,N’- 

diisopropyl carbodiimide (DIC), calcium hydride, fmoc-chloride, trimethylchlorosilane 

(TMSCl), diisopropylethyl amine (DiPEA), HBTU, dimethyl formamide (DMF), 

dichloromethane (DCM), ethyl acetate (EtOAc), methanol (MeOH), and phosphate buffered 

saline (PBS, pH=7.4) were purchased from Sigma Aldrich and used without purification unless 

stated otherwise. Fibronectin and Phalloidin Alexa 647 were purchased from Invitrogen. 

Deionized water with a resistivity of 18.2 MΩ•cm at 25°C was obtained from Millipore’s Milli-
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Q Synthesis A10 system. 4- (dimethylamino)pyridinium 4-toluene sulfonate (DPTS) was 

prepared from dimethyl amino pyridine and sodium p-toluene sulfonate following a published 

procedure [17].  TMSCl was further purified by distillation over calcium hydride.  

 

SYNTHESIS OF THE OLIGOPEPTIDE-BOUND FLUORESCENT DYE:   

Scheme 1: Synthesis of the coumarin core. 

 

(3) To a solution of EtOAc (100 ml), 3-aminophenol (1) (10.23 g, 93.4 mmol) was added 

at room temperature.  The solution was heated to 70
oC

 to allow for (1) to dissolve.  Then 

ethylchloroformate (2) (5.07 g, 46.7 mmol) was added slowly to the solution.  The solution was 

then stirred for 1 hour.  After which, the hot solution was filtered, and a filtrate was collected.  

The solution was concentrated down into a pure solid affording 7.95 g (94%).  
1
H NMR (400 

MHz, DMSO-d6): δ 9.44 (s, 1H), 9.29 (s, 1H), 6.95-6.99 (m, 2H), 6.75-6.82 (m, 1H), 6.32-6.36 

(m, 2H), 4.06 (q, J = 7.1 Hz, 2H), 1.19 (t, J = 7.1 Hz, 3H). 

(5) A solution of 70% sulfuric acid (219 ml) was prepared, and allowed to cool to room 

temperature.  To the solution (3) (7.95 g, 43.8 mmol) was added and allowed to dissolve.  The 

solution was then cooled to 0
oC

.  Next 1,3-acetonedicarboxylic acid (4) (7.05 g, 48.3 mmol) was 

added to the solution.  The solution was stirred for 8 hours.  The solution was poured onto ice 

causing a precipitate to form.  The off-white precipitate was collected by filtration.  The 

precipitate was recrystallized in acetonitrile resulting in a pure white solid 6.91 g (72%).  
1
H 
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NMR (400 MHz, DMSO-d6): δ 10.12 (s, 1H), 7.51-7.57 (m, 2H), 7.30-7.34 (m, 1H), 6.28 (s, 

1H), 4.09 (q, J = 7.1 Hz, 2H), 3.80 (s, 2H), 1.20 (t, J = 7.1 Hz, 3H). 

(6) A solution of NaOH (9.44 g, 0.236 mol) in DI water (62 ml) was prepared.  To the 

solution, (5) (6.91 g, 31.5 mmol) was added.  The solution was then refluxed for 16 hours.  The 

solution was then cooled to 0
oC

.  Sulfuric acid was added dropwise to the solution, and once the 

solution reached a pH of <1, a golden precipitate formed.  It was determined that the 

concentration of the reaction was critical for the precipitation of the product.  The solid was then 

ground up using a mortar and pestle, and dried under vacuum for 48 hours to remove water 

affording 6.04 g (88%).  If some water remains the following reactions result in poorer yields.  

1H NMR (400 MHz, DMSO-d6): δ 12.63 (s, 1H), 7.32 (d, J = 8.5 Hz, 1H), 6.52 (dd, J = 8.5, 2.1 

Hz, 1H), 6.40 (d, J = 0.8 Hz, 1H), 5.95 (s, 1H), 3.72 (s, 2H). 

 

 

Scheme 2: Synthesis of VLKF 

 

(7) To a solution of DCM (20 ml), (6) (1.21 g, 5.52 mmol) was added.  The atmosphere was 

replaced with argon.  Next freshly distilled TMSCl (1.32 g, 12.2 mmol) and DiPEA (1.57 g, 12.2 

mmol) were added.  The solution was then placed under reflux for 3 hours.  The solution was 
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then placed in an ice bath, and fmoc-chloride (1.57 g, 6.05 mmol) was added slowly and in 

portions.  After all of the fmoc-chloride was added, the solution was then stirred for 7 hours.  

The reaction was then quenched by adding methanol, causing the formation of a precipitate.  The 

precipitate was collected by filration, and further purified by rinses with methanol affording 1.76 

g (72%).  
1
H NMR (400 MHz, DMSO-d6): δ 12.82 (s, 1H), 10.21 (s, 1H), 7.90 (d, J = 7.3 Hz, 

2H), 7.75 (d, J = 7.3 Hz, 2H), 7.60 (d, J = 8.6 Hz, 1H), 7.55 (s, 1H), 7.31-7.45 (m, 5H), 6.32 (s, 

1H), 4.54 (d, J = 6.3 Hz, 2H), 4.32 (t, J = 6.2 Hz), 3.86 (s, 2H). 

(8) The synthesis of the VLKF via solid phase peptide synthesis was carried out using a 

published procedures [19].  (7) was used as the first amino acid in the chain.  It is important to 

note that the hydrolysis of VLKF from the resin using TFA also removed the boc-protecting 

group from the ε-amine of the lycine amino acid.  
1
H NMR (400 MHz, dmso) δ 8.46 (d, J = 8.1 

Hz, 1H), 8.30 (d, J = 7.7 Hz, 1H), 8.07 (d, J = 4.3 Hz, 3H), 7.75 (br s, 3H), 4.42 (dd, J = 14.8, 

8.2 Hz, 1H), 4.19 – 4.11 (m, 1H), 3.96 (s, 2H), 3.66 – 3.59 (m, 1H), 2.79 – 2.68 (m, 2H), 2.04 

(dq, J = 13.2, 6.7 Hz, 1H), 1.76 – 1.61 (m, 2H), 1.61 – 1.50 (m, 3H), 1.50 – 1.43 (m, 2H), 1.39 – 

1.28 (m, 2H), 0.97 (dd, J = 6.6, 4.5 Hz, 2H), 0.95 – 0.85 (m, 12H). 

(9) To a solution of dioxane:water (30 ml, 1:1), (8) (0.84 g, 1.50 mmol), DiPEA (0.61 g, 4.74 

mmol), and fmoc chloride (0.42 g, 1.61 mmol) were added.  The solution was stirred for 8 hours 

at room temperature.  The solution was then quenched with water, and EtOAc (50 ml) was 

added.  The solution was washed with saturated NH4Cl (50 ml x 3) and dried over Na2SO4.  The 

solvents were then removed by evaporation.  The crude product was purified by flash 

chromatography (Dichloromethane : Methanol 4:1) affording 1.19 g (79%). 

(10) To a solution of THF (15 ml), (9) (1.13 g, 1.13 mmol), DIC (0.155 g, 1.23 mmol), DMAP 

(0.028 g, 0.23 mmol), and N-Hydroxysuccinimide (0.142 g, 1.23 mmol) were added.  The 
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reaction ran at room temperature for 4 hours.  The solution was then quenched with water, and 

40 ml of EtOAc was added.  The solution was washed with saturated NH4Cl (50 ml x 3) and 

dried over Na2SO4.  The solvents were then removed by evaporation.  The crude product was 

purified by flash chromatography (Dichloromethane : Methanol 19:1) affording 1.03 g (83%). 

 

SYNTHESIS OF SILANE INITIATIOR AND IMMOBILIZATION 

Hydrosilylation of allyl 2- bromo-2-methylpropionate was carried out using a published 

procedure to obtain the ATRP initiator, 3-(chlorodimethylsilyl)propyl 2-bromo-2-

methylpropionate [19]. Round, glass microscope coverslips (12 mm diameter) were oxidized 

using a Harrick Plasma Cleaner for ten minutes, rinsed with ethanol, and heated to remove all 

traces of water. In a glove box, the glass disks were immersed in a toluene solution of the 

initiator (2 mM) and pyridine (0.05 mM) overnight at room temperature. The substrates were 

then removed from the solution and washed with water, ethanol, and dichloromethane (DCM) 

sequentially and sonicated for ten minutes in DCM. Wafers were given a final rinse of 

dichloromethane and blown dry under nitrogen gas. 

 

BRUSH GROWTH 

 PGMA:PHEMA brushes were prepared by placing two glass cover slips with immobilized 

initiator in a 25 mL Schlenk flask under an argon atmosphere. The flask was evacuated and 

backfilled with argon four times. CuCl (72.8 mg, 0.7 mmol), CuBr2 (7.8 mg, 0.03 mmol), 

bipyridine (282 mg, 1.80 mmol) were taken in another 50 mL Schenk flask equipped with a 

magnetic stir bar. The air in the flask was evacuated and replaced with argon four times. 

Glycidyl methacrylate (2.60 g, 18 mmol), 2-hydroxyethyl methacrylate (3.085 g, 24 mmol), 
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methanol (5 ml) and water (1.25 mL) was purged with argon for 25 minutes and cannulated into 

the flask containing the ligand and copper salts. The reaction mixture was stirred at room 

temperature for 30 min to ensure the formation of the copper-ligand complex. This solution was 

then transferred into the flask containing the initiator functionalized device samples and allowed 

to polymerize at 32 °C for different time lengths. After polymerization, the substrates were 

washed multiple times with dichloromethane and ethanol and dried under nitrogen gas. 

 

BRUSH FUNCTIONALIZATION  

Brushes were functionalized with ethylenediamine (1M solution) at room temperature overnight 

and the glass slides subsequently rinsed with water, dichloromethane and ethanol (scheme 4). 

 

Scheme 3: Ring opening reaction of the epoxide groups of PGMA polymer brushes with 

diamineethylene. 

 

The fluorogenic plasmin substrate was attached to the PHEMA-PGMA-NH2 brushes in 

one step. Samples were placed in a 25 mL Schlenk flask under argon atmosphere. The flask was 

evacuated and back filled with argon three times. A solution of (10) (150 mg, 101 mM), DIC 

(125 μL, 0.19 mM), and DPTS (187.5 mg, 0.15 mM) in anhydrous DMF (2.5 mL) plus a few 
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drops of DMSO was cannulated into the flask containing the substrates. After reacting for 48 h at 

32 °C, the substrates were washed with dichloromethane and anhydrous ethanol. 

 

 

Schcme 4: Attachment of VLKF to amine modified PGMA polymer brushes. 

 

To remove the fmoc protecting groups from the amines, the PHEMA-PGMA-VLKF 

polymer brushes were soaked in a 3:1 DMF : piperidine solution for 1 hour.  Then the polymer 

brushes were then thoroughly rinsed with DMF several times to remove all of the piperdine and 

reacted fmoc groups.  

 

POLYMER BRUTH  CHARACTERIZATION: 

Polymer brushes were characterized by ellipsometry, FTIR, and fluorescent microscopy. 

Thicknesses of the brushes were measured using an Imaging Ellipsometer - Nanofilm EP3 with a 

532 nm laser starting at a 50ᵒ angle and ending at 60ᵒ. A PMMA_450 model 

(PMMA_450/SiO2/Si substrate) was used to fit the data, in which the PMMA layer was 

representative of the polymer brush. FTIR data was obtained using a Bruker Optics – Vertex 80v 

with an ATR germanium crystal.  Photoemission spectra were recorded on a Horiba Jobin Yvon 

Fluorolog-3 fluorescence spectrophotometer equipped with a 450 W Xe lamp, double excitation 
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and double emission monochromators, a digital photon-counting photomultiplier and a 

secondary InGaAs detector for the NIR range. Correction for variations in lamp intensity over 

time and wavelength was achieved with a solid-state silicon photodiode as the reference. The 

spectra were further corrected for variations in photomultiplier response over wavelength and for 

the path difference between the sample and the reference by multiplication with emission 

correction curves generated on the instrument. Fluorescent images were taken using an Olympus 

BX51 upright fluorescence microscope, equipped with a Roper Cool Snap hx CCD camera and 

using a DAPI filter set 340-380 nm excitation and 435-485 nm emission.   

 

RESULTS AND DISCUSSION 

 VLKF was synthesized in a short linear path.  Starting with (1), the amine was protected 

using ethyl chloroformate to easily produce (3) in high yield.  The coumarin core was then 

synthesized in a dehydration and lactone-forming cascade reaction under extremely acidic 

conditions.  This cascading reaction allows for the core to be synthesized in two steps and in high 

yield.  The amine protecting group is removed using strong basic conditions to yield (6). Using a 

peptide synthesizer, (6) is treated like an amino acid and added to the resin. Lysine, leucine, and 

valine are added to the chain.  Once cleaved from the resin, VLKF is collected, again in high 

yield.  In order to attach VLKF to the polymer brushes the free amines on the oligopeptide chain 

are protected using fmoc-chloride.  Finally an activating group, in N-hydroxidesuccidamide is 

added to the carboxylic acid to allow for an easy attachment to the polymer brushes. 

 For a device to be effective the difference in the fluorescence of (6) and VLKF should be 

significant enough to be able to distinguish between where a protease has and has not been.  To 

determine the effectiveness of the fluorescence between two coumarins, the photoemission 
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spectra were recorded (Figure 7-3).  Both (6) and VLKF proved to be fluorescent, however, (6) 

was almost 1000 times more fluorescent.  This is significant enough to be able to clearly observe 

where a protease has reacted with VLKF.  It is also notable that the peak for the emission for 

VLKF is red shifted from (6) by 19 nm, showing a slight change due to having an amide 

conjugated to the coumarin core rather than an electron-donating amine. 

   

A)  

B)  

Figure 7-3. Fluorescence emission of (A) VLKF and (B) (6) in DMF from 350 nm to 750 nm. 
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 For the polymer brush system for our detector, homopolymer brushes of PGMA and 

random copolymer brushes of PGMA and PHEMA were investigated as potential platforms.  

The PGMA polymers and polymer segments are able, using their epoxy groups, to be amine 

functionalized with diethylamine in a ring opening mechanism (scheme 3).  This allows for these 

segments to then be further reacted to covalently attach VLKF to the polymer brushes, making 

PGMA a necessity for our detector (scheme 4). To determine the presence of amines at the 

surface after the ring opening reaction (scheme 3), XPS measurements (Figure 7-4) were taken 

of an unreacted PGMA brush and the PGMA brush functionalized with diethylamine. In Figure 

7-4B, the peak at 395 eV indicates the presence of an N (1s) signal.  This shows that there is 

nitrogen at the surface, and thus means that the PGMA brushes have been successfully 

functionalized with amines.  This peak at 395 eV does not appear in the unreacted PGMA 

polymer brushes, which is expected as there are no amines or other sources of nitrogen present.   

 

Figure 7-4. XPS of (A) unmodified PGMA polymer brushes, and (B) diamine ethylene 

functionalized PGMA polymer brushes. 
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PHEMA, unlike PGMA, swells when in contact with water, becoming softer and more 

flexible. When the mixed copolymer brush system of both PGMA, and PHEMA brushes are 

immersed in an aqueous solution, the PHEMA causes the polymer brushes to swell overall 

allowing for water and other dissolved molecules to be easily diffused through the system, and 

able to attach or react to the modified epoxide groups. While XPS suggests that the 

homopolymer PGMA brushes are able to achieve an acceptable degree of functionalization, it is 

possible, due to the swelling properties of PHEMA, that the mixed polymer brushes could be 

able to increase loading capacity. 

The protected and activated VLKF was attached to the PGMA-PHEMA-NH2 brushes 

(scheme 4) under coupling conditions.  The activating group on the carboxylic acid on VLKF 

was shown to be necessary for the attachment to be possible.  The two primary amines on VLKF 

were protected to prevent VLKF from reacting with other VLKF molecules. The Fmoc 

protecting groups were then removed by soaking the polymer brushes in a DMF/piperidine 

solution to allow for the reaction towards the protease.  To determine if the coumarin dye had 

indeed attached to the polymer brushes, the surfaces were characterized. FTIR was a convenient 

method to detect if the polymer brushes had been modified due to the different functional groups 

in the coumarin dye and peptide chain as compared to the brushes (Figure 7-4).  In the PGMA-

PHEMA-NH-VLKF surface, there are several more peaks than the unmodified polymer brushes.  

There is a new peak at 1540 cm
-1

 which is characteristic carbon-carbon aromatic double bond 

stretching, indicating the presence of the coumarin core from VLKF in the polymer brush.  At 

1650 cm
-1

 there is a new peak, which correlates to a carbon-oxygen double bond stretching from 

amides.  These types of bonds are located throughout the VLKF group and further suggest that 
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the VLKF attachment was successful.  Both surfaces do show a common peak around 1730 cm
-1

 

which is characteristic of carbon-oxygen double bond stretching in esters.  These peaks come 

from the esters in PGMA and PHEMA, which both surfaces have in common. 

 

Figure 7-5. FTIR of PGMA-PHEMA-NH2 (green) and PGMA-PHEMA-NH-VLKF (purple) 

polymer brushes. 

To further confirm the attachment of VLKF to the polymer brushes, fluorescence 

imaging was performed (Figure 7-6). Figure 7-6A shows fluorescence micrographs of the VLKF 

modified polymer brushes, and Figure 7-6B shows the fluorescence of the unmodified polymer 
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brushes as a control.   From observing the emissions of the coumarin core and VLKF (Figure 7-

3), a DAPI filter set was used which has an excitation range of 340 – 380 nm.  However, the 

emission range is 435 – 485 nm, which does not contain the peak of the emission of either 

molecule.  Despite this limitation, a significant amount of the emission could be captured to be 

able to determine the attachment of VLKF to the polymer brushes. Indeed in Figure 7-6A, a blue 

fluorescence similar to VLKF’s fluorescence was easily observed, suggesting that VLKF had 

attached to the polymer brushes.  A few spots of high fluorescence were attributed to dust 

contaminations. The modified polymer brushes in Figure 7-6B showed that there was no 

fluorescence on the surface as expected.  Again the small spots of fluorescence were attributed to 

dust contaminations. 

 

Figure 7-6. Fluorescent micrographs of VLKF modified polymer brushes (A) and unmodified 

polymer brushes (B) 

 

CONCLUSIONS: 
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 To date, we have demonstrated the synthesis of a plasmin-specific peptide (D-val-leu- 

lys)-containing fluorogenic plasmin substrate, confirmed its attachment (as well as the coumarin 

dye molecule) to polymer brushes, and verified cellular compatibility with amine-functionalized 

brushes. The next step is to show enzymatic cleavage of the peptide permitting the fluorescence 

of the coumarin dye; however, the current system does not show a significant increase in 

fluorescence either on the brushes or in solution. Thus we are investigating redesigning the dye 

to aid the enzymatic reaction. The current cleavage point contains a very stable amide group, 

perhaps too stable such that the enzyme is unable to cleave the peptide bond. To overcome this, 

we plan on adding a CF3 moiety on the coumarin dye to pull electron density away from the 

amide bond and make it more susceptible to enzyme attack. With a few synthetic changes, the 

fluorescence intensity of the peptide substrate in solution and attached to the brushes should be 

magnitudes of order greater after enzymatic incubation or cellular exposure. 
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CHAPTER 8: EFFICIENT SYNTHESIS OF THIOPYRANS USING 

A SULFUR-ENABLED ANIONIC CASCADE 
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Abstract 

Thiopyrans are a particularly attractive scaffold for synthetic organic chemistry.  Using either 

Rainey Nickel or mCPBA the sulfur can be removed either entirely, or in a ring contracting 

mechanism.  Herein, we will explore in new cascading reaction to synthesize thiopyrans in a 

short synthesis.  From a carbonyl and a beta-thiophosphate, using a vinyl Grignard-like reagent, 

and then a sacrificial alkoxide, the resulting thiol can undergo a 4-exo or 6-endo mechanism to 

produce the thiolpyran in one pot.  We optimized these conditions for ketones and esters, with an 

array of carbon structures that can be used.  We have also demonstrated a short synthesis to 

produce a complex steroid-derivative that contains no sulfur despite being directly constructed 

from the sulfur. 

 

INTRODUCTION 

Sulfur is one of the most important heteroatoms used in organic chemistry, in terms of 

biological significance in proteins and representation in important natural and nonnatural 

constructs.  It has unique properties that allow it to be quite chemically versatile.  Sulfur 

compounds: 1) are strong nucleophiles; 2) are easily reduced and oxidized; 3) provide useful 

ylide and umpolung chemistry; 4) stabilize carbanions and carbocations; 5) have great utility in 

radical chemistry; 6) can be chiral at the sulfur; 7) are found in cores of important chiral 

auxiliaries and 8) are the key enabling element for more than 20 named reactions in organic 

chemistry [1,2].  Seven of the ten best-selling pharmaceuticals in the world contain sulfur [3]. 

Our goal was to develop new useful synthetic transformations that included sulfur as the 

central element [4].  We were able to design a new anionic cascade that produces various 

thiopyran products in a one-pot synthesis from simple starting materials (scheme).  The idea for 
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the design of this new reaction came from the need to progress our ring expansion investigation 

to include vinyl thiopyran upon treatment with a metal catalyst.  We theorized that the thiopyran 

constructs could be synthesized in a single step from an appropriately functionalized carbonyl 

construct containing a thiol group at the beta position instead of from a ring expansion method.  

This new one-pot anionic cascade would be initiated upon addition of a vinyl nucleophile to the 

carbonyl group, at which point the substitutent on sulfur would migrate to the newly formed 

alkoxide, thus forming a new leaving group and a thiolate nucleophile.  Ketones, aldehydes, and 

esters were anticipated to be the most likely functional groups to be compatible with this new 

anionic cascade. 

 

EXPERIMENTAL: 

GENERAL EXPERIMENTAL DETAILS 

Commercial reagents were purchased and used without further purification. All glassware was 

flame dried and reactions were performed under a nitrogen atmosphere, unless otherwise stated. 

Methylene chloride, tetrahydrofuran, diethyl ether and toluene were dried by passage through a 

solvent drying system containing cylinders of activated alumina.1 Flash chromatography was 

done with Silicycle SiliaFlash® F60 silica, and thin layer chromatography (TLC) was performed 

with EMD 250 μm silica gel 60-F254 plates. 1H NMR spectra were acquired Bruker (400 or 500 

MHz) spectrometer spectrometers with chloroform (7.26 ppm) as internal references. Signals are 

reported as follows: s (singlet), d (doublet), t (triplet), q (quartet), dd (doublet of doublets), dt 

(doublet of triplets), br s (broad singlet), m (multiplet). Coupling constants are reported in hertz 

(Hz). 13C NMR spectra were acquired on spectrometers operating at 100 or 125 MHz with 

chloroform (77.23 ppm) as internal references. Infrared spectra were obtained on an FT-IR 
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spectrometer. High resolution mass spectrometry was performed at the University of Illinois at 

Urbana-Champaign facility and University of Arizona Mass Spectrometry Facility. 

 

O, O-diethyl S-(3-oxo-3-phenylpropyl) phosphorodithioate (A1) 

 

To a solution of ketone (9.2g, 54.6 mmol) in acetonitrile (80 mL) was added thiophosphate salt 

was (14.2 g, 69.9 mmol). The mixture was then placed in a 70 °C oil bath, and heated for 4 

hours.  The solution was cooled down to room temperature and filtered over celite. The solvent 

was removed in vaco and flash chromatography with silica in (5% EtOAc : 92% hexanes) 

provided A1 (10.44 g, 32.8 mmol, 60%) as yellow oil. 1H NMR (400 MHz, CDCl3)  8.07 – 7.88 

(m, 2H), 7.67 – 7.53 (m, 1H), 7.55 – 7.41 (m, 2H), 4.36 – 3.99 (m, 4H), 3.43 (td, J = 6.9, 0.7 Hz, 

2H), 3.26 (dtd, J = 17.9, 6.9, 0.7 Hz, 2H), 1.36 (td, J = 7.1, 0.8 Hz, 6H); 13C NMR (100 MHz, 

CDCl3)  197.4, 136.3, 133.5, 128.7 (2C), 128.0 (2C), 64.1, 39.3, 27.5, 27.5, 15.9, 15.8; IR (film) 

3027.7, 2980.5, 2899.5, 1685.5, 1596.8, 1580.4, 1448.3, 1226.5, 1009.6, 959.4, 749.2, 694.3, 

650.9 cm-1; HRMS (ESI+) m/z 341.0417 [calculated mass for C13H19NaO3S2P (M+Na+) 

341.0411]. 

 

O, O-diethyl S-(3-oxo-1, 3-diphenylpropyl) phosphorodithioate (B1) 
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To a flame dried 50 mL round bottom flask charged with chalcone (1.86 g, 8.93 mmol) was 

added [primbr] (3 mL) and dithiophosphate (2.2 mL, 14.31 mmol). The mixture was stirred for 3 

hours at room temperature. The solution was quenched and washed in Et2O (3 × 10 mL). The 

solvent was removed in vacuo and the product was isolated by flash chromatography (8% 

EtOAc-Hexanes elution) on silica gel to yield A2 (3.26, 8.26 mmol, 93%) as a yellow oil. 1H 

NMR (400 MHz, CDCl3)  8.00 – 7.87 (m, 2H), 7.66 – 7.53 (m, 1H), 7.53 – 7.39 (m, 4H), 7.37 – 

7.21 (m, 3H), 5.03 (ddd, J = 12.9, 8.1, 6.4 Hz, 1H), 4.23 – 4.04 (m, 3H), 3.78 (dd, J = 17.2, 6.5 

Hz, 1H), 3.74 – 3.61 (m, 2H), 1.34 (td, J = 7.0, 0.8 Hz, 3H), 1.14 (td, J = 7.1, 0.8 Hz, 3H); 13C 

NMR (100 MHz, CDCl3)  195.9, 141.7, 141.6, 136.5, 133.4 (2C), 128.7 (2C), 128.6 (2C), 128.1 

(2C), 127.8, 64.0 (d, J = 5.6 Hz), 63.8 (d, J = 5.3 Hz), 47.8 (d, J = 3.8 Hz), 46.3 (d, J = 7.1 Hz), 

15.8 (d, J = 8.8 Hz), 15.5 (d, J = 9.0 Hz); IR (film) 2983.4, 2936.1, 2903.3, 1685.5, 1597.7, 

1448.3, 1389.5, 1353.8, 1235.2, 1197.6, 1160.0, 1013.4, 959.4, 913.1, 743.4, 659.5 cm -1; 

HRMS (ESI+) m/z 395.0902 [calculated mass for C19H24O3S2P (M+H+) 395.0904] 

 

General procedures of one pot anionic cascade route to thiopyrans for ketone substrate. 
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To a solution of aryl ketone (1 equiv) in anhydrous THF at 0 °C was added vinyl Grignard (1.5 

equiv) reagent. The mixture was stirred at 0 °C and warmed back to room temperature over 3 

hours. A solution of potassium tert-butoxide (2 equiv) in THF was added dropwise and the 

mixture was stirred for 5 minutes. After the addition, the colorless and transparent reaction 

mixture turned into orange and cloudy. The solution was then quenched with 1M HCl and stirred 

for 1 hour. The aqueous layer was extracted with CH2Cl2 (3 times) and the combined organic 

layers were dried with MgSO4, concentrated in vacuo, and isolated by flash chromatography 

(1% EtOAc-Hexanes elution) on silica gel to yield thiopyran. 

 

4-phenyl-3, 6-dihydro-2H-thiopyran (3) 

 

The title compound was isolated by flash column 1% EtOAc-Hexanes elution) on silica gel in 

70% yield.1H NMR (400 MHz CDCl3)  ppm 7.35-7.30 (m, 4H), 7.28-7.26 (m, 1H), 6.17 (tt, J = 

4.3, 1.8 Hz, 1H), 3.35 (dt, J = 4.5, 2.4 Hz, 2H), 2.90 (dd, J = 7.9, 3.7 Hz, 2H), 2.77 – 2.62 (m, 

2H) ppm; 13C NMR (100 MHz CDCl3)  ppm 142.9, 138.2, 128.3, 127.1 (2C), 125.5, 121.6 

(2C), 28.6, 26.2, 25.4 ppm; IR (film), 3023.9, 2893.7, 1288.2, 913.1, 742.5, 696.1 cm-1; HRMS 

(EI+) m/z 176.0651 [calculated mass for C11H12S (M+) 176.0660]. 

 

5-methyl-4-phenyl-3, 6-dihydro-2H-thiopyran (7a). 
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The title compound was isolated by flash column 1% EtOAc-Hexanes elution) on silica gel in 

59% yield. 1H NMR (400 MHz, CDCl3)  7.38 – 7.28 (m, 2H), 7.25 – 7.19 (m, 1H), 7.15 – 7.08 

(m, 2H), 3.17 (d, J = 0.7 Hz, 2H), 2.82 (t, J = 5.9 Hz, 2H), 2.58 – 2.47 (m, 2H), 1.62 (tt, J = 1.8, 

0.8 Hz, 3H) ppm; 13C NMR (100 MHz, CDCl3)  143.9, 133.6, 128.4 (2C), 128.2 (2C), 126.7, 

126.4, 32.7, 30.6, 25.7, 21.2 ppm; IR (film) 3074.1, 3052.9, 3018.2, 2960.3, 2925.6, 2852.3, 

1598.8, 1488.8, 1440.6, 1261.3, 1242.0, 1070.4, 1022.1, 761.8, 703.9 cm-1; HRMS (EI+) m/z 

190.0809 [calculated mass for C12H14S (M+) 190.0816] . 

 

6-methyl-4-phenyl-3, 6-dihydro-2H-thiopyran (7b) 

 

The title compound was isolated by flash column 1% EtOAc-Hexanes elution) on silica gel in 

69% yield. 1H NMR (400 MHz, CDCl3)  7.37-7.31 (m, 4H), 7.28-7.24 (m, 1H), 6.02 (dt, J = 

3.6, 1.8 Hz, 1H), 3.72 – 3.50 (m, 1H), 2.99 – 2.84 (m, 2H), 2.79 – 2.55 (m, 2H), 1.43 (d, J = 7.1 

Hz, 3H) ppm; 13C NMR (100 MHz, CDCl3)  142.8, 137.5, 128.7, 128.3 (2C), 127.1, 125.6 (2C), 

33.9, 28.5, 24.7, 22.2 ppm; IR (film) 2358.9, 2252.7, 1473.6, 1382.9, 906.5, 731.0, 651.9 cm-1; 

HRMS (EI+) m/z 190.0824 [calculated mass for C12H14S (M+) 190.0816]. 

 

5, 6-dimethyl-4-phenyl-3, 6-dihydro-2H-thiopyran (7c) 

 

The title compound was isolated by flash column 1% EtOAc-Hexanes elution) on silica gel in 

50% yield. 1H NMR (400 MHz, CDCl3)  7.37 – 7.28 (m, 2H), 7.26 – 7.19 (m, 1H), 7.16 – 7.06 
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(m, 2H), 3.26 (q, J = 7.0 Hz, 1H), 3.07 – 2.92 (m, 1H), 2.81 – 2.72 (m, 1H), 2.67 – 2.53 (m, 1H), 

2.53 – 2.39 (m, 1H), 1.63 (td, J = 2.0, 0.5 Hz, 3H), 1.57 – 1.52 (m, 3H) ppm; 13C NMR (100 

MHz, CDCl3)  144.3, 133.7, 131.5, 128.3 (2C), 128.2 (2C), 126.3, 36.9, 33.4, 22.4, 21.5, 19.9 

ppm; IR (film) 3153.6, 2252.9, 1791.9, 1471.7, 1382.9, 1095.6, 912.3, 900.8, 742.6, 723.3, 651.9 

cm-1; HRMS (EI+) m/z 204.0984 [calculated mass for C13H16S (M+) 204.0978]. 

 

6, 6-dimethyl-4-phenyl-3, 6-dihydro-2H-thiopyran (7d) 

 

The title compound was isolated by flash column 1% EtOAc-Hexanes elution) on silica gel in 

51% yield. 1H NMR (400 MHz, CDCl3)  7.38 – 7.32 (m, 4H), 7.31 – 7.26 (m, 1H), 5.91 (t, J = 

1.9 Hz, 1H), 2.93 (dd, J = 6.2, 5.5 Hz, 2H), 2.67 (ddd, J = 6.4, 5.5, 1.9 Hz, 2H), 1.49 (s, 6H); 

13C NMR (100 MHz, CDCl3)  143.0, 135.6, 134.0, 128.3 (2C), 127.2, 125.8 (2C), 39.8, 31.1, 

31.1, 28.6, 24.1. ); IR (film) 3054.8, 3022.1, 2956.5, 2919.8, 2854.3, 1596.8, 1490.8, 1444.5, 

1359.6, 1286.4, 1031.8, 912.2, 748.3, 698.1 cm-1; HRMS (EI+) m/z 204.0984 [calculated mass 

for C13H16S (M+) 204.0973]. 

 

2, 4-diphenyl-3, 6-dihydro-2H-thiopyran (7e) 

 

The title compound was isolated by flash column 1% EtOAc-Hexanes elution) on silica gel in 

75% yield. 1H NMR (400 MHz, CDCl3)  7.50 – 7.23 (m, 10H), 6.33 – 6.19 (m, 1H), 4.15 (dd, J 
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= 8.9, 5.1 Hz, 1H), 3.73 (ddd, J = 17.8, 5.9, 3.1 Hz, 1H), 3.31 (ddt, J = 17.8, 5.5, 1.6 Hz, 1H), 

3.11 – 2.89 (m, 2H) ppm; 13C NMR (100 MHz, CDCl3)  142.5, 142.2, 138.9, 128.7 (2C), 128.4 

(2C), 127.4(2C), 127.3(2C), 125.6 (2C), 121.4, 43.4, 36.4, 28.3 ppm; IR (film) 3081.8, 3056.8, 

3025.9, 2912.1, 2887.1, 1492.7, 1448.4, 1413.6, 1282.5, 1076.1, 1029.9, 748.3, 696.2 cm-1; 

HRMS (EI+) m/z 252.0959 [calculated mass for C17H16S (M+) 252.0973] 

 

5-methyl-2, 4-diphenyl-3, 6-dihydro-2H-thiopyran (7f) 

 

The title compound was isolated by flash column 1% EtOAc-Hexanes elution) on silica gel in 

51% yield. 1H NMR (400 MHz, CDCl3)  7.47 – 7.15 (m, 10H), 4.16 (dd, J = 9.7, 4.5 Hz, 1H), 

3.71 – 3.52 (m, 1H), 3.12 (d, J = 17.0 Hz, 1H), 2.95 – 2.72 (m, 2H), 1.75 – 1.66 (m, 3H); 13C 

NMR (100 MHz, CDCl3)  143.5, 142.1, 134.1, 128.6 (2C), 128.4 (2C), 128.2 (2C), 127.3 (2C), 

127.3, 126.8, 126.5, 43.6, 40.2, 32.8, 20.9; IR (film) 3055.2, 3024.4, 2906.7, 1597.1, 1490.9, 

758.0, 700.2; HRMS (EI+) m/z 266.1118 [calculated mass for C18H18S (M+) 266.1129]. 

 

6-methyl-2, 4-diphenyl-3, 6-dihydro-2H-thiopyran (7g) 

 

The title compound was isolated by flash column 1% EtOAc-Hexanes elution) on silica gel in 

62% yield. (inseparable diasteromers trans/cis = 2:1) trans: 1H NMR (400 MHz, CDCl3)  7.50 – 

7.17 (m, 10H), 6.19 (ddd, J = 4.6, 2.1, 1.5 Hz, 1H), 4.22 (dd, J = 8.8, 4.4 Hz, 1H), 3.65 – 3.54 

(m, 1H), 3.06 – 2.94 (m, 2H), 1.57 (d, J = 7.1 Hz, 3H); 13C NMR (100 MHz, CDCl3)  142.6, 
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142.2, 137.8, 128.8 (2C), 128.6 (2C), 128.4 (2C), 128.3 (2C), 127.4, 127.3, 125.8, 40.3, 35.9, 

35.1, 23.3. ); IR (film) 3058.7, 3024.0, 2960.3, 2916.0, 1490.8, 1450.3, 914.1, 748.3, 696.2 cm-

1; HRMS (EI+) m/z 266.1113 [calculated mass for C18H18S (M+) 266.1129]. 

 

5, 6-dimethyl-2, 4-diphenyl-3, 6-dihydro-2H-thiopyran (7h) 

 

The title compound was isolated by flash column 1% EtOAc-Hexanes elution) on silica gel in 

46% yield. trans: cis = 1.2: 1. trans 1H NMR (400 MHz, CDCl3)  7.40 – 7.37 (m, 2H), 7.33 – 

7.27 (m, 4H), 7.24 – 7.18 (m, 2H), 7.16 – 7.13 (m, 2H), 4.21 (dd, J = 11.2, 4.1 Hz, 1H), 3.30 (q, 

J = 7.0 Hz, 1H), 2.80 (dddd, J = 17.4, 11.1, 2.3, 1.5 Hz, 1H), 2.66 (ddd, J = 17.6, 3.6, 1.5 Hz, 

1H), 1.67 (t, J = 1.9 Hz, 3H), 1.65 (d, J = 7.1 Hz, 3H); 13C NMR (100 MHz, CDCl3)  143.9, 

141.9, 134.2, 131.4, 128.6 (2C), 128.3 (2C), 128.2 (2C), 127.5 (2C), 127.3, 126.4, 41.5, 41.4, 

40.2, 39.7, 22.4, 19.9; IR (film) 3056.8, 3025.9, 2968.1, 2923.7, 1596.8, 1490.8, 1442.6, 1074.2, 

914.1, 757.9, 696.2 cm-1; HRMS (EI+) m/z 280.1271 [calculated mass for C19H20S (M+) 

280.1286]. 

 

6, 6-dimethyl-2, 4-diphenyl-3, 6-dihydro-2H-thiopyran (7i) 

 

The title compound was isolated by flash column 1% EtOAc-Hexanes elution) on silica gel in 

55% yield. 1H NMR (400 MHz, CDCl3)  7.48 – 7.22 (m, 10 H), 5.96 (dd, J = 2.3, 1.3 Hz, 1H), 



245 
 

4.19 (dd, J = 10.7, 4.3 Hz, 1H), 2.94 – 2.76 (m, 2H), 1.60 (s, 3H), 1.45 (s, 3H); 13C NMR (100 

MHz, CDCl3)  142.6, 141.6, 136.0, 133.6, 128.7 (2C), 128.4 (2C), 127.6 (2C), 127.5, 127.2, 

125.8 (2C), 43.4, 42.6, 37.0, 32.1, 30.4; IR (film) 3079.9, 3058.7, 3025.9, 2956.5, 2921.8, 

1596.8, 1492.7, 1444.5, 1282.5, 754.1, 696.2 cm-1; HRMS (EI+) m/z 280.1278 [calculated mass 

for C19H20S (M+) 280.1286]. 

 

4-hexyl-3,6-dihydro-2H-thiopyran (7j) 

 

The title compound was isolated by flash column 0.5% Ether-Pentanes elution) on silica gel in 

57% yield. 1H NMR (500 MHz, CDCl3)  5.44 (dd, J = 7.5, 3.2 Hz, 1H), 3.20 (d, J = 5.6 Hz, 

2H), 2.78 (t, J = 6.0 Hz, 2H), 2.28 (td, J = 5.9, 0.8 Hz, 2H), 2.15 (td, J = 5.8, 0.8 Hz, 2H), 1.41 

(p, J = 5.7 Hz, 2H), 1.36 – 1.19 (m, 6H), 0.94 – 0.71 (m, 3H). 13C NMR (125 MHz, CDCl3)  

136.7, 120.8, 37.6, 31.7, 31.0, 28.9, 27.9, 27.2, 26.1, 23.4, 14.0. IR (film) 2859.4, 2862.1, 

1501.2, 929.0, 757.7, 644.8 cm-1; HRMS (EI+) m/z 185.1401 [calculated mass for C11H21S 

(M+H) 185.1358]. 

 

2,2,4-trimethyl-3,6-dihydro-2H-thiopyran (7k) 

 

The title compound was isolated by flash column 0.5% Ether-Pentanes elution) on silica gel in 

48% yield. 1H NMR (500 MHz, CDCl3)  5.46 (td, J = 5.3, 0.9 Hz, 1H), 3.24 (d, J = 5.2 Hz, 2H), 

2.03 (d, J = 0.9 Hz, 2H), 1.65 (d, J = 0.9 Hz, 3H), 1.41 (s, 6H). 13C NMR (125 MHz, CDCl3)  
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130.2, 120.7, 44.4, 41.4, 28.9 (2C), 25.6, 23.1. ; IR (film) 2850.2, 1459.0, 1282.5, 1069.6, 758.3, 

546.9 cm-1; HRMS (EI+) m/z 142.0811 [calculated mass for C8H14S (M+) 142.0816]. 

 

O, O-diethyl S-(3-hydroxy-3-phenylpent-4-en-1-yl) phosphorodithioate (A2) 

 

The title compound was isolated by flash column 1% EtOAc-Hexanes elution) on silica gel in 

85% yield. 1H NMR (400 MHz, CDCl3)  7.58 – 7.42 (m, 2H), 7.40 – 7.34 (m, 2H), 7.32 – 7.23 

(m, 1H), 6.18 (dd, J = 17.2, 10.7 Hz, 1H), 5.35 (dd, J = 17.2, 0.9 Hz, 1H), 5.23 (dd, J = 10.7, 0.9 

Hz, 1H), 4.25 – 4.05 (m, 4H), 2.92 (dddd, J = 17.6, 13.1, 11.3, 5.2 Hz, 1H), 2.74 (dddd, J = 18.2, 

13.1, 11.2, 5.2 Hz, 1H), 2.41 – 2.19 (m, 2H), 2.07-2.16 (br s), 1.34 (tt, J = 7.1, 0.7 Hz, 6H); 13C 

NMR (100 MHz, CDCl3)  144.4, 143.2, 128.4 (2C), 127.2, 125.2 (2C), 113.5, 76.7, 63.9, 63.8, 

42.6 (d, J = 4.1 Hz), 28.1 (d, J = 3.9 Hz), 15.9, 15.8; IR (film) 3454.1, 3085.7, 3058.7, 2981.6, 

2937.2, 1446.4, 1388.6, 1161.0, 1012.5, 958.5, 796.5, 702, 657.6 cm-1; HRMS (ESI+) m/z 

369.0727 [calculated mass for C15H23O3S2P (M+Na+) 369.0724]. 

 

O, O-diethyl S-(3-hydroxy-4-methyl-3-phenylpent-4-en-1-yl) phosphorodithioate (A3) 

 

The title compound was isolated by flash column 1% EtOAc-Hexanes elution) on silica gel in 

87% yield. 1H NMR (400 MHz, CDCl3)  7.46 – 7.41 (m, 2H), 7.39 – 7.33 (m, 2H), 7.31 – 7.26 

(m, 1H), 5.26 (dd, J = 1.3, 0.7 Hz, 1H), 5.04 (t, J = 1.4 Hz, 1H), 4.31 – 4.05 (m, 4H), 3.01 – 2.87 



247 
 

(m, 1H), 2.84 – 2.68 (m, 1H), 2.51 – 2.33 (m, 2H), 1.89 (s, 1H), 1.60 (dd, J = 1.4, 0.7 Hz, 3H), 

1.36 (tt, J = 7.1, 0.9 Hz, 6H); 13C NMR (100 MHz, CDCl3)  148.3, 143.7, 128.3 (2C), 127.2, 

125.4 (2C), 111.4, 78.6, 63.9 (d, J = 1.4 Hz), 63.9 (d, J = 1.4 Hz), 40.3 (d, J = 3.9 Hz), 28.3 (d, J 

= 3.9 Hz), 19.1, 15.9, 15.8; IR (film) 3053.3, 2985.8, 2304.9, 1421.5, 1265.3, 1014.6, 960.5, 

894.9, 734.9, 704.0, 659.7 cm -1; HRMS (ESI+) m/z 383.0875[calculated mass for 

C16H25NaO3S2P (M+Na+) 383.0880]. 

 

(E)-O, O-diethyl S-(3-hydroxy-3-phenylhex-4-en-1-yl) phosphorodithioate (A4) 

 

The title compound was isolated by flash column 1% EtOAc-Hexanes elution) on silica gel in 

82% yield.1H NMR (400 MHz, CDCl3)  7.52 – 7.43 (m, 2H), 7.41 – 7.32 (m, 2H), 7.30 – 7.23 

(m, 1H), 5.89 (dq, J = 11.4, 1.8 Hz, 1H), 5.68 (dq, J = 11.4, 7.2 Hz, 1H), 4.28 – 3.99 (m, 4H), 

3.01 – 2.85 (m, 1H), 2.80 – 2.65 (m, 1H), 2.38 – 2.18 (m, 2H), 1.97 (s, 1H), 1.58 (dd, J = 7.2, 1.8 

Hz, 3H), 1.34 (tdd, J = 7.0, 2.7, 0.7 Hz, 6H); 13C NMR (100 MHz, CDCl3)  146.0, 136.0, 129.2, 

128.2 (2C), 126.8, 125.3 (2C), 76.4, 63.9, 63.8, 45.7(d, J = 4.1 Hz), 28.1 (d, J = 3.9 Hz), 15.9, 

15.8, 14.5; IR (film) 2981.9, 2252.9, 1014.6, 908.5, 734.9, 650.0 cm -1 ; HRMS (ESI+) m/z 

383.0888 [calculated mass for C16H25NaO3S2P (M+Na+) 383.0880]. 

 

(E)-O, O-diethyl S-(3-hydroxy-4-methyl-3-phenylhex-4-en-1-yl) phosphorodithioate (A5) 
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The title compound was isolated by flash column 1% EtOAc-Hexanes elution) on silica gel in 

82% yield. 1H NMR (400 MHz, CDCl3)  7.49 – 7.43 (m, 2H), 7.39 – 7.32 (m, 2H), 7.30 – 7.23 

(m, 1H), 5.50 (dddd, J = 8.8, 7.4, 5.9, 1.5 Hz, 1H), 4.29 – 4.07 (m, 4H), 3.07 – 2.78 (m, 2H), 

2.52 (ddd, J = 13.5, 11.4, 5.0 Hz, 1H), 2.36 (ddd, J = 13.5, 11.6, 4.9 Hz, 1H), 1.85 (s, 1H), 1.79 

(p, J = 1.5 Hz, 3H), 1.58 (dq, J = 7.4, 1.5 Hz, 3H), 1.37 (td, J = 7.1, 0.7 Hz, 6H); 13C NMR (100 

MHz, CDCl3)  146.0, 139.1, 128.3 (2C), 127.1, 125.5 (2C), 124.2, 79.1, 63.9 (d, J = 1.6 Hz), 

63.8 (d, J = 1.6 Hz), 41.7 (d, J = 4.1 Hz), 28.4(d, J = 4.0 Hz), 23.3, 15.9, 15.8, 14.9; IR (film) 

2355.1, 2252.9, 908.5, 734.9, 650.0 cm -1; HRMS (ESI+) m/z 397.1029 [calculated mass for 

C17H27NaO3S2P (M+Na+) 397.1037]. 

 

O, O-diethyl S-(3-hydroxy-5-methyl-3-phenylhex-4-en-1-yl) phosphorodithioate (A6) 

 

The title compound was isolated by flash column 1% EtOAc-Hexanes elution) on silica gel in 

79% yield.1H NMR (400 MHz, CDCl3)  7.40 (d, J = 7.2 Hz, 2H), 7.30 (t, J = 7.4 Hz, 2H), 7.20 

(t, J = 7.3 Hz, 1H), 5.71 (s, 1H), 4.25 – 3.97 (m, 4H), 2.94 – 2.76 (m, 1H), 2.70 – 2.50 (m, 1H), 

2.16 (pd, J = 13.6, 5.1 Hz, 2H), 1.85 (s, 1H), 1.73 (s, 3H), 1.46 (s, 3H), 1.35 – 1.22 (m, 6H); 13C 

NMR (100 MHz, CDCl3)  146.3, 138.6, 130.8, 128.0 (2C), 126.5, 125.5 (2C), 75.7, 63.8, 63.7, 

46.6 (d, J = 4.4 Hz), 28.1 (d, J = 4.0 Hz), 26.8, 19.4, 15.8, 15.8; IR (film) 3475.3, 3058.7, 

3025.9, 2979.6, 2931.4, 2908.3, 1444.5, 1386.6, 1159.1, 1012.5, 958.5, 796.5, 702.0, 657.6 cm-

1; HRMS (ESI+) m/z 397.1039 [calculated mass for C17H27O3S2P (M+Na+) 397.1037]. 

 

O, O-diethyl S-(3-hydroxy-1, 3-diphenylpent-4-en-1-yl) phosphorodithioate (B2) 
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The title compound was isolated by flash column 1% EtOAc-Hexanes elution) on silica gel in 

87% yield as inseparable diasteromers. Benzene-vinyl group cis: trans =1:1.3. cis: 1H NMR 

(400 MHz, CDCl3)  7.48 – 7.37 (m, 10H), 6.25 (dd, J = 17.1, 10.6 Hz, 1H), 5.44 – 5.20 (m, 2H), 

4.61 – 4.45 (m, 1H), 3.98 – 3.81 (m, 3H), 3.79 – 3.61 (m, 1H), 2.64 (ddd, J = 14.7, 8.8, 1.1 Hz, 

1H), 2.17 (s, 1H), 1.12 (dtd, J = 21.6, 7.1, 0.8 Hz, 6H); 13C NMR (100 MHz, CDCl3)  144.7, 

143.4, 142.7 (d, J = 4.0 Hz), 128.7 (2C), 128.3 (2C), 127.8 (2C), 127.6, 127.0, 125.4 (2C), 113.2, 

77.2, 64.0 – 63.6 (2C, m), 49.6 (d, J = 6.8 Hz), 49.1 (d, J = 4.2 Hz), 15.8-15.4 (2C, m); trans: 1H 

NMR (400 MHz, CDCl3)  7.36 – 7.15 (m, 10H), 6.04 (dd, J = 17.1, 10.6 Hz, 1H), 5.33 – 5.07 

(m, 2H), 4.38 (ddd, J = 12.2, 8.7, 5.1 Hz, 1H), 4.15 – 3.97 (m, 3H), 3.60 (ddd, J = 9.9, 9.0, 7.0 

Hz, 1H), 2.86 – 2.71 (m, 2H), 2.11 (s, 1H), 1.30 – 1.19 (m, 6H); 13C NMR (100 MHz, CDCl3)  

144.6, 143.3, 142.7 (d, J = 3.4),128.8 (2C), 128.4 (2C), 128.0 (2C), 127.8 , 127.1, 125.4 (2C), 

113.03, 77.3, 63.8 (2C), 49.2 (d, J = 7.9 Hz), 48.9 (d, J = 3.9 Hz), 15.6 (2C); IR (film) 2983.9, 

2252.9, 1012.6, 962.5, 908.5, 734.9, 702.1, 650.0 cm -1; HRMS (ESI+) m/z 445.1035 [calculated 

mass for C21H27NaO3S2P (M+Na+) 445.1037]. 

 

       

These four intermediates were not purified and were used directly in the next cyclization. 

 

General procedures of one pot anionic cascade route to thiopyrans on ester substrate. 
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To a flame dried round bottom flask, CeCl3·7H2O powder (6.6 equiv) was added. The flask was 

placed in a 140°C oil bath and placed in vaco for 2 hours. The powder was then cooled down to 

room temperature, and protected by nitrogen. THF was then added to the flask. The solution was 

stirred for 1 hour and then further cooled down to -78°C and stirred for 15 min. Then a 1.0 M 

vinyl magnesium bromide solution in THF was added (6.6 equiv) and stirred for 1 hour at -78 

°C. The ester (1 equiv) was then added and stirred for 3 hour at -78 °C. Then the mixture was 

warm backed to room temperature and stirred for 48 hours. The mixture was then quenched with 

1M HCl and stirred for 1 hour. The aqueous layer was extracted with CH2Cl2 and the combined 

organic layers were dried with MgSO4, concentrated in vacuo, and dissolved into THF. A 

solution of potassium tert-butoxide in THF was added dropwise and the mixture was stirred for 5 

minutes. After the addition, the colorless and transparent reaction mixture turned into orange and 

cloudy. The solution was then quenched with 1M HCl and stirred for 1 hour. The aqueous layer 

was extracted with CH2Cl2 and the combined organic layers were dried with MgSO4, 

concentrated in vacuo, and isolated by flash chromatography (1% EtOAc-Hexanes elution) on 

silica gel to yield thiopyran as pale yellow oil. 

 

4-vinyl-3, 6-dihydro-2H-thiopyran (9a) 
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The title compound was isolated by flash column 1% EtOAc-Hexanes elution) on silica gel in 

70% yield.) 1H NMR (400 MHz, CDCl3)  6.33 (dd, J = 17.4, 10.7 Hz, 1H), 5.91 (dd, J = 4.4, 3.7 

Hz, 1H), 5.17 (ddd, J = 16.7, 1.6, 0.8 Hz, 1H), 5.03 – 4.85 (m, 1H), 3.24 (dd, J = 26.2, 23.9 Hz, 

2H), 2.87 – 2.71 (m, 2H), 2.46 (ddd, J = 8.0, 3.9, 2.2 Hz, 2H); 13C NMR (100 MHz, CDCl3)  

140.2, 136.5, 125.7, 110.7, 26.0, 24.9, 24.9; IR (film) 2960.3, 2921.8, 2852.3, 1558.3, 1508.1, 

1458.0, 914.1, 746.4 cm-1; HRMS (ESI+) m/z 149.0417 [calculated mass for C7H10NaS 

(M+Na+) 149.0401]. 

 

2-methyl-4-vinyl-3, 6-dihydro-2H-thiopyran (9b) 

 

The title compound was isolated by flash column 1% EtOAc-Hexanes elution) on silica gel in 

71% yield.). 1H NMR (400 MHz, CDCl3)  6.42 – 6.26 (m, 1H), 5.88 (ddddd, J = 5.8, 2.8, 2.1, 

1.4, 0.7 Hz, 1H), 5.16 (d, J = 17.5 Hz, 1H), 4.96 (d, J = 10.8 Hz, 1H), 3.61 – 3.42 (m, 1H), 3.14 

(dd, J = 18.5, 5.6 Hz, 1H), 3.03 – 2.88 (m, 1H), 2.54 (dtd, J = 17.0, 2.5, 1.5 Hz, 1H), 2.17 – 1.98 

(m, 1H), 1.35 (d, J = 6.8 Hz, 3H); 13C NMR (100 MHz, CDCl3)  140.0, 136.7, 125.3, 110.7, 

33.7, 33.4, 26.9, 21.2; IR (film) 2956.9, 2924.1, 2887.4, 2868.1, 1606.7, 1454.3, 987.5, 912.3, 

748.4 cm-1; HRMS (EI+) m/z 140.0650 [calculated mass for C8H12S (M+) 140.0660]. 

 

2-isopropyl-4-vinyl-3, 6-dihydro-2H-thiopyran (9c) 

 



252 
 

The title compound was isolated by flash column 1% EtOAc-Hexanes elution) on silica gel in 

69% yield.) 1H NMR (400 MHz, CDCl3)  6.36 (dd, J = 17.6, 10.9 Hz, 1H), 5.89 (dddd, J = 4.9, 

2.1, 1.4, 0.7 Hz, 1H), 5.18 (d, J = 17.5 Hz, 1H), 4.96 (d, J = 10.9 Hz, 1H), 3.49 (dd, J = 18.1, 2.7 

Hz, 1H), 3.13 (dd, J = 18.2, 4.9 Hz, 1H), 2.75 (ddd, J = 10.9, 6.0, 3.7 Hz, 1H), 2.50 (d, J = 17.0 

Hz, 1H), 2.25 (dd, J = 14.9, 12.9 Hz, 1H), 1.89 (dq, J = 13.4, 6.8 Hz, 1H), 1.13 – 1.01 (m, 6H); 

13C NMR (100 MHz, CDCl3) 140.1, 137.2, 125.8, 110.5, 46.3, 32.4, 29.1, 27.1, 20.1, 20.0 ; IR 

(film) 2944.2, 2798.2, 1615.1, 1466.9, 988.0, 755.5 cm-1; HRMS (EI+) m/z 168.0955 [calculated 

mass for C10H16S (M+) 168.0973]. 

 

3-methyl-4-vinyl-3, 6-dihydro-2H-thiopyran (9d) 

 

The title compound was isolated by flash column 1% EtOAc-Hexanes elution) on silica gel in 

73% yield.) 1H NMR (400 MHz, CDCl3)  6.19 (dd, J = 17.6, 11.0 Hz, 1H), 5.80 (dd, J = 5.5, 3.0 

Hz, 1H), 5.22 (d, J = 17.6 Hz, 1H), 5.07 – 4.93 (m, 1H), 3.45 (d, J = 18.6 Hz, 1H), 3.05 – 2.89 

(m, 2H), 2.75 (s, 1H), 2.48 (ddd, J = 13.3, 2.7, 1.3 Hz, 1H), 1.33 – 1.21 (m, 3H); 13C NMR (100 

MHz, CDCl3)  141.2, 139.4, 124.8, 111.0, 32.4, 27.1, 25.9, 19.3; IR (film) 2972.3, 2910.6, 

2872.0, 2376.3, 1705.1, 1653.0, 1560.4, 742.6 cm-1; HRMS (EI+) m/z 140.0681 [calculated 

mass for C8H12S (M+) 140.0660]. 

 

3-isopropyl-4-vinyl-3, 6-dihydro-2H-thiopyran (9e) 
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The title compound was isolated by flash column 1% EtOAc-Hexanes elution) on silica gel in 

71% yield.) 1H NMR (400 MHz, CDCl3)  6.31 (dd, J = 17.4, 10.9 Hz, 1H), 5.99 – 5.79 (m, 1H), 

5.18 (d, J = 17.5 Hz, 1H), 5.04 – 4.91 (m, 1H), 3.34 (dd, J = 17.8, 5.0 Hz, 1H), 3.25 – 3.13 (m, 

1H), 2.82 – 2.66 (m, 2H), 2.48 (dt, J = 7.7, 3.8 Hz, 1H), 2.17 (ddq, J = 20.5, 13.7, 6.8 Hz, 1H), 

0.98 (d, J = 6.7Hz, 3H), 0.93 (d, J = 6.9, 3H); 13C NMR (100 MHz, CDCl3)  141.3, 140.5, 

124.8, 111.4, 38.9, 30.0, 27.7, 24.8, 21.6, 20.4; IR (film) 2960.3, 2921.8, 2852.3, 1558.3, 1508.1, 

1458.0, 914.1, 746.4 cm-1; HRMS (EI+) m/z 168.0968 [calculated mass for C10H16S (M+) 

168.0973]. 

 

3-ethyl-4-vinyl-3, 6-dihydro-2H-thiopyran (9f) 

 

The title compound was isolated by flash column 1% EtOAc-Hexanes elution) on silica gel in 

71% yield.) 1H NMR (600 MHz, CDCl3)  6.20 (dd, J = 17.6, 10.9 Hz, 1H), 5.85 – 5.73 (m, 1H), 

5.18 (dt, J = 17.6, 0.8 Hz, 1H), 4.98 (dt, J = 10.9, 0.9 Hz, 1H), 3.52 – 3.39 (m, 1H), 3.00 (dd, J = 

18.5, 5.3 Hz, 1H), 2.82 (ddd, J = 13.5, 3.4, 1.4 Hz, 1H), 2.70 (ddd, J = 13.6, 2.7, 1.1 Hz, 1H), 

2.43 (d, J = 10.1 Hz, 1H), 1.79 (ddt, J = 14.5, 10.1, 7.2 Hz, 1H), 1.70 – 1.59 (m, 1H), 0.96 (t, J = 

7.4 Hz, 3H); 13C NMR (125 MHz, CDCl3)  141.0, 139.6, 124.8, 110.7, 34.5, 28.0, 25.8, 25.1, 

12.3; IR (film) 3853.8, 2956.9, 2924.1, 2852.7, 2372.4, 1458.2, 1376.2, 1016.5, 987.5; HRMS 

(EI+) m/z 154.0820 [calculated mass for C9H14S (M+) 154.0816]. 
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Divinyl alcohol intermediates as the organocerium reagent addition products were also 

characterization as below. O, O-diethyl S-(3-hydroxy-3-vinylpent-4-en-1-yl) 

phosphorodithioate (C1) 

 

1H NMR (400 MHz, CDCl3)  5.91 (ddd, J = 17.3, 10.7, 0.5 Hz, 2H), 5.29 (dd, J = 17.3, 0.6 Hz, 

2H), 5.17 (dd, J = 10.7, 1.0 Hz, 2H), 4.31 – 4.03 (m, 4H), 2.97 – 2.81 (m, 2H), 2.00 – 1.91 (m, 

2H), 1.70 (br s), 1.35 (td, J = 7.1, 0.7 Hz, 6H); 13C NMR (100 MHz, CDCl3)  13C NMR (100 

MHz, CDCl3)  141.7 (2C), 113.7 (2C), 75.6, 63.9, 63.8, 41.1 (d, J = 4.3 Hz), 27.8 (d, J = 3.9 

Hz), 15.9, 15.8; IR (film) 3473.8, 2981.9, 2937.6, 2902.9, 1701.2, 1390.7, 958.62, 927.8, 659.7 

cm -1; HRMS (ESI+) m/z 319.0575 [calculated mass for C11H21NaO3S2P (M+Na+) 319.0567]. 

 

O, O-diethyl S-(4-hydroxy-4-vinylhex-5-en-2-yl) phosphorodithioate (C2) 

 

1H NMR (400 MHz, CDCl3)  5.97 (ddd, J = 17.3, 12.3, 10.7 Hz, 2H), 5.37 – 5.29 (dd, J = 17.3, 

1.1 Hz, 2H), 5.23 (ddd, J = 10.7, 2.2, 1.1 Hz, 2H), 4.34 – 4.02 (m, 4H), 3.25 (dddd, J = 13.7, 

12.9, 3.3, 0.7 Hz, 1H), 2.53 (ddd, J = 17.8, 12.9, 10.4 Hz, 1H), 1.93 (dqd, J = 10.1, 6.9, 3.2 Hz, 

1H), 1.64 (br s), 1.37 (td, J = 7.1, 0.7 Hz, 6H), 1.05 (dd, J = 6.8, 0.6 Hz, 3H); 13C NMR (100 

MHz, CDCl3)  141.5, 140.3, 114.3, 114.1, 78.0, 63.8 (2C), 42.8 (d, J = 4.5 Hz), 35.5 (d, J = 3.8 

Hz), 15.9, 15.8, 13.7; IR (film) 3414.4, 2982.4, 1012.5, 959.4, 913.1, 745.4, 656.6 cm-1; HRMS 

(ESI+) m/z 333.0730 [calculated mass for C12H23NaO3S2P (M+Na+) 333.0724]. 
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O, O-diethyl S-(5-hydroxy-2-methyl-5-vinylhept-6-en-3-yl) phosphorodithioate (C3) 

 

1H NMR (400 MHz, CDCl3)  6.03 – 5.77 (m, 2H), 5.30 (ddd, J = 25.4, 17.2, 1.1 Hz, 2H), 5.12 

(dd, J = 21.4, 10.6 Hz, 2H), 4.30 – 3.98 (m, 4H), 3.52 – 3.27 (m, 1H), 2.14 (td, J = 6.8, 2.8 Hz, 

1H), 2.03 – 1.88 (m, 2H), 1.70 - 1.67 (m, 1H), 1.32 (td, J = 7.1, 0.8 Hz, 6H), 0.94 (d, J = 6.8 Hz, 

3H), 0.88 (d, J = 6.8 Hz, 3H); 13C NMR (100 MHz, CDCl3) 142.5, 142.1, 113.5, 112.8, 76.0, 

64.1 (2C), 53.3, 43.3, 33.4, 19.3, 18.2, 15.8 (2C); IR (film) 3492.6, 2979.6, 2960.3, 2927.6, 

1463.8, 1388.6, 1014.4, 958.5, 825.4 ,796.5, 655.7 cm-1; HRMS (ESI+) m/z 361.1029 

[calculated mass for C14H27NaO3S2P (M+Na+) 361.1037]. 

 

O, O-diethyl S-(3-hydroxy-2-methyl-3-vinylpent-4-en-1-yl) phosphorodithioate (C4) 

 

1H NMR (400 MHz, CDCl3)  5.99 – 5.76 (m, 2H), 5.25 (dq, J = 17.3, 1.3 Hz, 2H), 5.09 (ddt, J = 

10.7, 5.5, 1.3 Hz, 2H), 4.23 – 3.98 (m, 4H), 3.53 – 3.35 (m, 1H), 2.18 (s, 1H), 2.12 – 2.02 (m, 

1H), 1.94 – 1.75 (m, 1H), 1.42 (dd, J = 7.0, 1.9 Hz, 3H), 1.30 (tdd, J = 7.0, 2.2, 1.1 Hz, 6H); 13C 

NMR (100 MHz, CDCl3) 142.5, 141.9, 113.2, 113.1, 76.0, 63.9, 63.8, 48.2 (d, J = 6.4 Hz), 41.3 

(d, J = 3.9 Hz), 24.7 (d, J = 5.1 Hz), 15.9, 15.8; IR (film) 3473.8, 2981.9, 2929.9, 1388.7, 

1161.1, 1099.4, 1014.6, 958.6, 927.8, 796.6, 655.8 cm -1; HRMS (ESI+) m/z 333.0729 

[calculated mass for C12H2 3NaO3S2P (M+Na+) 333.0724]. 
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O, O-diethyl S-(3-hydroxy-2-isopropyl-3-vinylpent-4-en-1-yl) phosphorodithioate (C5) 

 

1H NMR (400 MHz, CDCl3)  5.99 (ddd, J = 17.3, 12.7, 10.7 Hz, 2H), 5.31 (ddd, J = 17.2, 11.0, 

1.1 Hz, 2H), 5.20 (ddd, J = 10.7, 8.1, 1.1 Hz, 2H), 4.32 – 3.99 (m, 4H), 3.06 (ddd, J = 13.1, 12.2, 

5.0 Hz, 1H), 2.82 (ddd, J = 13.9, 13.1, 6.6 Hz, 1H), 2.17 – 2.02 (m, 1H), 1.78 (ddd, J = 6.9, 5.0, 

2.2 Hz, 1H), 1.61 (d, J = 0.5 Hz, 1H ), 1.38 (tt, J = 7.0, 0.7 Hz, 6H), 1.05 (d, J = 7.1 Hz, 3H), 

0.94 (d, J = 7.0 Hz, 3H); 13C NMR (100 MHz, CDCl3)  142.5, 141.1, 113.7, 113.6, 79.3, 63.7 

(d, J = 1.7 Hz), 63.7 (d, J = 1.5 Hz), 53.0 (d, J = 5.3 Hz), 28.8 (d, J = 4.1 Hz), 27.3, 24.11, 18.3, 

15.9 (d, J = 1.7 Hz), 15.8 (d, J = 1.8 Hz); IR (film) 3492.6, 3085.7, 2979.6, 2958.4, 2900.6, 

1467.6, 1440.6, 1388.6, 1159.1, 1012.5, 954.6, 794.6, 657.6 cm-1; HRMS (ESI+) m/z 361.1041 

[calculated mass for C14H27NaO3S2P (M+Na+) 361.1037]. 

 

4-isopropyl-8-phenyl-1,3,4,6,6a,9b-hexahydrothiopyrano[3,4-e]isoindole-7,9(8H,9aH)-dione 

(11) 

 

To a dry sealed tube charged with 9e (7.5 mg, 0.044 mmol) solution in toluene (2 mL) was added 

N-phenylmaleimide 10 (19 mg, 0.089 mmol) and the mixture was stirred at 140 °C for 2 hours. 2 

ml H2O was added and the mixture with CH2Cl2 (3 × 3 mL) and the combined organic layers 

were dried with MgSO4 and concentrated in vacuo. Flash chromatography (SiO2, 20% EtOAc–
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hexanes elution) afforded 11 (11 mg, 0.033 mmol, 74%) as a pale yellow solid. 1H NMR (400 

MHz, CDCl3)  7.51 – 7.44 (m, 2H), 7.43 – 7.37 (m, 1H), 7.27 – 7.23 (m, 2H), 5.68 (t, J = 4.4 

Hz, 1H), 3.34 – 3.21 (m, 2H), 3.13 – 3.05 (m, 1H), 2.95 – 2.85 (m, 2H), 2.80 – 2.71 (m, 1H), 

2.64 (ddd, J = 18.3, 12.2, 4.7 Hz, 2H), 2.47 (ddd, J = 12.9, 8.9, 4.9 Hz, 1H), 2.32 (tt, J = 15.4, 

6.6 Hz, 1H), 2.22 – 2.15 (m, 1H), 0.95 (d, J = 6.5 Hz, 3H), 0.88 (d, J = 6.7 Hz, 3H); 13C NMR 

(100 MHz, CDCl3)  178.6, 177.0, 141.4, 131.7, 129.2 (2C), 128.6, 126.3 (2C), 119.3, 50.7, 42.9, 

38.0, 36.7, 31.4, 29.8, 26.0, 22.0, 21.5, 20.0; IR (film) 2926.0, 2848.9, 2355.1, 1705.1, 1496.8, 

1386.8, 1195.9, 752.2 cm -1; HRMS (EI+) m/z 364.1360 [calculated mass for C20H23NNaO2S 

(M+Na+) 364.1347]. 

 

(1-isopropyl-8-methoxy-2,4,4a,4b,5,6,10b,11-octahydro-1H-naphtho[1,2h]isothiochromene-

10b-carboxylate (13) 

 

To a solution of 9e (10 mg, 0.059 mmol) in anhydrous toluene (0.5 mL) was added dienophile 12 

2 (39 mg, 0.18 mmol) and the resulting mixture was refluxed for 140 h. The reaction was cooled 

to room temperature and extracted with ether (3 × 3 mL). The extract was washed with saturated 

sodium bicarbonate solution dried with MgSO4, concentrated in vacuo, and isolated by flash 

chromatography (20% EtOAc-Hexanes elution) on silica gel to yield 13 (11 mg, 0.03 mmol, 

51%) as white solid. 1H NMR (500 MHz, CDCl3)  7.11 (d, J = 7.4 Hz, 1H), 6.69 – 6.66 (m, 1H), 

6.65 (d, J = 1.5 Hz, 1H), 5.63 – 5.56 (m, 1H), 3.70 (s, 3H), 3.67 (s, 3H), 3.11 – 2.98 (m, 2H), 

2.93 (dd, J = 12.5, 6.2 Hz, 1H), 2.78 (dd, J = 12.4, 6.1 Hz, 1H), 2.74 – 2.63 (m, 3H), 2.55 (ddd, J 
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= 24.7, 12.5, 7.3 Hz, 2H), 2.47 (ddd, J = 7.4, 6.3, 1.1 Hz, 1H), 2.41 – 2.33 (m, 1H), 1.98 – 1.87 

(m, 2H), 1.82 (dq, J = 7.7, 6.2 Hz, 1H), 0.96 (s, 3H), 0.95 (s, 3H); 13C NMR (125 MHz, CDCl3)  

179.1, 161.8, 138.8, 137.3, 127.5, 126.5, 121.2, 113.6, 113.4, 56.1, 53.3, 52.6, 48.0, 45.2, 44.3, 

33.0, 32.9, 31.3, 31.0, 27.6, 22.1, 20.4 (2C); IR (film) 2856.9, 2752.1, 1785.2, 1458.9, 1124.1, 

948.7, 752.6 cm -1; HRMS (EI+) m/z 386.1925 [calculated mass for C23H30O3S (M +) 

386.1916]. 

 

(1R,4aS,10aS)-methyl-7-methoxy-1-methyl-2-((S)-3-methylbutan-2-yl)-1,4,4a,9,10,10a-

hexahydrophenanthrene-4a-carboxylate (14) 

 

To a solution of 13 (5mg, 0.013 mmol) in ethanol was added Raney nickel catalyst (20mg) and 

the resulting suspension was refluxed for 30 min and filted. The filtrate was concentrated and 

isolated by flash chromatography (7% EtOAc-Hexanes elution) on silica gel to yield 14 (3.8 mg, 

0.011 mmol, 85%) as a pale yellow oil. 1H NMR (500 MHz, CDCl3)  6.95 (d, J = 7.5 Hz, 1H), 

6.69 (d, J = 1.4 Hz, 1H), 6.64 (dd, J = 7.4, 1.6 Hz, 1H), 5.52 (tt, J = 6.2, 1.0 Hz, 1H), 3.70 (s, 

3H), 3.67 (s, 3H), 3.15 – 3.01 (m, 2H), 2.90 (dd, J = 12.5, 6.2 Hz, 1H), 2.78 – 2.67 (m, 2H), 2.50 

(ddd, J = 6.3, 5.1, 1.1 Hz, 1H), 2.14 – 2 Cacchi, S.; Fabrizi, G.; Goggiamani, A. Org. Lett. 2003, 

5, 4269. 2.03 (m, 1H), 1.92 (ddt, J = 12.1, 7.5, 6.1 Hz, 1H), 1.84 (dq, J = 7.5, 6.2 Hz, 1H), 1.63 

(ddd, J = 12.8, 11.2, 6.4 Hz, 1H), 1.11 (d, J = 6.6 Hz, 3H), 1.06 (d, J = 6.6 Hz, 3H), 0.88 (d, J = 

6.3 Hz, 6H); 13C NMR (125 MHz, CDCl3)  179.1, 161.8, 138.8, 137.2, 132.3, 126.5, 119.1, 

113.6, 113.4, 56.1, 52.6, 46.2, 45.2, 41.5, 35.3, 32.6, 31.3, 29.0, 24.7, 20.0 (2C), 19.6, 15.2; IR 
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(film) 3052.0, 3021.7, 2965.5, 1749.8, 1735.0, 1596.1, 1398.2, 1074.6, 914.0, 688.2, 658.9 cm-1; 

HRMS (EI+) m/z 379.2258 [calculated mass for C23H32NaO3 (M+Na+) 379.2249]. 

 

(8S,9S,14R,17R)-methyl-17-isopropyl-3-methoxy-7,8,9,11,14,17-hexahydro-6H-

cyclopenta[a]phen anthrene-9-carboxylate (15) 

 

To a solution of 13 (5 mg, 0.013 mmol) in dichloromethane (0.5 mL) at −78 °C was added a 

solution of m-chloroperbenzoic acid (6.5mg, 0.037 mmol) in dichloromethane (0.8 mL) 

dropwisely. The mixture was stirred for 15min at -78 °C and warmed to room temperature and 

stirred for 2.5 h. The reaction mixture was diluted with dichloromethane (1 mL), washed once 

with a saturated solution of sodium bicarbonate (1 mL). The combined aqueous fractions were 

extracted with dichloromethane ((3 × 1 mL). The combined organics were dried over sodium 

sulfate, filtered, and concentrated to afford a clear oil was dissolved in tert-butyl alcohol (0.8 

mL) and dichloromethane (0.4 mL). To the mixture was added alumina-supported potassium 

hydroxide (0.1 g) and cooled to -15 °C. Dibromodifluoromethane (71 mg, 0.03 mL, 0.34 mmol) 

was added slowly in 1 min and reaction was stirred at -15 °C for 3 h and warmed to rt. The 

mixture was filtered over Celite, rinsing, exhaustively with dichloromethane, and concentrated to 

give a yellow oil. The filtrate was concentrated and isolated by flash chromatography (5% 

EtOAc-Hexanes elution) on silica gel to yield 15 (1.8 mg, 0.005 mmol, 40%) as a pale yellow 

oil. 1H NMR (500 MHz, CDCl3)  7.04 (d, J = 7.4 Hz, 1H), 6.74 – 6.70 (m, 2H), 5.59 – 5.57 (m, 

2H), 5.56 – 5.54 (m, 1H), 3.70 (s, 3H), 3.67 (s, 3H), 3.21 – 3.13 (m, 1H), 3.07 – 3.04 (m, 1H), 
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3.04 – 2.95 (m, 3H), 2.76 (dd, J = 12.4, 6.1 Hz, 1H), 2.59 (td, J = 7.4, 4.3 Hz, 1H), 2.26 – 2.17 

(m, 1H), 1.76 (ddd, J = 12.1, 7.3, 6.1 Hz, 1H), 1.68 (dq, J = 7.3, 6.1 Hz, 1H), 0.95 (s, 3H), 0.93 

(s, 3H); 13C NMR (125 MHz, CDCl3)  178.6, 161.8, 154.9, 143.0, 138.8, 132.4, 127.5, 126.5, 

120.1, 113.6, 113.4, 56.1, 52.6, 51.1, 46.3, 45.6, 43.9, 32.8, 29.0, 28.1, 23.5, 20.7 (2C); IR (film) 

3015.2, 2923.8, 2854.1, 1755.9, 1551.2, 1522.1, 1431.0, 914.7, 744.5 cm-1; HRMS (ESI+) m/z 

357.1924 [calculated mass for C23H28NaO3 (M+Na+) 357.1936]. 

 

O, O-diethyl S-(2-(3-hydroxypenta-1, 4-dien-3-yl) phenyl) phosphorodithioate (17) 

 

To a flame dried 100 mL three neck round bottom flask, CeCl3·7H2O powder (2.32 g, 6.24 

mmol) was added. The flask was placed in a 140°C oil bath and placed in vaco for 2 hours. The 

powder was then cooled down to room temperature, and protected by nitrogen. THF (20 mL) 

was then added to the flask. The solution was stirred for 1 hour and then further cooled down to -

78°C and stirred for 15 min. Then a 1.0 M vinyl magnesium bromide solution in THF was added 

(6.5 mL, 6.5 mmol) and stirred for 1 hour at -78 °C. The ester (500 mg, 1.56 mmol) was then 

added and stirred for 3 hour at -78 °C. Then the mixture was warm backed to room temperature 

and stirred for 48 hours. The reaction was then quenched with 1M HCl (10 mL) and stirred for 1 

hour. The aqueous layer was extracted with CH2Cl2 (3 × 10 mL) and the combined organic 

layers were dried with MgSO4 and concentrated in vacuo. The product was isolated by flash 

chromatography (3% EtOAc-Hexanes elution) on silica gel to yield diene (402 mg, 1.17 mmol, 

75%) as a yellow oil. 1H NMR (400 MHz, CDCl3)  7.73 – 7.68 (dt, J = 7.8, 2.0 Hz, 1H), 7.65 – 
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7.61 (m, 1H), 7.40 – 7.35 (tt, J = 7.6, 1.7 Hz, 1H), 7.34 – 7.29 (dtt, , J = 7.6, 1.8, 0.7 Hz, 1H), 

6.28 (dd, J = 17.3, 10.6 Hz, 2H), 5.25 (ddd, J = 18.5, 14.0, 1.1 Hz, 4H), 4.33 – 4.14 (m, 4H), 

3.76 (s, 1H), 1.36 – 1.32 (td, , J = 7.0, 0.8 Hz, 6H); 13C NMR (100 MHz, CDCl3)  146.7, 142.8 

(2C), 137.6, 129.0, 128.9, 128.2, 127.3, 114.9 (2C), 78.4, 64.9, 64.8, 15.9, 15.8; IR (film) 

3496.9, 2981.9, 2902.9, 1433.1, 1259.5, 1157.3, 1093.6, 1010.7, 958.6, 923.9, 763.8, 750.3, 

650.0 cm-1 ; HRMS (ESI+) m/z 367.0573 [calculated mass for C15H21NaO3S2P (M+Na+) 

367.0567]. 

 

4-vinyl-2H-thiochromene (18) 

 

The title compound was isolated by flash column 1% EtOAc-Hexanes elution) on silica gel in 

59% yield. 1H NMR (400 MHz, CDCl3)  7.41 – 7.32 (m, 2H), 7.20 – 7.10 (m, 2H), 6.56 (ddq, J 

= 17.2, 10.8, 1.0 Hz, 1H), 6.18 (td, J = 5.8, 1.0 Hz, 1H), 5.51 (dd, J = 17.3, 1.7 Hz, 1H), 5.25 

(dd, J = 10.8, 1.7 Hz, 1H), 3.36 (dd, J = 5.8, 1.0 Hz, 2H); 13C NMR (100 MHz, CDCl3)  138.5, 

136.1, 133.5, 133.2, 127.7, 127.7, 126.3, 125.5, 119.5, 116.9, 25.0; IR (film) 3082.2, 3055.2, 

2881.6, 2362.8, 1467.8, 1415.7, 1261.4, 1161.1, 1076.3, 1008.8, 989.5, 914.3, 819.7, 742.6, 

738.7, 667.4 cm-1; HRMS (ESI+) m/z 174.0503 [calculated mass for C11H10S (M+)174.0503]. 

 

11a-methyl-3, 3a, 3b, 4, 11, 11a-hexahydroindeno [4, 5-c] thiochromen-1(2H)-one (20) 
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To a suspension of anhydrous AlCl3 (9 mg, 0.068 mmol in toluene (1 mL) was added 2-

methylcyclopent-2-enone (6.5 mg, 6.7 μL, 0.068 mmol) in one potion and stirred for 1 hour at 

room temperature. A solution of 18 (6mg, 0.034mmol) in toluene was added and stirred at 70 °C 

for 18 hours. The reaction was cooled to room temperature and poured into ice water and 

extracted with ether (3 × 1 mL). The extract was washed with saturated sodium bicarbonate 

solution (1 mL) dried with MgSO4, concentrated in vacuo, and isolated by flash chromatography 

(15% EtOAc-Hexanes elution) on silica gel to yield ketone 20 (12.7 mg, 0.047 mmol, 65%) as 

white solid. 1H NMR (500 MHz, CDCl3) 7.72 (dd, J = 7.5, 1.6 Hz, 1H), 7.64 – 7.60 (m, 1H), 

7.57 (dd, J = 7.5, 1.7 Hz, 1H), 7.45 (dd, J = 7.5, 1.6 Hz, 1H), 6.19 (td, J = 6.2, 1.0 Hz, 1H), 3.31 

(dd, J = 12.5, 3.7 Hz, 1H), 3.06 (dd, J = 12.5, 3.7 Hz, 1H), 2.85 – 2.76 (m, 1H), 2.74 – 2.65 (m, 

2H), 2.60 – 2.54 (m, 1H), 2.43 (dd, J = 12.4, 6.1 Hz, 1H), 2.36 – 2.27 (m, 1H), 2.16 (td, J = 8.5, 

4.4 Hz, 1H), 2.10 – 2.02 (m, 1H), 1.23 (s, 3H); 13C NMR (125 MHz, CDCl3) 220.7, 136.9, 

135.5, 132.3, 130.5, 128.1, 126.6, 124.8, 120.3, 47.0, 43.4, 43.1, 38.8, 37.6, 35.8, 22.8, 20.9; IR 

(film) 3052.2, 3020.2, 2910.8,1785.6, 1552.1, 1490.0, 744.2, 709.5; HRMS (EI+) m/z 270.1059 

[calculated mass for C17H18OS (M+) 270.1078]. 

 

(3aR, 4S, 7aS)-4, 7a-dimethyl-5-phenyl-2, 3, 3a, 4, 7, 7a-hexahydro-1H-inden-1-one (21) 

 

To a solution of 20 (10 mg, 0.037 mmol) in ethanol was added Raney nickel catalyst (60 mg) and 

the resulting suspension was refluxed for 30 min and filted. The filtrate was concentrated and 

isolated by flash chromatography (5% EtOAc-Hexanes elution) on silica gel to yield 21 (7.5 mg, 
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0.031 mmol, 85%) as a pale yellow oil. 1H NMR (500 MHz, CDCl3)  7.24 – 7.20 (m, 1H), 7.14 

(t, J = 7.5 Hz, 2H), 6.83 (dd, J = 7.4, 1.5 Hz, 2H), 6.05 (td, J = 6.1, 1.0 Hz, 1H), 2.97 (td, J = 6.2, 

1.0 Hz, 1H), 2.43 – 2.36 (m, 1H), 2.33 – 2.25 (m, 1H), 2.14 (dd, J = 12.5, 6.2 Hz, 1H), 2.04 (dd, 

J = 12.5, 6.2 Hz, 1H), 2.02 – 1.95 (m, 1H), 1.94 – 1.83 (m, 2H), 1.07 (d, J = 6.6 Hz, 3H), 0.82 (s, 

3H); 13C NMR (125 MHz, CDCl3)  220.5, 142.3, 140.9, 128.9, 128.6 (2C), 125.5 (2C), 122.8, 

51.0, 49.8, 38.3, 37.6, 37.6, 22.3, 20.9, 18.9; IR (film) 3071.4, 3053.2, 2960.9, 2955.8, 2810.1, 

1802.6, 1597.0, 1489.2, 1432.9, 1265.3, 1247.9, 1122.0, 1022.6, 761.4, 703.3 cm-1; HRMS 

(EI+) m/z 241.1575 [calculated mass for C17H21O (M+H+) 241.1592]. 

 

RESULTS AND DISCUSSION. 

The reaction hinges on the functionality of the thiol substituent (XYZ; scheme 1).  A 

useful substituent would need to be able to 1) be inert to Grignard-like conditions, 2) easily 

transfer from the sulfur to the alkoxide, and 3) allow the alkoxide to become a good leaving 

group.  Johnson et. al. have shown that thiocarbonate- or xanthate-type acyl groups can meet 

these criteria[5-6], as have Meyers et. al with thio-substituted heterocycles[7].  However, we 

chose phosphates as the substituent to pursue for their stability toward Grignard-like 

nucleophiles, their ability to transform alkoxides into leaving groups, and for their ease of 

synthesis (Z=P, Y=OR, and X=O or S [1,8]). Furthermore, we have elected to use thiophosphates 

(X=S) for the rationale that they have similar reactivity, and phosphates (X=O) have a higher 

likelihood of creating toxic products. 
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Scheme 1 One-pot anionic cascade route to thiopyrans. 

 

  

 Our first attempts on this reaction used the addition of a vinyl magnesium Grignard 

nucleophile to the aryl ketone thiophosphate 1 (Table 1).  The product of this reaction would be a 

tertiary alkoxide, which would then react with the thiophosphate, causing the thiophosphate to 

migrate onto the alkoxide.  The resulting thiolate nucleophile would either undergo a 6-endo 

(Sn2’) or a 4-exo (Sn2) cyclization pathway.  We suspected that the 6-endo would be preferred 

over the 4-exo since the 4-exo pathway would have to react with an unfavorable tertiary carbon, 

rather than a primary substituted alkene.  The addition of the vinyl magnesium Grignard was able 

to react with the aryl ketone 1 with no significant side reactions from the thiophosphate.  

However, in tetrahydrohuran (THF) with magnesium as the alkoxide counterion, the anticipated 

cascade to produce 3 or 4 did not occur (entry 1).  The only isolated product of the reaction was 

the corresponding alcohol intermediate.  We suspected that the magnesium counterion formed 

too strong of an ionic bond with the alkoxide, which prevented the alkoxide from reacting with 

the thiophosphate to begin the cascade.  Furthermore, when the corresponding alcohol was 
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treated with an alkoxide base, or sodium hydride, the cyclization producing 3 or 4 occurred with 

ease.  To keep the magnesium counterion from preventing the cascade, we added an alkali metal 

alkoxide to allow for an exchange of the magnesium in situ and the continuation of the proposed 

anionic cascade (Table 1 entry 2-13). 

 

Table 1: Optimization studies for one-pot anionic cascade. [a] 3 equivalents. [b] 

Thiopyran/thietane product ratio after HCl workup. [c] Yield of isolated product. [d] Protonated 

form of 2 (alcohol) isolated in 75% yield. 
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 From our screening, we observed that the counterion for the alkoxide additive was critical 

for the performance of the cascade.  Lithium counterions did not allow for the reaction to 

continue.  Sodium counterions did allow for the cascade reaction to occur, however, the reaction 

only produced modest yields of less than 60% after more than 20 hours.  Potassium had the 

greatest success, producing higher yields in minutes.  These results are likely due to the strength 

of the ionic bond formed with the alkoxide, with lithium having the strongest bond and 

potassium having the weakest.  The stronger the ionic bond, the less reactive the alkoxide, and 

thus the harder it is to continue the cascade.  The size of the alkoxide additive was significant as 

well, where the smaller alcohols produced the slower counterion exchanges.  Thus potassium  

tert-butyl alkoxide was the ideal alkoxide additive for these reactions.  Through all of these trials 

changing the alkoxide additive did not significantly affect the ratio of the 6-endo to 4-exo 

products that were formed. 

 Scheme 2 shows that our new one-pot cascade reaction could be generalized for keto 

thiophosphates for twelve examples.  Thiopyran products 7a-7d changed the substitution on the 

vinyl magnesium Grignard reagent that was used with methyl groups to see how the substitution 

affected the cascade.  Thiopyran products 7a-7c behaved similarly in yield and in 6-endo : 4-exo 

ratio in product indicating that one methyl on the interior or exterior of the vinyl group does not 

have a negative effect on the ratio for the cascade reaction.  However, thiopyran product 7d, 

which had the vinyl group with two terminal methyl groups, had a significantly lower ratio of 6-

endo : 4-exo products.  Since its alkoxide intermediate is more sterically blocked for the 6-endo 

pathway than the other intermediates, it hinders the reactivity of the Sn2’ reaction.  This is also 

observed with thiopyran products 7f-i, where 7f-h all have similar 6-endo : 4-exo ratios, but 7i is 

much smaller.  The thiopyran products 7g and 7h were obtained as diastereomers.  Both favored 
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the 2,6-trans diastereomer which allows for the lower-energy product since both substituents can 

form the pseudo-equatorial formation.   

 

Scheme 2. One-pot synthesis of thiopyrans. Given yield is that of the isolated product, and the 

thiopyran/thietane product ratio is given in parentheses. [a] 1.5:1 trans/cis-2,6-thiopyran ratio; [b] 

1.2:1 trans/cis-2,6-thiopyran ratio. 

 

 To further the scope of our new one-pot cascade reaction, we pursued the esters (Table 

2).  Esters, when reacting with Grignard-like nucleophiles, react twice.  The resulting cascade 
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product would be a 1,3-diene, which would be a useful scaffold for further synthetic steps.  The 

reaction of the esters into divinyl alkoxides failed with Grignard and lithium reagents, producing 

elimination products.  The Grignard and lithium reagents were too basic and not nucleophilic 

enough to react with the less-reactive esters before they eliminated the thiophosphate.  However, 

when using the less basic vinyl cerium counterpart, we were able to react the ester without any 

notable side reactions [9].  Potassium tert-butoxide was then added in situ to the reaction after 

the vinyl cerium reagent had finished reacting, to afford six different thiopyran products.  All of 

the thiopyran products were obtained in high yields. 
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Table 2: Synthesis of 4-vinyl thiopyrans. [a] Yield of the isolated thiopyran. Yield within 

parentheses is that of the crude divinyl carbinol. 

 

 To show the potential usefulness of these products, we reacted dienes 9b-f with N-

phenylmaleimide in a Diels-Alder reaction (Scheme 3).  Only 9e produced one diastereomer 

(11), likely due to its sterically large iso-propyl group directly adjacent to the diene.  In addition, 

when reacting with styrene 12 in a Diels-Alder reaction, the thiosteriodal construct 13 [10] was 
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produced in a modest yield.  To show the flexibility of sulfur in synthesis, sulfur was removed 

from 13 by either reduction using Raney Nickel [11-12] (14) or ring contraction [13-15] (15) to 

afford products which were synthesized in a few steps from sulfur, but do not have any sulfur 

present in the product. 

 

Scheme 3. Expedient synthesis of steroidal scaffolds. mCPBA=metachloroperbenzoic acid. 

 

 To further the scope of the new one-pot anionic cascade reaction we included phosphate-

capped thiophenol substrates (Scheme 4).  Thioester 16 was produced from methyl 2-

mercaptobenzoate in one step.  To 16, we applied the conditions used in Table 2 to produce 

diene 18.  A Diels-Alder between 18 and enone 19 occurred, producing thiosteroid scaffold 20.  

The sulfur was removed using Raney Nickel to afford a complex indene 21 in four steps. 
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Scheme 4. Expedient synthesis of a rare thiosteroid core. 

 

CONCLUSION 

 We demonstrated a new method for synthesizing a 3,6-dihydro-2H-thiopyran scaffold 

which does not use unstable thiocarbonyl groups[16-17], vinylphysphonium precursors [18-19], 

expensive catalysts [20-21], or complex starting materials [22-23].  We showed that this method 

worked for beta-substituted ketones and esters using alkyl or aryl thiolate partners.  These 

products can be used as intermediates for more complex synthesis as they can easily produce 1,3-

dienes which can be readily used for Diels-Alder reactions, and for sulfur-specific 

transformations.   
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