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ABSTRACT: A set of controlled surface composition films was produced utilizing amphiphilic 
block copolymers dispersed in a crosslinked polydimethylsiloxane (PDMS) network.  These 
block copolymers contained oligo(ethylene glycol) (PEGMA) and fluoroalkyl (AF6) side chains 
in selected ratios and molecular weights to control surface chemistry including antifouling and 
fouling-release performance. Such properties were assessed by carrying out assays using two 
algae, the green macroalga Ulva linza (favors attachment to polar surfaces) and the unicellular 
diatom Navicula incerta (favors attachment to non-polar surfaces). All films performed well 
against U. linza and exhibited high removal of attached sporelings (young plants) under an 
applied shear stress, with the lower molecular weight block copolymers being the best 
performing in the set. Composition ratios from 50:50 to 60:40 of the AF6:PEGMA side groups 
were shown to be more effective, with several films exhibiting spontaneous removal of the 
sporelings. Cells of N. incerta were also removed from several coating compositions. All films 
were characterized by surface techniques including captive bubble contact angle, atomic force 
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microscopy (AFM) and near edge X-ray absorption fine structure (NEXAFS) spectroscopy to 
correlate surface chemistry and morphology with biological performance.  

 

KEYWORDS: Antifouling, Fouling-Release, Block Copolymers, Fluoropolymers, Silicones, 

Ulva linza, Navicula incerta 

 

 INTRODUCTION 

Biofouling is caused by organisms and biomolecules settling and adhering to surfaces immersed 

in water.  This process begins within minutes of immersion, and includes a wide range of fouling 

species.1  Fouling of underwater surfaces, which includes the hulls of ships and immersed 

structures, significantly increases the operation and maintenance costs associated with loss of 

performance through drag and buildup of fouling organisms, which require removal2,3.  For 

example, estimated biofouling costs for the US Navy, which only represents a small fraction of 

all ships, are $75–100M per year.2  Internationally added fuel consumption to overcome 

decreased drag efficiency, contributes to significant production of greenhouse gasses.4  Biocide-

containing paints have been successful and are used extensively as antifouling coatings 5. 

However some have been shown to be detrimental to the environment due to the effects of the 

biocides on non-target organisms and their persistence in waters and sediments.6,7 As a result of 

these environmental concerns, biocidal coatings are becoming increasingly more regulated, 

creating a demand for high performance non-toxic alternatives. 

 Development of fouling-release (FR) and antifouling (AF) coatings requires a reduction 

in initial settlement (AF) or detachment of these organisms once attached (FR) by reducing their 

adhesion strength to the coatings.  Non-toxic strategies which have been extensively investigated 

include the control of surface topology to affect the organisms' settlement behavior and adhesion 
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directly8,9 as well as  the use of bioactive molecules to act as chemical deterrents.10–12  Chemical 

functionalities that have been introduced into AF coatings include polyions and zwitterions,14–16 

fluorocarbon side chains,17  poly(ethylene glycol) (PEG) and fluorinated (macro)monomers in 

blends18 and crosslinked networks,19–21 as well as poly(ethylene glycol) (PEG).22–24  

Polydimethylsiloxane (PDMS)  possesses an innate ability to release fouling organisms due to its 

low surface energy and Young's modulus.25–28  Several strategies have been employed to 

improve the properties of PDMS coatings, including the addition of oils,29 nanofillers,30 

antimicrobials,31 amphiphilic oligopeptides32 and surface-active polymers.33–36 However, 

commercial coatings that employ some of these strategies accumulate microfouling37,38 and may 

require grooming for optimum performance.39  

 Amphiphilic copolymers containing both polar and non-polar components40  have been 

shown to act as AF materials. They incorporate protein resistance from hydrophilic groups such 

as PEG as well as surface directing low surface energy components such as alkyl, fluorinated, or 

siloxane groups.34–36,41–46 Additionally, amphiphilic surfaces exhibit reconstruction underwater, 

making them responsive to the environment and promoting FR.44,46–48  

 In this work, we developed a range of surface-active amphiphilic PDMS-based block 

copolymers consisting of both PEG and fluoroalkyl side chain groups.  Recent work utilized 

siloxane block copolymers with either a fluoroalkyl-containing or a PEG-containing block as 

additives to a PDMS network.49 While this showed that fluoroalkyl and PEG chain groups acted 

independently, our goal was to ascertain whether combining these functionalities into one block 

copolymer could provide additional synergistic benefits of both groups in one film.  It has been 

hypothesized that the combination of polar (PEG) and non-polar (fluoroalkyl/PDMS) units 
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creates an "ambiguous" surface, in which the fouling species encounters a surface that 

spontaneously alternates between polar and non-polar character.50,51  

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

settlement of fouling organisms, a property which is widely known for PEG and the reason it is 

frequently used in AF applications.44,51  The fluorinated component (AF6) was exploited as a 

surface-directing group for the block copolymer during film curing and furthermore it has been 

shown to be one of the few surface segregating species within a PDMS matrix, thus bringing 

both the fluoroalkyl segment and PEG to the coating surface.52  The PDMS was incorporated in 

the block copolymer to enable compatibility with a PDMS matrix.  The surface-active block 

copolymer was then blended into a PDMS matrix that was finally crosslinked, which provided 

the desired mechanical and surface energy properties to the films thereby promoting release of 

fouling organisms.  The addition of amphiphilic components to a PDMS matrix has been 

investigated in applied studies,33–36 but a detailed understanding of varying the ratio of 

fluoroalkyl and PEG containing groups on the surface chemistry of coatings does not yet exist. 

Prior studies have also not effectively determined the role of molecular weight of the block 

copolymer additives in controlling fouling release properties. 

 All surface-active block copolymers contained an identical PDMS block, onto which an 

ATRP initiator was attached.  PEGMA and AF6 were copolymerized to form different sets of 

surface-active block copolymers with controlled and systematically varied molecular weight and 

hydrophilic and hydrophobic components. These block copolymers were then incorporated and 

locked into a crosslinked PDMS after directing the block copolymers to populate the coating 

surface. Biological assays were performed on the PDMS-based films containing different 

loadings of the surface-active block copolymers to assess the AF potential against two 
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widespread marine fouling organisms, the macroalga Ulva linza, and the diatom Navicula 

incerta. We were able to identify optimal composition ranges of the surface-active block 

copolymer additives based on these bioassays.   Surface characterization data provided us with a 

better understanding of the trends which affect the AF and FR properties of these films. This in 

turn allowed us to design block copolymer additives for PDMS networks which are highly 

surface-active, producing multiple functionalities at the surface of the siloxane films. 

 

 EXPERIMENTAL SECTION 

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

were distilled under nitrogen before use. Monocarbinol-terminated polydimethylsiloxane 

(Gelest) (Mn = 10000 g mol–1, Si-OH), bissilanol-terminated polydimethylsiloxane (Gelest), (Mn 

= 26000 g mol–1, PDMS), polydiethoxysiloxane (Mn = 134 g mol–1, ES40) (Gelest), 2-bromo-

isobutyryl bromide (BiBB) (Sigma-Aldrich, 98%), α,α,α-trifluorotoluene (TFT) (Aldrich, 

≥99%), ethyl acetate (Aldrich), 1H,1H,2H,2H-perfluorooctyl acrylate (AF6) (Fluorochem, 97%), 

bismuth neodecanoate (BiND) (Sigma-Aldrich), poly(ethyleneglycol methyl ether methacrylate) 

(Mn = 300 g mol–1, PEGMA) (Sigma-Aldrich), CuBr (Sigma-Aldrich, 99.9%) and N,N,N',N",N"-

pentamethyldiethylenetriamine (PMDETA) (Sigma-Aldrich, 99%) were used as provided. 

 Synthesis of Macroinitiator Si-Br.  A single PDMS macroinitiator was prepared and 

used for block copolymerization (Figure 1). Details of the synthesis of this macroinitiator are 

given in Reference 49. 

 

Figure 1. Schematic of macroinitiator synthesis for block copolymerization. 
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 Copolymerization. All polymerizations were carried out by ATRP under the same 

conditions, only modifying the amount of the monomers AF6 and PEGMA added to each 

reaction to achieve different copolymers (Figure 2). Monomers were added at nine different 

ratios relative to each other and initiator concentration.  The first set was targeted to produce 

copolymers using a mole comonomer to macroinitiator ratio of 30:1 added to the reaction, the 

second set at 60:1 and the third set at 150:1.  The mole ratio between the monomers 

(AF6:PEGMA) for each set was 70:30, 50:50, and 30:70.   

 In a typical reaction the block copolymer L36, 1.2 g (0.12 mmol) of the macroinitiator Si-

Br was added to a Schlenk tube along with 5.5 mL of TFT and 25 µL (0.12 mmol) of PMDETA. 

Afterwards 290 µL (1.08 mmol) of monomer AF6 and 720 µL (2.52 mmol) of monomer 

PEGMA were added. The mixture was freeze-pump-thawed 3 times and 17.2 mg (0.12 mmol) of 

CuBr was added to the reaction.  The solution was freeze-pump-thawed 4 times, and finally 

heated to 115°C for 65 h under nitrogen. After the reaction was complete, DCM was added to the 

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

water 4 times until disappearance of blue-green color. The solution was dried with Na2SO4 and 

the DCM was removed using rotary evaporation.  The polymer was then held under high vacuum 

for 18 h (yield 91%). The block copolymer had a Mn of 20 kg mol–1 and a mole ratio 

AF6:PEGMA of 36:64 and is denoted as L36. Related polymers have been previously reported 

in Reference 49, in which additional synthetic information is reported. 
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Figure 2. Schematic of ATRP block copolymerization of PEGMA and AF6 with formation of a 
copolymer block with varied composition (X and Y, respectively). 
 

 1H NMR (CDCl3): δ (ppm) = 0.1 (SiCH3), 0.5 (SiCH2), 0.9−2.6 (CH3CH2CH2, 

CH2CCH3, SiCH2CH2, C(CH3)2, CH2CF2, CHCH2), 3.4−3.6 (COOCH2CH2(OCH2CH2)3OCH3, 

COOCH2CH2OCH2), 4.1 (COOCH2CH2O), 4.4 (COOCH2CH2CF2). 

 19F NMR (CDCl3/CF3COOH): δ (ppm) = −6 (CF3), −38 (CF2CH2), −45 to −49 (CF2), −51 

(CF2CF3). 

 FT-IR (film):  (cm–1) = 2962 (ν CH aliphatic), 1740 (ν C=O ester), 1400−1000 (ν 

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

 Formation of PDMS Films. The PDMS was deposited in two steps onto acetone cleaned 

and dried glass slides (76 × 26 mm2).  

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

ES40 and 50 mg  of catalyst BiND were dissolved in 25 mL of ethyl acetate. The solution was 

spray-coated using a Badger 250 airbrush. The films were dried at room temperature for 1 day 

and annealed at 120°C for a second day. A solution of the same composition, containing in 

addition 50 mg of the block copolymer 20/36:64 was cast on top of the first layer and cured at 

room temperature for 2 days and subsequently at 120°C for 1 day (overall thickness ca. 300 µm).  
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 The surface-active block copolymers were added at loadings of 1 and 4 wt% 

concentrations as a fraction of the PDMS matrix. A blank PDMS film (i.e. without block 

copolymer) was used as a control. 

  Characterization. NMR spectra were made in CDCl3 solution using a Varian Gemini 

400MHz spectrometer. For 19F NMR measurements, CF3COOH was used as an internal 

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

PEGMA units at 3.4−3.6 ppm and 4.1 ppm  with those corresponding from the AF6 units at 4.4 

ppm to determine relative compositions. In addition, the number average molecular weight Mn of 

the block copolymers were calculated from the observed peaks of the siloxane block at 0.1 and 

0.5 ppm. 

 Molecular weight (Mn, Mw) and dispersity (Đ) of all polymers were determined (Table 1) 

using a Waters 1515 Isocratic HPLC pump ambient temperature chromatograph. The machine 

operating with THF solvent is equipped with both a Waters 2414 differential RI detector as well 

as a Waters 2489 UV/Visible detector. The GPC was calibrated using polystyrene standards. 

 Bubble Contact Angle. Water contact angle measurements were taken in triplicate with 

a Ramé-Hart model 100-00 NRL contact angle goniometer using deionized water at room 

temperature. The contact angle of an air bubble in contact with the surface underwater was 

determined using the captive bubble method previously described.53  Specific details of this 

method are given in Reference 43. 

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

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

Synchrotron Light Source (NSLS) at Brookhaven National Laboratory (BNL), the setup of 

which has been reported.54  Experimental details have been reported elsewhere 41-44,55. 
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 Samples were prepared the same way as for bioassays for analysis by NEXAFS.  

Samples were analyzed in both an as cast state and after immersion in deionized water for 72 h.  

Surfaces immersed in water were dried immediately before analysis and spectra were taken as 

quickly as possible to detect surface rearrangement in an aqueous environment. 

 Atomic force microscopy (AFM).  All atomic force microscopy (AFM) experiments 

were performed using an MFP-3D-BIO system (Asylum Research Corp.) used in tapping mode. 

In the dry state, experiments were carried out in ambient conditions using silicon cantilevers with 

an Al-reflex coating, having a nominal force constant of 93 N m–1, and a resonant frequency 

between 280 and 320 kHz, from AppNano (model: ACCESS-NC-A-W). In the wet state, 

experiments were carried out using the droplet method in deionized water, after being soaked for 

7 days. Silicon nitride cantilevers with a gold tip-side coating and a gold/chromium reflex 

coating were used, with a nominal force constant of 0.09 N m–1 and a resonant frequency of 

between 8 and 10 kHz in water, from Olympus (model: OMCL-TR400PB). Surface roughness 

was calculated over areas of 5 x 5 µm.  

 

 Laboratory Bioassays.  

 Assays with N. incerta. For the assays with the diatom Navicula, 6 slides were 

equilibrated in artificial seawater (ASW; Tropic Marin) for 72 h prior to use. A suspension of 

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

adjusted to give a chlorophyll content of 0.25 µg mL–1. 10 mL of the diatom suspension were 

added to each slide placed into individual compartments of polystyrene 4-compartments plates 

(quadriPERM® dishes, Greiner Bio-One Ltd).  After 2 h at ambient (ca. 20°C) all slides were 

washed with filtered ASW to eliminate unsettled (unattached) cells from the surface. At this 



 10 

time, three of the slides were fixed using 10 mL 2.5% (v/v) glutaraldehyde in ASW and then 

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

chlorophyll autofluorescence using AxioVision 4 image analysis system attached to a Zeiss 

epifluorescent microscope (20× objective; λ excitation and emission: 546 and 590 nm, 

respectively). A total of 30 fields of view were counted for each replicate slide (each 0.15 mm2). 

The mean count (n=90) was then converted to number per mm2. 

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

flow channel previously described56 to test the adhesion strength of the diatom cells. Water in 

turbulent flow with a wall shear stress of 56 Pa was flowed across the slides for 5 min.  Again, 

the cells were fixed using glutaraldehyde.  The number of remaining cells was counted and was 

compared to the unexposed slides to evaluate the fraction of cells removed.    

 Zoospores and sporelings of U. linza. For assays with U. linza, 9 slides were equilibrated 

in filtered ASW for 72 h prior to the assays. Motile zoospores were released into ASW from 

mature plants using a standard method,57 then diluted in 0.22 µm filtered ASW to obtain an  a 

suspension containing approximately 1 × 106 spores mL–1.  10 mL of spore suspension were 

added to each slide placed in an individual compartment of quadriPERM® dishes, and the spores 

were allowed to settle in complete darkness for 45 minutes. After that time, all slides were rinsed 

gently using filtered ASW. Three of the slides for each polymer were fixed and quantified as 

described previously for cells of N. incerta.  The remaining 6 slides, were rinsed in ASW before 

placing in individual compartments of quadriPERM® dishes, and 10 mL enriched seawater 

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

intensity of 40 µmol m–2 s–2 for 7 days to allow the growth of the sporelings on the films. After 

the first 24 h and then every 2 days the medium was refreshed. The biomass of sporelings on the 
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surfaces was determined by quantifying the fluorescence of chlorophyll using a plate reader 

(TECAN, GENios Plus) in relative fluorescence units (RFU) as previously described.58 

 To evaluate the ease of removal of sporelings, these 6 slides were then exposed for 5 min 

to a wall shear stress of 8 Pa in a calibrated water channel. Biomass remaining after flow on the 

surfaces was again determined using a plate reader and was compared to unexposed samples to 

determine the percentage of sporelings removed. 

 Statistical analyses. Differences between settlement densities of spores/cells and biomass 

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

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

Significant differences showed p<0.05. The percentage removal of spores/cells and sporelings 

was calculated from readings taken before and after exposure to flow, with 95% confidence 

limits calculated from arcsine-transformed data. Differences between surfaces were evaluated as 

previously described. 

 

 RESULTS 

 Physicochemical Characterization. In order to carry out our studies, we prepared a 

systematic series of polymers with a selection of physical characteristics. All the block 

copolymers were prepared by ATRP from a mixture of the poly(ethylene glycol methyl ether 

methacrylate) (PEGMA) and 1H,1H,2H,2H-perfluorooctyl acrylate (AF6), starting from a 

bromine-terminated PDMS macroinitiator (Si-Br, Mn = 10000 g mol–1) (Figures 1 and 2). It was 

possible to synthesize three sets of block copolymers, with different lengths of the second block, 

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

reaction time constant (66 h) (Table 1). Overall therefore 9 surface-active compositions were 
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produced for testing. The hydrophobic/hydrophilic balance of the resulting block copolymers 

was adjusted by regularly varying the AF6:PEGMA initial feed mole ratio (from 70:30 to 30:70) 

(Table 1). There were small differences between the AF6:PEGMA mole ratio in the comonomer 

initial feed and the final block copolymer composition that became comparatively large at the 

highest AF6:PEGMA feed mole ratio of 70:30. Therefore, the controlled modulation of the 

adopted synthetic scheme enabled preparation of block copolymers with controlled and targeted 

chemical, amphiphilic character. We have observed that the overall composition and the relative 

molecular weight are important factors in their antifouling characteristics. Copolymers listed in 

Table 1 are therefore identified by a shorthand name including either L, M, or H corresponding 

to low, medium, or high overall molecular weight respectively, based on the 30:1, 60:1, and 

150:1 comonomer:macroinitiator composition ratios. The low molecular weight diblocks (L) 

range from 19 to 24 kg mol–1, the medium molecular weight diblocks (M) range from 28 to 31 

kg mol–1 and the high molecular weight diblocks (H) range from 54 to 65 kg mol–1. The 

composition in the final polymer changed slightly from the reaction mixture, therefore we used 

the ratio of the two blocks experimentally determined for the final product for the sample name. 

The number thus corresponds to the measured mole percentage of AF6 in the diblock copolymer, 

which implies the PEGMA content is the remaining percentage not listed in the shorthand name. 

For example, L36 is one of the low molecular weight diblock copolymers made from the 

macroinitiator and a low amount of monomer using a 30:70 AF6:PEGMA mixture. Other 

polymers are named similarly. 

 To create AF/FR films the block copolymers were dispersed in a PDMS matrix at 

different loadings as surface-active components. 
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Table 1.  Polymerization Conditions and Physicochemical Characterization of the Block 
Copolymers.  

 Monomer:macroinitiator 
a 30:1 

Monomer:macroinitiator 
a 60:1 

Monomer:macroinitiator 
a 150:1 

Block copolymer L36 L48 L59 M29 M51 M61 H25 H48 H62 
AF6 b 1.08 1.80 2.52 2.16 3.60 5.04 5.40 9.00 12.60 

PEGMA b 2.52 1.80 1.08 5.04 3.60 2.16 12.60 9.00 5.40 
AF6:PEGMA c 30:70 50:50 70:30 30:70 50:50 70:30 30:70 50:50 70:30 

Mn,GPC (Đ) d 20 
(1.16) 

19 
(1.14) 

18 
(1.16) 

25 
(1.34) 

22 
(1.21) 

21 
(1.12) 

33 
(1.65) 

31 
(1.45) 

30 
(1.35) 

Mn,NMR e 19 23 24 20 30 31 65 56 54 
AF6:PEGMA f 36:64 48:52 59:41 29:71 51:49 61:39 25:75 48:52 62:38 

a Comonomer (AF6+PEGMA):macroinitiator mole ratio in the initial feed. 
b Amount (in mmol) of monomers in the initial feed. 
c  Mole ratio of monomers in the initial feed. 
d GPC number average molecular weight (in kg mol–1) and dispersity. 
e Molecular weight calculated from NMR (in kg mol–1) 
f Mole ratio of repeat units in the block of block copolymer. 

 

 Preparation of PDMS-Based Films. For the preparation of the blend films, a standard 

two step procedure was followed 34. In the first step, a solution of the bis(silanol)-terminated 

PDMS, ES40 crosslinker and BiND catalyst was spray-coated on glass slides and cured at room 

temperature for 24 h and at 120°C for 24 h to form a primer layer. The block copolymers were 

blended at different loadings (1 and 4 wt%) with respect to the PDMS matrix. Films are 

identified by the block copolymer blended into the PDMS matrix as shown in Table 1 with the 

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

matrix at 1 wt%.   

 Laboratory Bioassays. Use of green macroalga U. linza, and the unicellular slime 

forming alga (diatom) N. incerta provide the ability with two fouling organisms to test fouling 

preferential for polar (U. linza) and non-polar (N. incerta) surfaces.  Only three films (M29:1, 

M29:4 and H25:1) had significantly lower spore settlement than the PDMS control (i.e. with no 

block copolymer additive), and one (H25:4) had the same level of settled spores as the PDMS 
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control (Figure 3). All of these films derived from the 30:70 AF6:PEGMA feed ratio from both 

the 60:1 and 150:1 monomer:macroinitiator compositions (Figure 3b) containing relatively high 

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

PDMS control. Different values for spore settlement on PDMS were found in the two batch 

assays owing to inherent biological variability of separate spore preparations, even though all 

released from parent material collected in the wild. 

 

 

Figure 3. Effect of PDMS and amphiphilic PDMS-based surfaces in batch (a) L36:1 to L59:4 (Low, 19–
24 kg mol–1) and batch (b) M29:1 to M61:4 (Medium, 28–31 kg mol–1) and H25:1 to H48:4 (High, 56–65 
kg mol–1) on the settlement of spores of U. linza. Mean density of settled spores was obtained from the 
count of three replicate slides (n=90). Error bars represent ± 2 × SE. Values that are significantly different 
to each other at p<0.05 are indicated by different letters. Surfaces were assayed in two batches, with two 
separate spore preparations, all released from parent material collected in the wild. 
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 After culturing spores of Ulva to the stage of sporelings, (i.e. small plants), the biomass 

present on each film was measured indirectly as relative fluorescence units (RFU) (Figure 4). 

The density of sporelings broadly reflected spore settlement as described above. It was noted that 

sporeling biomass on the L36:4 and L48:4 films after 7 days growth was decreased due to 

spontaneous  detachment of the sporelings induced by gentle movement of the dishes during 

replenishment of nutrient solution (Figure 4a). This highlights the low attachment strength of 

Ulva sporelings to these films even without the application of shear provided by a flow channel. 

 

 

Figure 4. Effectiveness of PDMS and amphiphilic PDMS-based surfaces in batch (a) L36:1 to L59:4 
(Low, 19–24 kg mol–1) and batch (b) M29:1 to M61:4 (Medium, 28–31 kg mol–1) and H25:1 to H48:4 
(High, 56–65 kg mol–1) on the biomass sporelings of U. linza before and after 5 min exposure to 8 Pa 
shear stress. Error bars represent ± SE. Values that are significantly different to each other at p<0.05 are 
indicated by different letters (uppercase before shear, lower case after shear).  
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 Strength of attachment assays (expressed as % removal) indicated that many of the films 

possessed good FR properties with several showing nearly complete removal after being subject 

to a relatively low shear stress (8 Pa) (Figure 5). In general, films with 4 wt% of block 

copolymer performed better, or as well as, those with only 1 wt%.  However, this trend was not 

apparent for the highest molecular weight block copolymers, for which significant differences 

were not revealed. Additionally, the lower molecular weight block copolymers showed better 

performance than those of highest molecular weights. 

  

 

Figure 5. Effectiveness of PDMS and amphiphilic PDMS-based surfaces in batch (a) L36:1 to L59:4 
(Low, 19–24 kg mol–1) and batch (b) M29:1 to M61:4 (Medium, 28–31 kg mol–1) and H25:1 to H48:4 
(High, 56–65 kg mol–1) on the attachment strength of U. linza sporelings. Mean percentage removal of 
sporelings after 5 min exposure to a shear stress of 8 Pa obtained from RFU measurements on 6 replicate 
slides prior to and after exposure to flow. Error bars represent ± SE, calculated from arcsine-transformed 
data. Values that are significantly different to each other at p<0.05 are indicated by different letters.  
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 Based on the excellent FR properties of the films L36:1 through L59:4 with lowest 

molecular weight block copolymer additives, these samples were then also tested for their 

performance against N. incerta, a diatom (Figure 6). Diatoms show very different settlement 

characteristics compared to U. linza, typically adhering strongly to hydrophobic surfaces such as 

PDMS.59,60 Diatoms cannot actively select the surfaces for attachment since they are not motile 

in the water column. Cells reach the surface by gravity in the case of laboratory assays, or 

through transport in water currents in the natural environment. The initial attachment density of 

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

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

cells (400 per mm2) compared to the PDMS control (600 per mm2) (Figure 6a). Overall, the 

attachment strength of cells of N. incerta on the block copolymer films was noticeable, with the 

films matching the PDMS control. Removal was greatest from the 48:52 AF6:PEGMA (L48:1 

and L48:4) films at 32 and 29%, respectively (Figure 6b). Our findings suggest that the 

characteristics of the films showed improvement in inhibiting attachment of diatoms but not as 

fouling-release coatings. 
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Figure 6. Effectiveness of PDMS and amphiphilic PDMS-based surfaces L36:1 to L59:4 (Low, 19–24 
kg mol–1) on initial attachment and adhesion strength of cells of N. incerta. (a) Mean density of settled 
cells obtained from the count of three replicate slides (n=90). Error bars represent ± 2 × SE. (b) Mean 
percentage removal of cells calculated from the counts of three replicate slides after 5 min exposure to 56 
Pa shear stress. Error bars represent ± 2 × SE, calculated from arcsine-transformed data. Values that are 
significantly different to each other at p<0.05 are indicated by different letters (uppercase before shear, 
lower case after shear). 
 

 Bubble contact angle measurements on PDMS-based films. Bubble contact angle 

measurements were taken immediately after immersion of the surfaces in water, and at different 

times (t = 0, 12, 24, 48, 72, 96, and 120 h) after the initial immersion to study time-dependent 

surface wettability after exposure to water (Table 2). A time-dependent behavior is related to 

rearrangement of the surface chemical groups upon immersion in water, and shows the dynamic 

nature of these surfaces. 
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Figure 7. Bubble contact angle measurements taken under water over 120 h of immersion in deionized 
water. PDMS-based films are grouped by length of surface-active block copolymer.  Plots are divided by 
molecular weight range of the block copolymer additives, showing (top) L36:1 to L59:4 (Low, 19–24 kg 
mol–1), (middle) M29:1 to M61:4 (Medium, 28–31 kg mol–1), and (bottom) H25:1 to H48:4 (High, 56–
65 kg mol–1). 
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Table 2. Bubble Contact Angle Measurements (in Degrees) Taken Under Water by Captive Bubble 
After 120 h Immersion in Deionized Water  

Sample Contact Angle Sample Contact Angle Sample Contact Angle 
L36:1 64±3 

 
M29:1 46±2 

 
H25:1 48±3 

L36:4 61±4 
 
M29:4 44±3 

 
H25:4 42±3 

L48:1 57±2 
 
M51:1 39±2 

 
H48:1 54±2 

L48:4 48±2 
 
M51:4 37±2 

 
H48:4 43±3 

L59:1 54±4 
 
M61:1 52±3 

   L59:4 64±3 
 
M61:4 62±3 

 
PDMS 64±2 

 
 For all samples the bubble contact angle decreased after continued immersion in water, 

with most samples reaching equilibrium within 24–48 h of immersion as can be seen in Figure 7. 

Generally, the addition of all the amphiphilic PDMS-based block copolymers made the surfaces 

more hydrophilic, depressing the initial contact angle measurements (t = 0) down to values lower 

(e.g., 50° for H48:4) than that of PDMS (89°). After 120 h, the submerged contact angles of the 

films containing the higher molecular weight block copolymers M and H were generally much 

lower than those with the lowest molecular weight additive. This trend correlates with the total 

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

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

with similar molecular weights, the samples with a nearly 50:50 AF6:PEGMA ratio showed the 

lowest contact angle values at t = 120 h.  

 

 NEXAFS and AFM Studies of PDMS-based films. To understand the surface 

chemistry of these films and how it relates to their biological performance, the final surfaces 

were characterized by NEXAFS and AFM analyses to explore the effect of block copolymer 

content and composition on surface chemistry of the films.  Comparing features observed in 

previously successful films, namely relative populations of components of the amphiphilic block 

copolymers, orientation of selected groups, and differences in films prior to and after immersion 
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in water can give insight into surface chemical features which help to design films with 

improved AF/FR effectiveness. 

 For the NEXAFS spectra of these samples (Figure 8a), the peak at 289.5 eV is associated 

with the 1s→π*C=O resonance from the ester of the AF6 acrylate and PEGMA methacrylate 

groups along with the peak at 300 eV due to an additional C=O resonance.  A distinct peak at 

288 eV can be assigned to a 1s→σ*C–H resonance while a broad peak at 291 eV is due to the 

1s→σ*C–Si resonance of PDMS. The σ*C–F and σ*C–C resonances, both due to the the fluoroalkyl 

segment, result in signals at 294 eV and 299 eV, respectively. 

 The σ*C-F peak possessed a significant angular dependence, indicating orientation of the 

segments perpendicular to the surface. The increasing intensity of the peak with increasing angle 

θ indicates that the orientation of the C−F bond was perpendicular to the surface normal (Figure 

8b) and thus the fluoroalkyl segments were oriented normal to the surface, surprising given its 

relatively low concentration and the competition with both PDMS and PEG for surface 

dominance. 
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Figure 8. (a) NEXAFS spectra (θ = 51°) comparing films of PDMS, M29:4, M51:4, and M61:4 showing 
the effects of block copolymer composition on surface chemistry. (b) Overlap of NEXAFS spectra taken 
at varying experimental angle, θ, for film M61:4 showing angle dependence of emission spectra. (c) 
NEXAFS spectra (θ = 55°) comparing films of L48:4, M51:4, and H48:4 showing the effects of block 
copolymer molecular weight on surface chemistry. (d) NEXAFS spectra of film M61:4 (θ = 55°) prior to 
and after immersion in deionized water for 72 h showing reconstruction of the film surfaces. 
 

 Comparisons of spectra from different samples also give information about how block 

copolymer chemistry can affect relative surface composition for each film (Figures 8a and 8c).  

Comparison of the control PDMS with M29:4, M51:4, and M61:4 shows how varying chemical 

composition of the block copolymer affected surface chemistry (Figure 8a). These three films 

contain block copolymers with similar molecular weights, and varying compositions of 

AF6:PEGMA. Increasing the AF6 content of the block copolymer enriched the surface in 

fluorinated components while decreasing the silicone content at the surface. Importantly, 

however, this delivered the PEGMA to the near surface region and indicates that it is possible to 

control surface composition with these block copolymers. 
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 Comparison of NEXAFS spectra taken of films with different block copolymer molecular 

weights but similar composition in Figure 8c shows how the surface chemistry is varied by block 

copolymer molecular weight.  As the molecular weight was increased, the relative surface 

content of the siloxane block was decreased, while the fluoroalkyl and PEG content was 

increased.  This effect is likely based on the fact that the higher molecular weight additives have 

a higher fraction of the PEG and fluoroalkyl groups relative to the siloxane block. 

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

deionized water gives insights into the underwater surface rearrangement for these surfaces 

(Figure 8d). After immersion, both the carbonyl and fluoroalkyl peaks increased while the peak 

associated with PDMS decreased, consistent with a reconstruction of the film surface that drives 

both AF6 and PEGMA units to the polymer–water interface. Recent XPS studies47 on 

amphiphilic block copolymers containing a poly(fluorostyrene) block carrying PEG side chains 

demonstrated that the low surface energy fluorinated units segregated to the air-polymer 

interface that occurred during film formation also resulted in an effective transport of the 

hydrophilic oxyethylenic side chains to the film surface. Consequently, the PEG segments could 

promptly expand outwards after being immersed in water to increase their contact with the 

external environment and enrich the film surface. The changes in the NEXAFS spectra show that 

when immersed in water the present block copolymers also surface segregated and populated the 

surface of the films.  For these block copolymers to control performance of the films underwater, 

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

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

enriched at the surface. This observation correlates with the bubble contact angle measurements, 

which exhibited increased hydrophilicity underwater with time, based on reconstruction of the 
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film surfaces.  Additionally, these block copolymers must surface segregate underwater owing to 

the PEGMA populating the near surface region. While NEXAFS shows that this effect drives 

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

tuned based on the block copolymer chemistry employed.  

  AFM analysis revealed two distinct morphologies among coatings, represented by L48:1 

and L48:4 in Figure 9. L48:1, which has a lower loading of AF6:PEGMA copolymer, showed 

small nodule structures ranging from 300 to 500 nm in diameter, with a measured root-mean-

square (RMS) surface roughness of 17.6 nm. In contrast, the higher loaded L48:4 had a RMS 

surface roughness of 1.8 nm and formed a relatively featureless surface. Immersion in deionized 

water for 7 days did not result in any significant changes to the surface morphology in either 

sample, but in both cases an increase in surface roughness was observed, to 22.1 and 3.0 nm, 

respectively. In general, higher loadings of AF6:PEGMA led to smoother, more homogenous 

surfaces, which can be further seen in Figures S1 and S2 in Supporting Information.  

 

Figure 9.  AFM height images of (a) L48:1 and (b) L48:4 surfaces taken in dry, ambient conditions.  

 

 DISCUSSION 
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Crosslinked PDMS-based films have been shown to be highly effective as AF/FR films.25–28 The 

materials presented here showed facile release of sporelings of U. linza from the surface, in some 

cases exhibiting spontaneous release (i.e. without the application of shear).  This excellent FR 

performance was superior not only to films with similar structure (i.e. having a crosslinked 

PDMS matrix with additives),35,61 but also when compared to many other PDMS containing 

materials.62,63 To accomplish this, the work reported here used amphiphilic PDMS-based block 

copolymers as additives to a crosslinked PDMS network. The block copolymers were 

synthesized to form a random copolymer block of a PEG containing methacrylate and a 

fluoroalkyl acrylate on a PDMS macroinitiator. Successful control of the ratio of these 

monomers and molecular weight of the final polymer permitted the synthesis of systematically 

varied sets of block copolymers with tailored chemical structure.  Such systematic variations to 

provide understanding of parameters that affect performance of the films and how surface 

chemical properties are modified have not been previously studied for this type of material.  

 The films showed excellent FR performance against U. linza, even at low block 

copolymer loadings (1 and 4 wt%) in the PDMS matrix. The ability to release sporelings almost 

entirely (e.g., >90% removal with both M61:1 and M61:4 compared to 6% with PDMS control) 

from the surface with very low applied wall shear stress makes these combinations of surface-

active copolymers in PDMS matrices amongst the best reported for FR of U. linza.34–36  

Although the release of N. incerta was not as marked as that for sporelings of U. linza, removal 

from L48:1 and L48:4 was approximately that of the PDMS control. The greater effectiveness of 

these films against U. linza suggests that overall they perform better against species that would 

be expected to adhere strongly to hydrophilic surfaces. In fact this response suggests that while 

the presence of a fluorocarbon in the surface-active segment is effective in directing PEG to the 
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surface during the coating process, it can reduce PEGs effectiveness with hydrophobic surface 

foulants. Further studies therefore of materials with a compositional strategy that forms a more 

polar surface may provide a better strategy against a broader range of foulants. 

 It was observed that lower molecular weight block copolymers enhanced the performance 

of the films to a greater extent than higher molecular weight block copolymers with similar ratios 

of hydrophilic and hydrophobic units.  Therefore, connectivity of the monomers plays a role in 

producing films in which the surface properties reduce adhesion of the soft fouling organisms, 

likely due to increased chain mobility and ability to rearrange at the surface of lower molecular 

weight materials.  

 Additionally, the ratio of the PEGMA and AF6 monomers had a significant effect on the 

performance of these films.  NEXAFS showed that increasing the content of AF6 co-units 

enriched the outer surface with fluoroalkyl side chains. The extent of this was determined by the 

AF6/PEGMA ratio and the molecular weight of the block copolymer.  An interesting feature of 

the films, which appears to contribute to the performance of all compositions studied, is that after 

immersion in water there was enrichment of the amphiphilic block copolymer at the surface due 

to diffusion of PEG groups to the hydrated surface.  This means that not only was PEGMA 

segregating to the hydrated surface, it also brought associated fluoroalkyl groups which do not 

move to the interface alone. Block copolymer enrichment of the film surface after water 

immersion enabled the hydrophilic PEGMA to partially compensate for, or offset, the effects of 

hydrophobic AF6 as seen by bubble contact angle measurements. Typically the surface-active 

block copolymer additives rendered the surfaces more hydrophilic when compared to the 

crosslinked PDMS control.  The higher molecular weight additives had the greatest effect on the 

hydrophilicity of the films, especially after immersion in water for 120 h. It should be noted that 
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the nearly 50:50 compositions of the AF6:PEGMA at all molecular weights showed the lowest 

contact angle measurements for films with copolymers of a similar molecular weight.  Therefore, 

initial composition alone does not dictate the final surface chemistry of the films, as the highest 

PEGMA content did not automatically lead to the most hydrophilic surface.   

The fluorinated species play an important role in directing block copolymer additives to the 

surface during curing and have a significant effect on the surfaces even after water immersion for 

long time periods. This observation is important, because the films with a 50:50 to 60:40 

AF6:PEGMA composition also exhibited the highest release of biomass for both species of 

algae.  Fluoroalkyl chain species as short as AF6, have a low surface energy and are able to 

compete with the PDMS for surface coverage and are likely to dominate the surface when 

annealed in air.33,64  These fluoroalkyl groups also orient at the surface, as observed by 

NEXAFS.  Surface segregation of the fluorinated material has the effect of bringing additional 

PEGMA to the surface, making it available to be hydrated and to segregate underwater.  Because 

the films were cured and the PDMS matrix was crosslinked, there was insufficient mobility of 

the fluorinated groups to allow for facile reorganization over large length scales, so it is 

important that the PEGMA is largely driven to the surface by the fluorinated groups prior to and 

during curing.  After immersion in water, the effect of PEG then dominates the surface as the 

only hydrophilic component of the film. Balancing the AF6 content and PEGMA content of the 

block copolymer provides the opportunity to tune the delivery of PEG side chains to the surface. 

Therefore the most hydrophilic films are not the ones with the highest content of PEGMA, but 

those which have the correct balance between the two monomers.  Since the films consisting of 

the lower molecular weight additives for each set of block copolymers (sets L and M) had the 
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highest fouling release, delivery of these block copolymers to the surface is an effective means of 

enhancing performance.   

 AFM analyses of samples L48:1 and L48:4 showed the two distinct surface morphologies 

exhibited by among coatings: L48:1 (the lower loading sample) had higher roughness, Fig. 9a, 

and L48:4 (the higher loading sample) had a smoother and mostly featureless surface. The only 

compositional difference between these two coatings was the amount of L48 copolymer. This 

trend was observed throughout all the coatings, where higher loadings produced smoother 

surfaces. When considered with the contact angle data, where higher loaded coatings tended to 

have lower contact angles, it is likely that at higher loadings the AF6:PEGMA is better able to 

cover the whole surface, whereas at lower loadings it is only presented as islands. There was a 

modest difference in roughness between the lower and higher loadings, and the surface 

morphology and topography did not appear to be much influenced by the copolymer molecular 

weight. Therefore, the biological performance essentially depended on the surface chemistry, the 

films with the lower molecular weight additives performing best and the films with the higher 

molecular weight additives performing worst, especially for fouling removal.  

 In a previous report two different sets of block copolymers composed of a PDMS block 

and either a hydrophilic PEGMA or a hydrophobic AF6 block were used separately as surface 

modifying additives in PDMS-based films and evaluated against two macrofouling species, U. 

linza and Balanus amphitrite49 and possessed good FR properties against the sporelings and 

young barnacles. Thus, it appears from our current study that PEGMA and AF6 components can 

be added together synergistically22,35,65 and amphiphilicity can be integrated into a 

multifunctional network polymer platform by the addition of tailored amphiphilic block 

copolymers to create a new generation of AF/FR coatings.40 
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 CONCLUSIONS 

Amphiphilic block copolymers consisting of PDMS segments combined with segments made 

from copolymers of a PEG-containing methacrylate and a fluoroalkyl acrylate were introduced 

into a crosslinked PDMS coating and shown to populate the coating surface by surface 

segregation using contact angle and NEXAFS measurements. In bioassays the coatings were 

evaluated using U. linza and N. incerta, species that adhere preferentially to polar and non-polar 

surfaces, respectively. This simple testing regimen reveals fouling characteristics sometimes 

overlooked by less targeted regimens. The resulting surface modified PDMS films have been 

shown to possess highly effective FR properties, in some cases leading to the spontaneous 

detachment of plants of U. linza.  However, they are less effective against N. incerta suggesting 

that the coatings are more non-polar in character as a result of both PDMS and fluorocarbon 

segments. A high degree of control over film performance can be achieved by: i) varying the 

block copolymer content of the surface between PEG and fluorine dominated materials, and ii) 

varying the molecular weight of the polymer blocks.  These surfaces belong to the category of 

amphiphilic, “ambiguous” coatings and lend further support to the effectiveness of this strategy 

for the creation of AF and FR materials. Films incorporating lower molecular weight block 

copolymers showed the best AF and FR performance in laboratory bioassays. Additionally, fine 

chemical tuning of the block copolymer composition improved the performance of these films. 

Thus, the design and molecular control of amphiphilic, surface-active block copolymers improve 

the capabilities of PDMS-based films for antifouling use. 
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